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Abstract

In this study, an orthotropic steel bridge deck overlaid with ultra-high-performance fiber-reinforced
concrete (UHPFRC) is investigated using the finite element analysis. The composite bridge deck
which is undergone moving-wheel load is examined under environmental surface water conditions.
Two phases, i.e., Phases 1 and 2, are considered for the material model of the UHPFRC with stagnant
water. In Phase 1, mechanical recoveries of the tensile strength and reloading stiffness are considered
for the cracked UHPFRC caused by the autogenous self-healing behavior. In Phase 2, under the
moving-wheel load, the crack bridging stress degradation in reinforced overlayer accelerates due to
the closing—opening actions of surface cracks in water. In both phases, the deformation behaviors of
the steel deck plate and UHPFRC overlayer are numerically examined. The results of the current

numerical model agree with the experimental data in terms of the strain tendency, wherein the strain
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range of the steel deck plate and UHPFRC overlayer decreases in Phase 1 and progressively increases
in Phase 2. Therefore, it can be asserted that, under the surface water condition, scenarios considering
two phases of the material model of cracked UHPFRC, have governed the strain behaviors of the

tested composite bridge deck.

Key words: UHPFRC, OSD, fatigue, crack bridging stress degradation, self-healing behavior, FEA

1. Introduction

In recent years, ultra-high-performance fiber-reinforced concrete (UHPFRC) with excellent
properties, such as high tensile and compressive strengths and high fatigue durabilities, has been used
to cover the top surfaces of orthotropic steel bridge decks (OSDs), creating a reinforcing layer to
improve structural fatigue performance. Following such modifications, the overall stiffness of OSDs
has been observed to increase, leading to remarkable reductions in fatigue stress levels in the steel
members of the OSDs. Thus, the fatigue durability of OSDs can be improved with the application of
UHPFRC overlayers (Dieng et al., 2013; Makino et al., 2021, Deng et al., 2021, Ma et al., 2021a, Mi,
2020; Deng et al., 2022). It has been reported that, with such a thin thickness 25-mm of UHPFRC
overlayer, the maximum magnitudes of displacement and stress level obtained in steel deck plate

were notably reduced by over 37% and 88%, respectively (Makino et al., 2021).

However, for steel bridge decks covered by UHPFRC, stagnant water resulting from rainfall may
adversely affect the structural performance of the reinforcing overlayer when subjected to repetitive
traffic loading. Such stagnant water may pool over the UHPFRC, consequently subjecting the
composite bridge deck to surface water conditions. Following this, the surface water may penetrate
into microcracks on the top layer of the reinforced overlayer, further leading to severe fatigue
deteriorations in the UHPFRC overlayer under moving-wheel loads. Matsui examined the effect of
surface water on the structural performance of RC bridge decks (Matsui, 1987; Matsui, 1996). The

results indicated that stagnant water on the top surface of RC bridge decks considerably degraded
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their fatigue performance, and the fatigue life of the RC bridge decks reduced about 5% when the
fatigue test was conducted under surface water condition (Matsui, 1996). Along similar lines, several
experimental studies on the fatigue performance of concrete have been conducted in the presence of
water, and the results have revealed that water adversely affects the fatigue durability of concrete
materials (Waagaard, 1982; Solwik and Saouma, 2000; Matsushita, 1980; Maekawa and Fujiyama,
2013). Under the rapid deformation of concrete cracks, i.e., the closing—opening actions of cracks
under fatigue loading, a high pore water pressure can be induced owing to the dispersion of condensed
water inside cracks (Solwik and Saouma, 2000). This may further rapidly deteriorate concrete
materials when capillary pores are subjected to water pressure; these pores are often located at the
vicinity of the aggregate/matrix interface (Maekawa and Fujiyama, 2013). According to Matsushita
(Matsushita, 1980; Matsushita and Tokumitsu, 1979), when the applied minimum stress is zero, the
stress range ratio Sy at 2,000,000 cycles for concrete with the presence of water is about 70% of that
under dry conditions. Herein, Sy = 4o/ out = (0max — Omin)/out; Where omax and omin are applied

maximum and minimum stresses, ourt IS limit stress of concrete material.

Without considering fatigue action of applied load, under water exposure, the self-healing
capability of high-performance fiber-reinforced cement composites, such as engineered cementitious
composite (ECC) and UHPFRC, with regard to crack closure and mechanical recovery has been
previously investigated (Okuizumi et al., 2021; Herbert and Li, 2012, 2013; Zhang and Zhang, 2017;
Li and Li, 2011; Kan and Shi, 2012; Kim et al., 2019; Cuenca and Serna, 2021). Owing to the low
ratio of water to cement used in the design of ECCs or UHPFRC, extensive amounts of unhydrated
cement grains may exist in the material matrix. Consequently, continued hydration of unreacted
cement may occur at the fractured region in the presence of water, leading to the closure of cracks
in the specimens under testing. In a study conducted by Okuizumi et al. (2021), UHPFRC was found
to exhibit a high self-healing ability under water conditions based on a high crack closure rate, which

was observed from the bottom section of UHPFRC beams that cracked owing to flexural loads. After
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only 1 day of water exposure, the closure rate of the UHPFRC fine cracks within a width of 0.014
mm in the specimens could reach over 77%. Herbert and Li (2012, 2013) examined the self-healing
behavior of ECCs in the natural environment. Along with the closure of ECC cracks, mechanical
recoveries of the tensile cracking strength and reloading stiffness in ECC specimens were observed
after crack self-healing under water conditions. Moreover, under wet—dry cycles, the autogenous
healing characteristics of high tensile ductility ECC materials were investigated by Kan and Shi
(2012). The results revealed that the tensile strength and maximum tensile strain of the cracked
specimens at the reloaded stage were higher than those of the reference specimens under dry

conditions.

This paper proposes a numerical model based on the finite element method (FEM) to simulate an
OSD overlaid by UHPFRC in the testing condition of surface water, and this deck is loaded by a
moving rubber-tire wheel. Two phases of the material model considering the self-healing behavior
and degradation in the fatigue life of cracked UHPFRC are introduced in this study. The proposed
numerical model is validated using the experimental data reported by Makino et al., 2021. The
structural responses from the considered phases, i.e., the deformation of steel members and the
cracking behaviors of the reinforcing overlayer, are investigated in the analyses. The effect of self-

healing behavior in UHPFRC cracks is also evaluated by a parametric study in the first phase.

2. Testing conditions and considered phases for the material model of cracked UHPFRC

To examine the effectiveness of the UHPFRC overlayer in improving the fatigue life of an OSD,
fatigue tests on a full-scale OSD were conducted under wheel loading and environmental conditions
in the previous study (Makino et al., 2021). Fig. 1 illustrates the geometry of the investigated
composite deck. The dimensions in transverse and longitudinal directions of the OSD were 2720 and
3300 mm, respectively. The bridge deck comprised a 12 mm steel deck plate covered by a UHPFRC

layer with a thickness of 25 mm, seven longitudinal ribs, three cross beams and two main girders.
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(e) 3D view of the current OSD (excluding East and West cross-beams)

Fig. 1 The OSD geometry (all dimensions are in mm)
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The web thicknesses of the main girders and crossbeams were 14 and 9 mm, respectively. The

dimensions of the longitudinal bulb ribs were 230 x 11 x 30 mm?3 (Fig. 1(b)).

The loading and environmental conditions adopted during the fatigue test for the composite bridge
deck, and the fatigue test images of Stages 1 and 2 are depicted in Fig. 2. In the current study, fatigue
analysis was conducted for Stage 2. After Stage 1, which included 1,100,000 cycles subjected to a
moving wheel loaded with a rubber tire under dry conditions, the damaged composite deck with

evident fine cracks on the top surface of the UHPFRC was subsequently tested for 60,000 cycles

under the surface water condition in 1 day. For one night before the execution of Stage 2 of the fatigue
test, a thin layer of water was deposited on the overlayer top surface. In the current fatigue analysis,
two phases were considered for the material model of cracked UHPFRC.

- Phase 1: self-healing of cracked UHPFRC in water for one night from the 1,100,000th to the
1,100,0001st loading cycle.

- Phase 2: higher degradation speed of cracked UHPFRC resulting from the combined action of
fatigue wheel loading and surface water over 60,000 cycles.

The modeling of the behaviors for each phase of the cracked UHPFRC is detailed in Section 3.2.2.
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Testing Stage Load level Number of Loading condition Environmental
conditions for (kN) cycles condition
two :
Stage 1 100 1,100,000 Rubber tire Dry
consecutive
stages [2] Stage 2 100 60,000 Rubber tire Surface water

(a) Stage 1 (dry condition) (b) Stage 2 (surface water condition)

Fig. 2 Fatigue test of the OSD (Makino et al., 2021)

3. Method

3.1. Numerical model

In this study, an OSD reinforced by UHPFRC overlayer undergone a moving load with a rubber
tire under the surface water condition is simulated utilizing the FEM software MSC/Marc. Using
Fortran programing language, a material user subroutine, which is applied to the Marc program to
solve nonstandard problems, is coded to define the cracking behaviors of the UHPFRC. In the defined
subroutine, the multi-fixed smeared crack model is applied to simulate crack initiation and
development in the UHPFRC (Rots and Blaauwendraard, 1989). In this crack model, the original

finite element mesh topology is maintained by transitioning from the initial isotropic stress-strain law
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to an orthotropic relationship with the axes of orthotropy after the crack initiation. In other words, the
smeared crack model assumes a cracked body as a continuum, while the discrete crack approach
treats a crack as a discontinuous body with separated mesh elements. The initiation of UHPFRC
cracks is predicted based on the direction and magnitude of the maximum principal stress generated
in 3D UHPFRC eight-node elements. The first crack in the UHPFRC appears perpendicular to the
maximum principal stress direction if the tensile stress level approaches the tensile cracking strength
of the UHPFRC (i.e., value at point A in Fig. 4). Using a fixed crack model, the orientation of the
initial crack is maintained in the UHPFRC overlayer during the calculation process. With the
reorientation of the maximum principal stress when the wheel load moves, new cracks in the
UHPFRC element initiate along planes orthogonal to the initial crack plane; this occurs when the

cracking condition based on the maximum principal stress is satisfied.

Based on the procedure proposed by Rots and Blaauwendraard (1989), the overall stress—strain

relationship in the UHPFRC element can be obtained using the following equation:
o= Dcocrgz[Dco _ DcoN(Dcr + NTDCON)—lNTDco:'g’ (1)

where o and ¢ denote the global stress and strain vectors, including the elastic and cracked components,
respectively; D® and D denote the stiffness matrices of non-cracked and cracked components of the
UHPFRC, respectively; D denotes the overall stiffness matrix of the UHPFRC element; N denotes

the transformation matrix that defines crack orientation; and N™ denotes the transpose of matrix N.

3.2. Material model
3.2.1. Steel

The stress—strain relationship of the steel material, and the primary material properties of the steel
members are presented in Fig. 3. Notably, a Poisson’s ratio of 0.3 and Young’s modulus of 200 GPa

are considered in the current model. The von Mises criterion is used as the yield criterion of steel. In
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the presence of the UHPFRC-strengthening layer, a significant decrease in stress levels was observed
from the fatigue sensitive locations of the OSD, and no fatigue cracking was observed from the steel
members. The fatigue of steel material was thus not prominent during the tested stages. In the current

analysis, the fatigue life of steel members is estimated in Phase 1 (as mentioned in Section 2) to assess

the beneficial effect of the self-healing behavior in UHPFRC cracks.

0 A
[ T @ : Yield strength, (g, f,)
u D | ©: Ultimate strength, (¢, , f,)
LT |
1 1 E¢ (¢=¢g)
1 1
E ! o) = £—¢
e ! L+(5n-1)|—=| (5<e<8)
O : : ’ ‘ Er: _‘E‘_i ’
8}‘ gu 8’
Steel members Cross | | (ngitudinal rib | Steel plate
beam
Parameter
Material
properties of Yield strength J (MPa) 245 365 365
steel
Tensile strength fu (MPa) 400 490 490
Ultimate tensile strain Eu 0.22 0.23 0.23
Fig. 3 Constitutive law and material properties of steel
3.2.2. UHPFRC

3.2.2.1. Nonlinear constitutive law of UHPFRC

A user subroutine in Marc program is coded to define the constitutive law of UHPFRC. According
to JSCE Recommendations (2008), the nonlinear stress—strain relationships of UHPFRC are
presented in Fig. 4. The constitutive law of UHPFRC under tension can be defined by a trilinear
relation, i.e., (I) elastic, (I1) strain-hardening, and (Il) strain-softening domains. After the elastic
domain, the tensile stress increases with the formation and propagation of microcracks in the second

domain, i.e., the strain-hardening domain. Following this, localized macrocracks initiate and develop

in the third domain after achieving the tensile strength.
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geu 0.0085
Compressive strength D
o 133 (MPa)
Ending point of compressive oo 0.01275 E
softening stage ocs 26.6 (MPa)
170 Fig. 4 Nonlinear stress—strain relationships and material properties of UHPFRC
171 The constitutive law of UHPFRC under compression can be defined by a parabolic relation in the

172 (IV) fourth domain. When the compressive strength is reached, a linearly descending relation
173 representing the softening law is used in the (V) fifth domain. Subsequently, the compressive stress

174  presents a plateau at the end of the softening stage in the (V1) final domain.
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For the elastic state, a Young’s modulus (Ey) of 31.3 GPa and Poisson’s ratio (v) of 0.22 were used
in the analysis, following the in-site uniaxial compressive test of UHPFRC. The material properties
referring to the UHPFRC material pamphlet provided by J-THIFCOM Construction Association

(2020) are employed this study and summed in the embedded table in Fig. 4.

For shear stress transfer in the UHPFRC after the occurrence of tensile cracks, the progressive
reduction in shear stiffness with an increase of tensile strain is considered in the current model
(Fairbairn et al., 2006). A shear retention factor A which is a function of the maximum tensile strain

etmax 1S introduced in the analysis.

P S
1+4447¢

tmax

)

3.2.2.2. Self-healing behavior of the cracked UHPFRC under surface water conditions

Based on the studies conducted by Herbert and Li (2012, 2013), the mechanical recoveries of
tensile strength and reloading stiffness of the UHPFRC surface cracks are considered in the current
analysis, from the end stage of the dry condition (1,100,000th cycle) to the beginning stage of the

surface water condition (1,100,001st cycle) in Phase 1 (Fig. 5).

The recovery ratios of the tensile strength, &, and reloading stiffness, x, in the overlayer surface

cracks are defined as follows:

071.100,001 ~ 01,100,000
&= 3)

01 — 07,100,000

_ Kl,lOO,OOl B Kl,lOO,OOO (4)

)
Kl - Kl,lOO,OOO

Where o1, 01,100,000, and 1,100,001 denote the crack bridging stresses at the 1st, 1,100,000th, and
1,100,001st cycles, respectively; K1, K1,100,000 and Kz,100,001 denote the reloading stiffnesses at the

1st, 1,100,000th and 1,100,001st cycles, respectively.

11



196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

(L) Self-healing of cracked
Fatigue bridging stress UHPFRC in water cond.

degradation in dry cond.
%_B\ (610,610
et ~

o, (dry)
O 100,001 (Wer)
07 100,000 (ArY)|

etmin-dtjy S.fnmx-dry

= Emin-water

Fig. 5 Tensile stress—strain relation of the cracked UHPFRC under the surface water condition

The mechanical recoveries, especially for tensile strength, of the cracked UHPFRC under surface
water condition are meaningful for the current fatigue test of Stage 2. By reducing the maximum
tensile strain emax Of UHPFRC cracks after self-healing, the bridging stress degradation can thus be

decelerated during fatigue loading, as referred to the Egs. (5) - (6) in the next section.

Since the exposure time of the UHPFRC top layer in water is one night before the fatigue loading
test, the tensile strength and reloading stiffness recovery ratios in this study are roughly chosen as

70%, k = & = 70%, following the observations from the research of Okuizumi et al. (2021).

3.2.2.3. Fatigue degradation of UHPFRC crack bridging stress under the condition of surface water

Under fatigue loading, the primary factor influencing crack development in various cement-based
composites can be attributed to the gradual decrease in bridging stress between crack surfaces, which
results from fatigue deterioration of tensioned fibers, i.e., fiber rupture or pullout (Li and Matsumaoto,
1998; Matsumoto and Li, 1999; Zhang et al., 1999, 2000; Suthiwarapirak et al., 2004; Deng and
Matsumoto, 2018; Jimi et al., 2021). For the UHPFRC, based on the study conducted by Jimi et al.
(2021), the degradation law for the crack bridging stress under dry conditions is adopted in the current

model for Stage 1 and is expressed as following equation:

12
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%T —1-(0.015+5¢,.. )log(N) ()

for 1< N <1,100,000
where on/o1 denotes the ratio of bridging stress degradation from Nth to 1st cycles under dry condition.

According to researches of Matsushita (1980) for concrete material, when the applied minimum
stress is zero, the ratio of fatigue stress range at 2,000,000 cycles with the presence of water is about
70% of that under the dry condition. In the current study, by considering this reduced percentage from
the fatigue life of the concrete material to that of the UHPFRC, the corresponding degradation relation
of bridging stress for the overlayer cracks under the surface water condition is established and applied

in Phase 2.

On

=1-(0.058+3.5¢,,, ) log(N —1,100,000) ©)

01,100,001

for 1,100,001 < N <1,160,000

where on/o1,100,001 denotes the ratio of bridging stress degradation from Nth to 1,100,001st cycles

under the condition of surface water.

4. Interfacial fatigue degradation between steel plate and UHPFRC

In the current fatigue test, the UHPFRC overlayer was cast in place. Before applying the UHPFRC
layer, the shot blasting was used as a surface treatment technique to remove the contamination on the
surface of steel deck plate. After placing the epoxy bonding agent on steel deck plate with average
thickness of 1 mm, hard aggregates (i.e., synthetic ceramics) with a grain size of up to 2 mm were
distributed over the top surface of bonding agent to increase the surface roughness (Fig. 6(a)).
UHPFRC was then casted within the available time of epoxy bonding agent (i.e., within 5 minutes in
20°C room temperature). According to the pull-off tensile test of composite specimens, the average
tensile bond strength of the current bonding technique was up to 2.91 MPa. For the epoxy resin

material at the interface between UHPFRC overlayer and steel plate, a linear elastic shear stress—

13
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strain relationship is assumed in the current analysis (Fig. 6(a)). The shear elastic stiffness of the bond
material, i.e., Ep1, IS 2.66 GPa, is used following properties reported by Mitamura et al. (2011). In
fatigue analysis of Stage 1, the interfacial bond stiffness degradation between steel plate and overlayer
caused by repetitive moving-wheel load (see Fig. 6(a)) was considered by Ma et al. (2021). According
to this study, by comparing the experimental observations (i.e., steel strain and hammer tapping test

results) with the analysis results, the bond stiffness degradation speed was determined, as follows:

Ew _ £(N)=1-0.1707 x log(N)

By, (7)

for 1< N <700,000

where Epn /Ep1 denotes the ratio of the interfacial stiffness from Nth to 1st cycles. The region being

applied the bond stiffness degradation, S = 2x302x1875 mm?, is shown in Fig. 6(c.1).

Subsequently, the delamination area at the interface was considered for the FEM model from the
700,000th cycle when the interfacial bond stiffness under wheel load region was zero (Ma et al.,
2021). Fig. 6(b) shows the bonding layer at the UHPFRC/steel interface at the end of the experiment.
The dark region under the wheel contact area, which comprised iron oxide particles obtained from
shot-blasting process for the steel plate before applying the UHPFRC overlayer, could be observed
after the fatigue test. This denoted the fatigue failure of bonding layer at wheel load region. In addition,
based on acoustic inspections, i.e., a hammer test, in Stage 1 (see Fig. 6(c)), the abnormal noise range
was detected at the 760,000th cycle, indicating the occurrence of interfacial delamination. Thereafter,
the delamination area found by the hammer test gradually expanded in the local region above Rib 5.
For the current model, the delamination area at the interface chosen at the initiating cycle of Stage 2
(1,100,001st) was equal to that at the ending cycle of Stage 1 (1,000,000th), as shown in Fig. 6(c.I1).
Throughout Stage 2, the average expansion speed of 4.67 mm/10,000 cycles along the transverse

direction, which was applied to the interfacial debonded area, was selected identical to that of the

14



256  previous cycles in Stage 1 (from the 940,000th to the 1,100,000th cycles). The transverse dimension

257  of the debonded area are then gradually increased from 840 to 868 mm (Fig. 6(c.11)).

Number of cycles increase

UHPFRC (25 mm) Epoxy resin bond
e as s ses| layer with coarse
Steel deck plate (12 mm)| @ddregate

258 7
259 (a) Bond stiffness degradation model at steel/lUHPFRC interface (Ma et al., 2021).
Whee|
South running
direction
Center
260 —
261 (b) Interfacial bond layer at the end of fatigue test (Makino et al., 2021).
Interfacial delamination region Hammer tapping test
in the analysis Abnormal noise range at
= 760 000th cycle
Bon_d s_tlﬁness degradatlon‘ EZoneA for output Abnormal noise range
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263 (c.1) Before 700,000 cycle (c.Il) At 1,100,001st cycle (c.1) At 1,160,0010th cycle
264 (c) Interfacial degradation areas for fatigue analysis of Stage 2 (All dimensions are in mm)
265 Fig. 6 Interfacial degradation model in the fatigue analysis
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5. Finite element modeling of the composite bridge deck

The boundary conditions and mesh pattern in the FEM model of the composite deck are shown in
Fig. 7(a). Notably, a fine mesh with a minimum transverse size of 2.5 mm was employed for the
overlayer and steel plate at regions above the three central longitudinal ribs. The UHPFRC-reinforced
layer was vertically segregated into three layers in the current FEM model. In order to minimize
computational cost, the 4-node thick shell elements are utilized instead of the 8-node solid elements
to model the steel members such as cross beams, main girders, and the 4 outer bulb ribs (which are
located far away from the critical region at wheel loading lane, as shown in Fig. 7(b)). It was found
that, in comparison the model using only solid elements, the analysis time of the current model
reduced about 40%, while the differences between numerical results at critical locations in steel deck
plate of the two FE model are within 1%. The total number of elements used in the current FE model

are 47,390.

Four edges under the main girders were supported with a 3000 mm longitudinal span. Two edges
along the west side were restricted in all the three translational directions. The other edges from the
east side were constrained against translation along the X and Y directions. The rubber tire wheel
with a load of 100 kN was simulated using seven load locations. The size of each load location was
2 x 217.5 x 250 mm?, with a central gap of 115 mm, i.e., the distance between two tires. The 100-kN
wheel-load was distributed over the whole area of load location, in which non-uniform distributions
along the longitudinal and transverse directions of contact patch of rubber tire were based on the
loading model presented by Ma et al. (2021), which has been reported to provide a better prediction
of structural responses in steel deck plate than the standard uniformly-distributed load model. To
simulate the interface between UHPFRC and steel plate in FEM model, the UHPFRC bottom layer
and the steel-plate top surface are designated as deformable bodies of the contact analysis in
MSC/Marc. The Touching contact option is used to model the interfacial delamination region (see
Fig.6(c)), in which the material penetration is prevented. The remain interfacial region is simulated
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297 Fig. 7 FEM model of the composite deck (All dimensions are in mm)

298 by the Glue contact option, in which the interfacial contact stiffness between the deformable bodies

299 s assigned to be the elastic modulus Ep of UHPFRC.

300 In the fatigue analysis, the moving direction of wheel loading under the specified load cases in a

301  single cycle is presented in Fig. 7(c). The wheel load is initially applied to the central location until
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the peak value (100 kN) is reached from load case 1. In load case 2, this location is unloaded with the
loading of the adjacent elements at the same increasing rate. Herein, each load case includes 30
loading steps with a total running time of 2190s. This procedure is continuously repeated along the
loading lane, reproducing the movement of the rubber tire wheel. During this process, the bridging
stress degradation equation (i.e., Eg. (6)) and unloading behaviors at each integration point of the
UHPFRC elements are modified and determined based on the maximum value of tensile strain, which
is recorded from the previous cycle of the fatigue analysis. The obtained bridging stress degradation
value at each node is then applied directly to the nonlinear constitutive law of UHPFRC after cracking
which is defined in the multi-fixed smeared crack model for each cycle. The current analysis of Stage

2 is performed for 60,000 cycles to reproduce the fatigue test under surface water condition.

6. Results and discussions

6.1. Steel strains in the deck plate

6.1.1 Numerical steel strain distributions

The distributions of the transverse strain under bottom surface of the steel deck plate for different
cycles are depicted in Fig. 8. The illustrated results are obtained from zone A (Fig. 6(c.I1)) under load
case 10. Under load case 10, the positive bending at the tire contact region is produced by the wheel
load along with the overall downward movement of the steel deck plate. On the other hand, owing to
the stiffening effect of the longitudinal Ribs 3,4 and 5, the wheel load induces negative bending at
these local regions. At the 1,100,001st cycle (Phase 1), owing to an increase in the tensile strength of
the fine cracks in the UHPFRC overlayer after autogenous self-healing (Section 3.2.2), the overall
stiffness of the composite deck increases after one-night exposure to water. This leads to a decrease
in strain levels in the compressive zones at Ribs 3-5 and tensile zones at the wheel contact area of
the steel deck plate during this loading cycle. Further, the mechanical recoveries of the cracked

UHPFRC in Phase 1 can be interpreted based on the opening—closing actions of a single crack (Fig.
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9) on the top layer of the overlayer before and after self-healing. It is noted that the UHPFRC tensile
cracks at East patch above Ribs 3, 4 and 5 are under the process from opening to closing when the
wheel load moves from East to West load patches; and vice versa. In the presence of the healed part
inside the UHPFRC crack, the stress transfer between pulled-out or ruptured fibers is restored,
causing an increase in the bridging stress between the crack surfaces. Thus, the reloaded maximum
strain or crack opening displacement decreases after the self-healing of UHPFRC cracks (Fig. 9(d)).
The autogenous healing process of the UHPFRC cracks is assumed to terminate at the beginning of
the 1,100,001st cycle (Fig. 9(c)), and the healed parts undergo cracking and degradation under

repetitive wheel loading without further self-healing throughout Stage 2. Therefore, the unloading
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-1.88%e-04
-2.454e-04
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-4,150e-04
-4.715%e-04
-5.281e-04

(c) At the 1,160,000th cycle (Stage 2)
Fig. 8 Distributions of the steel transverse strain under bottom surface of the deck plate for different

cycles in load case 10 (displayed at zone A).
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minimum strain under the water condition (emin-water) 1S mMaintained equal to that under the dry

condition (emin-ary) (Fig. 9(e)).

In contrast to the first cycle of Stage 2, the increase in transverse strain magnitudes can be observed
at the 1,160,000th cycle (see Fig. 8(c)), and this is owing to fatigue bridging stress degradation of
cracked UHPFRC under moving-wheel loading in Phase 2. After the formation of a tensile crack,
owing to the continuous reduction in tensile strength resulting from the degradation in the bridging
stress between crack surfaces, a stress concentration can be induced in the region of the crack tip.
Thereafter, the fatigue crack propagates in the overlayer with a newly formed crack length at the
crack tip. Consequently, the deformation of the bridge deck is increased, leading to strain

redistribution in the UHPFRC and steel plate. Moreover, stiffness reduction of the bridge deck is as

E tomee-dry Top surface of € tmin-dry Top surface of Enmin-dry
—- i
— / UHPFRC "\-\“ UHPFEC "“\‘
] 1

»C Jr »C

Healed part

(@) Loading under dry condition (b) Unloading under dry condition (c) Healed part formed inside

crack

Top surface of Eomimater=Emindr
UHPFRC \\:mm—u-euer tmin-dry

€ tmen-water

(d) Reloading under water condition (e) Unloading under water condition
Fig. 9 Opening—closing behaviors of a UHPFRC crack before (a and b) and after (d and e) self-

healing.
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well due to the expansion of the debonded area at steel/lUHPFRC interface, which leads to a
progressive loss in the capability of shear force transfer between the overlayer and steel plate. The
degradation in crack bridging stress of UHPFRC, which are dependent on the maximum level of the
tensile strain, is thus accelerated, along with the interfacial-delamination development. As a result,
those kinds of fatigue degradations with their mutual interaction can considerably deteriorate the

structural performance of the tested bridge deck.

6.1.2 Numerical and experimental steel strain evolutions

In Fig. 10, the transverse strain range evolutions in load case 10 at the locations of the SEL strain
gauges (Fig. 1(a)) under steel-plate bottom are plotted in comparison with the experimental data, with
the chosen recovery ratios for tensile strength and reloading stiffness of 70%. As reported by Ma et
al. (2021), in Stage 1, owing to continuous deterioration of the interfacial bond stiffness before the
700,000th cycle, the strain range of the steel deck plate gradually decreases with an increase of the
number of cycles. Subsequently, a delamination area formed at the UHPFRC/steel interface and
expands along the transverse direction, leading to considerable variations in the transverse strain
range levels of the steel deck plate from 700,000th to 1,100,000th cycles. From Fig. 10, it is apparent
that the experimental strain range magnitudes at the SEL strain gauges from the end of Stage 1
(1,100,000th cycle) to the beginning of Stage 2 (1,100,001st cycle) have decreased after one-night
exposure in surface water condition. Possible cause of this behavior is the self-healing of surface
cracks in the overlayer, as introduced above. To assess the effect of this mechanism on the structural
responses of the composite deck, a parametric study is conducted and presented in the following

section.

6.1.2.1 Effect of self-healing behaviors on strain responses in Phase 1

Based on the current analysis under surface water condition in Phase 1, Fig. 11 shows the

relationships between the recovery ratios of tensile strength and reloading stiffness caused by self-
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healing, along with the results of the transverse strain range considering the reduction rates from the
1,100,001st cycle at strain gauge SEL1, i.e., steel plate’s critical location. When the recovery ratios
after the self-healing of UHPFRC cracks increase, the transverse strain range levels at SEL1 decrease,
along with an increase in the reduction rates of the strain range. In the current model, with recovery
ratios of 100% for the UHPFRC surface cracks, the reduction in the transverse strain range at SEL1
can reach 7.32% (reduced from -267.7u to -248.1 ). Based on the Japan Society of Steel Construction
(JSSC) code (1993), the prediction analysis of the fatigue life at the critical point of SEL1 is

conducted using the obtained transverse strain ranges. The fatigue life (in years) (N) is calculated as

follows:
N = nx100
nti—lOO
m 6
where n= (FAT)AX (m2><10 ) is the number of cycles causing fatigue cracks; here, FAT = 80 MPa
O,

eq
_ . . TAGY xn, .
and m = 3 for E-class welding design. Ao, =3 ﬁ denotes the equivalent stress range, where
n;

Ao, denotes the stress range obtained in cycle ni.

Further, n, ,,, = ADTT; x 7, x365xY is the number of cycles corresponding to a design lifetime

of 100 years; here, ADTT,=2880 (vehicles/day/lane) denotes the traffic volume, 7, =0.03 denotes

the frequency coefficient, and Y = 100 (years) denotes the design service life of the composite bridge
deck. N denotes the fatigue life in years.

The fatigue life prediction results at point SEL1 for different recovery ratios of tensile strength and
reloading stiffness are summarized in Table 1. The fatigue life of the OSD can be increased to a
maximum of 7.87% (from 258.9 to 279.3 years) when the self-healing recovery ratio of UHPFRC

cracks reaches 100%.
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Fig. 10 Transverse strain range vs. the number of cycles at SEL strain gauges
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In this self-healing phase, in the experiment with stagnant water, no material segregated on the top
surface of the UHPFRC. Such segregation can be identified based on a cloudy exudate of the
UHPFRC cracks. Fine cracks (hairline cracks) are observed on the overlayer surface at the beginning
of Stage 2 (see Fig. 16(b)). Therefore, the percentage of crack closure resulting from the self-healing

behavior is expected to be a high value after one-night exposure under the surface water condition,

[ Transverse strain range (u) at SEL1
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Fig. 11 Effect of the self-healing recovery ratio on the transverse strain range at SEL1

Table 1. Fatigue life prediction at a critical location of the steel deck plate

) Fatigue life
Recovery ratio (%) | Equivalent stress range (MPa) Increasing rate in
(year)
k=¢ Ao, fatigue life (%)
N
0 50.06 258.9 0
40 49,51 267.5 3.32
70 49.15 273.5 5.64
100 48.81 279.3 7.87
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i.e., more than 70% based on the report for UHPFRC beams by Okuizumi et al. (2021). Following
this, the recovery ratios of the tensile strength and reloading stiffness are set at values equal to the
crack closure percentage and applied to the analysis.
6.1.2.2 Effect of bridging stress degradation speed in Phase 2

In fatigue analysis for Phase 2, the increased speed of crack bridging stress degradation of UHPFRC
is considered as shown in Eq. (6). This results in a sharp increase in steel strain levels in the initial
5,000 cycles of Phase 2, as shown in Fig. 10. It is evident that the obtained results agree with the
experimental data. In Figs. 10(a) and 10(c), the significant increase in the early cycles cannot be
reproduced by the model using Eqg. (5). Hence, it can be inferred that the increase in the bridging

stress degradation speed may have occurred in the cracked UHPFRC under the moving-wheel load
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(a) Crack opening in water
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(b) Crack closure in water

Fig. 12 Water pressure generated inside a UHPFRC crack under cyclic loading
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and surface water condition. This mechanism can be explained based on the generated water pressure
inside the cracks under repetitive cyclic loading (Fig. 12). Under cyclic loading, the water pressure
acting on the crack surfaces becomes negative with the opening of the UHPFRC crack. By contrast,
a positive water pressure can be obtained during the closure of the UHPFRC crack in the presence of
water. Hence, under the repetitive moving-wheel load, additional forces resulting from stagnant water
could accelerate fatigue fiber deterioration (i.e., fiber pullout) in the fractured zone, which may result
in an increase in the bridging stress degradation speed of UHPFRC cracks considered for Phase 2 of
the material model of the UHPFRC.

From Fig. 10, it is obvious that the contribution of bridging stress degradation to the increase in
the strain range is more dominant during the early stages of the fatigue analysis under the surface
water condition based on a comparison between numerical models with and without interfacial
delamination expansion. The reason for this is that the expansion of the debonded zone is quite
minimal at the beginning cycles of Phase 2. With an increase in the number of cycles, the strain ranges
of the steel plate increase, as the UHPFRC-steel composite undergoes continuous degradation when
the delamination area is expanded along the transverse direction.

Overall, the qualitative agreements in strain range tendencies could be obtained from the numerical
and experimental results of steel plate in the current study. Here, the proposed mechanisms for
UHPFRC material model under surface water condition (i.e., the self-healing in Phase 1 and the
accelerated fatigue degradation in Phase 2) are reasonable for reproducing the strain behaviors of the
tested composite deck. The parametric analyses conducted in each phase have clarified the effect of
each mechanism to the structural responses of steel bridge deck, as discussed above. However, from
the quantitative perspective, there are still discrepancies between the analysis and the experiment.
Following the research of Dai et al. (2005), it was shown that, along with the interfacial bond stiffness
degradation, the residual bond slip at zero-bond stress level also increased when the number of cycles

increased. Moreover, with a decrease in the tire-overlay friction coefficient owing to the presence of
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water, the frictional force between the rubber tire and UHPFRC decreased. This may lead to
additional transverse deformation at the edges of tire treads at tire contact region. Thus, in the
experiment, the rubber tire contact region as well as the contact normal stresses in the surface water
condition may be different from that under the dry condition. The residual bond slip at the
UHPFRC/steel interface is thus affected by the contact condition of the rubber tire, i.e., in this case,
the residual bond slip in the experiment may be increased. Owing to insufficient data on the current
bonding technique at UHPFRC/steel interface, the residual bond strain between overlayer and steel
plate under fatigue wheel loading is neglected in the current numerical model (Fig. 6(a)). This may
lead to the underestimation of the unloading and reloading strain levels for the steel plate. Although
experimental tendencies based on the strain range results can be relatively reproduced by the current
model, the reproductions of unloading and reloading strain levels resulting from the residual bond
slip at the interface, as well as the tire contact conditions in the presence of water can be considered

in future studies on the composite bridge decks under moving-wheel loads.

6.2. Numerical strain of the UHPFRC overlayer

6.2.1 Numerical strain distributions

The maximum strain distributions for the cracked elements during Stages 1 and 2 at zone A
(presented in Fig. 6(c)) are shown in Fig. 13 for the bottom and top layers of the reinforced overlayer,
respectively. The blue-to-red color band represents the cracked regions on the overlayer surface. For
the OSD, an overall downward movement of the steel deck plate is achieved under wheel loading,
which induces positive bending at the tire contact region. However, owing to the stiffening effect of
the longitudinal rib, negative bending at these local regions is produced via wheel loading. Therefore,
cracks emerge on the top surface of the overlayer and propagate at local zones above Ribs 3, 4, and
5; whereas tensile cracks at the bottom layer of the UHPFRC overlayer are created at the rubber-tire

contact regions. At the beginning cycle of Stage 2, owing to an increase in the tensile strength caused
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Fig. 13 Distributions of maximum principal strain for cracked areas on top and bottom layers of

(c) At 1,160,000th loading cycle (Stage 2)

UHPFRC overlay (displayed at zone A)
by the self-healing of the cracks on the top layer of the UHPFRC, the maximum tensile strain levels
from the top and bottom layers of the UHPFRC overlayer, as shown in Fig. 13(b), decrease compared
to those under the dry condition (Fig. 13(a)). This is accompanied by a narrower crack region from
the bottom layer of the overlayer. On the contrary, the maximum tensile strain level of UHPFRC
increases at the end of this stage owing to a significant increase in the bridging stress degradation

speed of the healed UHPFRC in stagnant water, as shown in Fig. 13(c).

The maximum principal strain directions obtained from the crack elements in the UHPFRC
overlayer under load case 10 of the 1,160,000th cycle are depicted in Fig. 14. It is obvious that the

maximum principal strain directions obtained from the crack elements on the UHPFRC top surface
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Fig. 14 Maximum principal strain directions of UHPFRC cracks at 1,160,000th loading cycle

are transverse (Fig. 14(a)). This implies that the UHPFRC cracks initiate and propagate along the
longitudinal direction along Ribs 3, 4, and 5. On the other hand, diagonal cracks are observed from
the bottom layer of the UHPFRC overlayer, and distributed around the east-load-patch centerline (see
Fig. 14(b)). In the current model, it is found that that the second or third cracks in the UHPFRC
elements are not formed after the initiation of the first cracks (Fig. 13). This is because the obtained
stress levels along the longitudinal and vertical directions from the crack elements in the UHPFRC
overlayer are much smaller than those along the transverse direction, which can be attributed to the

stiffening effect of the longitudinal ribs and relative thin thickness of the applied UHPFRC overlayer.
6.2.2 Numerical strain evolution at the critical location of UHPFRC overlayer

The transverse strain range evolution at the critical location on UHPFRC top surface (i.e., middle
point of path SN) is plotted in Fig. 15, with the mechanical recovery ratio of 70%. Since the strain
gauges separated from the UHPFRC top surface after 20,000 cycle, the discussion in this section is

focused on the numerical results.
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Fig. 15 Transverse strain evolution at the middle point of path SN
In Stage 1, the transverse strain range of the UHPFRC overlayer gradually increase until 700,000th
cycle, due to the combination of the degradations of cracked bridging stress and interfacial bond

stiffness. After that, from 700,000th to 1,100,000th cycles, a considerable increase in strain range

results are obtained after the formation and development of the interfacial delamination area.

In Phase 1 of Stage 2, it can be observed that there is a reduction in transverse strain range at the
middle point of path SN in UHPFRC overlayer after applying the mechanical recovery ratios of 70%
to the UHPFRC surface cracks to reproduce the self-healing behavior. Herein, the reduction
percentage is approximately 5.09% (reduced from 981u to 932u). Subsequently, under fatigue
loading process (Phase 2), by applying the increased speed of crack bridging stress degradation in Eq.
(6), the transverse strain results in UHPFRC overlayer continuously increase, especially from the
initial 5,000 cycles of Phase 2. These results are similar to the observation of the steel strain results

represented in Fig. 10.
6.2.3 Numerical and experimental crack region on top surface of UHPFRC

Fig. 16(a) shows the distributions of the maximum principal strain from the UHPFRC top layer
subjected to a moving-wheel load during the beginning and ending cycles of Stage 2. In the analysis,

a sequence from load case 10 to load case 12 represents the wheel-load moving process from the east
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patch to the center patch (Fig. 7(c)). The gray color indicates the cracked regions on overlayer surface.
According to the analysis, the highest level of the maximum principal strain applied to the top layer
of the UHPFRC is reported above the middle rib (Rib 4) in load case 12. In load case 13, the maximum
principal strain levels and obtained cracking zone are substantially reduced compared to those in the
adjacent load cases, owing to the stiffening effect of the middle crossbeam. At the end of Stage 2 with
the presence of stagnant water, multiple fine cracks are not localized into macrocracks. Despite the
significant increase in the bridging stress degradation speed applied for UHPFRC, the highest level
of the maximum principal strain obtained from the reinforced overlayer is still within the strain-
hardening domain of the UHPFRC, i.e., lower than 1750, at the end of Stage 2; this can be attributed
to the high tensile strength, along with high fatigue durability under dry conditions for the UHPFRC.
This also agrees with the surface fine cracks (hairline) observed from the experimental crack pattern
shown in Fig. 16(b). Herein, it can be seen that the surface cracks occurred at the contact region of
rubber tires, while no crack at this region is obtained from the analysis (Fig.16(a)). Moreover, the
through-thickness cracks as well as cracks under bottom surface which were obtained in the analysis
(Fig. 13) was not observed in the experiment. The possible reason for this issue may be due to the
non-uniform distribution of the steel fibers in the UHPFRC overlay. As reported from the bending
test of UHPFRC beams (Sakai et al., 2022), the fiber contents near the top surface of the specimens
are lower than those from the bottom parts, since the fiber may sink in the matrix due to the high
flowability of UHPFRC. Referring to for the current composite deck, the mechanical properties (i.e.,
elastic modulus, cracking strength, tensile strength...) from the bottom layer of UHPFRC overlayer
may be higher than those from the middle and top layers. Hence, further investigations of the
composite bridge deck are needed to examine the effect of the non-uniformity of fiber distribution on

the cracking behavior of the UHPFRC overlayer.

Generally, in Stage 2, the fatigue deterioration of the tested composite bridge deck is dominated

by the bridging stress degradation of fractured UHPFRC on the overlayer surface. Therefore, the
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(b) Experimental crack pattern on UHPFRC top surface
Fig. 16 Crack region obtained from: (a) Fatigue analysis; (b) Experiment.
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development of the crack region on the top layer of the UHPFRC, which is mainly governed by
interfacial degradation, is insignificant throughout this stage owing to the small expansion of the

debonded region.

7. Conclusions

In this study, a 3D nonlinear FEM analysis was performed to examine the fatigue performance of
an OSD reinforced by UHPFRC overlayer under wheel loading and surface water conditions. Two
phases of the material model considering the self-healing behavior and reduction in the fatigue life
of UHPFRC were introduced in the numerical model. Following this, the considered mechanisms for
the material model of cracked UHPFRC were assessed by investigating the UHPFRC cracking
behavior and strain range of the steel deck plate based on the fatigue analysis. The following

conclusions can be drawn:

(1) The efficient FE calculation which minimize the number of elements as well as the analysis
time was proposed, in which the non-uniform distributions along the longitudinal and
transverse directions of contact patch of rubber tire was applied for better estimations of
critical responses in steel plate and overlayer.

(2) Under surface water condition, the mechanical recoveries of the tensile strength and reloading
stiffness caused by the self-healing behavior can result in the reductions in strain ranges of
the UHPFRC overlayer and steel plate. It was found in the analysis that the strain range at
steel-plate critical location could reduce up to 7.32% with the self-healing recovery ratios of
100% applied for the UHPFRC surface cracks. Correspondingly, the fatigue life of the OSD
could be extended to a maximum of 7.87% in surface water condition.

(3) The effect of self-healing on reducing steel strain ranges were more apparent at the three-

middle longitudinal ribs where most of UHPFRC surface cracks are located.
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(4) Under combined condition of fatigue wheel loading and surface water, the deterioration of
the UHPFRC cracks could be accelerated. By considering the reduction rate from the fatigue
life of the concrete material under water condition (i.e. about 70%) to that of the UHPFRC,
the degradation relation in bridging stress for UHPFRC cracks under the surface water
condition was firstly introduced and applied in the current analysis.

(5) In Stage 2, the fatigue deterioration of the tested composite bridge deck is dominated by the

bridging stress degradation of fractured UHPFRC on the overlayer surface.

Overall, although there were still discrepancies between the numerical and experimental strain range
levels, the proposed mechanisms in the UHPFRC material model could provide a qualitative
agreement in terms of strain range tendencies between the analysis and experiment. Therefore, it can
be inferred that the proposed behaviors, i.e., self-healing and fatigue life reduction, are reasonable
and possible to be considered in the future numerical researches of the OSD reinforced by UHPFRC

overlayer under surface water condition.

To improve the numerical modelling of the OSD-UHPFRC composite structure, some

recommendations for the future research are as follows:

(1) It is suggested that more fatigue tests of the OSD overlaid by UHPFRC under surface water
condition are necessary to be conducted in the future to construct more experimental data for
more understanding about the fatigue behavior of the UHPFRC-OSD composite structure
under surface water condition, as well as for more reliable validation of the future numerical
model.

(2) The static and fatigue shear bond test should be carried out for the epoxy bond technique to
investigate the fatigue characteristic of the used epoxy-bond technique, i.e., residual bond slip

caused by the bond stiffness degradation.
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(3) The effect of the material properties of UHPFRC material, i.e., elastic modulus, tensile
strength, non-uniform properties from top and bottom layers, etc., on the cracking behaviors
of the UHPFRC overlayer should be further investigated.

(4) The tire contact conditions in the presence of water should be considered in future studies.
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