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ABSTRACT 
 

Fatigue cracks are commonly seen in long-span bridge orthotropic steel deck. This paper proposed a 

strengthening technology for steel box girder by using the combination bridge deck pavement system to 

reinforce orthotropic steel deck. The composite deck pavement system is mainly composed of 

orthotropic steel deck, reinforced ultra-high ductility concrete layer and asphalt wearing layer. There are 

shear studs and the first waterproof bonding layer on steel deck surface. Ultra-high ductility concrete 

layer is connected with the steel deck by shear studs. The roughness treatment is taken on the surface of 

ultra-high ductility concrete layer and the second waterproof bonding layer is set on the surface of 

concrete layer, in order to form a better connection between asphalt wearing layer and concrete layer. 

The mechanical properties analysis and fatigue test were performed on the proposed composite deck 

pavement system. The analysis results show that the composite bridge deck pavement system can reduce 

the stress level of the orthotropic steel bridge deck by 25%~45%, and thus significantly prolong the 

fatigue life of the steel bridge deck. The fatigue test results show that the pavement and steel deck have 

no signs of damage after four million times fatigue test under the fatigue vehicle specified by the 

specification and the fatigue loading higher than the fatigue vehicle. The composite deck of steel and 

reinforced ultra-high ductility concrete can effectively prolong the service life of steel bridge pavement 

structure. 

 

 
 

1. Introduction 
 

A large number of long-span steel bridges has been built in the past two decades in China. Due to the 

advantage of light weight, easy to transportation and construction, and short construction period, etc., 

orthotropic steel deck has been widely used in steel bridge. Long-span suspension bridge, stayed-cable 

bridge usually use orthotropic steel bridge deck and asphalt mixture pavement system as the deck system 

to reduce the structure of dead weight, and increase the spanning capacity[1]. With the increasing of 

bridge service time, coupled with harsh climate conditions in some areas, rapid growth in traffic and 

heavy load and increase of overloading vehicles and other factors, steel bridge pavement damage (see 
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Figure 1) and orthotropic steel bridge fatigue crack (see Figure 2) occur frequently. In recent years, a lot 

of research work has been done by scholars and engineering technicians on the problem of asphalt 

pavement material and fatigue cracking of orthotropic steel bridge deck[2-5]. To a certain extent, the 

frequency of disease of steel deck system has been reduced, but not eradicated. 

 

 

 

Figure 1. Diseases of steel deck pavement 

 

 

 

 

Figure 2. Fatigue crack of orthotropic steel deck 

 



 

 

 

In recent years, many scholars and engineering technicians began to consider using rigid pavement 

instead of the asphalt concrete pavement, in order to achieve the aim of increasing the overall stiffness 

of steel bridge decks, reducing the stress level of steel bridge deck, and inhibiting the fatigue cracking. 

At present, rigid pavement materials include high toughness lightweight aggregate concrete[6], steel fibre 

reinforced concrete[7], ultra-high performance concrete[8,9], etc. Relevant study[10-12] shows that the use 

of rigid pavement in steel bridge deck can reduce the stress of steel bridge deck by 20% ~ 40%. 

There are engineering cases where rigid pavement has been used in long-span steel bridge, such as: 

Yokohama Bay Bridge and Seto Bridge both used the steel fibre reinforced concrete pavement in Japan. 

The originally designed pavement structure of the Yokohama Bay Bridge is 4cm cast asphalt concrete 

layer + 3.5cm modified asphalt concrete layer. Afterwards, considering of the low bridge deck stiffness 

(steel bridge deck thickness 12cm) and the bridge deck multiple fatigue cracks, the pavement structure 

was adjusted to 7.5cm steel fibre reinforced concrete pavement. However, the using effect of the steel 

fibre reinforced concrete pavement is not satisfactory. Shortly after it went into service, serious 

pavement cracking occurred. 

From the actual project application, steel fibre reinforced concrete as a steel deck pavement is not 

successful, and reinforced ultra-high performance concrete and other materials as the steel deck 

pavement has no enough practice yet. Therefore, the current preferred alternative of long-span steel 

bridge deck pavement is still asphalt concrete pavement. The rigid pavement has the advantage of being 

able to significantly reduce the stress level of the steel bridge deck, and it is very beneficial to reduce 

the risk of fatigue cracking of the steel box girder. Therefore, the rigid pavement is used as steel box 

girder bridge reinforcement plan, which will recover or even improve the steel box girder bearing 

capacity with damages. In addition, with the gradual maturity of rigid pavement, it also has the potential 

to become an option of new steel bridge deck pavement plan in the future. 

Long-span steel bridges constructed in the early years have seen more serious steel bridge deck fatigue 

cracks. These bridges will have to be reinforced in the future. On one hand, it has to repair the existent 

cracks; on the other hand, it has to restore to the original steel bridge deck bearing capacity. Based on 

the engineering requirements, this paper performs a research on the ultra-high ductility concrete (UHDC) 

as steel bridge deck pavement, proposes the system of composite deck pavement with UHDC and steel 

bridge deck. On the basis of the finite element analysis and fatigue test, the characteristics of the 

composite deck pavement system are also studied in detail. 

 

2. Steel - UHDC Combined Bridge Deck Pavement System 
 

2.1 Pavement Material 
 

UHDC is a cement based composite material that made of cement, fly ash, silica fume, quartz sand, 

PVA fibre and admixtures (water reducers, thickeners, expansion agents and defoamers). It is a new 

material suitable for steel bridge pavement based on ECC. The cube compressive strength is 60MPa, the 

elastic modulus is 30GPa, the tensile strength is between 6MPa ~ 7MPa, and the ultimate tensile strain 

can reach 40000με. On the premise of a certain strength, UHDC material also has a high ductility, 

excellent crack control capability and crack self-healing ability, deformation ability in coordination with 

steel bridge deck. Besides, it only needs normal curing. Therefore, it is suitable for using as a concrete 

layer of combined deck system. Figure 3 show the material with ultra-high ductility, excellent crack 

control and energy absorption capacity. 

 

 
(a) Flexure test photograph 



 

 

 

 
(b) Crack distribution of specimens 

Figure 3. Flexure test of UHDC specimens 

 

2.2 Pavement Structure 
 

A large span suspension bridge was built in the 1990s. The bridge deck is 12mm thick and has a groove-

shaped closed rib, the ribs are 262mm high and 324.1mm wide, the upper part of the ribs is 321.4mm 

wide, the lower part of the ribs is 207.7mm wide, the distance between ribs is 295.9mm, the thickness 

is 8mm, transverse diaphragm spacing 4m, and has a thickness of 10mm, and the transverse diaphragm 

stiffener has a thickness of 10mm. Up to now, the bridge steel box girder has seen thousands of cracks. 

A composite deck pavement system is designed based on the suspension bridge, as shown in Figure 4. 
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Figure 4. Composite deck system of steel deck and UHDC 

 

The composite bridge deck is composed of steel bridge deck, 5cm thick reinforced UHDC layer and 

3cm thick asphalt wearing layer. The steel bridge deck is welded with shear studs and the first waterproof 

bonding layer on steel deck surface, UHDC layer and steel bridge deck are connected by shear studs. 

The roughness treatment is taken on the surface of UHDC layer and the second waterproof bonding 

layer is set on the surface of concrete layer, in order to better connect asphalt wearing layer with UHDC 

layer. 

 

3. Mechanical Behavior Analysis of Steel-UHDC Combined Bridge Deck 

Pavement System 
 

Take the steel box girder of a large-span suspension bridge mentioned in section 2.2 as an example for 

analysis, the finite element model is established by taking what’s between the two liftings of the standard 

section of the suspension bridge. In order to compare the performance of different pavement systems, 

three schemes were analysed, namely: 

Model 1: steel box girder model (no pavement); 

Model 2: steel box girder + 8cm thick asphalt layer; 

Model 3: steel box girder + 5cm thick UHDC layer + 3cm thick asphalt layer. 

 



 

 

 

3.1 Geometric Model 
 

Taking part between the two liftings of the standard section of the suspension bridge for analysis, there 

are 52 U-shaped stiffeners in the transverse direction of the steel box girders and 3 spans in the 

longitudinal direction (one span between the two diaphragm plate). Both ends of the model are overlined 

2m, steel box girder has the length of 16m, and the width of 35.6m, as shown in Figure 5. 

 

 

Figure 5. Geometric model 

 

3.2 Material Parameter 
 

The main material parameters used in the analysis are: 

Steel: elastic modulus Es = 2.06 × 105MPa, Poisson's ratio υ = 0.3; 

Asphalt concrete: elastic modulus 1000MPa, Poisson's ratio υ = 0.25; 

UHDC: elastic modulus 30000MPa, Poisson's ratio υ = 0.2. 

 

3.3 Element Selection and Meshing 
 

The steel structure is modelled by the four-node quadrilateral shell element (S4R). The concrete 

pavement is modelled by the 8-node solid element C3D8R. Figure 6 shows the model meshing. The 

geometrical model is meshed by free meshing technique, and the local grid is fined at the intersection 

of the U-rib and the diaphragm plate. In order to observe the stress of the pavement, the pavement grid 

is also fined. 

 

 

Figure 6. Mesh generation 

 

3.4 Load and Boundary Conditions 
 

Boundary conditions: The linear displacement of three directions of the four lifting points are Ux = Uy = 

Uz = 0; Uy = Uz = 0; Uy = 0; Uy = 0. 

Load: Apply different loads according to the requirements of the analysis results. 

 



 

 

 

(1) Analysis of the pavement deflection, pavement tensile stress 

According to the<< General specifications for design of highway bridges and culverts >>（JTG D60—

2015）[13], the vehicle load is a five-axis vehicle, with a total weight of 550kN, as shown in Figure 7 

(a). As the front three axes are far away from the latter two axes, and taking into account the obviously 

local effect of the steel bridge deck under the action of wheel load, only the latter two axes are loaded. 

At horizontal direction, two vehicles are loaded at the same time as shown in Figure 7 (b). The active 

area of the wheel load is 200mm (length) × 600mm (width). The pavement layer above the bridge deck 

is cut into a number of 200mm × 600mm blocks, and the load is applied to the upper surface of the 

different blocks by different load steps to simulate the moving loading of the wheel on the deck. The 

pressure value applied to each block is 70 kN/ (0.2 m × 0.6 m) = 583.3 kN/m2. The length of the loading 

region is 6m. Considering the symmetry of the structure, only the half region was analysed in the finite 

element analysis, and the loading is shown in Figure 7 (c). The temperature load is 25 °C to －20 °C in 

one year. The temperature gradient is 15 °C in one day. The coefficient of linear expansion of the 

concrete is α = 1 × 10-5 / °C, and the coefficient of linear expansion of the steel is α = 1.2 × 10-5/ °C. The 

concrete shrinkage is applied to the model by applying a temperature gradient. According to JTG D60-

2015, the value of vehicle impact load in the model is 330kN. 

 

 

    
(a) Vehicle load model 

 
(b) The vehicle load is arranged laterally 

 
(c) Loading direction diagram 

Figure 7. Load model and loading direction diagram 

 

Considering the three load cases at transverse direction, shown in Figure 8. 

 



 

 

 

 
(a) Load case 1 

 
(b) Load case 2 

 
(c) Load case 3 

Figure 8. Loading cases 

 

(2) Analysis of orthotropic steel bridge deck stress 

The focus is on the dynamic load stress level reduction of the orthotropic steel bridge deck by using 

composite deck pavement system. Therefore, the fatigue truck in Eurocode 3[14] is used to load, as shown 

in Figure 9. As the front two axes are far away from the latter two axes, and take any of the front or 

latter axle to load. The pavement layer above the deck is cut into a number of 400mm×400mm blocks, 

and the load is applied to the upper surface of the different blocks by different load steps to simulate 

wheel load is moved load over the bridge deck. The pressure value applied to each solid block is 60 kN 

/ (0.4 m x 0.4 m) = 375 kN / m2. The length of the loading area is also 6m, and the loading is shown in 

Figure 7 (c). 

 

 

Figure 9. Load model 

 

Considering the five load cases at transverse direction, shown in Figure 10. 

 

 
(a) Load case 1 

 
(b) Load case 2 



 

 

 

 
(c) Load case 3 

 
(d) Load case 4 

 
(e) Load case 5 

Figure 10. Loading cases 

 

3.5 Analysis Results 
 

In order to facilitate comparison and analysis, the name of several parts of the structure was agreed: 

assume that the analysis model are in the order of span 1 to span 3 across the load direction. The stress 

and deformation of each section of steel box girder are investigated when the load is applied to A-A, B-

B, C-C, D-D and E-E sections, as shown in Figure 11. 

 

 

Figure 11. Control sections and components-name conventions 

 

3.5.1 Maximum Deflection of Pavement Surface 
Under the JTG D60-2015 vehicle load, the maximum deflection results of the three model are shown in 

Table 1. The results are the maximum deflection of the pavement when the load case 1 (the load case 1 

is the most unfavorable load case) acting on the E-E cross section. It can be seen that the maximum 

deflection of the pavement surface of the combined deck is reduced by nearly 30% compared to the steel 

box girder (no pavement) model. When the load is applied to the mid-span (E-E section), the reduction 

rate was significantly higher than the asphalt pavement model. 

 

Table 1. Comparison of maximum deflection of pavement 

Section Model scheme Maximum vertical deformation /mm (Ssteel-Scombination)/ Ssteel /% 

E-E 

Model 1 10.240  

Model 2 8.143 20.5 

Model 3 7.305 28.7 



 

 

 

 

3.5.2 The Maximum Tensile Stress of the Pavement of the Combined Bridge Deck Model 
Under the JTG D60-2015 vehicle load, temperature, shrinkage, vehicle impact load, the combined 

bridge deck pavement obtained the maximum principal stress of 5.402MPa under the load case 1, less 

than the tensile strength of the UHDC crack strength of 6.6MPa. 

 

3.5.3 Orthotropic Steel Bridge Deck Stress 
According to the location where the fatigue crack is often present in the orthotropic steel bridge deck, 

the points a, b, c and d shown in Figure 12 are selected as the stress calculation control points. 

 

 

Figure 12. Stress control points diagram 

 

According to the analysis results, the stress at each control point of the fatigue vehicle model is large 

under the load case 5, therefore, only the results of the load case 5 were compared. 

Table 2 gives the analysis results. It can be seen from the table that the maximum Mises stress at the 

stress control point of the UHDC combined bridge deck reduce by 25% ~ 45% than that of the steel box 

girder (no pavement). Figure 13 shows the local stress contour at the U-ribs and diaphragm plate of the 

steel bridge deck and the composite bridge deck at different locations. 

 

Table 2. Comparison of maximum Mises stress at each section of bridge deck 

Section  Position Model scheme Maximum Mises stress /MPa (Ssteel-Scombination)/ Ssteel /% 

B-B 

a 

Model 1 39.420  

Model 2 37.212 5.6 

Model 3 29.171 26.0 

d 

Model 1 63.359  

Model 2 51.165 19.2 

Model 3 38.461 39.3 

D-D 

a 

Model 1 47.21  

Model 2 37.41 20.8 

Model 3 25.32 46.4 

b 

Model 1 73.20  

Model 2 61.057 16.6 

Model 3 40.912 44.1 

c 

Model 1 77.358  

Model 2 66.444 14.1 

Model 3 49.544 36.0 

 



 

 

 

 

 

 

 

 

 

(a) Local Mises stress of the U-rib at wheel loads 

 

 

 

 

 
(b) Local Mises stress of the tranverse diaphragm at wheel loads 

Figure 13. Local Mises stress contour of orthotropic deck at wheel loads 

 

The results of the Mises stress of point a, b, c, and d for three models are shown in Figure 14, where a, 

b, and c are located at the D-D cross section, d is at the B-B cross section, the abscissa 1, 2, 3 represent 

three models. It can be seen clearly from Figure 14 that the stress at each stress control point of model 

3 (UHDC composite bridge deck) is significantly lower than that of other models. Therefore, from the 

results of stress analysis, UHDC composite bridge deck program is significantly better than asphalt 

pavement in reducing steel bridge deck stress. 

 

 

Figure 14. Stress reduction comparison of three models 

 

steel bridge deck composite bridge deck 

steel bridge deck composite bridge deck 



 

 

 

4. Fatigue Test of Steel-UHDC Combined Bridge Deck Pavement Structure 
 

A test specimen of full scale steel box girder substructure was designed as shown in figure 15. The 

specimen consists of three U ribs in the transverse direction and two diaphragms in the longitudinal 

direction. The composition of the pavement structure is described in the section 2.2. 

 

 

Figure 15. Specimen Loading Diagram 

 

A 100 tons electro-hydraulic servo loading system was used to load the specimens. Sinusoidal wave 

loading was applied at the loading point of the specimens. The loading frequency was 4Hz. The loading 

mode was shown in Figure 15. Fatigue test load and loading cycles are shown in Table 3. 

 

Table 3. The stress amplitude of fatigue loading 

Fatigue loading /kN 10~160 80~300 100~500 

Stress amplitude of pavement /MPa 0.2~2.2 1.2~4.4 1.5~7.3 

Stress amplitude of steel deck /MPa 3.6~54 29~108 36~180 

Cycles /million cycles 200 100 100 

 

The test results before and after the fatigue test showed that the bending stiffness of the test specimen 

did not decay. Judging from test phenomena and test results, the pavement and steel deck have no signs 

of damage after four million times fatigue test under the fatigue vehicle specified by the specification 

and the fatigue loading higher than the fatigue vehicle. The composite deck of steel and reinforced ultra-

high ductility concrete can effectively prolong the service life of steel bridge pavement structure. 

 

5. Conclusions 
 

This paper proposed a composite deck pavement system to reinforce orthotropic steel deck. It is mainly 

composed of orthotropic steel deck, reinforced ultra-high ductility concrete layer and asphalt wearing 

layer. Reinforced ultra-high ductility concrete layer is connected with the steel deck by shear studs. The 

composite deck pavement system has the advantages of strong crack control ability, low reinforcement 

ratio, light deadweight and conventional curing. The mechanical properties analysis and fatigue test 

were performed on the proposed composite deck pavement system. The analysis results show that the 

composite bridge deck pavement system can reduce the stress level of the orthotropic steel bridge deck 



 

 

 

by 25%~45%. The fatigue test results show that the pavement and steel deck have no signs of damage 

after four million times fatigue test under the fatigue vehicle specified by the specification and the 

fatigue loading higher than the fatigue vehicle. The composite deck of steel and reinforced ultra-high 

ductility concrete can effectively prolong the service life of steel bridge pavement structure. The 

research results provide a useful option for restoring or even improving the bearing capacity of steel box 

girder of existing steel bridges, and can also be used as a choice for new steel bridge deck pavement. 
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