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A B S T R A C T  A R T I C L E  H I S T O R Y 

 

Full-scale fatigue tests were performed on three composite decks with the MCL (modified clothoid) connectors to investigate their fatigue 

performance. Fatigue life and failure mode of the composite bridge decks were explored by measuring the specimens with three different 

stress amplitudes. The deflection, strain, carrying capacity, and stiffness degradation of the composite decks were measured and analyzed 

in the test. In addition, parameter analysis was performed using finite-element method in this study. Results showed that the mechanical 

performance of the composite decks accorded with the plane-section assumption under constant amplitude load, and the fatigue failure 

mode of the composite decks was the local fracture of the bottom steel plate. The stiffness degradation law and S-N curve were obtained 

in this study. Moreover, the concrete slab depth had a remarkable effect on the fatigue performance of the composite decks. 
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1.  Introduction 

 

Steel-concrete composite structures are generally used in buildings, 

bridges, underground structures, and other construction fields due to their 

excellent bearing capacity, high stiffness, convenient construction, and short 

construction period [1-3]. 

Bridge decks often suffer from severe damage under the long-term action 

because of directly bearing vehicular loads. In this situation, the composite 

structures composed of corrugated steel, reinforced concrete slab, and steel 

connectors have been proposed to overcome the limitation of the shear 

performance of the bridge decks under the heavy vehicular loads. Corrugated 

steel-concrete composite decks have the advantage of small weight and large 

bearing capacity over reinforced concrete beams. Compared with orthotropic 

steel decks, the corrugated steel-concrete composite slab structures can 

eliminate vulnerable details at the welded junctions of the orthotropic steel 

bridge decks and reduce the impact of stress concentration and problems 

caused by the fatigue load [4,5]. 

Nowadays the static behavior of the composite deck has been extensively 

investigated by scholars [6-10]. To study the static properties of the composite 

decks with bolted connectors, Patel analyzed the shear behavior of the 

connectors with ABAQUS [11]. Mirza performed the numerical simulation and 

experimental test to investigate the strength of headed studs in the composite 

decks [12]. Bahaz investigated the influence of the effective width on the 

composite beams through parameter analysis and proposed design formulas for 

the composite beams [13]. Wang analyzed the stress at the weld joints of the 

steel bridge according to the LEFM theory [14]. Chen developed a vehicle 

model to simulate the bridges in service [15]. 

Due to their aesthetics and practicability [16], the profiled steel plates are 

primarily used in the composite deck systems [17]. With the rapid development 

of the transportation, vehicular loads may cause fatigue damage in the 

composite beams [18]. Hence, it is necessary to study the fatigue performance 

of the corrugated steel-concrete composite decks. However, the study on the 

dynamic behavior of the composite decks is limited [19-22]. The bearing 

capacity and stiffness of the composite decks will degrade to a certain extent 

due to the effect of fatigue loads [23]. Fatigue damage causes failures of the 

composite decks. Therefore, studying the fatigue behavior of the composite 

decks is essential. 

This study investigated a novel type of composite structure [24]. It 

consisted of concrete deck, corrugated steel plate, MCL (modified clothoid) 

connectors, and reinforcements, as shown in Fig. 1. Compared with the headed 

studs, the MCL connectors exhibit the advantage of higher load-bearing 

capacity [25]. In this study, three specimens were performed under the fatigue 

load to explore the fatigue characteristics. The fatigue life and failure mode of 

the composite bridge decks were evaluated under different stress amplitudes. 

Factors influencing the fatigue behavior of the composite decks were analyzed 

by the finite-element method (FEM). The significance of this research is 

helpful for the anti-fatigue design of the composite decks. 
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Fig. 1 Corrugated steel-concrete composite decks 

 

2.  Testing program 

 

2.1. Dimensions of the composite deck 
 

Three 1:1 full-scale corrugated steel-concrete composite bridge decks 

(1000 mm × 180 mm × 3100 mm) with MCL connectors were fabricated and 

tested to examine their fatigue performance. Table 1 presents the dimensions of 

the composite decks and Fig. 2 shows the shape of the cross-section. The 

details of the cross-section are listed in Table 2. The MCL connectors (3000 

mm × 14 mm × 110 mm) are illustrated in Fig. 3. Steel components made of 

Q345 were fabricated in the factory. The MCL connectors were welded to the 

steel plate and the concrete deck made of C50 was cast in place after erection 

of the formwork. Fig. 4 shows the fabrication of the composite decks. 

 

2.2. Material properties 

 
Standard cube blocks were prepared for each composite deck specimen. 

They were cured under the same circumstance as the specimens for 28 days. 

The cubes were tested to obtain the average compressive strength before the 

fatigue test was performed. The yield and ultimate strength of the steel 

structures were evaluated in the tensile test. Table 3 presents the details of the 

material properties. 
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Table 1 

Parameters of the composite bridge decks (unit: mm) 

No. L W H T 
MCL connector spacing Longitudinal 

Bars 

Transverse 

Bars Longitudinal spacing Transverse spacing 

FT-1 3100 1000 180 6 200 250 A16 × 10@10 A16×64@10 

FT-2 3100 1000 180 6 200 250 A16 × 10@10 A16×64@10 

FT-3 3100 1000 180 6 200 250 A16 × 10@10 A16×64@10 

 

 

Fig. 2 Cross section (unit: mm) 

 

 

Fig. 3 MCL Connectors (unit: mm) 

Table 2 

Cross section size of the decks (unit: mm) 

 

 

                 (a) Fabrication of the steel structure (b) Erection of the formwork 

Fig. 4 Fabrication of the composite deck 

 

Table 3 

Material properties of the composite deck specimens (unit: MPa). 

Specimen No. 
Corrugated steel plate MCL connectors 

fcu (MPa) 

fy (MPa) fu (MPa) fy (MPa) fu (MPa) 

FT-1 415.6 568.8 438.6 584.3 62.8 

FT-2 416.5 569.2 438.6 584.3 61.5 

FT-3 414.9 569.5 438.6 584.3 59.4 

Note: fcu = average compressive strength of cubic concrete. 

 
Table 4 

Fatigue test variables for composite decks. 

Specimen No. 
Ultimate bearing capacity Pu 

(kN) 

Fatigue Load (kN) Fatigue load range 

(kN) 

Cycle times 

(×104) 
Failure mode 

Upper Limit Lower Limit 

FT-1 750 450 90 360 25.7 Fracture of steel plate 

FT-2 750 360 90 270 83.1 Fracture of steel plate 

FT-3 750 260 90 170 242.0 Fracture of steel plate  

Specimen No. b1 b2 b3 h1 h2 

FT-1 130 30 30 65 115 

FT-2 130 30 30 65 115 

FT-3 130 30 30 65 115 
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2.3. Fatigue test program 

 

2.3.1. Loading scheme 
Three specimens were tested under the constant amplitude load, and the 

500 kN MTS was used in the fatigue test. Fig. 5 depicts the set-up of the tests. 

The corrugated steel-concrete composite deck was simply supported, with one 

end hinged and the other end rolling supported. The fatigue loading frequency 

was 3 Hz. Details of the fatigue loading scheme are displayed in Table 4. 

Firstly, the pre-static test was carried out to determine whether the 

instruments could work. The pre-static load was 10% to 15% of the maximum 

fatigue load [26]. The MTS system was halted during the fatigue test, and the 

static loading would be performed to analyze the residual deflection and 

stiffness degradation when the number of load cycles approached 1×104, 3×104, 

5×104, 10×104, 20×104, 50×104, 150×104, and 200×104, respectively. 

 

 
 

(a) Fatigue loading diagram (unit: mm) (b) Fatigue loading arrangement 

Fig. 5 Fatigue test set-up 

 

2.3.2. Measurement scheme  

Ten displacement transducers labeled D1 to D12 were set up to measure 

the deflection and displacement of the corrugated steel-concrete composite 

deck. D3 and D8 were used to measure the displacement at the mid-span of the 

composite deck. D11 and D12 were arranged at the ends of the composite deck 

to obtain the relative slippage at the interface between the steel plate and the 

concrete deck. 

Fig. 6(a) shows the layout of the displacement transducers. Strain gauges 

labeled C1 to C4 were used to investigate the concrete strain, and C5 to C15 

were used to get the strain of the steel component, as shown in Fig. 6(b).

 

 

 

(a) Placement of displacement transducers (b) Arrangement of strain gauges 

Fig. 6 Layout of the instruments (unit: mm) 

 
3.  Results and discussion 

 

3.1. Fatigue failure mode 
 

The fatigue life of specimen FT-1 was 25.7×104. For specimen FT-2, it 

was 83.1×104, and 242×104 for specimen FT-3. Moreover, their failure mode 

was the fracture of the steel plate. No cracks were observed at the bottom of 

the steel plate. One fine crack was discovered at the pure bending section of 

the composite decks when the cycle number reached a specific value. Fig. 7(a) 

shows the crack found at the steel plate of specimen FT-3 when the cycle 

number reached 2.04 million. The fatigue crack extended horizontally to both 

sides of the steel plate with the increase of the cycle number till the corrugated 

steel plate failed. Fig. 7(b) shows the crack when the cycle number approached 

2.4 million. 

 

 

   (a) Crack initiation                                   (b) Development of the fatigue crack 

Fig. 7 Fatigue crack 
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(a) Fatigue failure of FT-1                          (b) Cracks at the bottom of FT-1 

 

(c) Fatigue failure of FT-2                          (d) Cracks at the bottom of FT-2 

 
(e) Fatigue failure of FT-3                              (f) Cracks at the bottom of FT-3 

Fig. 8 Fatigue failure 

 
Fig. 8 illustrates the fatigue failure of the composite decks. The fatigue 

cracks commonly occurred at the pure bending section of the composite decks, 

as shown in Fig. 9, which could be attributed to the maximum tensile stress 

generated there. One Y-shaped crack was observed in the concrete slab. 

Notably, the cracks were mainly found at the pure bending section of the steel 

plate. None of them penetrated through the whole steel plate. It could be 

inferred that the composite deck still had some bearing capacity after fatigue 

failure. Furthermore, the MCL connectors welded to the steel plate were also 

broken after the fracture of the steel plate. For specimen FT-3, the failure mode 

of the concrete deck was different from that of the other two specimens, which 

could be ascribed to the crack locations. When the cracks did not occur at the 

pure bending section of the composite decks, the fracture of specimen FT-3 

seemed to be diagonal-tension failure, as shown in Figs. 8(e) and (f). 

For specimen FT-1, only two cracks penetrated through the lower flange of 

the steel plate, while for specimen FT-2 and specimen FT-3, three cracks did, 

as shown in Fig. 9. The reason was that the load amplitude was relatively 

higher so that specimen FT-1 failed to bear the fatigue load before the crack 

continued to propagate. 

 

(a) FT-1 

 

(b) FT-2 
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(c) FT-3 

Fig. 9 Fatigue cracks of the corrugated steel-concrete composite decks 
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(a) FT-1 (b) FT-2 (c) FT-3 

Fig. 10 Fatigue damage degree 

 

3.2. Fatigue damage analysis 

 

To investigate the development of fatigue damage of the composite decks, 

the fatigue damage degree Dn is adopted in the following equation [27]:  

 

Dn=1-Bn/B0                                                                                   (1) 

 

where Bn is the stiffness of the composite decks at the nth fatigue loading cycle, 

B0 is the initial stiffness of the composite decks. 

Fig. 10 depicts the relationship of Dn versus n. The development of the 

fatigue damage could be divided into three stages. The fatigue damage 

increased sharply in the first stage, and some cracks initiated in the concrete 

deck. In the second stage, the fatigue damage tended to be stable. In the third 

stage, cracks initiated in the steel plate and propagated, and finally the 

composite deck failed to bear the fatigue load due to the crack propagation. 

During this stage, the fatigue damage increased rapidly. 

By comparing the fatigue damage degree of the three composite decks, it 

could be found that the Dn of specimen FT-1 was lower than that of specimens 

FT-2 and FT-3 in the first two stages. However, in the third stage, the Dn of 

specimen FT-1 was twice as large as that of specimens FT-2 and FT-3. This 

might be that the fatigue load amplitude of specimen FT-1 was larger than that 

of specimens FT-2 and FT-3, which meant that once specimen FT-1 had fatigue 

damage, it would be destroyed in a short time under the fatigue load. 

Fig. 11 shows the stiffness degradation and the curve fitting of FT-2 and 

FT-3. The relationship of stiffness degradation and the cycle number of FT-2 

and FT-3 can be expressed by Equations (2) and (3), respectively. The fitting 

precision of Equations (2) and (3) are 0.9979 and 0.9737, respectively. 

 

2.93956 10 0.21683

0

1 0.55107 0.24282 ( ) 0.58875 1 (1 )En
B n n

B N N

−  
= − ´ ´ + ´ − −  

  
   (2) 

 

0.02458 0.12344

0

1 0.47898 0.15554 ( ) 0.84446 1 (1 )n
B n n

B N N

  
= − ´ ´ + ´ − −  

  
   (3) 

 

where and N is the fatigue life. 
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Fig. 11 Stiffness degradation 
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Fig. 12 Strain variations of FT-1 specimen under different loading cycles 
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Fig. 13 Strain variations of FT-2 specimen under different loading cycles 
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(a) 0 (b) 2 million (c) 2.42 million 

Fig. 14 Strain variations of FT-3 specimen under different loading cycles 

 

3.3. Strain analysis 

 

Figs. 12, 13, and 14 show the strain variations of the steel plate under 

different load cycles, respectively. The strain variations of the steel plate were 

identical and linear under lower fatigue load, as shown in Figs. 12(a), 13(a), 

and 14(a). However, for FT-2, strains at C3 were lower than strains at C11 

under identical load. This might be the reason that the bottom flanges to which 

the strain gauges with lower strains were attached fractured under fatigue load, 

while the undamaged bottom flanges at other parts of the composite deck 

continued to bear the fatigue load, as shown in Figs. 13(c) and 14(c). 

Figs. 15, 16, and 17 present the strain variations at the mid-span of the 

specimens under different number of load cycles, respectively. The strain 

variations along the height direction of the composite deck were basically 

linear during the fatigue test. It was indicated that the composite bridge decks 

satisfied the plane-section hypothesis when the static load value was relatively 

lower. 
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Fig. 15 Strain variations of specimen FT-1 
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Fig. 16 Strain variations of specimen FT-2 
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Fig. 17 Strain variations of specimen FT-3 
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Fig. 18 S-N curve fitting of specimens 

3.4. Statistical evaluation of stress category 

 

The S-N curve of the specimens was obtained by fitting the results of the 

fatigue test, as shown in Fig. 18. The fatigue life of specimens can be 

expressed as follows: 

 

10 10
0.3405 4.21237Log Log N + =                              (4) 

 

where   represents the tensile stress amplitude; N represents the fatigue 

life. 

 

3.5. Residual bearing capacity 
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Fig. 19 Residual bearing capacity of the composite decks 

 

The static test was performed to obtain the residual bearing capacity of the 

specimens when they failed to bear the fatigue load. Fig. 19 depicts the 

displacement of the composite decks under the static load. The residual 

carrying capacity of specimen FT-1 was 479.2 kN (0.639 Pu). For FT-2, the 

residual carrying capacity was 330 kN (0.440 Pu). For FT-3, the residual 

carrying capacity was 334.5 kN (0.446 Pu). The investigation on the residual 

bearing capacity of the composite decks would be helpful for the reinforcement 

and maintenance. 

 

4.  Parameter analysis 

 

4.1. Fatigue load model 

 

The fatigue vehicle model should be adopted to get the stress history of 

the fatigue concern points. There are three types of anti-fatigue design in JTG 

D64 [28]. The first type adopts equivalent lane load, called the fatigue load 

calculation model Ⅰ. The second type adopts the double-vehicle model, called 

the fatigue load calculation model II. The model details are shown in Fig. 20. 

The third type adopts a singular-vehicle model, called the fatigue load 

calculation model Ⅲ, Fig. 21 shows the details of the fatigue vehicle model. 

The model Ⅲ can be used to calculate the bridge deck components. Two 

loading schemes, the central loading and the eccentric loading, were 

implemented to obtain the stress at different fatigue concern points. Fig. 22 

shows the schematic diagram of the fatigue load layout. 

 

 

 

Fig. 20 Model Ⅱ (unit: m) 

 

 

 

(a) Elevation 

 

 
(b) Loading cases 

Fig. 21 Model Ⅲ (unit: m) 

 

 Driving direction

 

(a) Driving direction 

 

 
Case 1

Case 2

The centerline of bridge 
 

(b) Loading cases 

Fig. 22 Schematic diagram of fatigue load layout (unit: mm) 

 

4.2. Numerical analysis model 

 

The numerical analysis model was established using the finite-element 

method to investigate the influence of the concrete slab depth, the steel plate 

thickness, and the concrete strength on the fatigue performance of the 

composite decks. The solid element was applied to the simulation of the 

composite decks, as depicted in Fig. 23. The relative slippage between the 

concrete deck and steel plate was ignored. The elastic modulus and Poisson 

ratio of steel are 2.06 × 105 MPa and 0.3, respectively. For the concrete deck, 

they are 3.45 × 104 MPa and 0.2, respectively. 

 

composite deck

 
(a) Geometric model 

composite deck

 
(b) Mesh model 

Fig. 23 FEM model 

 

Due to the fact that the steel plate fracture occurred near the mid-span of 

the composite decks during the test. Two points numbered 1 and 2 were 

selected to investigate the stress history, and their locations were at the 

mid-span of the steel plate. Fig. 24 shows the details of the points’ locations. 

 

Point 1 Point 2

 

Fig. 24 Fatigue points 

 

The analysis of stress history was beneficial for understanding the fatigue 

behavior of the composite decks. The model Ⅲ was employed to investigate 

the stress variation of the fatigue concern points under different conditions, 

Table 5 lists the tensile stress at different points. 

 

Table 5 

Fatigue test variables for composite decks (unit: MPa) 

No. 
JTG D64 

Case 1 Case 2 

1 23.62 23.42 

2 23.40 23.42 

 

By comparing the stress variations at the two fatigue concern points with 
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each other, the maximum tensile stresses at Points 1 and 2 were approximately 

similar, as shown in Fig. 25. Vehicles passing through the composite decks 

would cause the different load amplitudes. Different load amplitudes can be 

represented by the equivalent stress amplitude [29] based on the Miner 

standard to estimate the fatigue characteristics of the composite decks in a 

simple way [30]. The equivalent stress amplitude can be calculated by Eq. (5). 

 

( )
1
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0
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m m

i in

N
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

                                            (5) 

 

where ni is the cycle number of stress range ∆σi; ∆σi is the stress amplitude 

corresponding to the ith cycle loading; ∆σ0 is the equivalent stress range; N0 is 

the cyclic number concerning ∆σ0; m is a constant. 
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(b) Point 2 

Fig. 25 Tensile stress at different positions 

 

The loading method Case 1 was adopted to explore the ∆σ0 of the concern 

points. The stresses at each point under different load cases were similar, as 

shown in Fig. 26. Table 6 presents the tensile stress amplitude and the 

corresponding equivalent stress amplitude. Calculated by Eq. (4), the fatigue 

life of the composite deck at Point 1 under Case 1 was 119 million. The results 

showed that the specimens’ fatigue resistance was excellent. 

To analyze the factors affecting the fatigue performance of the composite 

decks, three parameters, including the concrete strength, the concrete slab 

depth and the steel plate thickness, were selected in this study. Fatigue concern 

Point 1 was selected as an example for the parameter analysis, and Case 1 was 

selected as the normative fatigue vehicle loading layout. 
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(b) Case 2 

Fig. 26 Tensile stress at different positions 

 

Table 6 

Tensile stress amplitude at different fatigue concern points 

Concern 

points 

Tensile stress amplitude 

(MPa) 
Number of cycles 

Equivalent stress 

amplitude (MPa) 

1 23.62 1 23.62 

2 

23.40 1 

18.57 

1.19 1 

 

4.3. Strength variation of concrete slab 
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Fig. 27 Relation of the concrete strength vs. the equivalent stress amplitude 

 

Six concrete strength grades were adopted in the FEM analysis to study 

the relation of the concrete strength versus the equivalent stress amplitude. The 

equivalent stress amplitude ∆σ decreased with the increase of the concrete 

strength Sc. When ∆σ/∆σc0 increased from 1 to 3.5 (by 250%), Sc/Sc0 decreased 

from 1 to 0.85 (by 15%), as shown in Fig. 27. It could be concluded that the 

influence of the concrete strength above 50 MPa was relatively lower on the 

fatigue characteristics of the composite decks. The formulas of Sc versus ∆σ at 

Point 1 can be described as follows: 
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where Sc is the concrete strength; ∆σc0 is the equivalent stress amplitude 

corresponding to Sc0; Sc0 = 20 MPa. 
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4.4. Depth of concrete slab 
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Fig. 28 Relation of the concrete deck depth vs. the equivalent stress amplitude 

 

The concrete slab depth (abbreviated as d) was adopted as 130 mm, 180 

mm, 230 mm, 280 mm, and 330 mm in the FEM analysis. The equivalent 

stress amplitude decreased significantly with the increase of d, as shown in Fig. 

28(a). When d/d0 increased from 1.0 to 2.5 (by 150%), the ∆σ/∆σd0 decreased 

from 1 to 0.2 (by 80%). The relationship between ∆σ and d obtained from Fig. 

28(b) can be expressed as follows: 
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where d is the concrete deck depth and the value of d0 is 130 mm ∆σd0 is the 

equivalent stress amplitude corresponding to d0. 

 

4.5. Thickness of steel plate 
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Fig. 29 Relation of steel plate thickness vs. the equivalent stress amplitude 

 

The thickness of the steel plate (abbreviated as t) was set at 3 mm, 6 mm, 

9 mm, and 12 mm. Fig. 29(a) depicts the variation of ∆σ0. When t/t0 increased 

from 1 to 6 (by 500%), ∆σ/∆σt0 decreased from 1 to 0.54 (by 46%). For the 

composite decks, the influence of steel plate thickness was evident. According 

to Fig. 29(b), the relationship between t and ∆σ0 can be obtained by the 

following: 
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where t is the thickness of steel plate and t0 is 3 mm; ∆σt0 is the equivalent 

stress amplitude corresponding to t0. 

The concrete slab depth had a remarkable influence on the fatigue 

performance of the composite decks. And the influence of the concrete slab 

strength on the fatigue performance of the composite decks was little. 

 

5.  Conclusions 

 

Three full-scale specimens were examined via fatigue tests and the fatigue 

performance of the composite bridge decks was analyzed using FEM. 

The fatigue failure of the composite decks typically occurred near the 

mid-span of the composite decks. Cracks initiated in the pure bending section 

of the composite decks and propagated transversely with the increase of cycle 

number, and finally led to the failure of the composite decks. 

The stiffness degradation law and the S-N curve of the composite decks 

had been obtained in this paper. It was found that the influence of the concrete 

slab depth on the fatigue performance of the composite decks was remarkable. 
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