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ABSTRACT: Structural performance of steel-concrete composite deck is simulated in using three dimensional 
nonlinear finite element analysis by incorporating the interface model that reproduces Mohr-Coulomb friction 
between steel and concrete. The composite mechanism with regard to the mechanical lock by steel ribs and in-
terface friction is analyzed. First, the effect of interface friction is presented. Second, the process of internal 
crack of concrete is explained based on the mechanical interlock with different rib shapes. Finally, the effect of 
post-cracking behavior is examined by high-cycle fatigue analysis

1 INTRODUCTION 

1.1 Background 
Recent developments in the field of computer simula-
tion technology have led to a renewed interest in fa-
tigue problems of concrete. In Japan there has been a 
lot of reinforced concrete (RC) bridge decks damage 
reported since 1960. To work out from this problem, 
different groups of researchers installed a wheel-type 
moving load testing machine (Maeda & Matsui 
1984). Various experiments have been conducted 
since 1980 (Matsui 1987, Pedikaris & Beim 1989). 
Based upon the results of these experimental studies, 
they could come up to several influencing factors in 
fatigue problems. Such as minimum thickness of slab 
and a certain requirement of rebar arrangement were 
renewed in design codes. It was effective in practical 
field. 

Numerical analysis tackling this problem has been 
reported by Maekawa et al (2006a). They have de-
veloped a three dimensional nonlinear finite element 
analysis framework “COM3” that fully traces me-
chanical damage and plasticity under high cycle repe-
tition of loads in use of logarithmic accelerated time 
integration. The applicability of the analytical system 
has been verified for RC slabs under both high-cycle 
fixed and moving loads (Maekawa et al. 2006b). 

Engineers have been also developing interest to 
utilize steel-concrete composite slabs for bridge 
decks in the past decade. This is due to the fact that, 
this type of slab requires less amount of supporting 
girders in construction. Composite deck is of particu-
larly application for use in a long span situation, 
where the use of RC slabs is not feasible. 

As many bridge decks suffer from high-cycle 
moving loads, investigation of composite slabs sub-
jected to high cyclic loads is required. Hawkins & 
Mitchell examined the response of composite slabs 
with different types of shear connectors under both 
monotonic and reversal cyclic shear (1984). They 
pointed out that failure mode is greatly influenced by 
the mechanical property of shear connector. 

Sakurai et al. have examined the endurance limit 
of the composite deck that consists of bottom steel 
plates, steel ribs and concrete both experimentally 
and in using FE analyses (2005). Experimental re-
sults implied that a steel-concrete composite struc-
ture, which consists of the bottom steel plate, steel 
ribs and concrete, tends to start concrete crack from 
the tip of steel members under high-cycle loads. 

Fujiyama & Maekawa analyzed the experiment 
done by Sakurai et al. using the enhanced model of 
“COM3” including the interface friction model for 
steel-concrete composite deck (2009). According to 
this study, progress of deflection has been success-
fully simulated as well as a particular crack develop-
ment from the tip of steel ribs under the high-cycle 
moving loads as shown in Figure 1. 

This paper focuses on the effect of composite 
mechanism on the cracking and post-cracking behav-
ior of fatigue concrete. In particular, the effects of 
mechanical interlock by steel ribs, studs and the ef-
fect of interfacial friction is discussed extensively. 
 



 

    
 

(a) Observed crack in experiment (Sakurai et al. 2005)   (b) Simulation by FE analysis (Fujiyama et al. 2009) 
 
Figure 1. Internal crack of steel-concrete composite deck under high-cycle moving load. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2. Internal crack of steel-concrete composite deck under high-cycle moving load. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Interface friction model for steel-concrete composite structure. 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



1.2 Scheme of high cycle fatigue analysis 
The fatigue simulation by “COM3” is based on the 
direct path integral scheme (Maekawa et al. 2003). 
Three basic essential models for concrete used herein 
are compression, tension and crack shear models 
along crack planes. These three models are of impor-
tance to treat the cumulative fatigue damages and 
time dependent effects (Fig. 2.). Simulation is con-
ducted by tracing the evolution of microscopic mate-
rial states at each moment. Logarithmic integral 
method accelerates computing for high cycle problem 
as well. 

For full 3D simulation, Maekawa et al. has ex-
tended in-plane 2D RC models including time de-
pendency and creep to 3D orthogonal space system 
by means of the projection-composition method 
(2003). This composition technique is regarded as a 
simple extension of the multi-directional non-
orthogonal fixed crack approach. This computational 
framework has already been verified under low-cycle 
static and dynamic loads. Whatever the complexity of 
the loading hysteresis is, the multi-axial stress-
carrying mechanism is formulated as a linear combi-
nation of 1D sub-mechanisms representing the 
cracked concrete and reinforcement as proposed by 
Collins & Vecchio (1982). 

To replicate the actual stress transfer between the 
steel members and concrete, interface element is pro-
posed with mechanical properties as indicated in Fig-
ure 3. The behavior is based upon Coulomb’s friction 
law. The friction coefficient is assumed to be con-
stant during loads. The interface model does not take 
into account the reduction of stiffness and residual 
strain due to high cycle loading. 

2 MECHANISM OF COMPOSITE ACTION 

2.1 Composite deck model 
The steel-concrete composite deck investigated here 
consists of bottom steel plate, I-shape steel ribs, rein-
forcing bars and concrete. The model is simply sup-
ported on two sides in the vertical direction. The in-
plane dimension of the slab is 1.5 m x 1.5 m having a 
gross depth of 169 mm, including 9 mm thick bottom 
plate. 

I-shape steel ribs are set only in the transverse di-
rection of 300 mm spacing. Ribs have neither studs 
nor holes for interlocking with surrounding concrete. 
Ribs are welded to the bottom plate and any other 
shear connector does not exist in this deck. Interface 
element model is proposed for the contact surface 
between steel plates and concrete as indicated in Fig-
ure 3. According to Rabbat and Russell (1985), the 
frictional coefficient for normal strength concrete 
with dry condition, can be assumed to be 0.6, as a 
constant. The current interface model does not take 

into account the reduction of stiffness and residual 
strain due to high cycle loading. 

Reinforcing bars consisting of D13c/c250 mm in the 
longitudinal direction provide single RC layers on the I-
shape rib, and cover depth of reinforcing bars is 42 mm. 
Reinforcing bars and concrete above the ribs are mod-
eled as RC element with bond effect. The other con-
crete parts are regarded as plain concrete. Tension stiff-
ening/softening factor is determined for each concrete 
element. Figure 4 shows steel frame of this slab and the 
cross section of ribs. Table 1 shows mechanical proper-
ties of respective materials. 

2.2 Composite mechanism 
Steel-concrete composite mechanism consists of two 
actions in general. One is the mechanical interlock 
owing to shear connectors, such as ribs and studs. 
Another one is the interfacial friction between steel 
and concrete. Both mechanical stress-transfer and the 
interfacial friction contribute to consistent kinematics 
of steel and of concrete. 

The composite deck investigated here can be an 
appropriate example to analyze these mechanisms. 
Interlocking by steel ribs acts as the main stress 
transfer mechanism across ribs. The effect of inter-
face friction of the bottom plate should be included 
to this stress transfer mechanism as well, no matter 
how minor role it has in this direction. In contrast, 
the interfacial friction is the sole stress transfer me-
chanism along the ribs because of no shear connec-
tors in this direction. 

To examine the abovementioned stress transfer 
mechanisms on the structural performances, the au-
thors set four models for analysis (see Table 2). 
Type-I series has I-shaped ribs (section 2.1). Type-F 
series has rectangular ribs (Fig. 4.). The height of the 
rib is 105mm which is the same as that of the proto-
type. The thickness of rib is made to be 18mm so as 
to have equivalent moment of inertia with that of the 
I-shaped rib. Flat plate rib changes stress concentra-
tion and crack initiation inside concrete, even though 
its stiffness is equivalent to that of the I-shaped rib. 
Extreme small friction coefficient, 0.1, also changes 
stress concentration and crack initiation inside con-
crete. The number -06 and -01 stand for the friction 
coefficient, 0.6 and 0.1 respectively. 

3 ANALYSIS FOR INTERNAL CRACKING 

3.1 The effect of interface friction 
The static load is applied by displacement control at a 
rate of 0.2 mm/sec. The load is applied on a 200mm 
square area at the center of the slab. A maximum 
displacement of 40 mm is applied before the com-
plete unloading. 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



(a) Dimension of analysis model 
 
 
 
 
 
 
 
 
 
 

(b) I-shape rib (I-06, I-01) 
 
 
 
 
 
 
 
 

(c) Flat-plate rib (F-06, F-01) 
 

Figure 4. Steel-concrete composite deck model for FE analysis. 
 

Table 1.  Material properties of analysis model. 
______________________________________________ 
Name     Strength        Stiffness    ν 
         N/mm2          N/mm2          
Concrete  Compression  36.0 3.0 x 104    0.17 
            Tension      2.5 
Rebar (D13)  Yield point  400.0   2.0 x 105    0.30 
Bottom plate Yield point  350.0   2.0 x 105    0.30 
I-shape rib  Yield point  400.0   2.0 x 105    0.30 
_____________________________________________ 

 
Table 2.  Cases for FE analysis. 
______________________________________________ 
Case                  I-shape rib  Flat-plate rib  
______________________________________________ 
Fiction coefficient 
μ=0.6                  I-06          F-06 
                      Prototype 
μ=0.1                  I-01          F-01 
______________________________________________ 

Figure 5. Load – Mid-span deflection. 
 

Table 3.  Summary of static analysis. 
______________________________________________ 
 
Name   Capacity   Deflection   Bottom plate 

Principal strain 
kN       mm           µ 

______________________________________________ 
I-06      917        7.2          1353 
I-01      804       10.0          1964  (yield) 
F-06      798        5.2          1113 
F-01      736        5.2          1301 
_____________________________________________ 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Strain distribution along rib at the center of span. 

(a) Deformation and Principal strain case I-01 

(b) Deformation and Principal strain case F-01 
Figure 7. Strain distribution along rib at the center of span. 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



Figure 5 shows the load versus mid-span deflec-
tion curve under the static loading for all cases. For 
each case, the static capacity, mid-span deflection 
and the maximum principal strain of the bottom plate 
at the peak load are summarized in Table 3. Case I-
06 shows 113 kN higher capacity and somewhat 
stiffer response than that of case I-01. 

The stiffness of case I-01 starts to decrease 
around 200 kN. This reduction indicates slipping at 
the interface between concrete and the steel plate, as 
a result of low friction coefficient, 0.1. Figure 6 
shows the strain along the rib at mid-span cross sec-
tion at aload of 200 kN. Case I-01 shows a notice-
able slip, showing a difference in strain of 909μ
between top of steel and upper concrete. Even 
though the strain of surface concrete and that of the 
bottom plate are almost the same as that of case I-06. 

Moreover, the different property of interfacial 
friction has a correlation with failure mode. As indi-
cated in Table 3, the principal strain at the peak load 
of case I-01 exceeds yielding point, although that of 
case I-06 does not reach yielding. This means that 
the low friction case I-01 fails not only by punching 
shear of concrete but also by yielding of the bottom 
steel plate. 

3.2 The effect of mechanical lock by steel ribs and 
internal crack 

Case F-06 shows 62 kN higher capacity than that of 
F-01. The difference is due to the difference of inter-
face friction, even though the stiffness does not show 
clear deference. Figure 7 shows 20 times magnified 
deformation and the principal strain distribution at 
the peak load. To focus on the effect of the mechani-
cal interlock of steel ribs, case I-01 and case F-01, 
which has 0.1 of the interfacial friction coefficient are 
compared. 

Figure7(a) illustrates localization of tensile strain 
as vertical cracks under the loading area and as hori-
zontal cracks in a layer including flange of ribs. The 
reason why the horizontal crack develops is that 
compressed upper concrete just under the loading 
area causes severe shear deformations to surrounding 
concrete in the layer including flange of ribs. 

Figure 7(b) shows localization of tensile strain 
around the tip of ribs. This local deformation creates 
the horizontal internal crack from the tip of ribs. In 
addition, we can see openings between concrete and 
the bottom plate as well as between concrete and the 
top of ribs. The rectangular rib without flange does 
not restrain concrete in the vertical direction. This 
indicates that I-shape ribs with flange provide more 
efficient mechanical interlock, owing to their shape 
as compared to the rectangular ribs. 

On the basis of this analysis, the combination of 
interface friction and the mechanical lock is consid-
ered. F-01 and F-06 cause the openings between 

concrete and steel in the early stage because of insuf-
ficient confinement in the vertical direction. The in-
terface friction along the rib seems to have a minor 
role for this opening. The stiffness mainly depends on 
the mechanical property of the steel parts after this 
opening. That is the reason why the difference in 
stiffness is not observed clearly between F-01 and F-
06 as shown in Figure 5. 

4 POST-CRACKING SUBJECTED TO HIGH-
CYCLE MOVING LOAD 

4.1 Condition for analysis 
High-cycle moving load is applied on a 500 mm 
width and 1000 mm length of the mid-span to the 
cases I-06 and F-06. The load level is about 55 % of 
static capacity of the prototype, I-06. The moving 
speed is set as 4.0 m/s. 

In addition, another case study of TS-06 is pro-
posed. The tension stiffening/softening factor c of 
plane concrete element is changed from 1.5 to 0.4 in 
the vertical direction for TS-06. Dimension and 
property of steel parts are totally the same as that of 
I-06. However, this improvement does not contribute 
to increasing bond between steel and concrete, this 
improvement increases restraint of post-cracking 
concrete in the vertical direction without altering the 
interlocking mechanism. Increasing confinement in 
the vertical direction improves shear transfer across 
the horizontal crack under high-cycle loads. The ten-
sion stiffening/softening factor c is explained as fol-
lows; 
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where σt = average concrete stress in tension; ft = 
uniaxial tensile strength of concrete; εtu = average 
concrete strain at which crack occurs; εt = average 
concrete strain; and c = tension stiffening/softening 
factor (Maekawa et al. 2003). Generally speaking, c 
= 0.4 is used for concrete with deformed bar. 

The authors think that tension stiffening/softening 
factor can be improved not only with deformed bar 
or but also with some amount of fiber material in 
practice. Abrishami and Mitchell (1997) experimen-
tally demonstrated the improvement of post-cracking 
behavior of reinforced concrete in uniaxial tension by 
using 1% fiber by volume of concrete. 

4.2 Fatigue life of deck and failure mode 
Figure 8 shows progress of the computed mid-span 
deflection versus number of moving load cycles. The 
maximum deflection during the first cycle is 2.7 mm 
for TS-06 and is 2.8mm for I-06. This difference in-
creases from 0.1 mm to 3.1 mm (TS-06; 5.5mm, I-
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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of the evaporable water we (capillary water, water 
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(chemically bound) water wn (Mills 1966, 
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assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



06; 8.6mm) after 100,000 cycles. This means that the 
post-cracking of concrete strongly affects the long-
term structural performance, even if it does not give 
significant influence on the structural performance of 
the very beginning. 

Figure 8. Progress of mid-span deflection under moving load. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
(a) Deformation at 10,000,000 cycles, case TS-06 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
(b) Deformation at 10,000,000 cycles, case F-06 

Figure 9. Deformation at 10,000,000 cycles of moving load. 

Observable deformation of concrete as well as the 
gap opening between concrete and rib can be clearly 
seen in Figure 9(b). The maximum principal strain of 
the bottom plate is 2289 µ . This means that concrete 
and the flat-plate rib do not act together without 
locking system in the vertical direction. This in- 
duces failure of both steel and concrete. The struc-
tural consistency is damaged. 

The maximum principal strain of bottom plate is 
2289 µ . This means that concrete and flat-plate rib 
do not act together without locking system in vertical 
direction. This induces failure of both steel and con-
crete. 

According to this study, performance of the com-
posite decks should be evaluated not only by the 
mid-span deflection but also by damage of concrete 
due to high-cycle fatigue loads. Fatigue failure of the 
upper concrete fiber really affects the service life of 
composite bridge decks. 

5 CONCLUSIONS 

Structural performance of steel-concrete composite 
deck is simulated in using a three dimensional non-
linear finite element analysis that fully traces me-
chanical damage and plasticity of concrete under high 
cycle repetition of loads in use of logarithmic accel-
erated time integration. Interface model is used to 
reproduce the Mohr-Coulomb’s friction between 
steel and concrete. 

The authors investigated the composite mecha-
nism with regard to the mechanical interlock and the 
interfacial friction and examined their contribution to 
the whole performance by using the static analysis. 
First, the effect of interface friction is addressed. 
Second, the process of internal crack of concrete is 
explained based on the mechanical interlock by con-
sidering different rib shapes. Finally, the effect of 
post-cracking behavior is examined in using high-
cycle fatigue analysis. The main conclusions are listed 
as; 

Composite decks with assumed interface frictional 
coefficient µ = 0.1 shows more than 10 % lower 
static capacity than that of the prototype ( µ =0.6) for 
the cases of I-shape steel ribs. 

The composite deck, which has the assumed inter-
face frictional coefficient µ =0.1, shows more than 
30% lower stiffness than that of the prototype 
( µ =0.6) for the case of I-shape steel rib. 

The rectangular rib, which is designed to have 
equivalent moment of inertia as that of the I-shaped 
rib, shows about 10 % lower static capacity than that 
of the prototype (I-shaped rib). 

The rectangular rib causes stress localization 
around its tip, and this localization causes internal 
cracking of concrete.  
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



In the absence of vertical restraint due to me-
chanical interlocking, the vertical opening at the in-
terface between steel and concrete is observed com-
putationally. 

Increasing confinement of concrete in the vertical 
direction improves the long-term structural perform-
ance under high-cycle moving loads. 

As the flat-plate rib does not provide the mechani-
cal locks in the vertical direction, concrete and steel 
ribs do not move together as a consistent manner. 
The high-cycle moving load causes serious damage 
not only to concrete between steel ribs but also to the 
steel itself. 
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moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
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that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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