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Abstract: Reinforced concrete (RC) bridge deck slabs are major components of a bridge superstructure, 

and RC slabs are usually damaged under fatigue loading and fail in shear. In order to solve this problem, 

many researchers performed numerous experiments and investigations over past decades. These efforts in-

dicate that punching shear failure mode observed in real bridges can be simulated by a traveling wheel-

type load test. To date, researchers developed several fatigue life prediction methods and proposed failure 

mechanisms based on the experimental results performed in past studies. However, experimental results 

indicate different trends, because the fatigue life of RC slabs is affected by various factors. Therefore, 

there is a need for a rational fatigue life prediction method that can inclusively evaluate all experimental 

results from past studies. It is important to note that a prediction method based on damage and failure 

mechanism under fatigue loading has not been developed to date. In the present study, a fatigue life pre-

diction method that was developed based on the existing experimental data of fatigue life of RC slabs is 

proposed by modifying the JSCE shear design equation for a linear member. In the method, reinforcement 

ratios of both main and distributing bars and the proportion between main and distributing bars are consid-

ered as major parameters because slabs are modeled as beam-formed elements when traveling load is ap-

plied. In the study, the sensitivity of reinforcement ratios toward fatigue life in each method is compared: 

the proposed method, 3D Finite Element (FE) analysis, and an existing equation by Matsui. The results in-

dicate that the proposed equation estimates greater effects of the reinforcement when compared to the ex-

isting equation and FE analysis. 
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1. Introduction 
 

 Bridge maintenance for service life extension 

is a significant social issue. A key technology for 

conducting proper maintenance corresponds to pre-

cisely predicting the exact time when bridges 

should be repaired, strengthened or renewed based 

on reasonable prediction. The proper maintenance 

requires assessing precise residual strength of 

members and their service life. Fatigue failure in 

RC members is a serious problem and continues to 

be actively investigated [1,2]. More specifically, 

reinforced concrete slabs (RC slabs) in bridges are 

often damaged by fatigue loading, and thus, it is 

imperative to establish clear failure mechanisms 

and establish prediction methods for fatigue life. 

This study involves examining the fatigue life of 

RC slabs under traveling wheel-type loads. 

As it is well known from the past studies, the 

typical failure mode of RC slabs corresponds to 

punching shear failure that is a failure mode in 

which concrete compression zone under a loading 

point are punched and failed [3-6]. Several studies 

focused on clarifying the aforementioned fatigue 

damage observed in RC slabs. Kakuta et al. per-

formed a fixed-point fatigue load test for RC slabs 

and examined the mechanism of punching shear 

failure [5,6]. Matsui indicated that the actual failure 

mode observed in real road bridges differs from the 

failure mode observed in a fixed-point fatigue load 

test, and this type of behavior is observed in a trav-

eling wheel-type load test [4]. Thus, to date, several 

traveling wheel-type load tests were reported, and 

various methods to predict fatigue life were pro-

posed by some researchers including Abe [7,8] and 

Maeshima [9]. The most widely known prediction 
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method in Japan was developed by Matsui [10]. 

Although several experimental studies were contin-

uously performed, analytical investigations using 

three-dimensional nonlinear finite element analysis 

(3D-FEA) were only conducted recently [11-15]. 

However, experimental studies performed by 

different institutes reveal different trends, because 

the specimens possess a wide range of slab sizes 

and wheel-loads. The fatigue life of RC slabs is af-

fected by various factors, and thus, a rational fa-

tigue life prediction method that inclusively evalu-

ates all experimental results from past studies has 

not been proposed to date. Given this issue, in pre-

vious studies authors developed fatigue life predic-

tion methods based on experimentally observed 

fatigue life. The present study proposes a method to 

evaluate the influences of main and distributing 

bars on fatigue life by performing a comparative 

investigation of the proposed method by authors, an 

existing equation by Matsui [10], and 3D FEA re-

sults. 

 

2. Fatigue life prediction method for RC slabs 

 
2.1  Experimental data used 

Based on past experiments, a new fatigue life 

prediction method was developed. In this study, 

experimental data from 93 slabs that failed under a 

traveling wheel-type loading test with a constant 

load [16] were collected. The slabs included dimen-

sional data in the following range: 70–220 mm 

thickness, main reinforcement ratio within 0.74–

1.74 %, distributing reinforcement ratio within 

0.26–1.41 %, and compressive strength within 

13.6–54.0 MPa. 

 

2.2  Modeling of RC slabs based on the failure 

mechanism 
Past studies indicated that RC slabs under a 

traveling wheel-type load test show shear failure 

like a beam in the main reinforcement direction [4]. 

With the aim of seamless connectivity between the 

shear design of linear members and that of plate 

members, a shear strength equation for the slabs 

under a traveling wheel-type loading is constructed 

in this study based on the shear strength equation 

for a linear member such as beam and column. The 

flowing JSCE shear design equation for a linear 

member [17] is adapted in this study. 

 

𝑉𝑐𝑑 = 𝛽𝑑 ∙ 𝛽𝑝 ∙ 𝑓𝑣𝑐𝑑 ∙ 𝑏𝑤 ∙ 𝑑 (N)     (1)                                                                                                    

where, 𝑓𝑣𝑐𝑑 = 0.20√𝑓𝑐𝑑
′3

, 𝛽𝑑 = √1000 𝑑⁄
4

, 

𝛽𝑝 = √100𝑝3
, 𝑓𝑐𝑑

′  denotes the compressive 

strength (N/mm
2
), d denotes the effective 

depth of the main reinforcement (mm), p de-

notes the main reinforcement ratio, and 𝑏𝑤 

denotes the width of a beam (mm). 

 

Fig. 1 – Conceptual stress state in the cracked RC slab 
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The conceptual stress state in an RC slab is 

shown in Fig.1. With respect to a traveling wheel-

type load, the RC slab is gradually damaged, and 

penetrated cracks occur in the transverse direction. 

Subsequently, the slab resembles a few beams 

placed in a line linked with only distributing bars. 

This type of a damaged slab is termed as “beam-

formed.” A beam-formed member may be under a 

biaxial stress state. Compressive stress in upper part 

of RC slab by balancing with tensile stress of main 

and distributing reinforcement (transverse rein-

forcement) act on the cross-section of longitudinal 

and transverse directions as shown in Fig.1. There 

is a significant difference between the linear mem-

ber and beam-formed member. 

An important issue corresponds to a method to 

determine the width of the beam-formed member B. 

In this study, Eq. (2) proposed by Matsui [11] is 

adapted. 

 

𝐵 = 𝑏 + 2𝑑𝑑  (mm)                (2)                                                                                                                     

 

where, b denotes the loading plate length in the 

longitudinal direction (wheel-travel direction) 

(mm), and 𝑑𝑑 denotes the effective depth of 

the distributing reinforcement (mm). 

 
2.3 Proposed fatigue life prediction method 

In the proposed method, the shear strength 

equation for beam-formed member is developed. In 

section 2.2, it was described that the beam-formed 

member might be under a biaxial stress state be-

cause of both main and distributing reinforcement 

acting on the cross-section of longitudinal and 

transverse directions. There is a significant differ-

ence between the linear member and the beam-

formed member: in other words, to predict precisely 

fatigue life of RC slabs, JSCE shear design equation 

Eq. (1) should be modified to consider the influence 

of both main and distributing reinforcement. Ac-

cordingly, based on experimental results of 93 slabs 

as 2.1 section shows, authors developed a new 

equation by modifying Eq. (1). The new equation 

can consider the influences of distributing rein-

forcement additionally. At first, authors decided to 

introduce new terms 𝛽𝑝1 and 𝛽𝑝2 included in Eq. 

(3) in which main and distributing reinforcement 

ratio affect each other. Then, authors decided a val-

ue of term which expresses the influence of rein-

forcement to aim at the minimum scattering for 

predicting fatigue life of many experimental results. 

The developed equation is expressed as follows: 

 

𝑉𝑏𝑐 = 𝛼𝑒 ∙ 𝛽𝑝1 ∙ 𝛽𝑝2 ∙ 𝛽𝑑 ∙ 𝑓𝑣𝑚𝑐𝑑 ∙ 𝑏𝑤_𝑒 ∙ 𝑑 (N) 

 (3) 

where, 𝛼𝑒 denotes the coefficient for a mois-

ture state as follows: 1.0 in the dry condition 

and 0.69 in the wet condition, 𝛽𝑝1 denotes the 

influence of main reinforcement, and 𝛽𝑝2 de-

notes the influence of distributing reinforce-

ment. 

 

The expressions are as follows: 

 

 𝛽𝑝1 = (100𝑝1)
{

1

3
+0.5(100𝑝2)}

  

 (4) 

                                                                                                                                                            

𝛽𝑝2 = 1 + 0.125
𝑝2

𝑝1
                  (5) 

 

where, 𝑓𝑣𝑚𝑐𝑑 = 0.32√𝑓𝑐𝑑 
′3

, 𝑏𝑤_𝑒 denotes the 

width of a beam-formed member calculated by 

Eq. (2) (mm), 𝑝1 denotes the main reinforce-

ment ratio, and 𝑝2 denotes the distributing re-

inforcement ratio. 

 

Figure 2 shows the relationship between the 

experimentally observed fatigue life N and applied 

force normalized by twice that of 𝑉𝑏𝑐 calculated by 

Eq. (3). 𝑉𝑏𝑐  should be doubled because the load 

acts at the center of the span in the experiment. In 

both dry and wet conditions, fatigue life linearly 

decreases from S = 1.0. All the experimental data 

from past studies by some research institutes were 

uniformly dispersed around the solid and broken 

lines.  

 

 

Fig. 2 – S–N curves from the proposed method 

and experimental results 

 

The relationship between S and N is expressed 

as follows: 

 

 𝑆 =
𝑃

2𝑉𝑏𝑐
= 1 − 𝐾𝑙𝑜𝑔𝑁    (6) 

where, K = 0.057 in the dry condition, K = 

0.061 in the wet condition, and 𝑁 denotes the 

number of cyclic loadings. 
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Figures 3 through 5 illustrate the relationships 

between the ratio of Scal to Sexp and major parame-

ters including the main reinforcement ratio, distrib-

uting reinforcement ratio, and compressive strength, 

respectively. Specifically, Scal is S derived from Eq. 

(6) by substituting the fatigue life observed in the 

experiment, and Sexp is the ratio of the applied force 

in the experiment to the shear strength calculated 

using Eqs. (2) - (5). The proposed method properly 

estimates the influence of major parameters be-

cause the ratio of Scal to Sexp is distributed at approx-

imately 1.0, irrespective of the parameters.

  

 

 

Fig. 3 – Influence of the main reinforcement ratio in the proposed method 

 

 
Fig. 4 – Influence of the distributing reinforcement ratio in the proposed method 

 

 

Fig. 5 – Influence of compressive strength in the proposed method 
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3. Three-dimensional FE analysis 

 
3.1 Analytical overview and finite element 

modeling 

In the three-dimensional analytical investiga-

tion, DuCOM-COM3 developed at the University 

of Tokyo is used. This program contains tension 

and compression models and a shear transfer model 

in cracked concrete. The program simulates the fa-

tigue damage process due to cyclic loading using 

path-dependent high-cycle fatigue modeling [12]. It 

is considered that plastic deformation increments 

and stiffness reduction based on time explain the 

fatigue damage process. In order to prepare analysis 

models, past studies referred to the specimen size of 

the traveling wheel-type loading test performed by 

the National Institute for Land and Infrastructure 

Management (NILIM) [16]. Figure 6 shows the fi-

nite element mesh used in the analysis, and Table 1 

gives the details of the slabs. The slab was simply 

supported in the longitudinal direction and elastical-

ly supported with steel girders in the transverse di-

rection. In the analysis, a simple support in both 

directions was applied owing to difficulties in mod-

eling the elastic support. Steel plates were prepared 

in the support to prevent local failure caused by the 

impact force. A wheel-load was directly applied on 

the nodal points at the center of the slab model 

along the length of 3,000 mm in the longitudinal 

direction with a width of 500 mm as shown in Fig. 

6. 

 
3.2 Definition of fatigue life in the analysis 

Figure 7 shows the relationship between the 

logarithm of the number of cyclic loadings and de-

flection at the center of the slab for different applied 

loads. In all the cases, the deflection rapidly in-

creased after approximately 10,000 cycles. An in-

crease in the wheel-load increases the initial deflec-

tion and decreases the fatigue life with the excep-

tion of specimen RC39-3. Specimen RC39-3 exhib-

ited significantly higher deflection although the ap-

plied wheel-load is the lowest among the specimens 

because the compressive strength of RC39-3 was 

approximately 50% of the other specimens. 

The number of cycles at failure is an important 

index while considering fatigue durability. Howev-

er, it is difficult to define fatigue failure in the anal-

ysis [13] as the FE analysis (FEA) continues steady 

calculations despite the occurrence of a significant 

increase in deflection. In the study, the change in 

the reaction force on the support is especially noted 

because severe damage that induces fatigue failure 

potentially affects the internal loading path. 

Figure 8 shows the reaction force distribution 

observed in specimen RC39-7 on the longitudinal 

supporting line when the wheel load was located at 

the center of span. In the figure, the horizontal axis, 

vertical axis, and depth axis show the location in 

the longitudinal direction, reaction force at each 

node, and number of cycles, respectively. The 

shape of the distribution is similar to that of a 

mountain in which a higher reaction force is ob-

served around the center. Nevertheless, with respect 

to approximately 15,000 cycles, it was observed 

that the top of the mountain-shape gradually de-

clines, and the reaction force appears to shift to the 

left and right edges. The reaction force at the center 

exhibited the lowest value at approximately 

140,000 cycles. 

 

 

 
Table 1 – Details of the analyzed RC slabs 

Specimen 

 

 

Compressive 

strength 

(MPa) 

Tensile 

strength 

(MPa) 

Elastic 

modulus 

(MPa) 

Main 

reinforcing 

bar 

Distributing 

reinforcing 

bar 

Wheel-load 

 

(kN) 

RC39-3 13.6 1.44 1.62×10
4
 

Tension   
D16 @ 150 

Compression   
D16 @ 300 

Tension   
D13 @ 300 

Compression   
D10 @ 300 

105 

RC39-4 29.7 2.69 2.39×10
4
 196 

RC39-5 31.1 2.49 2.34×10
4
 167 

RC39-7 25.4 2.15 2.39×10
4
 152 

RC39-8 27.1 2.42 2.32×10
4
 118 

RC39-9 26.6 2.34 2.68×10
4
 157 
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Fig. 6 – Finite element mesh 

 

Fig. 7 – Deflection at the center of slab

 

Fig. 8 – Variation in the reaction force distributions in the longitudinal direction 
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Fig. 9 – Reaction force distributions at different mid-span deflections

A decrease in the reaction force at the node 

around the center may indicate the development of 

severe damage in the slab that causes a significant 

change in the resisting mechanism. Therefore, it is 

considered that fatigue failure occurs at the point of 

time when the reaction force decreases. Figure 9 

shows the reaction force distributions at mid-span 

deflections of 0.8 mm, 1.2 mm, and 2.0 mm. The 

reaction force commenced decreasing when the de-

flection at the center reached approximately 1.2 mm. 

The lowest value of the reaction force occurred 

when the deflection reached approximately 2.0 mm. 

A similar tendency was observed in all cases, and 

thus, we define that fatigue failure occurs at a de-

flection of 2.0 mm in the slabs used in the analysis. 
 

4. Assessing the influence of reinforcement 

on the fatigue life 
 

A comparison with an existing equation and 

FEA results is necessary to understand the essential 

characteristics of the proposed method. This chapter 

discusses the influences of main and distributing 

reinforcement on fatigue life. Specifically, the shear 

strength calculated by the proposed method and the 

existing equation developed by Matsui [10] [18] are 

first compared, and the fatigue life derived from 

each method is then compared. 

 
4.1 Matsui’s equation 

Several punching shear strength equations for 

evaluating fatigue life were proposed by past stud-

ies. Matsui proposed a prediction equation for the 

width of a beam-formed member as given in Eq. (2) 

and punching shear strength 𝑃𝑠𝑥 as given in Eq. (7) 

for the beam-formed RC slabs. The S–N curve of 

the traveling wheel-type load test is also proposed 

in [18] as Eq. (8). The expressions are as follows: 

 

𝑃𝑠𝑥 = 2𝐵(𝑓𝑣𝑥𝑚 + 𝑓𝑡𝐶𝑚)             (7) 

 

where, 𝐵 denotes the width of beam-formed 

member calculated by Eq. (2) (mm), 𝑓𝑣 de-

notes the shear strength of concrete (N/mm
2
), 

𝑓𝑡  denotes the tensile strength of concrete 

(N/mm
2
), 𝑥𝑚 denotes the neutral axis depth 

of the vertical section for main reinforcement 

ignoring tension bars (mm), 𝐶𝑚 denotes the 

neutral axis depth of the tension bars (mm). 

 

The fatigue life prediction equation is as fol-

lows: 

 

log (
𝑃

𝑃𝑠𝑥
) = −0.07835log𝑁 + log1.52 (8) 

 

Figures 10 and 11 show the shear strength of 

the beam-formed RC slabs calculated by the pro-

posed equation (Eq. (3)) and Matsui’s equation (Eq. 

(7)) for different main and distributing reinforce-

ment ratios. As shown in Fig.10, two curves of 

Matsui’s equation that exhibit different distributing 

reinforcement ratios completely overlap because 

Matsui’s equation does not consider the effect of 

the distributing bars. The effect of the main rein-

forcement ratio is higher with respect to increasing 

the shear strength in both equations. The proposed 

equation shows the feature in which the presence of 

distributing reinforcement enhances the effect of the 

main reinforcement. As shown in Fig.11, the dis-

tributing reinforcement ratio affects the shear 

strength for the proposed equation. An increase in 

the main reinforcement ratio increases the en-

hancement effect of the distributing reinforcement 

ratio for the proposed equation. In contrast, Mat-

sui’s equation does not consider the effect of dis-

tributing reinforcement. Therefore, the shear 

strength remains unchanged irrespective of the dis-

tributing reinforcement ratio. 
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4.2  Comparison of fatigue life 

Fatigue life from experimental results and the 

FEA result is compared in Fig.12. Almost all calcu-

lated results by the FEA is around logN=5. They 

have slight difference in fatigue life although their 

compressive strength and wheel-loads is different 

as Table.1 shows. The S–N diagram derived from 

the proposed method, Matsui’s equation, and 3D 

FEA is shown in Fig. 13. The S in FEA denotes the 

value normalized by the shear strength calculated 

using the proposed method in Eq. (3). Two S–N 

curves obtained using the proposed method and 

Matsui’s equation cross each other at approximately 

S =0.8. Thus, Matsui’s equation predicts a longer 

fatigue life when compared to that of the proposed 

method in the range exceeding S =0.8 while the 

proposed method calculates longer fatigue life in 

the range under S =0.8. However, a plot at S =0.88 

exceeds the S–N curve and the FEA estimates a 

considerably higher fatigue life when compared to 

the proposed method. Therefore, to expand the 

range of S considered, additional analyses were per-

formed in the case of S =0.95 and 0.5, and two data 

plots were added in Fig. 13. The result of S =0.5 

was plotted slightly below the S–N curve. However, 

it agreed well with the proposed method. Converse-

ly, with respect to the case of S =0.95, almost 

30,000 cycles up to failure are required although the 

wheel-load was nearly equal to its shear strength. 

The reason as to why FEA is unable to accurately 

simulate the low cycle fatigue failure is due to dif-

ferences in the failure mode between low-cycle and 

high-cycle loadings and the definition of fatigue 

failure such that it fails at the mid-span deflection 

of 2.0 mm, which is not applicable to low cycle fa-

tigue failure. This remains as an issue that should 

be addressed. 

 

 

Fig. 10 – Relationships between shear strength and main reinforcement ratio 

 

Fig. 11 – Relationships between shear strength and distributing reinforcement ratio 

4.3 Influence of reinforcement on fatigue life 

In the proposed method, distributing rein-

forcement were considered as a predominant factor 

for understanding fatigue life in addition to the 

main reinforcement. Therefore, we conducted FEA 

with varying main and distributing tension rein-

forcement ratios by using specimen RC39-7 as a 

reference. Specimen RC39-7 with the almost lowest 

reinforcement ratio is selected from among the ex-

perimental data as shown in section 2.1. Hence, in 
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the comparison, main and distributing reinforce-

ment ratios are changed to 1.5–2 times and 2–3 

times the default value, respectively. Those rein-

forcement ratios are still in the range of all experi-

mental data given in section 2.1. Therefore, the se-

lected reinforcement ratios are within the range of 

application for the proposed method.

 

 

Fig. 12 – Comparison of fatigue life of experimental and FE analysis results 

 

 

Fig. 13 – Predicted S–N curves and FE analysis results 

 

Figures 14 and 15 show the influence of main 

and distributing tension reinforcement on fatigue 

life. The vertical axis and horizontal axis corre-

spond to the ratio of the logarithmic fatigue life 

logN normalized by the fatigue life of a reference 

slab and main/distributing reinforcement ratio, re-

spectively. An increase in the main reinforcement 

ratio evidently increases fatigue life in the proposed 

method and Matsui’s equation. The FE analysis 

shows a low increment, such that the influence of 

the main reinforcement, is very low. When the dis-

tributing reinforcement ratio increases, Matsui’s 

equation exhibits a constant fatigue life. The FEA 

expects a slightly higher fatigue life although it is a 

very low increment when compared with that of the 

proposed method. 

Although the influences of reinforcement rati-

os in the proposed method are completely different 

from those of FEA and Matsui’s equation, it should 

be noted that the proposed method comprehensively 

evaluates past experimental results, as shown in 

Figs. 2 through 5. A future study will involve ex-

tending the proposed method to predict the fatigue 

life of RC/PC slabs with stepped loading and per-

forming a further comparison with results achieved 

in past studies.
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Fig. 14 – Influence of the main reinforcement on fatigue life 

 

Fig. 15 – Influence of the distributing reinforcement on fatigue life 

5. Conclusion 

 

(1)  RC slabs can be modeled as beam-formed 

member under a biaxial stress state because 

of both main and distributing reinforcement, 

which significantly affect the fatigue life of 

RC slabs, acting on the cross-section of lon-

gitudinal and transverse directions. 

(2)  A fatigue life prediction method was devel-

oped for RC slabs under a traveling wheel-

type load based on JSCE shear design equa-

tion for a linear member. That can consider 

the influences of both main and distributing 

reinforcement. 

(3)  A comparative investigation of fatigue life be-

tween the proposed equation, the existing 

equation by Matsui and the 3D FE analysis 

revealed that the proposed equation was more 

sensitive to the influence of reinforcement. 
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