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Featured Application: The normal-temperature-cured RPC composite deck system presented in this study provides
a practical and energy-efficient solution for the maintenance and reinforcement of orthotropic steel bridge decks. It
enables engineers to significantly enhance the deck’s durability and fatigue resistance against traffic loads without the
need for complex, high-temperature curing processes on site. This technology is particularly promising for extending
the service life of existing bridges and for constructing more resilient new bridges with reduced environmental impact
and lifecycle costs.

ABSTRACT: A composite bridge deck system consisting of an orthotropic steel deck and a normal-temperature-cured
reactive powder concrete (RPC) layer is proposed to address the problems of pavement damage and fatigue cracks
in steel bridge decks. In this study, a local finite element model of a bridge segment was established using ANSYS to
calculate and compare the stress states of four deck systems: normal-temperature-cured RPC composite box girders,
high-temperature-cured RPC composite box girders, pure steel box girders, and ordinary concrete composite box
girders. Additionally, static load tests were conducted on a scaled local model to validate the finite element results. The
results show that the compressive strength, flexural strength, and elastic modulus of the normal-temperature-cured
RPC are significantly improved compared with those of ordinary concrete. The maximum tensile stress in the normal-
temperature-cured RPC layer reached 6.45 MPa without cracking, which is much higher than the tensile capacity of
ordinary concrete, thereby offering a solution to pavement failure. The stress in the steel deck was reduced by more
than 80% for both normal- and high-temperature-cured RPC composite decks, which is significantly greater than
the reduction achieved by the ordinary concrete composite deck. This substantial stress reduction greatly enhances
the fatigue life of the bridge deck. Therefore, the RPC composite deck system can effectively improve the fatigue
performance of orthotropic steel bridge decks.

KEYWORDS: Orthotropic steel deck; normal temperature maintenance; reactive powder concrete

1 Introduction

Modern bridge engineering widely employs long-span lightweight steel box girders with orthotropic
steel decks (OSDs) due to their exceptional high strength-to-weight ratio [1]. However, the long-term
service performance of OSDs is often constrained by two interrelated typical damage modes: accelerated
deterioration of the deck pavement and fatigue cracking in the underlying steel plate [2-4]. These issues
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not only lead to frequent and costly repairs but also undermine the structural resilience of the bridge
system—that is, its capacity to withstand, adapt to, and recover from damage [5]. Fatigue assessments
based on field monitoring and dynamic response further confirm the severity of this problem. Under
heavy traffic conditions, the predicted fatigue life of critical structural details often fails to meet design
expectations [6,7], a concern particularly pronounced in heavy-haul railway environments where dynamic
effects are significant [8].

The root causes of these problems stem primarily from the inherent limitations of conventional paving
systems. On one hand, conventional asphalt concrete pavement layers exhibit relatively low tensile strength
and are prone to significant local stress concentrations under wheel loads, leading to premature cracking and
raveling. On the other hand, due to their low elastic modulus and limited thickness, asphalt layers contribute
negligibly to the overall stiffness of the OSD system. Consequently, the steel deck is continuously subjected to
high stress amplitudes during long-term service, making it highly susceptible to fatigue cracking [9]. Existing
research often addresses these two types of damage separately. For example, using modified paving materials
such as epoxy asphalt concrete can enhance the durability of the surface layer [10], but their low stiffness
provides limited improvement to the fatigue performance of the steel deck. Conversely, employing rigid
overlays like steel fiber-reinforced concrete can significantly increase the overall structural stiffness [11,12],
yet these materials often suffer from insufficient tensile resistance, leading to cracking within the overlay
itself under repeated tensile stresses.

This contradiction reveals a critical technological gap: there is an urgent need for a paving solution
that simultaneously possesses high stiffness (to reduce stress in the steel plate) and high tensile capacity
(to ensure the integrity of the overlay). Ultra-High Performance Concrete (UHPC) and its derivative
material —Reactive Powder Concrete (RPC)—are regarded as highly promising alternative materials due
to their ultra-high strength, high elastic modulus, excellent durability, and toughness [13]. Engineering
practice has shown that rehabilitating fatigued steel bridge decks with UHPC overlays can effectively reduce
stress levels at critical details and significantly extend structural life [14,15]. However, the application of
UHPC/RPC also faces a series of new challenges: these include complex stress transfer at the steel-UHPC
interface and fatigue issues of shear connectors, the latter involving specialized analysis of stud shear
strength and performance [15,16], the impact of stud degradation and arrangement [17], as well as the risk
of shrinkage-induced cracking due to the material’s high shrinkage and strong restraint, which may even
require special construction techniques like “post-combination” to mitigate [18]. Concurrently, the academic
community continues to explore ways to enhance its sustainability by incorporating industrial solid wastes
and developing low-carbon formulations, including innovative uses of materials like graphite tailings powder
to drive a low-carbon transformation [19-23].

Recent Advances and Persistent Challenges in RPC/UHPC for Bridge Decks

Recent studies have further advanced our understanding of RPC/UHPC composite systems. Research
has focused on optimizing mix designs for improved performance under ambient conditions [24,25],
monitoring and mitigating shrinkage effects [26], and analyzing the fatigue performance of shear connectors
in composite decks [27,28]. Additionally, both field applications and experimental studies have demonstrated
that UHPC overlays are effective in rehabilitating fatigued orthotropic steel decks by improving fatigue
resistance and extending service life [29], while advanced monitoring techniques have been developed
for fatigue assessment based on strain data [23]. Despite these advancements, a noticeable disconnect
remains between high-performance RPC developed in laboratories and technical solutions suitable for
practical on-site engineering applications. This is mainly reflected in: (a) existing research and engineering
applications still heavily rely on energy-intensive high-temperature steam curing to achieve its superior

properties [19,22,24-26]; (b) most studies still view pavement durability or steel deck fatigue problems
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in isolation [10-12,30], lacking integrated solutions that can systematically coordinate multiple objectives
such as overlay crack resistance, extension of steel deck fatigue life, control of shrinkage stress, and
green, low-carbon production, while also overlooking practical material innovations geared towards on-site
construction [18,20,27]. Furthermore, the low activation efficiency of components like quartz powder in RPC
under ambient temperatures further restricts its performance development [28]. This leads to a core question
that urgently requires in-depth exploration: Can RPC with sufficient performance be produced through
normal-temperature curing processes, in a practical and field-implementable manner, to simultaneously
solve the dual challenges of overlay damage and steel deck panel fatigue?

Research Gap and Objectives

To bridge this gap between laboratory-grade high-performance materials and field-applicable, sus-
tainable construction solutions, this study proposes and systematically investigates a novel composite deck
system: integrating an orthotropic steel deck with a normal-temperature-cured RPC overlay via shear
connectors. The research is designed to address two critical limitations in current practice:

(1) Process Shift: Moving from energy-intensive high-temperature curing to a practical normal-
temperature wet-curing method, significantly improving on-site construction adaptability and
environmental friendliness. This approach is inspired by recent advances in ambient-cured cementi-
tious systems [20,25,27] and aligns with the broader pursuit of sustainable construction materials [16].

(2) System Integration: Providing a holistic solution aimed at simultaneously ensuring high crack
resistance of the overlay and fatigue resistance of the steel deck within a single system. This moves
beyond the limitations of “treating symptoms in isolation” found in existing studies [9-11,27] and
strives to reduce reliance on complex construction techniques by virtue of the material’s own superior
properties [17], while also considering fundamental interface mechanics informed by studies on stud
behavior [16,26].

Main Contributions

The main contributions of this study are threefold:

(1) Feasibility Demonstration of Field-Applicable RPC: This study confirms that RPC with mechanical
properties fully meeting the requirements for deck pavement can be produced using a normal-
temperature wet-curing regime, thereby eliminating dependence on on-site steam curing and offering
a more sustainable and practical alternative for bridge rehabilitation and new construction.

(2) Development and Validation of an Integrated Composite System: We propose and experimentally
validate a novel composite structural design that synergistically addresses the dual problems of overlay
cracking and steel deck fatigue. By combining orthotropic steel deck with a normal-temperature-
cured RPC layer, the system provides a comprehensive solution that enhances both durability and
fatigue performance.

(3) Quantification of Performance Benefits and Practical Implications: Through systematic compar-
ative analysis using finite element modeling and experimental testing, we quantify the significant
benefits of the normal-temperature-cured RPC composite deck in terms of stress reduction (over 90%
in steel deck), stiffness enhancement, and crack resistance. These findings provide clear justification
for engineering applications and contribute to the development of more resilient and sustainable
bridge infrastructure.

The research results indicate that the normal-temperature-cured RPC composite deck system proposed
in this paper can effectively and simultaneously mitigate the two main types of damage in OSDs. This system
not only reduces maintenance needs by significantly extending the fatigue life of the steel deck and providing
a highly durable wearing surface but also, due to its normal-temperature curing process characteristics,
contributes to enhancing the whole-life-cycle sustainability and operational resilience of bridge engineering.
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2 Materials and Methods
2.1 RPC Material Components
(1) Cement
Cement strength grades are designated as 32.5, 32.5R, 42.5, 42.5R, 52.5, 52.5R, 62.5, and 62.5R.
(2) Quartz Sand

Compared to other ordinary sands, quartz sand has higher hardness, which can improve the overall
performance of concrete. The particle size selected in this study is 40-60 mesh.

(3) Quartz Powder

Quartz powder, also known as silica powder, exhibits strong resistance to erosion in acidic media.
Common specifications include 100, 150, 200, 325, 400, 600, 1500, and 2000 M. The particle size of quartz
powder used in this study is 1000 mesh.

(4) Silica Fume

Silica fume forms a cementitious gel with water, effectively binding cement particles and enhancing the
tensile and compressive strength of concrete.

(5) Fly Ash

Fly ash is a fine powder derived from the flue gas produced during coal combustion. It reduces the heat
of hydration, improves the density and impermeability of RPC, thereby reducing the likelihood of cracking.

(6) Steel Fibers

The steel fiber content is typically controlled by volume, with a recommended range of 1.5% to 3.0% for
general applications. For critical structural components, the dosage may be appropriately increased. In this
study, copper-plated straight steel fibers with a length of 13 mm and a diameter of approximately 0.2 mm
were used. To significantly enhance the tensile performance and toughness of the RPC—a property crucial
for resisting cracking in the deck overlay—a fiber content of 3.7% by volume was adopted. This dosage
exceeds the common range of 1.5%-3.0% cited for ordinary purposes [10], aiming to maximize post-cracking
behavior and fatigue resistance in the demanding context of orthotropic deck systems, a strategy supported
by prior research on high-performance concrete overlays [12,13].

2.2 RPC Mixing Procedure

The RPC mixture was prepared using an HW-60 forced single horizontal shaft concrete mixer operating
at a speed of 45 r/min. Prior to mixing, the blades and inner walls of the mixer were rinsed with clean water
and then wiped dry with a damp cloth. Pre-weighed materials—sand, cement, mineral powder, and silica
fume—were added sequentially into the mixer and blended for 180 s to achieve a homogeneous dry mix.
Subsequently, two-thirds of the total mixing water, together with the superplasticizer, were added and mixed
for 60 s, followed by the addition of the remaining water. Once the mixture exhibited suitable workability
and viscosity, steel fibers were uniformly sieved into the mix through a 13 mm standard sample sieve. After
this, mixing continued for an additional 480 s. The total mixing time was 13 min.

2.3 Curing Regime

Following casting, both the RPC specimens (for material testing) and the composite deck model were
promptly covered with plastic sheeting to minimize moisture loss. They were initially cured under controlled
laboratory conditions—maintained at 20 + 2°C and above 95% relative humidity—for the first 24 h. After
demolding, the specimens were transferred to a standard curing room kept at 20 + 2°C and >95% RH, where
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they remained until reaching the designated testing age of 28 days. This normal-temperature wet-curing
protocol was consistently applied to support the development of the RPC’s mechanical properties without
thermal treatment, in line with the study’s emphasis on practicable field application.

2.4 Basic Mechanical Properties of RPC under Room Temperature Curing

Preliminary laboratory experiments were performed to better understand the mechanical properties
of RPC under normal-temperature curing. The mixing proportions for preparing the RPC sample are
summarized in Table I, and the RPC mixture was poured into designed molds to prepare three cube
specimens with side length of 150 mm for the compression tests, six 150 mm x 150 mm x 300 mm cuboid
specimens for the flexural strength tests, and three 100 mm x 100 mm x 400 mm cuboid specimens for the
elastic modulus tests. After the modeled RPC specimens were cured at normal temperature to the required
age, compression tests, flexural strength tests, and elastic modulus tests were performed separately. Fig. 1
shows an example of dynamic elastic modulus tests performed on a prepared cuboid specimen. Finally, the
average value of compression strength, flexural strength, and elastic modulus of the RPC was obtained and
summarized in Table 2. Table 2 shows that the compression strength, flexural strength, and elastic modulus
of RPC under normal temperature curing have been obviously improved compared to those of the ordinary
concrete in reference [19].

Table 1: Mixing ratio of the RPC specimens tested in this study.

Quartz  Water Reducer Steel Fibers by Water to
Powder (%) Volume (%) Cement Ratio

Mixing ratio 1 11 0.2 0.1 0.2 2.5 3.7 0.21

Material  Cement Silica Sand Silica Fume Fly Ash

Figure 1: Dynamic elastic modulus test.

Table 2: Basic mechanical properties of RPC cured at room temperature.

Cube Compression
Strength (MPa)

83.8 16.32 413 27

Flexural Strength (MPa) Elastic Modulus (10* MPa)  Unit Weight (kN/m?)
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3 Stress Analysis of RPC Composite Deck

Using a bridge as the prototype, this study will establish local finite element models of one steel box
girder and three types of composite box girders, followed by a comparative analysis. According to the
literature [19], the dimensions of the local finite element models are as follows: the length of the bridge in
the longitudinal direction is 0.8 m, the width of the bridge in the transverse direction was selected including
six longitudinal stiffeners, that is 1.84 m, and the height is 0.214 m, of which the top plate is 14 mm thick, the
diaphragm is 12 mm thick, the spacing of longitudinal rib is 300 mm, the longitudinal rib thickness 10 mm,
the longitudinal rib height is 158 mm, the bottom plate width of longitudinal rib is 90 mm, and the diaphragm
height is 200 mm.

3.1 Structural Details of Composite Bridge Decks
The structural details of the three types of composite bridge decks are as follows:

1.  Normal temperature RPC composite deck: 50 mm thick RPC layer under normal temperature curing
was placed on the top of steel box girder bridge deck and connected using M20 shearing studs. The
Poisson’s ratio of RPC is 0.2 and the elastic modulus is 41,300 MPa.

2. High temperature RPC composite deck: 50 mm thick RPC layer under high temperature curing was
placed on the top of steel box girder bridge deck and connected using M20 shearing studs. The Poisson’s
ratio of RPC is 0.2 [21] and the elastic modulus is 42,600 MPa.

3. Normal concrete composite deck: 50 mm thick normal concrete layer was placed on the top of steel box
girder bridge deck and connected using M20 shearing studs. The weight is 25 kN/m’, the Poisson’s ratio
of concrete is 0.24 [22] and the elastic modulus is 32,500 MPa.

The material parameters of the computational model are shown in Table 3.

Table 3: Table of material parameters.

N 1 High T t
Parameters Tempe::tl::e RPC '8 ;n}:}:ra ure Normal Concrete Steel Box Girder
Elastic Modulus (MPa) 41,300 42,600 32,500 210,000
Poisson’s Ratio 0.2 0.2 0.24 0.3

3.2 Single-Span Local Model for Bridge Deck Calculation
3.2.1 Local Model Using Wheel Load

It was assumed that the RPC was in continuous contact with the steel bridge deck. A local finite element
model was established in ANSYS using SHELL63 elements for the steel box girder and SOLID65 elements
for the concrete layers. To simulate the constraints from adjacent bridge segments, all degrees of freedom at
the four vertical cut planes of the local model were fully constrained, a conventional approach for local stress
analysis in orthotropic decks [21,25]. The interaction between the RPC/concrete layer and the steel deck was
simulated using node coupling, assuming perfect bonding between the layers. A mapped meshing method
was employed, with an element size determined through a mesh sensitivity analysis, to ensure convergence
of the results. SHELL63 is an elastic shell element in ANSYS, suitable for modeling thin-plate structures.
The orthotropic steel bridge deck is composed of welded thin steel plates (top plate, longitudinal ribs, and
transverse diaphragms), whose thickness is significantly smaller than their planar dimensions, aligning with
the fundamental assumptions of shell elements. Shell elements can effectively simulate the in-plane and out-
of-plane mechanical behaviors of plates while offering high computational efficiency.
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SOLIDG65 is a three-dimensional solid element developed in ANSYS based on SOLIDA45, specifically
designed to account for the material properties of concrete-like materials. It can simulate nonlinear behaviors
such as cracking and crushing. Although RPC (Reactive Powder Concrete) exhibits high strength, it still
belongs to the category of concrete materials. Its mechanical behavior may involve three-dimensional stress
states, making it suitable for simulation using solid elements. Furthermore, this element type allows for
the inclusion of reinforcement bars or fiber-reinforced materials, making it applicable for RPC mixed with
steel fibers.

In ANSYS, “node coupling” specifically refers to coupling the translational degrees of freedom of
corresponding nodes at the interface between the RPC layer and the steel bridge deck. This enforces
displacement compatibility between the two at the interface, simulating the rigid connection or strong
bonding effect achieved in actual structures through shear studs—essentially assuming no relative slip
between them. In the paper, based on the assumption of “fully continuous contact” between the RPC and the
steel bridge deck, the node coupling method is employed to directly and thoroughly realize this connection
condition. This approach avoids the uncertainty associated with intermediate contact states, facilitates the
analysis of the overall stress distribution in the composite structure under load, and is particularly suitable
for verifying the enhancing effect of the RPC layer on the mechanical performance of the steel bridge deck.

The specific dimensions of the local model are as follows: the longitudinal bridge direction length is
0.8 m, the transverse bridge direction covers the range of six stiffeners with a model width of 1.84 m, and
the height is 0.214 m. Other dimensions are consistent with those of the background bridge. The local finite
element model is shown in Fig. 2.

Figure 2: Local finite element model. (Local finite element model of the composite bridge deck segment established in
ANSYS, showing the mesh configuration for the steel deck (using SHELL63 elements) and the RPC/concrete overlay
(using SOLID65 elements). The model dimensions are 0.8 m (longitudinal) x 1.84 m (transverse) x 0.214 m (height),
with boundary conditions simulating continuity to adjacent spans.).

Due to the presence of stiffeners in the longitudinal direction of the orthotropic steel plate, a negative
bending moment will appear on the top surface of the stiffener during loading, and tensile stress will occur
in the RPC layer. Therefore, the loading in the transverse direction is shown in Fig. 3, and the loading
in the longitudinal direction was in the mid-span. Referring to the specifications of City Bridge Code,
the vehicle load is a city A-class standard vehicle with the middle wheel weight of 100 kN, the applied
load was 130 kN (the wheel weight 100 + 30% overload), and the local wheel load area size is 250 mm
(longitudinal direction) x 600 mm (transverse direction).
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600

A =

N P A P M A

Steel top plate

Diaphragm 300 Midline s tiffener rib
L 125 L 90 ] 255 L 300 4\/ 300 L 770 |
b 1840 |

Figure 3: Loading model (Unit: mm).

3.2.2 Analytical Results Analysis

In this study, stress data were recorded at three critical locations widely recognized as typical of
fatigue. Prone hotspots in orthotropic steel decks [2,3]: (1) the top surface of the steel deck plate, midway
between two longitudinal stiffeners (i.e., at the center of a deck plate panel); (2) the bottom flange of the
longitudinal stiffener at the mid-span section; and (3) the bottom fibre of the RPC layer, located directly
above the longitudinal stiffener—a key indicator for evaluating cracking and debonding resistance in RPC
steel composite systems [11,13]. The calculated peak stresses of the steel bridge deck and the longitudinal
stiffener are presented in Table 3; the calculated peak stress of the RPC layer is illustrated in Fig. 4.

1 ANSYS
NODAL SOLUTION R15.0
STEP=1 DEC 5 2018
SUB =1 17:33:47
TIME=1
SEQV (aVG)

DMX =.135031

_
. 2.61871 3.92698
1.96458 3.27285

.002182 1.31045
.656315 5.88938

Figure 4: Stress contour plot of the RPC layer in the transverse direction under ambient curing.

Itis shown in Table 4 that compared with the steel box girder, the stress is reduced with a maximum value
0f 91.03% and 87.74% in the transverse and longitudinal direction, respectively using the normal temperature
RPC composite bridge deck; the stress is reduced with a maximum value of 91.43% and 88.22% in the
transverse and longitudinal direction, respectively using the high temperature RPC composite bridge deck;
and the stress is reduced with a maximum value of 87.63% and 84.34% in the transverse and longitudinal
direction, respectively using the ordinary concrete composite bridge deck. It can be seen that the stress
amplitude was significantly reduced using the three types of composite bridge deck. The literature [22]
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mentions that the fatigue life is typically inversely proportional to the cube of the stress amplitude, so the
fatigue life of the orthotropic steel bridge deck will be improved.

Table 4: Calculation results of peak stresses in orthotropic steel bridge deck.

Normal Temperature

i High Temperature Cured Ordinary Concrete
. Steel Box Girder Cured RPC . .
Location . RPC Composite Deck Composite Deck
Composite Deck
Stress
Tensile = Compressive Tensile Compressive Tensile = Compressive Tensile = Compressive
/MPa /MPa /MPa /MPa /MPa /MPa /MPa /MPa
Transverse 100.67 -108.93 14.43 -9.77 14.31 -9.33 16.52 —-13.47
Steel deck
Longitudinal 54.19 —52.54 10.73 —6.44 10.73 -6.19 10.85 -8.23

However, as shown in Table 5, the tensile stress in the transverse direction exceeds that in the
longitudinal direction, and the transverse tensile stress surpasses the longitudinal tensile stress, with a
maximum tensile stress of 1.720 MPa. The stress nephograms of the RPC layer in the transverse and
longitudinal directions are shown in Figs. 4 and 5, respectively. Normal concrete is sufficient to withstand
such stress levels.

Table 5: RPC layer stress peak results under normal temperature maintenance.

Stress Direction Tensile Stress/MPa Compressive Stress/MPa
Longitudinal 0.483 -6.875
Transverse 1.720 -5.472
1 ANSYS
NODAL SOLUTION R15.0
STEP=1 DEC 5 2018
SUB =1 17:37:39

DR e |

-6.87544 -5.24012 " -3.6048 -1.96949 —.334165
-6.05778 -4.42246 -2.78714 -1.15183 .483495

Figure 5: Longitudinal direction stress nephogram of the heat-cured RPC layer.
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In order to show that the tensile strength of RPC is better than ordinary concrete, a two-span local
model was established in this paper to analyze the composite bridge deck.

3.3 Two-Span Local Model for Bridge Deck Calculation
3.3.1 Local Model Using Wheel Load

The longitudinal direction was selected to be 1.64 m. According to the principle of equivalent stress,
the local model was designed as a 2 x 0.82 m two-span continuous beam. The vehicle load was applied
using a Class A standard vehicle, as shown in Fig. 6. The other dimensions and the three composite bridge
deck structures were identical to those of the single-span model. The loading included three positions in the
longitudinal direction and two positions in the transverse direction, as shown in Fig. 7, where the loading
position 3 is the wheel load of the No. 3 axis, and the loading positions 1and 2 are the wheel combination loads
of No. 1 and No. 2 axes. The load was considered to be 30% overloaded. By calculation, the most unfavorable
load combination was the loading position 3 in the longitudinal direction and the loading position 2 in the
transverse direction. The following calculations were based on the most unfavorable loading conditions.

3.3.2 Analytical Results Analysis

The calculated positions were consistent with the single-span model. The calculated peak stress of the
two-span model (loading impact coeflicient is set as 1.3) is shown in Table 5; the peak stress of the RPC layer
is shown in Fig. 6.

60KN 140KN  140KN 200KN 160KN
3.6 | [1.2 6 | 7.2
7 7 7
18
'c%i /i“ ‘# /Ji‘\ o p =
S Pk B o & o
ggt T ¥ S=F =
Axis NO.1 Axis NO. 1 Axis NO. 3
Figure 6: Arrangement of traffic loads.
| 2x800
‘ ¥ 1200 v 275
Load3 g\!ll ﬂ ﬂ44lﬂﬁlgf
| ||
| ‘ N | \
! .. Load1
Midspan Midspan
7 7 7
(a)

Figure 7: (Continued)
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1840
load position 2 620
load position 1 ‘_‘ 770
I
! . ”—SDD—""—BQD—“ " longitudinal’ ¥
§ v diaphragm o W Midspan “/stii‘l‘cncr ! i
(b)

Figure 7: Loading position arrangement (a) in longitudinal direction; (b) in transverse direction.

Table 6 shows that compared with the steel box girder, the stress is reduced with a maximum value of
93.27% and 82.17% in the transverse and longitudinal direction, respectively using the normal temperature
RPC composite bridge deck; the stress is reduced with a maximum value of 93.77% and 82.17% in the
transverse and longitudinal direction, respectively using the high temperature RPC composite bridge deck;
and the stress is reduced with a maximum value of 91.20% and 82.22% in the transverse and longitudinal
direction, respectively using the ordinary concrete composite bridge deck. The maximum stress reduction
of the normal temperature RPC composite bridge deck is 0.99 times that of the high temperature RPC
composite deck, which is 1.02 times that of the ordinary concrete composite bridge deck. From the data
analysis, the results of the two-span and single-span local model analyses are consistent, and the stress
reduction difference between the normal temperature RPC composite bridge deck and the high-temperature
RPC composite bridge deck is small.

Table 6: Calculation results of peak stresses in orthotropic steel bridge deck.

Normal Temperature

High Temperature Cured Ordinary Concrete
Steel Box Girder Cured RPC 8 P X y‘
. . RPC Composite Deck Composite Deck
Location Stress Composite Deck
Tensile = Compressive Tensile Compressive Tensile Compressive Tensile ~ Compressive
/MPa /MPa /MPa /MPa /MPa /MPa /MPa /MPa
Steel deck Transverse 215.82 —212.40 18.19 -14.28 17.90 -13.22 21.44 —-18.68
Longitudinal 72.19 -91.29 14.57 -16.28 14.54 -16.27 16.47 -16.23
Longitudinal Lo
+ib Longitudinal 120.70 -183.79 86.81 -129.52 85.93 -128.15 89.89 -134.41

Table 7 shows that the maximum tensile stress of the RPC layer in the normal temperature RPC
composite bridge deck occurs in the longitudinal direction, with a value of 4.706 MPa. Fig. 8 shows the
longitudinal stress nephogram of the RPC layer, from which it can be observed that the maximum tensile
stress occurs above the central diaphragm. Therefore, ordinary concrete is unable to withstand this stress.
This paper will verify if RPC experiences cracking under this stress by experimentation.

Table 7: RPC layer stress peak results under normal temperature maintenance.

Stress Direction Tensile Stress/MPa Compressive Stress/MPa

Longitudinal 4.706 -8.264
Transverse 2.259 —-6.843
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1 ANSYS
NODAL SOLUTION R15.0
STEP-1 DEC 5 2018
SUB =1 17:59:33
TIME=1

Sz (BRVG)
RSYS=0

DMX =.158585
SMN =-8.26354
SMX =4.70623

-8.26354 -5.38137 -2.4992 .
-6.82245 -3.94028 -1.05811 1.82406 4.70623

382975 3.26514

Figure 8: Longitudinal stress nephogram of RPC layer.

3.3.3 Comparative Analysis of Deflection Results between Single-Span and Two-Span Local Models

The deflection at mid-span Section 2 of the two-span local model is shown in Fig. 9a,b. The deflections
of the steel-only deck, the normal concrete composite deck, the room-temperature cured RPC composite
deck, and the heat-cured RPC composite deck are —0.649, —0.164, —0.153, and —0.150 mm, respectively. These
results indicate that all three composite structures significantly enhance the stiffness of the bridge deck.
However, the room-temperature cured RPC and heat-cured RPC composite decks demonstrate the most
outstanding performance, which is consistent with the calculation results from the single-span local model.
The deflection variation curve at the mid-span of the single-span model is shown in Fig. 10.

3.4 Local Model Test of Normal Temperature RPC Composite Bridge Deck
3.4.1 Local Model Tests Overview

The size of the test specimen was the same as the finite element model of single-span model calculated
above. Shear studs were welded on the steel deck and 50 mm thick RPC layer was cast afterwards.

Considering the stress in the transverse direction is relatively large, the transverse stress was used as the
main control parameter. During construction, eight transverse stress gauges were placed on the RPC surface,
and the positions are shown in Fig. 11.

The main test process involves the construction of steel box girder units, including the construction of
shear studs, placement of strain gauges, and construction of reinforcing steel cages. This is followed by RPC
layer pouring, room temperature curing, placement of strain gauges, and loading. Among them, the RPC
was cured under normal temperature conditions (20 + 3°C). It was watered twice daily and covered with
a cloth to maintain humidity. The specimen was tested after 28 days, and no cracks appeared at the end of
curing, as shown in Fig. 12a. The test set up is shown in Fig. 12b.
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Figure 9: Deflection variation curve at mid-span section 2 of the two-span model. (a) deflection of mid-span section
2 for the four structures; (b) deflection of mid-span section 2 for the three structures.
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Figure 12: (a) RPC surface after conservation; (b) Load test of model.

3.4.2 Test Procedure

The static load test was conducted following a systematic procedure to ensure data reliability:

Preparation and Pre-Loading: Prior to formal testing, a small pre-load (approximately 5% of the

maximum load) was applied and removed three times to seat the specimen and stabilize the measure-
ment system.

Loading Protocol: The load was then applied monotonically in discrete, sustained load steps.

The designated load levels were 130, 250, and 350 kN, representing service, overload, and ultimate
conditions, respectively.
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Data Acquisition at Each Step: At each load level, the load was held constant for at least 5 min to allow
for stress redistribution and to capture stable strain readings from all gauges (positions shown in Fig. 10).
Strain data were recorded continuously using a digital data acquisition system at a sampling frequency of
1 Hz.

Visual Inspection: During and after each holding period, the RPC surface was thoroughly inspected for
the initiation and propagation of any cracks.

Unloading: After reaching the maximum load (350 kN), the specimen was unloaded in reverse steps,
and residual strains were recorded.

This stepwise procedure allowed for the clear correlation between load increment, structural response
(strain and deflection), and observed damage state.

3.4.3 Primary Test Results

The static loading test was performed at different levels. The transverse stress at the mid-span for
a 130 kN loading level is shown in Table 8. A comparative analysis was subsequently performed against
the ANSYS results. Fig. 13 illustrates the correlation between the experimental data and the numerical
simulation results.

As shown in Table 8, the error at measuring point 4, located near the edge of the loading zone, is
significantly larger than that at other locations. This discrepancy primarily arises from the severe stress
concentration in this area, combined with the inevitable minor offset between the actual attachment position
of the strain gauge (which was intentionally placed slightly away from the highest stress zone to avoid sensor
damage during testing) and the corresponding calculation node in the finite element model. In regions with
steep stress gradients, even a slight positional deviation can result in significant differences between measured
and simulated values. In contrast, the errors at all other measuring points remain within 20%, showing
consistent agreement with the ANSYS results and thereby verifying the overall rationality and accuracy of
the finite element model. The elevated error at measuring point 4 is a localized phenomenon and does not
undermine the core conclusion that the normal-temperature-cured RPC composite deck effectively reduces
stress in the orthotropic steel deck and enhances its anti-cracking performance. This study acknowledges
this localized deviation and suggests that future research and engineering applications could further improve
measurement accuracy by optimizing the layout of measuring points—for instance, by avoiding zones with
sharp stress variations or increasing the density of measurement points.

Table 8: RPC cross-bridge stress values at 130 kN.

. RPC
Test Point
Test Value/MPa ANSYS Value/MPa Error/%

1 1.038 0.881 15.12
2 1.341 1.111 17.15
3 — 0.939 —
4 1.433 0.916 36.08
5 1.408 1.133 19.53
6 1.227 1.007 17.93
7 0.429 0.374 12.82
8 0.061 0.055 9.83

>

Note: “—” indicates no value obtained.
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between experimental measurements and ANSYS finite element predictions under a 130 kN wheel load at various gauge
positions).

When the static load of 350 kN was applied, the stress value at measuring point 4 reached 1.37 times the
maximum tensile stress (i.e., 4.706 MPa) of the RPC layer, as calculated by the finite element model of the
normal temperature RPC composite box girder. No obvious cracks were observed in the RPC layer, which
verified that the RPC’s tensile strength is superior to that of ordinary concrete.

4 Discussion

This study demonstrates that the proposed normal-temperature-cured Reactive Powder Concrete
(RPC) composite deck system provides a technically feasible and practically advantageous solution for
orthotropic steel decks (OSDs).

4.1 Significant Stress Reduction and Fatigue Life Enhancement

The finite element results (Table 3) indicate that both normal- and high-temperature-cured RPC
overlays reduce the peak stress in the steel deck by over 90% compared to the pure steel deck, significantly
outperforming the ordinary concrete overlay (approximately 87%-88% reduction). Crucially, the stress
reduction achieved by the normal-temperature-cured RPC is virtually identical (within 1%) to that of its
high-temperature-cured counterpart. This finding is of paramount importance, as it decouples the excep-
tional structural benefit of RPC from the energy-intensive and logistically challenging steam-curing process.

The implication of this stress reduction for fatigue performance is profound. According to classical
fatigue theory, the fatigue life (N) of a metallic detail is inversely proportional to the cube of the applied
stress range (S), i.e.,, N oc S [20]. Applying this relationship, a 91.03% reduction in stress amplitude
implies that the theoretical fatigue life at the critical deck plate location can be enhanced by a factor of
approximately (1/(1 — 0.9103))’ ~ 1400. Even for the ordinary concrete overlay with an 87.63% reduction,
the life enhancement factor is about 60. This quantitative analysis highlights that the RPC overlay not only
mitigates fatigue but can also fundamentally transform it from a dominant limit state into a remote concern,
thereby significantly improving the durability and service life of OSDs.
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4.2 Superior Crack Resistance and Material Performance

A key experimental observation is the absence of cracking in the normal-temperature-cured RPC
layer under a static load of 350 kN, corresponding to a calculated maximum tensile stress of 6.45 MPa.
To contextualize this performance, the characteristic axial tensile strength of conventional C50 concrete
is typically around 2.64 MPa. Therefore, the sustained stress in the RPC overlay is 2.4 times higher than
the failure stress of ordinary concrete, unequivocally demonstrating its superior tensile capacity and crack
resistance. This property directly addresses the historical weakness of rigid overlays, which often crack
under their own tensile stresses [7,8]. The high fiber content (3.7% by volume) contributes to this enhanced
post-cracking toughness and ductility, enabling the overlay to maintain integrity and continue providing
composite action even under extreme loading.

4.3 Validation of the Numerical Model and Practical Implications

The close agreement between the experimental strain readings (with errors largely within 20%) and the
ANSYS predictions validates the developed finite element model. The localized larger error at measuring
point 4 is attributed to stress concentration and minor placement offsets of the physical strain gauge, a known
challenge in high-stress-gradient zones. The model’s overall accuracy confirms its utility as a reliable tool for
analyzing and designing such composite systems.

From a practical standpoint, the shift to normal-temperature curing is a critical innovation. It eliminates
the need for site-based steam-curing facilities, simplifies the construction process, reduces energy consump-
tion, and lowers costs. This makes the high-performance benefits of RPC accessible for a wider range of new
construction and rehabilitation projects.

4.4 Contribution to Structural Resilience

Beyond immediate mechanical improvements, this solution contributes to enhancing the resilience
of bridge deck systems. Resilience, defined as the ability to withstand, adapt to, and recover from dis-
turbances [24], is undermined by frequent repairs necessitated by pavement and fatigue damage. By
simultaneously extending the fatigue life of the steel deck by orders of magnitude and providing a highly
durable, crack-resistant wearing surface, the proposed system drastically reduces the frequency and urgency
of maintenance interventions. This ensures longer periods of uninterrupted service, minimizes life-cycle
costs, and improves the long-term sustainability and reliability of bridge infrastructure—core objectives of
resilient engineering.

5 Conclusion

Based on the integrated numerical and experimental investigation, the following conclusions can be
drawn:

1. Material Performance: Normal-temperature-cured RPC demonstrates superior mechanical properties
compared to ordinary concrete, including a compressive strength of 83.8 MPa, a flexural strength of
16.32 MPa, and an elastic modulus of 41.3 GPa.

2. Structural Efficacy: The composite system incorporating a normal-temperature-cured RPC overlay
reduces critical stresses in the orthotropic steel deck by more than 90%. This performance is statistically
equivalent to that of a high-temperature-cured RPC overlay, yet it is achieved through a more practical
and site-specific approach friendly curing process.
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3. Fatigue and Crack Resistance: The substantial stress reduction implies a potential increase in fatigue life
by several orders of magnitude. Moreover, the RPC overlay itself exhibits exceptional crack resistance,
sustaining tensile stresses over twice the capacity of ordinary concrete without cracking.

4. Practical Application: This study confirms that the performance necessary to simultaneously mitigate
pavement damage and steel deck fatigue is attainable without resorting to energy-intensive high-
temperature curing. Consequently, the normal-temperature-cured RPC composite deck system offers
a viable, efficient, and promising solution for improving the durability and structural resilience of
orthotropic steel bridge decks in practice.

Future Work: Future research efforts should concentrate on three key areas: the long-term durability
of the steel-RPC interface under cyclic fatigue loads; the structural performance under realistic traffic load
spectra; and the formulation of standardized guidelines for the in-situ production and installation of normal-
temperature-cured RPC overlays.
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