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Abstract 13 

A cost-effective Lightweight Composite Bridge Deck (LCBD) system, including Orthotropic 14 

Steel Deck (OSD) and lightweight Ultra-High Performance Concrete (UHPC) layer is 15 

proposed to increase the stiffness and fatigue performance of conventional OSD. Static and 16 

fatigue tests on two full-scale strip models subjected to four-point bending were carried out. 17 

The static nominal cracking stress of the UHPC layer with reinforcement spacing of 80 mm is 18 

24.59 MPa, while it increases to 35.68 MPa when the reinforcement spacing is reduced to 19 

half (40mm); both values are far greater than the nominal stress of 12.7 MPa obtained in the 20 

prototype bridge. Increasing the reinforcement ratio can increase the bending stiffness of 21 

LCBD and decrease the tensile strain of the UHPC layer, while the change in range is relative 22 

slight. Furthermore, the flexural strength of UHPC and the reinforcement ratio are important 23 

factors affecting the fatigue life of the UHPC layer. When the reinforcement spacing 24 

increases from 40 mm to 80 mm, the fatigue life of the UHPC layer still satisfies related code 25 

requirements. Thus, for reduction in the engineering cost and construction complexity, the 26 

reinforcement spacing can be set as 80 mm. However, the application of the UHPC as the 27 

steel deck pavement, the rib-to-diaphragm welded joint is still prone to fatigue cracks. In 28 

addition, the existing S-N curves are hard to directly use for fatigue life prediction of the 29 

UHPC layer because of the great differences in the definition of stress level and evaluation 30 

index of failure in the fatigue test, which need to be modified in further studies. 31 

 32 
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 36 

1. Introduction 37 

Orthotropic steel deck (OSD) is a typical bridge deck system composed of stiffeners 38 

(longitudinal and transverse rib) which are perpendicular to each other in longitudinal and 39 

transverse directions and together with deck plate (see Fig. 1) [1-8]. OSD has the advantages of 40 

high strength-to-weight ratio, superior integrity, large loading capacity and short construction 41 

period. These merits have resulted in a widespread application of conventional OSDs in 42 

bridges [1,2]. A typical OSD as part of a bridge is generally covered by 35 - 80 mm asphalt 43 

overlays or by 20 mm polymer-surfacing layers [3]. Due to insufficient stiffness of the steel 44 

deck plate, excessively heavy transportation loads, and other reasons, conventional OSD 45 

pavement might be easily damaged, leading to potential fatigue cracks occurred at the steel 46 

bridge deck [4-8]. To solve these problems, enhancement of the stiffness of the bridge deck has 47 

been widely recognized [9-20] as one of the effective means to reduce the fatigue stress 48 

amplitude in an OSD. In 2002, Buitelaar [9] proposed to strengthen OSD with 50 mm 49 

Reinforced High Performance Concrete (RHPC) connected via an epoxy resin bonding layer. 50 

In addition, it was successfully applied to Caland Bridge in the Netherlands. Different from 51 

ordinary concrete, Ultra-high Performance Concrete (UHPC) [21-22] is a type of advanced 52 

cement-based composite with superior compressive (>120 MPa) and tensile strength (>8 53 

MPa), high elastic modulus (40 - 50 GPa) and excellent durability. In 2011, Shao et al. [10] 54 

have proposed a new type of composite bridge deck system composed of OSD and 55 

lightweight UHPC layer, in which the reinforced UHPC and OSD were connected via stud 56 

shear connectors. In such new type of Lightweight Composite Bridge Deck (LCBD), the 57 

thickness of UHPC layer is generally no more than 50 mm, and the thickness of the steel 58 

plate is from 12 to 16 mm. 59 
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 60 

(a)                                                      (b) 61 

Fig. 1 Traditional OSD system: (a) schematic diagram, and (b) photo of OSD. 62 

Although LCBD has been developed for nearly 10 years in China, there is limited 63 

research existing on the basic mechanical properties and fatigue performance [10-19,23,24] of 64 

such system. Previous push-out test results show that the LCBD connected by shear studs has 65 

good mechanical performance [10,12]. Finite Element Analysis (FEA) and full-scale model 66 

tests have shown that the reduction of the peak stress in the steel deck of LCBD is about 50 to 67 

80 % compared with the peak stress in OSD without UHPC pavement, resulting in a 68 

reduction of the risk of fatigue cracking [10,12,24]. In addition, increasing the reinforcement 69 

ratio of the UHPC layer can significantly reduce the potential cracking of the UHPC layer 70 

[12,14]. Moreover, previous research has shown that the spacing of the reinforcement should 71 

not exceed 50 mm [10-14,23,24]. The LCBD has been applied in many bridges in China, such as 72 

the Foshan-Fuchen Bridge [12], the Zhuzhou-Fengxi Bridge [12], and the Second-Dongting-73 

Lake Bridge [13], etc., where the diameter of the reinforcing mesh in the UHPC layers is 10 74 

mm, and the reinforcing spacing is 35 to 50 mm. In addition, the technical standard for light-75 

weighted composite deck system [25] stipulates that the spacing of UHPC reinforcement in the 76 

LCBD shall be less than 67 mm. 77 

However, due to the small reinforcement spacing in the UHPC layers, the difficulties 78 

associated with UHPC pouring and fibre dispersion are increasing, and the quality control 79 

becomes more challenging. Furthermore, a dense reinforcement spacing will also increase the 80 

construction cost. To the best of the authors’ knowledge, the major reason for the above 81 

requirements or regulations on the reinforcement spacing may be that the flexural and 82 

compressive strength of UHPC materials adopted in previous research (and applications) are 83 

no more than 30 MPa and 140 MPa, respectively; therefore, the potential maximum structural 84 

performance of the LCBD was not reached. However, at present, UHPC with compressive 85 

strength of 160 MPa and flexural strength of 40 MPa can be easily produced. Using this kind 86 
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of UHPC with high tensile capacity, it is possible to increase the reinforcement spacing of 87 

UHPC layer, improve the construction conditions and reduce the fabrication cost.  88 

So far, previous research mainly focused on the static and fatigue behaviour of LCBDs 89 

with the UHPC pavement under sagging bending moment [10,13,15]. There is still lack of 90 

knowledge on the static and fatigue behaviours of the LCBD under hogging bending moment 91 

[16]. Since both the UHPC layer and the reinforcements resist tensile stresses under hogging 92 

moment, it is necessary to investigate the static and fatigue performance of the UHPC layer 93 

on the LCBD. Furthermore, although some scholars have carried out a small number of 94 

fatigue tests on composite beams [26,27] and the LCBD [11,14,16,23,24] subjected to hogging 95 

moment, there were no fatigue cracks observed in the UHPC bridge deck until the end of 96 

most fatigue tests [11,16,23,24]. Consequently, the crack propagation process, failure mode and 97 

fatigue life under cyclic loading were not identified in their tests. In particular, for the UHPC 98 

layer with different reinforcement ratios, the failure mode of LCBD under fatigue load is not 99 

well understood. Therefore, it is necessary to carry out more studies to understand the fatigue 100 

crack characteristics of the UHPC layer and the relevant fatigue response of the LCBD under 101 

hogging moment. 102 

The aims of this study are to propose an economical and practical lightweight composite 103 

bridge deck system and to evaluate the static and fatigue performance of the LCBD. Two 104 

full-scale strip models of the LCBD were designed and manufactured. Combined with 105 

nonlinear finite element analysis, the influence of the reinforcement ratio on the crack 106 

propagation process, failure mode, load-deflection relationship, and load-strain relationship 107 

under static and fatigue load is discussed. Finally, based on the fatigue test results, the fatigue 108 

life of the LCBD with different reinforcement ratios is evaluated. 109 

 110 

2. Experimental specimens 111 

2.1 Prototype bridge 112 

A steel-UHPC continuous box-girder highway bridge with three spans (56 m + 103 m + 113 

56 m), located in Foshan, China, served as the prototype bridge structure. In this bridge, the 114 

LCBD was adopted as the bridge deck system, in which the UHPC layer is connected to OSD 115 

using 13 mm-diameter 40 mm-high welded shear studs at spacing of 150 mm × 150 mm. For 116 

the OSD, the thickness of the deck plate is 16 mm. The upper opening width, the height and 117 

the thickness of the U-rib are 300, 305, and 8 mm, respectively. The spacing between the 118 

diaphragms is 4 m, and the thickness of the diaphragm’s plate is 12 mm. The OSDs are made 119 
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of Q345qc steel, which is a typical structural steel used for bridges in China with a nominal 120 

yield strength of 345 MPa [28]. The thickness of the UHPC layer is 50 mm. In the UHPC layer, 121 

the reinforcing bars (diameter of 10 mm) are arranged at spacing of 40 mm × 40 mm. A 122 

typical cross-section of the LCBD is shown in Fig. 2. 123 

 124 

 125 

Fig. 2 Cross section of the composite bridge deck system (Unit: mm). 126 

2.2 Design and fabrication of a strip model 127 

Based on the prototype bridge, two full-scale strip models with a total length of 3,000 128 

mm, width of 600 mm and height of 742 mm were designed, as shown in Figs. 3 and 4. The 129 

spacing between the diaphragms is 1 m. The OSDs were made of Q345qc steel, which is the 130 

same as the steel in the prototype bridge. In order to study the static and fatigue performance 131 

of the composite deck with different reinforcement ratios, considering the symmetric 132 

geometry of the specimens, boundary conditions, and loading mechanisms, a reinforcement 133 

mesh at spacing of 40 × 40 mm was used in one half span of the UHPC layer of the strip 134 

model (this part of the UHPC layer is named as Spacing-40MM), and a reinforcing mesh at 135 

80 × 80 mm spacing was used in the other half span (this part is denoted as Spacing-80MM). 136 

The diameter of the reinforcements in all models is 10 mm, and the yield strength of the 137 

reinforcement is 484 MPa. The arrangement of the reinforcement mesh is illustrated in Fig. 4. 138 
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 139 

Fig. 3 Cross-section of the strip model (Unit: mm). 140 

 141 

Fig. 4 Reinforcement layout of the UHPC layer (Unit: mm). 142 

2.3 Material properties 143 

The dry mixture used in this study is composed of Portland cement, silica fume, mineral 144 

powder, and quartz sand [29], and the mix proportion of UHPC is shown in Table 1. Hooked 145 

steel fibre with a length (lf) of 16 mm and diameter (df) of 0.22 mm (aspect ratio lf / df=73) 146 

was adopted. The volume fraction of steel fibers (ρf) is 3.5%. The water-to-cementitious ratio 147 

of the UHPC mixture is 0.185. 148 

Table 1 Mix proportion of the UHPC (mass). 149 

Cementitious material 
Quartz sand Superplasticizer Steel fiber Water 

Cement Silica fume Mineral powder 

1.0 0.37 0.25 1.1 0.04 0.36 0.30 

 150 

After mixing, three cubic compression specimens (100 mm × 100 mm × 100 mm), three 151 

flexural specimens (100 mm × 100 mm × 400 mm), six prism compression specimens (100 152 
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mm × 100 mm × 300 mm), and six dog-bone-shaped specimens for tensile tests were 153 

prepared to obtain the UHPC material properties. All material test specimens were casted 154 

using the same mixture as in the strip test models. After casting the UHPC mixture in the 155 

LCBD, the test models and specimens were cured for 2 days covered with plastic membranes. 156 

Then, when reaching the curing time at normal temperature, plastic membranes and 157 

formwork were removed, and the steam curing process was last for 48 hours at the 158 

temperature above 90 °C, which was the same as the prototype bridge. After curing, test 159 

specimens and strip models were placed for 60 days in the laboratory, and then the relevant 160 

tests were carried out. The results of the material tests are shown in Table 2. It can be seen 161 

that the cubic compressive strength, flexural strength and direct tensile strength of UHPC 162 

were 182 MPa, 44 MPa and 10 MPa, respectively. 163 

 164 

Table 2 Material test results of UHPC. 165 

Specimen 

Cubic 

compressive 

strength  

fcu (MPa) 

Flexural 

strength 

fcf (MPa) 

Young's 

modulus  

Ec (GPa) 

Tensile 

strength  

fct (MPa) 

Elastic 

tensile 

strain 

εct (με) 

Cracking 

tensile 

strain  

εcc (με) 

Limited 

tensile 

strain 

εpc (με) 

Sp-1 183.20 42.82 45.0 10.18 210 1,959 3,234 

Sp-2 179.64 45.65 44.5 9.60 222 1,861 3,366 

Sp-3 184.53 44.96 46.1 11.28 215 2,216 3,618 

Sp-4 \ \ 42.0 10.65 208 2,188 3,421 

Mean 182.45 44.48 44.4 10.43 214 2,056 3,410 

COV  0.011 0.027 0.034 0.059 0.025 0.073 0.041 

Note: εcc is the cracking tensile strain when the width of the crack is up to 0.02 mm. 166 

3. Test setup and loading protocol 167 

3.1 Static loading scheme 168 

In order to simulate the most unfavourable situation of the UHPC layer under hogging 169 

moment, a four-point bending test was performed, where the pure bending length of the strip 170 

model is 1,000 mm, as depicted in Fig. 5. The load (P) was transferred to the diaphragms 171 

through a distributive girder, and then it was applied to the bridge deck by the diaphragms. 172 

To obtain the deformation of the strip model, five linear variable displacement transducers 173 

(LVDTs) were arranged at the supporting points (L1 and L5), loading points (L2 and L4 174 

under the diaphragms), and mid-span section (L3). In addition, two dial indicators (Z1 and Z2) 175 

were arranged at both ends of the composite deck to measure the relative slip between the 176 
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deck plate and the UHPC layer. Also, strain gauges were installed on the UHPC surface in 177 

the pure bending region to measure the average strains on the UHPC layer, as shown in Fig. 6. 178 

 179 

(a) 180 

 181 

(b) 182 

Fig. 5 Test setup: (a) schematic diagram of static and fatigue loading test (Unit: mm), and (b) 183 

photo of static loading test. 184 

 185 

Fig. 6 Strain gauges arrangement at the UHPC layer (Unit: mm).  186 
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During loading process, firstly, a preloaded test under the load range of 0 - 40 kN was 187 

conducted to check test instruments. Then, the load was increased with increment of 40 kN 188 

up to 500 kN. When the load reached 500 kN, the load increment was changed to 20 kN until 189 

the failure of test specimen. During the loading process, the crack pattern, crack width, 190 

deflections and strains were recorded. To monitor the variation of the crack width, a crack 191 

observation instrument with a measurement accuracy of 0.01 mm was used. 192 

3.2 Fatigue loading scheme 193 

3.2.1 Fatigue stress of UHPC layer 194 

To obtain the most unfavourable stress due to wheel loading in the prototype bridge 195 

under standard fatigue load, a linear elastic Finite Element Model (FEM) was established 196 

using the software ABAQUS [30]. In order to improve the calculation efficiency, only a half of 197 

the box girder was built due to symmetry (see Fig. 7a). In the FEM, C3D8R solid element 198 

were used to model the UHPC layer, S4R shell element were used to model the OSD, and 199 

T3D2 truss elements were used for the steel reinforcements. The global mesh size of OSD, 200 

UHPC layer and reinforcement was 50 mm, 25 mm, and 50 mm, respectively. The mesh size 201 

of the concerned area of OSD was refined to 1.0 mm (see Fig. 7b). In this way, the FEM is 202 

consisted of 429,912 shell elements, 229,200 solid elements and 85,890 truss elements in 203 

total. The UHPC material parameters were taken according to the test results in Table 2. The 204 

material constitutive model of steel rebars and OSD was based on a linear elastic model with 205 

an elastic modulus of 206 GPa and Poisson's ratio of 0.3 [28]. The local wheel load action on 206 

the UHPC layer was analysed according to the standard Fatigue Load Model 3 defined in the 207 

code of BS EN1991-2 [31], in which the single axle load is 120 kN. According to the 208 

observations during the static test, the measured relative slip between the UHPC plate and 209 

deck plate under the load of 240 kN is only 0.018 mm (Fig. 8), which is far less than 0.05 mm. 210 

In addition, the shear studs are in linear elastic stage at this moment [19]. Therefore, for 211 

reducing the computing cost and improving computing efficiency, the bond slip between steel 212 

and UHPC was not considered in this FEM, and a tie constraint was adopted between UHPC 213 

layer and deck plate [10,15]. The boundary conditions at the beam ends are that the three 214 

degrees of freedom of nodes were restricted at one end, while only the vertical freedom of 215 

nodes was restricted at the other end. In addition, symmetric boundary conditions were 216 

applied to the symmetry plane. 217 
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 218 

(a)                                                                      (b) 219 

 220 

(c) 221 

Fig. 7 Finite element model and loading diagram of the LCBD: (a) finite element model, (b) 222 

critical details and monitoring points, and (c) loading diagram. 223 

 224 

Fig.8 Relative slip curve between UHPC layer and deck plate in the static test. 225 
 226 

Seven transverse loading conditions were obtained by moving the position of the wheel 227 
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load (L1 to L7), as shown in Fig. 7c. Along the longitudinal direction, there were 10 228 

longitudinal loading conditions (T1 to T10) by moving the wheel load position by 100 mm. 229 

The right rear wheel was taken as the reference wheel when wheel loads were arranged 230 

according to Fatigue Load Model 3. The schematic diagram of loading mode is shown in Fig. 231 

7. The FEA results show that the positions of T3 and L2 are the most unfavourable loading 232 

positions for the UHPC layer, in which the tensile stress is 2.17 MPa. 233 

 234 

3.2.2 Fatigue loading protocol 235 

The fatigue test set-up was basically consistent with the static test one (see Fig. 5a and 236 

Fig. 9). The fatigue test was employed using an electro-hydraulic servo fatigue testing 237 

machine with loading capacity of 1,000 kN.  238 

 239 

Fig. 9 Photo of fatigue loading test. 240 

 241 

During the cyclic fatigue loading, the stress ratio R (the ratio of minimum fatigue stress 242 

to maximum fatigue stress) was selected as 0.25 and the frequency was 2.5 to 3 Hz. The load 243 

level is determined on the basis of the FEA results under the standard Fatigue Load Model 3, 244 

and the corresponding stress level is determined according to the static test results. The 245 

fatigue loading sequence was divided into four phases with different load ranges, as described 246 

in Table 3 and shown in Fig. 10. It is worth to mention that fatigue cracks started to appear in 247 

the Spacing-40MM when the test beam was loaded to 6.25 million cycles. To assess the 248 

mechanical properties of the strip model, when the number of cycles reached 0, 10 thousand, 249 

50 thousand, 100 thousand, 200 thousand, 500 thousand, 1.0 million, 1.5 million, 2 million, 250 

2.7 million, 3.7 million, 4.7 million and 6.25 million cycles, the fatigue test was stopped, and 251 

static tests were conducted on the specimen. In each static test, the maximum load applied on 252 

the strip model was equal to the corresponding maximum fatigue load. In addition, 253 
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deflections and strains were recorded for each static test using the same arrangements of 254 

LVDT and strain gauges as that in Fig. 5a and 6.  255 

 256 

Fig. 10 Fatigue loading protocol. 257 

Table 3 Fatigue load sequence. 258 

Loading 

Phase 

Load 

range 

maxmin P-P  

(kN) 

Fatigue 

load 

amplitude 

P  (kN) 

Nominal tensile stress 

amplitude 

i.p  (MPa) 
Stress 

ratio R 

Number of cycles 

in  

 ( 610 ) 

Frequency 

f (Hz) 
Spacing-

40mm 

Spacing-

80mm 

First phase 50 - 200 150 6.61 6.72 0.25 2.7 3.0 

Second phase 75 - 300 225 9.91 10.08 0.25 1.0 3.0 

Third phase 100 - 400 300 13.21 13.44 0.25 1.0 2.5 

Last phase 120 - 480 360 15.86 16.13 0.25 

End until cracks 

appeared in the 

Spacing-40MM 

2.5 

 259 

The nominal stress of the UHPC layer under various loads was obtained using 260 

transformed section of steel-UHPC composite deck (Fig. 11). It is assumed that the cross 261 

section of the LCBD always remains plane during the bending test and the properties of all of 262 

materials are in linear elastic state. From Fig. 11, the nominal stress σ on the bottom surface 263 

of the UHPC layer under hogging moment can be expressed as Eq. 1 to 5. 264 

 265 
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 266 

Fig. 11 Calculation diagram of the nominal tensile stress of the UHPC layer. 267 
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 269 

where σ is the nominal tensile stress of the UHPC layer under hogging moment; M and I is 270 

the sectional moment and the inertia moment of the composite bridge deck, respectively; P is 271 

the applied load in the test; l is the span of simply supported girder (l=900 mm); ne is the 272 

Young's modulus ratio of steel to concrete (Es=206 GPa, Ec=44.4 GPa); h and b is the height 273 

and width of the UHPC layer; beq is the equivalent width of the UHPC layer; yi is the distance 274 

from the cross-sectional centroid of each part to the x-axis (i=1, 2, 3, z); and I1, I2, and I3 is 275 

the inertia moment of the OSD, steel reinforcement, and UHPC layer, respectively. 276 

Table 4 lists the basic sectional parameters of the test model. Consequently, in each 277 

loading phase, the nominal tensile stress amplitude of the UHPC layer under hogging 278 

moment can be calculated by Eq. 1 to 5, and the calculation results are illustrated in Table 3. 279 

 280 
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Table 4 Cross section parameters of the test model. 281 

 
b 

(mm) 

h 

(mm) 
ne 

1I  

(mm4) 

1S  

(mm2) 

1y  

(mm) 

2I  

(mm4) 

2S  

(mm2) 

2y  

(mm 

3I  

(mm4) 

3S  

(mm2) 

3y  

(mm 

Spacing-

40mm 
600 50 4.64 1.48E8 15,192 -71 6,869 1,099 25 1.35E6 6,466 25 

Spacing-

80mm 
600 50 4.64 1.48E8 15,192 -71 3,434 549.5 25 1.35E6 6,466 25 

 282 

4. Static test results and discussions 283 

4.1 Crack development and nominal cracking stress 284 

Table 5 summarizes the test results on the bottom surface of UHPC layer. When the test 285 

load reached 561 kN, the first visible crack appeared on the bottom surface of the Spacing-286 

80MM part of the specimen, with a crack width of about 0.06 mm, as illustrated in Fig. 12a 287 

and Fig. 13. The visible crack is regarded as the crack width up to 0.03 mm. Thus, 288 

conservatively, the previous load level of 542 kN was assumed as the cracking load of the 289 

Spacing-80MM, at which the corresponding tensile strain of UHPC layer was 885 με. When 290 

the load was 696 kN, the maximum crack width of the Spacing-80MM went to 0.11 mm. 291 

When the load reached 830 kN, the first visible crack appeared on the Spacing-40MM part, 292 

with a crack width of 0.05 mm. Similarly, the previous load level of 810 kN was assumed as 293 

the cracking load of the Spacing-40MM, at which the average tensile strain was 1,215 με. 294 

When the load reached 980 kN, the load resistant of the composite deck begun to decline. 295 

When it reached the ultimate load, the failure of the composite bridge deck occurred, and 296 

then, the U-rib at the Spacing-40MM part yielded, as shown in Fig. 12b. However, the 297 

deflection continued to increase, and the UHPC layer at the loading points begun to separate 298 

from the deck plate. Fig. 13 shows the crack distribution on UHPC layer at the end of the test. 299 

  300 

(a)                                                 (b) 301 

0.06 mm 
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Fig. 12 Photos of the test composite deck under static load: (a) first crack on UHPC layer, 302 

and (b) steel U-rib yield. 303 

 304 

Fig. 13 Crack distribution on the UHPC layer at failure 305 

According to the calculation results using Eq. 1, the nominal cracking stress of the 306 

Spacing-80MM and Spacing-40MM is 24.59 MPa and 35.68 MPa, respectively, while the 307 

design nominal stress in the prototype bridge under heavy traffic is only 12.7 MPa. Moreover, 308 

the maximum nominal stress of the UHPC in prototype bridge is generally no more than 18 309 

MPa [12,32]. Therefore, the cracking strength of the Spacing-80MM can meet the design 310 

requirements for the prototype bridge, which has a safety margin of at least 36.6%. In 311 

addition, increasing the reinforcement ratio can greatly increase the nominal cracking stress 312 

of UHPC layer, in which the nominal cracking stress of the Spacing-40MM is 1.451 times to 313 

that of the Spacing-80MM. 314 

Table 5 Static test results on the bottom surface of UHPC layer. 315 

 Loading process and test results 

Load (kN) 500 542 561 696 810 830 980 

Moment (kN.m) 225 244 253 313 365 374 441 

Tensile strain (με) 
Spacing-40MM 683 724 780 984 1215 1306 2238 

Spacing-80MM 800 885 921 1198 1766 1865 / 

Maximum crack width 

(mm) 

Spacing-40MM 0 0 0 0 <0.05 0.05 0.07 

Spacing-80MM 0 <0.06 0.06 0.11 0.13 0.14 0.16 

 316 

4.2 Load-deflection relationship  317 
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The load-deflection curves of the tested composite deck at the loading points and mid-318 

span are shown in Fig. 14. Initially, the curves are approximately linear. As the load increases, 319 

these curves gradually tend to be nonlinear. Take L3 as an example, the load-deflection 320 

curves of the LCBD can be divided into four stages (Fig. 14b): (1) a linear elastic stage, in 321 

which the deflection increases linearly with the applied load, and the overall stiffness of the 322 

composite bridge deck remains constant; (2) the crack development stage, in which the cracks 323 

of the UHPC layer start to become visible and gradually develop, leading to the stiffness of 324 

the bridge deck gradually decreased; (3) the ultimate stage approaches when the applied load 325 

is close to the peck load, the load remains almost unchanged but the deflection increases 326 

rapidly. In addition, along with the increase of the crack width at the UHPC layer, the 327 

stiffness of the composite deck decreases significantly; and (4) the failure stage, in which the 328 

loading capacity drops sharply. 329 

  330 

(a)                                                                       (b) 331 

Fig. 14 Load-deflection behaviour of static loading test: (a) load-deflection curves, and (b) 332 

four stages. 333 

4.3 Reinforcement spacing in the UHPC layer 334 

4.3.1 Nonlinear finite element model 335 

In order to determine reinforcement spacing in the UHPC layer, a nonlinear FEM of the 336 

strip model was built in ABAQUS [30]. The UHPC layer, OSD, shear studs and distributive 337 

girder were all modelled using C3D8R solid elements, while the steel rebars were modelled 338 

using T3D2 truss elements embedded in the concrete solid elements. The concrete damaged 339 

plasticity (CDP) model [29,33] was used to define the material behaviour of the UHPC layer, 340 

which considering inelastic behaviour of UHPC under different reinforcement spacing (40, 341 

80, 120, and 160 mm). The material parameters of UHPC are taken according to the 342 

experimental results in Table 2, and the constitutive model of UHPC in tension and 343 
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compression [29] is shown in Fig. 15. The material model for steel rebars and OSD was 344 

defined using an elastic-plastic constitutive law with elastic modulus of 206 GPa and 345 

Poisson's ratio of 0.3 [28]. Assuming a complete bond between the UHPC layer and shear 346 

studs, a tie constraint was used between the UHPC layer and shear studs. The contact 347 

between the deck plate and UHPC layer was defined as surface-to-surface hard contact, in 348 

which the coulomb friction coefficient was 0.5 [33]. The global mesh size of OSD, UHPC 349 

layer and reinforcement was 15 mm, 10 mm, and 10 mm, respectively. The mesh size of the 350 

concerned area of OSD was refined to 1.0 mm. The details of the FEM are shown in Fig. 16. 351 

   352 

(a)                                                                        (b) 353 

Fig. 15 Constitutive model of UHPC in tension and compression: (a) tensile strain-stress 354 

relationship, and (b) compressive strain-stress relationship (εcr=elastic tensile strain, εpc 355 

=limited tensile strain, fct=tensile strength, εco =strain at peak compressive stress, fc=ultimate 356 

prism compressive strength (=0.85 fcu)). 357 

 358 

Fig. 16 Finite element model of composite deck strip. 359 
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4.3.2 Influence of the reinforcement spacing 360 

Figs. 17a and b show the load-deflection curves and load-strain curves of the UHPC 361 

layer with different reinforcement spacing, respectively. For the load-deflection relationships, 362 

the FEA results are in good agreement with the test ones during the whole loading process, 363 

where the variations are less than 10% in the nonlinear domain. For the load-strain curves of 364 

the UHPC layer with the reinforcement spacing of 40 mm, the FEA results are in good 365 

agreement with the test ones, in which the deviation is less than 7%. For the load-strain 366 

curves of the UHPC layer with the reinforcement spacing of 80 mm, the difference between 367 

the FEA and test results is no more than 15% before the crack width of the UHPC layer less 368 

than 0.1 mm. When the crack width is larger than 0.1 mm, although the difference between 369 

the FEA and test results is up to 25.9%, the change trend of strain is still consistent. The 370 

reason for this discrepancy is that the UHPC material is assumed to be homogeneous in the 371 

FEM. However, in the actual test model, the existence of cracks will release part of the stress 372 

and redistribute the stress on the UHPC layer. Therefore, the FEM can be recognized as 373 

validated one.  374 

 375 

(a)                                                                        (b) 376 

Fig. 17 The FEA and test results of UHPC layer: (a) load-deflection curves, and (b) load-377 

strain curves. 378 

In addition, as shown in Fig. 17a, the bending stiffness of the LCBD increases with the 379 

reinforcement ratio, but the increment is rather small. Fig. 17b shows that the effect of the 380 

reinforcement on the strain of UHPC layer is insignificant in the elastic stage. In the 381 

nonlinear stage, when the reinforcement spacing increased from 40 mm to 80 mm, the 382 

maximum difference of the applied load is no more than 6% under the same strain, and when 383 

the reinforcement spacing increased from 80 to 120 mm, the maximum load difference is no 384 

more than 3%. In Fig. 17b, the cracking strains in the test are much larger than the elastic 385 
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strain εct but are smaller than the cracking strain εcc in the direct tension test. It seems that the 386 

higher the reinforcement ratio is, the larger the actual cracking strain is. Since the UHPC 387 

material is inhomogeneous in the actual test model, for the UHPC layer with less 388 

reinforcement, the effect of this inhomogeneity of the UHPC layer is more obvious. Under 389 

the visible cracking load, the nominal cracking stress of the UHPC layer can be calculated by 390 

Eq. 1. Since UHPC is a strain-hardening material, the strain rather than the stress should be 391 

used to evaluate the cracking state of UHPC in the FEM. Fig .18 illustrates the nominal 392 

cracking stress of UHPC layer in the FEA and the test.  393 

 394 

Fig.18 Comparison on nominal cracking stress of the UHPC layer. 395 

As shown in Fig. 18, the measured nominal cracking stress of the UHPC layer is less 396 

than 6% of the nominal cracking stress calculated by the FEM when using their actual 397 

cracking strain for evaluation. Besides, when the reinforcement spacing increases from 40 398 

mm to 80 mm, the actual nominal cracking stress is reduced by 31.9%. Considering that the 399 

actual cracking strain may be further reduced when the reinforcement spacing is enlarged, 400 

under existing test results, it is conservatively suggested that the spacing of reinforcement 401 

should not exceed 80 mm. 402 

  403 

5. Fatigue test results and discussions 404 

5.1 Fatigue cracking development of the LCBD 405 

5.1.1 Fatigue cracking in steel members 406 

During the fatigue test, when the fatigue load reached 1.142 million cycles in the first 407 

phase, a fatigue crack was observed at the rib-to-diaphragm welded joint (Fig. 19a), where 408 

the reinforcement spacing in the UHPC layer is 80 mm. To prevent the OSD from further 409 

damage, the fatigue crack at the rib-to-diaphragm welded joint was repaired by penetration 410 
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welding as shown in Fig. 19b. After the repair, in the second phase of the fatigue loading, the 411 

specimen experienced 3.229 million loading cycles before the repaired welding part at the 412 

diaphragm cut-outs cracked again (Fig. 19c), and the base metal of the diaphragm also 413 

cracked. At the end of the test, the maximum crack length at the rib-to-diaphragm welded 414 

joint was 47.6 cm (Fig. 19d). 415 

   416 

(a)                            (b)                                   (c)                                  (d) 417 

Fig. 19 Photos of the fatigue cracking at the rib-to-diaphragm welded joint, and cut-out of the 418 

diaphragm in the OSD 419 

5.1.2 Fatigue cracking on UHPC layer 420 

During the fatigue test, the fatigue crack development process on the UHPC layer was as 421 

follows: in the first and second phase, no crack was found on the UHPC layer, showing that 422 

the fatigue life of UHPC layer is much higher than that of the diaphragm cut-outs where the 423 

through ribs cross the diaphragms. At the end of the third phase, a micro crack (called CR1) 424 

with a width of 0.03 mm and length of 26 mm appeared in the Spacing-80MM near the steel 425 

diaphragm. Through on-site evaluation, it should be noted that the CR1 crack may have been 426 

caused by casting defects because of the crack shape is consistent with the shape of the 427 

hooked fiber. In the last phase, when the number of loading cycles reached 4.488 million, the 428 

crack length of CR1 expanded to 50 mm while the crack width was unchanged (Fig. 20a). At 429 

5.297 million loading cycles, there were 7 microcracks on the side of the UHPC layer, but the 430 

crack depth was very small. CR1 crack did not expand further, and a new tiny crack appeared 431 

at the section of the shear span of the Spacing-80MM (the width of crack was 0.05 mm). It 432 

can be considered that fatigue damage started in the Spacing-80MM at this time. At 5.777 433 

million loading cycles, in the last phase, CR1 crack remained unchanged, and two new cracks 434 

appeared on the Spacing-80MM. However, at this time, no visible cracks were found on the 435 

Spacing-40MM. As the cyclic loading continued to 6.25 million cycles, the cracks in the 436 

Spacing-80MM further expanded, and fatigue cracks also appeared on the Spacing-40MM. 437 

Crack 

Cracking again 

Rewelding 

Crack 

CFRP reinforcement 
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At the end of the fatigue test (6.25 million cycles), for the Spacing-80MM, a transverse 438 

through crack with a width of 0.08 mm and depth of 20.33 mm appeared, as depicted in Fig. 439 

20c. Thus, the UHPC layer of the Spacing-80MM was completely damaged. For the Spacing-440 

40MM, the maximum crack width of UHPC layer was only 0.03 mm distributed in the stress 441 

concentration area near the diaphragm, and no cracks were found in any other region. The 442 

crack distribution of UHPC layer is shown in Fig. 21. 443 

   444 

(a)                                           (b)                                   (c) 445 

Fig. 20 Photos of fatigue crack at the UHPC layer. 446 

 447 

Fig. 21 Fatigue crack distribution on the UHPC layer. 448 

Based on the above analysis and the crack distribution in Fig. 21, it is concluded that the 449 

fatigue crack is more likely to appear in the stress concentration region. In the last phase, the 450 

number of fatigue cracks remained unchanged, but the length and depth of the main cracks 451 

increased sharply, resulting in the same failure mode as that in static test. The fatigue 452 

resistance of the UHPC layer is much higher than that of the OSD. The number of fatigue 453 

cracks on the Spacing-80MM is more than that on the Spacing-40MM. 454 

CR1 
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5.2 Static load test results after different loading cycles 455 

5.2.1 Moment–strain curve of UHPC layer 456 

In order to reduce or even eliminate the adverse effects of pouring defects and test error, 457 

the average strain of two pure bending sections was taken for comparative analysis. The 458 

bending moment versus strain curves for the UHPC layer in static load tests after different 459 

loading cycles are shown in Fig. 22. Up to 90 kN·m, the average strain curve of the UHPC in 460 

the monitoring regions of Spacing-80MM and Spacing-40MM increases linearly, even if 461 

some cracks occurred. With the continuous accumulation of loading cycles, the variation of 462 

the bending stiffness is not significant before 4.7 million loading cycles, and the degree of 463 

plastic damage in the LCBD is not obvious. However, when the load reaches 6.25 million 464 

cycles, the stress is released from the main cracks in the Spacing-80MM, which leads to the 465 

measured strain decreases.  466 

 467 

(a) 468 

 469 

(b) 470 

Fig. 22 Moment-strain curves of UHPC layer after different loading cycles: (a) Spacing-471 

80MM, and (b) Spacing-40MM. 472 

 473 



 23 / M35 

 

5.2.2 Moment-deflection curves 474 

Fig. 23 shows the relationship between the deflection and moment at two loading points 475 

located at the Spacing-80MM and Spacing-40MM, respectively, in the static load tests after 476 

different loading cycles. With the accumulation of loading cycles, the relationship of the 477 

moment-deflection curves increases linearly. Before 3.7 million loading cycles, the slope of 478 

the curves almost remains unchanged, and the stiffness degradation of the LCBD is 479 

insignificant. However, after 3.7 million loading cycles, the slope of the curve increases 480 

slightly, and the stiffness of the LCBD gradually degrades. 481 

 482 

Fig. 23 Moment-deflection curves of UHPC layer after different loading cycles. 483 

6 Fatigue life evaluation 484 

6.1 Stress comparison with conventional OSD 485 

To reflect the efficiency of the LCBD, the most unfavorable stress value at the 486 

monitoring points were calculated by three linear elastic FEMs, which were the model of 487 

conventional OSD system, the model of LCBD with the reinforcement spacing of 80 mm 488 

(denoted as FEM-RS80), and the model of LCBD with the reinforcement spacing of 40 mm 489 

(denoted as FEM-RS40), respectively. These FEMs and corresponding loading conditions are 490 

based on Fig. 7. According to existing research [1-7], five typical fatigue-prone details were 491 

selected as the monitoring points (point-A to point-E) (see Fig. 7b and c). In comparison with 492 

the nominal stress method, the hot spot stress method is regarded as a more appropriate 493 

method to predict the fatigue life of complex geometries such as welded connections in OSDs 494 

[34,35]. Based on the IIW [34], the hot spot stresses at the monitoring points can be obtained by 495 

applying extrapolation approach, as shown in Eq. (6) and Fig. 24. Therefore, the maximum 496 

hot spot stress of the monitoring points can be obtained, as illustrated in Table 6. 497 
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 tths 0.14.0 67.067.1    (6) 

where hs  is the hot spot stress, t0.4  is the surface stress at 0.4t away from the weld toe, 498 

t.01  is the surface stress at 1.0t away from the weld toe, and t represents the thickness of 499 

steel plate. 500 

Table 6 The most unfavorable stress value of the monitoring points. 501 

Structure type Reinforcement spacing 
Maximum hot spot stress (MPa) 

Point-A Point-B Point-C Point-D Point-E 

Conventional OSD / 77.45 76.64 35.45 39.89 47.38 

LCBD 

80 mm 
38.77 

(49.9%) 

37.88 

(50.6%) 

13.21 

(62.7%) 

15.19 

(61.9%) 

27.36 

(42.3%) 

40 mm 
37.95 

(51.0%) 

37.10 

(51.6%) 

12.77 

(64.0%) 

14.46 

(63.8%) 

26.31 

(44.5%) 

Note: The values in brackets indicated the stress reduction amplitude of LCBD compared with the conventional OSD system. 502 

 503 

Fig. 24 Schematic drawing of hot spot stress. 504 

Compared with conventional OSD system, the stress at monitoring points of the LCBD 505 

with spacing of 80 mm decreased of 42.3 - 62.7%, while 44.5 - 64.0% for LCBD with 506 

spacing of 40 mm. Thus, application of the UHPC as the steel deck pavement can 507 

significantly reduce the stress amplitude of the typical fatigue-prone details in OSD. Thus, 508 

enhance the fatigue life of the conventional OSD. However, when the reinforcement spacing 509 

decreases from 80 mm to 40 mm, there is slight effect on reducing the stress amplitude of the 510 

OSD, where the differences of stress amplitude are less than 5%, therefore, the mesh of 511 

rebars (40 mm or 80mm spacing) slightly influence the fatigue life of the conventional OSD. 512 

In addition, for the LCBD, the position of the maximum tensile stress is located at the rib-to-513 

diaphragm welded joint (point-A and point-B). 514 
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6.2 Fatigue life evaluation of the OSD 515 

For identifying the fatigue performance of the unfavorable fatigue-prone details, the 516 

calculations were conducted according to related Eurocodes [31,36,37] and Siwowski et al. [7]. 517 

For the fatigue limit state, the safety level can be given by Eq. 7 to 10. 518 
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where fat  is the fatigue safety level; C  is the fatigue strength at 6102CN  cycles; 519 

2,E  is the equivalent constant amplitude stress range related to 2×106 cycles [36]; Mf  and 520 

Ff  is the partial safety factor for fatigue strength C  and for equivalent constant amplitude 521 

stress range 2,E , respectively ( 15.1Mf   [36], and 0.1Ff   [37]); ),( Ff kQ  is the 522 

equivalent stress amplitude under the Fatigue Load Model 3 considering the frequency 523 

distribution of transverse location of center line of vehicle [31], where pi is the vehicle 524 

frequency and i  is the corresponding stress amplitude; i  is the damage equivalence 525 

factors [37] (according to the general traffic record of the prototype bridge, 85.11   526 

(minimum value), 20.12   (annual traffic volume), 0.13   (design life of 100 years), and 527 

0.14   (effects of other lines); and max  is the maximum - value taking account of the 528 

fatigue limit [37] ( 2max  ). 529 

Suggested by IIW [34], the fatigue strength C  at 6102CN  cycles of weld toe is 90 530 

MPa (FAT90). On the basis of the Eq. 7 to 10, the fatigue safety level fat  of the monitoring 531 

points on the FEM-RS80 can be obtained, as listed in Table 7. In this way, all of the details of 532 

interest meet the requirements of BS EN1993-1-9 [36]. However, because the fatigue safety 533 

level fat  of point-A and point-B is up to 1, the fatigue cracking risk still exists in the rib-to-534 

diaphragm welded joint, which was confirmed in the fatigue test. When the fatigue load 535 

reached 1.142 million cycles, a fatigue crack was firstly observed at the rib-to-diaphragm 536 

welded joint (point-B), as discussed in section 5.1.1. 537 
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From the finite element analysis of the test model (see Fig. 16), the stress distributions 538 

of the rib-to-diaphragm welded joint is shown in Fig. 25. Thus, under the load range of 50 - 539 

200 kN in the first phase, the hot spot stress amplitude ip,  of the point-B is 64.59 MPa (see 540 

Fig. 25b), while 51.39 MPa for the point-A (see Fig. 25c). 541 

Table 7 Fatigue safety calculations for the selected monitoring points. 542 
Monitoring 

points 
),( Ff kQ    2,E  C  fat  Fatigue safety 

Point-A 38.11 2.0 76.22 90 1.03 Yes 

Point-B 37.24 2.0 74.48 90 1.05 Yes 

Point-C 13.01 2.0 26.02 90 3.01 Yes 

Point-D 14.68 2.0 29.16 90 2.68 Yes 

Point-E 26.73 2.0 53.46 90 1.46 Yes 

 543 

 544 

(a) 545 

  546 

(b)                                                                    (c) 547 

Fig. 25 Stress distributions and hot spot stresses of the rib-to-diaphragm welded joint: (a) 548 
stress distribution in the OSD under the load of 200 kN, (b) stress distributions in Path 1, and 549 

(c) stress distributions in Path 2. 550 



 27 / M35 

 

As recommended by IIW [34] and AASHTO LRFD [38], for the fatigue life prediction of a 551 

steel structure, the fatigue resistance above the constant amplitude fatigue threshold (in terms 552 

of cycles) is inversely proportional to the cube of the stress range. Thus, the equivalent 553 

cumulative fatigue life can be calculated by Eq. 12.  554 
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where E  is the equivalent constant amplitude stress range; N is the equivalent cumulative 555 

fatigue life; i.p  is the stress amplitude in each loading phase; and ni is the number of 556 

cycles associated with the stress amplitude i.p . 557 

Based on Eq. 11 and 12, the equivalent fatigue life of point-B is 0.74 million cycles 558 

(=1.142×106×(64.59/74.48)3), which is less than 2 million cycles. Therefore, application of 559 

the UHPC as the steel deck pavement, the rib-to-diaphragm welded joint is still prone to 560 

fatigue cracks. 561 

 562 

6.3 Fatigue life evaluation of the UHPC layer 563 

Table 8 lists the loading cycles and corresponding stress state of the UHPC layer in each 564 

loading phase. Similarly, the fatigue life prediction method prescribed in AASHTO LRFD [38] 565 

was also used to calculate the cumulative fatigue life of the UHPC layer by Eq. 8, 9, 11 and 566 

12. The nominal stress amplitude i.p  of the test model in each loading phase was calculated 567 

by Eq. 1 to 5, and the results are shown in Table. 8. Based on the FEA results of the FEM-568 

RS40, the maximum stress amplitude of the UHPC layer (point-F) is 2.17 MPa. Through the 569 

Eq. 8 and 9, the equivalent constant amplitude stress range 2,E  of the UHPC layer in FEM-570 

RS40 is 4.31 MPa. In the same way, when the reinforcement spacing of the UHPC layer is 80 571 

mm, 2,E  is 4.52 MPa. The results of the equivalent fatigue cycles are presented in Table 8. 572 

From Table 8, for the fatigue life of the Spacing-40MM, the equivalent fatigue cycles 573 

calculated by Eq. 12 are at least 1.743 times of that for Spacing-80MM. However, the 574 

equivalent fatigue life of Spacing-80MM reached 73.38 million cycles, which greatly exceeds 575 

the requirement in the specification [36,38]. Moreover, the fatigue life of the UHPC layer is 99 576 
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times that of the rib-to-diaphragm welded joint. Therefore, the reinforcement spacing of the 577 

UHPC layer can be expanded to 80 mm, so as to reduce the engineering cost and construction 578 

complexity. 579 

 580 

Table 8 The stress amplitude and equivalent fatigue cycles of the UHPC layer.  581 

Type 
Loading 

phase 

Fatigue 
load 

amplitude 
P  (kN) 

Stress 

amplitude 

i.p  (MPa) 

Number of 

cycles in  

(106) 




4

1i
in  

(106) 

E  

(MPa) 

2,E  

(MPa) 

Equivalent 

fatigue 

cycles N 

(106) 

Spacing

-40MM 

i=1 150 6.61 2.70 
 

6.25 

 

11.79 4.31 127.92 
i=2 225 9.91 1.00 

i=3 300 13.21 1.00 

i=4 360 15.86 1.55 

Spacing

-80MM 

i=1 150 6.72 2.70 
 

5.297 

 

10.86 4.52 73.38 
i=2 225 10.08 1.00 

i=3 300 13.44 1.00 

i=4 360 16.13 0.597 

Note: The number of cycles in  after fatigue failure are not counted. Thus, in the last phase, the number of 582 

cycles for the Spacing-80MM is 0.597 million, and the number of cycles for the Spacing-40MM is 1.55 million. 583 

 584 

7. Discussion of existing S-N curve for UHPC plate fatigue life evaluation 585 

7.1 Existing S-N curve for UHPC 586 

The nominal stress method is one of the most important methods to predict the fatigue 587 

life of concrete structures [39-45], and the corresponding S-N curve is indispensable. At present, 588 

scholars have carried out a large number of flexural and tension fatigue tests on (ultra-high 589 

performance) Fiber Reinforced Concrete (FRC) [14,39-45], and obtained corresponding S-N 590 

curves, respectively, under their own experimental conditions, as depicted in Table 9. 591 

However, based on the summary of existing data, it is found that there are few research on 592 

the flexural fatigue properties of reinforced high performance FRC structures [14,40,41,43,45], 593 

especially for the research on the S-N curves of LCBD. Besides, because of the great 594 

discrepancies of definition of stress level and evaluation index of failure in fatigue test, it is 595 

hard to directly apply existing S-N curves for fatigue life evaluation. 596 

 597 
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Table 9 Flexural and tension fatigue test data of the UHPC or FRC. 598 

 

Type of 

concrete 

material 

Stress 

level 

Stress 

ratio 
s  

f

ff
f d

l
λ


  

Fatigue 

cycles 

(106) 

Fatigue type / 

Evaluation 

index 

S-N curves 

Li [14] UHPC 

Sa=0.49 0.31 3.1% 2.3 2.734 

Flexural / 

Cracking 

(crack width of 

0.05mm） 
)0494.24511.0(

1805.06065.1

sf

NlogS

 
 ）（

 

Sa=0.49 0.31 6.2% 2.3 3.74 

Flexural / 

Cracking 

(crack width of 

0.04mm） 

Makita [39] UHPC 
Sb=0.46 0.1 3.4% 2.44 10.00 Axial tension / 

Fracture 
1lg065.0  NS  

Sb=0.53 0.1 3.4% 2.44 13.09 

LAPPA 

[40] 
UHPC 

Sb=0.55 0.2 \ 1.67 1.9696 Flexural / 

Breaking 
13.1lg09.0  NS  

Sb=0.65 0.2 \ 1.67 0.026 

Sui [41] 
UHP-

ECC 

Sb=0.5 0.2 \ 9.6 >2.00 Flexural / 

Breaking 
43.2)(lg00575.01 NS   

Sb=0.65 0.2 \ 9.6 0.2471 

Makita [42] UHPC 
Sc=0.68 0.1 \ 2.44 7.78 Axial tension / 

Fracture 
436.1lg106.0  NS  

Sc=0.62 0.1 \ 2.44 10.07 

Parant [43] UHPC 
Sd=0.92 \ \ \ 0.4652 Flexural / 

Breaking 
38.747.1lg  iN   

Sd=0.82 \ \ \ 0.1059 

Wu [44] FRC 
Sb=0.4 0.375 1.62% 0.64 2.0 Flexural / 

Breaking 
NS lg1805.06065.1   

Sb=0.5 0.30 1.62% 0.64 1.262 

Note: Sa is the ratio of maximum nominal stress to nominal cracking stress of concrete or the ratio of fatigue 599 

upper limit load to cracking load; Sb is the ratio of maximum fatigue stress to ultimate static strength of concrete; 600 

Sc is the ratio of maximum fatigue stress to elastic tensile strength of concrete; Sd is the ratio of maximum 601 

fatigue stress to characteristic static stress of concrete. 602 

 603 

7.2 Stress level of fatigue loading  604 

Based on the calculation Eq. 1, the nominal stress under various loads can be obtained. 605 

Table 10 lists the nominal stress and the corresponding stress level S of the UHPC layer at 606 

each cyclic loading phase. 607 

Considering the definition of stress level and the evaluation index of fatigue life in 608 

existing fatigue tests are quite different, it is suggested that the evaluation index in fatigue test 609 

should be consistent to establish more practical S-N curves for the fatigue life prediction of 610 

UHPC structures. For the lightweight UHPC-OSD composite bridge deck, durability of the 611 

deck structures is addressed more attention. Thus, the cracking situation in a bridge deck is 612 
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one of the main areas of interest. The existing research results show that cracks less than 0.05 613 

mm in a UHPC structure have no effect on the durability of the structure [42]. Therefore, it is 614 

appropriate to take the initial crack of 0.05 mm in the UHPC layer as the fatigue life 615 

evaluation index. Owing to the ultimate bending strength of the LCBD is mainly controlled 616 

by the yielded of steel component. For the UHPC materials, after cracking, the strain 617 

increases with the increase of load, but the stress remains basically unchanged over a period 618 

of time. Besides, the ultimate strain and visual cracking strain of UHPC are far more than the 619 

elastic strain (see Fig. 15). For these reasons, the ultimate strength and elastic strength of 620 

UHPC are not suitable for defining the stress level S of the LCBD. As shown in Fig. 14b, 621 

there is basically no degradation of bending stiffness of the composite bridge deck before 622 

UHPC layer cracks. In addition, the nominal stress can well reflect the influence of composite 623 

section parameter on the mechanical performance of UHPC layer. Thus, it may be a good 624 

way to define the stress level S as the ratio of the maximum nominal stress ( max ) to the 625 

nominal cracking stress of the UHPC layer. This way was also adopted by Li [14]. 626 

Table 10 Nominal stress and stress level at each loading phase. 627 

 

Fatigue loading phases 

The first phase The second phase The third phase The last phase 

min  max  min  max  min  max  min  max  

Spacing-

80MM  

Nominal 

stress (MPa) 
2.24 8.96 3.36 13.44 4.48 17.92 5.37 21.50 

Stress level 

(S) 
8.96/24.59=0.364 13.44/24.59=0.547 17.92/24.59=0.729 21.50/24.59=0.874 

Spacing-

40MM 

Nominal 

stress (MPa) 
2.20 8.81 3.30 13.21 4.40 17.62 5.29 21.14 

Stress level 

(S) 
8.81/35.69=0.247 13.21/35.69=0.370 17.62/35.69=0.494 21.14/35.69=0.592 

Note: S is the ratio of maximum nominal stress to nominal cracking stress of UHPC layer. Under the load range 628 

of maxmin P-P , min  is the minimum nominal stress of the UHPC layer, and max  is the maximum nominal 629 

stress of the UHPC layer. 630 

 631 

7.3 Influencing factors of UHPC fatigue performance 632 

According to the fatigue test of a reinforced UHPC-steel composite member and 633 

considering the influence of reinforcement ratio ρs and fibre characteristic parameter λf, Eq. 634 

13 for flexural fatigue S-N curve of reinforced UHPC was proposed by Li [14] based on the S-635 
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N curve obtained in reference [44]. 636 

 )0494.24511.0)(log1805.06065.1( sfNS    (13) 
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Due to limited fatigue data on the fatigue behaviour of UHPC layers in LCBDs and 637 

taking into account that the fatigue test results in Li [14] are in good agreement with the 638 

calculated results by Eq. 13, a qualitative analysis of the fatigue performance of the UHPC 639 

layer can be carried out. According to Eq. 13, the fatigue life of the UHPC layer under 640 

different stress levels in each fatigue loading phase can be calculated, and then the calculated 641 

value of fatigue life can be substituted into a linear cumulative damage method based on the 642 

Palmgren-Miner rule for fatigue life analysis, as shown in Eq. 15 [36,38]: 643 

 1 2

1 2

i i

i i

n nn n
D

N N N N
       (15) 

where D is the damage index, ni is the number of cycles associated to the stress range of Δσp,i, 644 

and Ni is the number of cycles calculated by S-N curve. 645 

According to the Palmgren-Miner rule, when D≥ 1, the fatigue failure on the monitoring 646 

point occurs [36,38]. Based on the calculation results, D of the Spacing-80MM is 12.79, and D 647 

of the Spacing-40MM is 1.241. As a result, the difference between the test results of the 648 

Spacing-80MM and the theoretical value is significant. In addition, for the Spacing-40MM, 649 

the test result is also larger than the theoretical value of 1. It was found that the fatigue life of 650 

the UHPC layer in our test is larger than that of in the reference [14]. In order to understand the 651 

reason for this difference, the main differences of fatigue test parameters between this paper 652 

and Li [14] are listed in Table 11. The compressive strength and flexural strength of UHPC 653 

material used in this test are larger than those in Li [14]. In particular, the ratio of the flexural 654 

strength in present test is 1.846 times of that in reference [14]. The flexural strength is an 655 

important parameter of UHPC material, since increasing the flexural strength of the UHPC 656 

can also improve the fatigue life of the LCBD. 657 

Table 11 Comparative results on the fatigue test parameters. 658 

 
cuf   

/MPa 

cff
 

/MPa 

cE   

/GPa 

UHPC plate 

thickness /mm 
fl  /mm f  f  s  

This study 182.45 44.48 44.4 50 16 3.5% 2.55 1.8% and 3.7% 

Li. [14] 132.9 24.1 43.3 50 13 and 8 3.5% 2.3 3.1% and 6.2% 

Ratio 1.373 1.846 1.025 1 \ 1 1.11 \ 
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 659 

8. Conclusions 660 

The purpose of this paper is to explore the influence of different reinforcement ratios on 661 

the flexural static and fatigue performance of lightweight composite bridge decks. Based on 662 

the four-point bending tests of two full-scale strip models under the static and fatigue loads 663 

and nonlinear FE analysis, the following conclusions were obtained:  664 

• The nominal cracking stress of the Spacing-80MM and the Spacing-40MM is 24.59 665 

MPa and 35.68 MPa, respectively, both of which are larger than the design stress (12.7 MPa) 666 

in the prototype bridge. When the reinforcement spacing of UHPC decreases from 80 mm to 667 

40 mm, the nominal cracking stress of UHPC under static load is increased by 45.1%.  668 

• Increasing the reinforcement ratio of the UHPC layer can increase the bending stiffness 669 

and cracking strain of the LCBD, and reduce the tensile strain of the UHPC layer, but these 670 

variations are small. The actual cracking strain in test is larger than the elastic strain but is 671 

smaller than the cracking strain in the tension constitutive model. It seems that the higher the 672 

reinforcement ratio is, the larger the actual cracking strain is. 673 

• Application of UHPC as a steel deck pavement, the stress amplitude of the typical 674 

fatigue-prone details in OSD is significantly reduced, while the rib-to-diaphragm welded joint 675 

is still prone to fatigue cracks. Besides, when the reinforcement spacing increases from 40 676 

mm to 80 mm, the influence on stress amplitude of OSD can be ignored (on more than 5%). 677 

• Increasing the reinforcement ratio of the UHPC layer can improve its fatigue resistance. 678 

However, when the reinforcement spacing increases from 40 mm to 80 mm, the fatigue life 679 

of the UHPC layer still satisfies durability requirements of related specification. Thus, 680 

considering the mechanical performances and construction cost of the LCBD, the 681 

reinforcement spacing of UHPC layer can be set as 80 mm. 682 

• Compared with existing fatigue test data of LCBDs, increasing the flexural strength of 683 

UHPC can improve the fatigue life of the UHPC layer. At present, research on the fatigue 684 

cracking mechanism and fatigue S-N curve of the LCBDs is inadequate, and existing fatigue 685 

test data is limited. Furthermore, the existing S-N curves cannot be directly used for fatigue 686 

life prediction of the UHPC layer because of the great differences in the definition of stress 687 

level and evaluation index of failure in fatigue test, which need to be investigated in further 688 

studies. 689 
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