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1. Introduction 
 

Chloride-induced corrosion has become the main factor 

in deteriorating the durability of reinforced concrete 

(Farahani and Taghaddos 2015). Chloride ion can react with 

the steel bar inside the concrete and cause expansion, 

ultimately leads to the cracking and spalling of concrete 

cover, and loss of steel cross-section area (Otieno and 

Beushausen 2016). According to estimation, it costs about 

100 billions of dollars per year in the world to maintain and 

repair the chloride-corrosive concrete (Pour-Ali and 

Dehghanian 2015, Chen 2004). It is of great economic 

value and necessary to investigate the service life of 

chloride-corrosive concrete such that taking effective 

remedial action at an appropriate time.  

When investigating the service life of chloride-corrosive 
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reinforced concrete, it is necessary to try to be the practical 

environment to guarantee the accuracy of result. Reinforced 

concrete structures are often used as a stressed structure, 

especially the fatigue load. Fatigue load have great impacts 

on chloride transport in concrete. Up to date, the effect of 

Fatigue load on chloride ion diffusion in concrete has been 

considerably investigated and a great many of achievements 

have been reported. So far, the results can be divided into 

two parts, experiments and models. 

In the experimental part, the effect of fatigue load on 

chloride ion diffusion is related to the type of fatigue loads, 

i.e., the fatigue load is fatigue compressive load, fatigue 

tensile load or fatigue flexural load. There is little effect on 

the chloride ion diffusion in concrete under some certain 

load times when the load is fatigue compressive load, but if 

the damage caused by fatigue compressive load exceeds a 

critical value, the diffusion rate would increase significantly 

(Saito and Ishimori 1995, Nakhi and Xie 2000, Gontar and 

Martin 2000, Song and Zhang 2016, Zhang and Ba 2012, 

Lee and Hyun 2014). When the load is fatigue tensile load, 

the chloride ion diffusion rate in concrete will significantly 

increase, especially when the stress level is higher than 30% 

of tensile strength (Fu and Ye 2016, Jiang and Zhu 2016). 

Fatigue flexible load, being the most common investigated 

fatigue load, has complex impact on chloride induced 

corrosion in concrete, on which mainly depends the position 

of concrete. The chloride ion diffusion rate would increase 

greatly in tensile stress section, while the chloride ion 

diffusion rate of the compressive stress section changes 

little because the stress level in fatigue compressive section 

is very low (Song and Zhang 2016, Zhang and Ba 2012, 

Chen and Zheng 2009, Jiang and Liu 2015, Wang and Sun 
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2013, Van Mien and Stitmannaithum 2009, Ren and Huang 

2015, Cusson and Lounis 2011). 

In the model part, some scholars proposed some 

empirical models under fatigue load based on experiments 

to predict chloride content or service life of concrete (Zhang 

and Ba 2011, Ren and Huang 2015, Jiang and Sun 2010, 

Zhang and Ba 2013). In their opinion, chloride diffusion 

coefficient is related to fatigue load stress, and an equation 

between chloride diffusion coefficient and fatigue load 

stress was established in some of their papers. All of the 

empirical models employed the Fick’s second law to 

characterize chloride transport in concrete. Also, some other 

scholars put forward some theoretical models. Van Mien 

(2011) proposed a chloride diffusion coefficient expression 

that considering fatigue load. Bastidas-Arteaga (2009) and 

Xiang (2007) introduced a reliability model to predict 

service life of concrete respectively. Van Mien (2009) 

proposed a model that can predict chloride content in 

concrete taking fatigue stress level and drying-wetting into 

account. He (2015) proposed a model under fatigue load 

based on principle of diffusion-limited aggregation. 

However, to the best of authors’ acknowledge, these models 

still have some disadvantages, such as only suitable for 

some certain conditions (Zhang and Ba 2011, Ren and 

Huang 2015, Jiang and Sun 2010, Zhang and Ba 2013), 

ignoring the influence of fatigue load on chloride diffusion 

in concrete cover (Zhang and Ba 2013, He and Li 2015) that 

would overestimate the lifetime of concrete, and having no 

analytic solution and inconvenient to use to predict service 

life (Van Mien and Stitmannaithum 2011, Xiang and Zhao 

2007, He and Li 2015). 

To the view of above statements, this paper aims at 

putting forward a theoretical model that can predict and 

calculate chloride content and chloride corrosive service life 

of reinforcement concrete under fatigue load. In order to 

establish this model, some simple assumptions are made to 

obtain the expression between fatigue load and chloride 

diffusion coefficient, then the model is proposed based on 

Fick’s second law. Finally, using previous studies to 

validate the proposed model, and discussing the influence 

of different water to cement ratios, aggressive conditions, 

and types of fatigue loads on chloride ions transport in 

concrete. 

 

 

2. Chloride-corrosive theoretical model under fatigue 
load 
 

2.1 Charactering the chloride diffusion coefficient by 
microcrack area 

 

Concrete have original defects, such as microcracks and 
connected pores, naturally. These defects provide a channel 
for the transport of chloride ion inside concrete. According 

to the division of the author’s previous paper (Yang and 
Guan 2019), the concrete can be divided into two parts, 
matrix and microcracks, as Fig. 1 shows. The micocrack 
represents the cracks caused by temperature, hydration 
and/or external load; the matrix represents all parts of 
concrete except micocracks. 

Based on the above division, chloride ions enter into  

 

Fig. 1 The division of concrete area 

 

 

concrete through these microcracks and the interconnected 

pores of matrix, therefore, the total amount of chloride ions 

diffusion contain the amount from matrix and the amount 

from microcracks, which can be expressed as Eq. (1). 

 m c m m c cJ A A J A J A    (1) 

Where J is the total diffusion flux, Jm and Jc is the diffusion 

flux of matrix and microcracks respectively, Am and Ac is 

the area of matrix and microcracks respectively.  

According to diffusion theory (Xiao and Wei 1992), the 

diffusion flux can be expressed as 

J D   (2) 

m mJ D    (3) 

c cJ D    (4) 

Where μ is the chloride ion chemical-potential gradient, 

D, Dm, and Dc is chloride diffusion coefficient of concrete, 

matrix and microcrack respectively.  

Taking Eq. (2)-Eq. (4) into Eq. (1), which can be 

rewritten as 

m m c c

m c

D A D A
D

A A





 (5) 

From Eq. (5) it can be found that the chloride diffusion 

coefficient of concrete can be described by microcrack 

areas.  

As for undamaged concrete, original microcrack area is 

very small, and is much smaller than matrix area, which 

means Am≥Ac, and then Eq. (5) can be simplified as 

c
m c

m

A
D D D

A
   (6) 

As we know, the chloride diffusion coefficient is related 

to crack width. When the crack width is less than the lower 

limit, crack width have no effect on chloride diffusion 

coefficient; when the crack width is greater than the upper 

limit, crack width also have no effect on chloride diffusion 

coefficient, the chloride diffusion coefficient can be 

considered as a constant and as the diffusion coefficient in 

water, which is much larger than diffusion coefficient in 

crack width less than lower limit (Jin and Yan 2010, Djerbi 

and Bonnet 2008). In present paper, Dm is considered as the 

diffusion coefficient in crack width less than lower limit, 

and Dc is considered as the diffusion coefficient in crack 

width greater than upper limit. 

Fatigue loads can cause fatigue accumulative damage in 

Microcrack
Matrix
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concrete, which would extend and propagate the 

microcrack, thus increase the microcrack area. 

Consequently, the chloride diffusion coefficient increases 

too. According to Eq. (6), the chloride diffusion coefficient 

of damaged concrete can be expressed as 

'
' c

m c

m

A
D D D

A
   (7) 

Where D
′
 is the chloride diffusion coefficient of 

damaged concrete, Ac
′
 is the microcrack area of damaged 

concrete.  

The microcrack areas of damaged concrete contain the 

original microcrack areas and increment of microcrack 

areas, which can be written as 

'

c c cA A A    (8) 

Where ΔAc is the increment of microcrack areas of 

damaged concrete. 

Taking Eq. (8) into Eq.(7), which can be rewritten as 

' c
c

m

A
D D D

A


   (9) 

where D is the chloride diffusion coefficient of undamaged 

concrete. 

Eq. (9) shows that chloride diffusion coefficient of 

damaged concrete can be described by variation of 

microcrack areas. 

 

2.2 Fatigue damage of concrete 
 

According to the classical damage theory of Kachanov-

Rabotnov, the damage variable of material can be 

interpreted as the effective area reduction caused by cracks 

(Murakami 1988), which can be expressed as 

*A A A
d

A A

 
   (10) 

Where d is the damage variable of material, A is the 

original area of material, A
*
 is the effective area of damaged 

material, ΔA is the crack area of material. 

Concrete usually have original microcracks and other 

cracks caused by some causes (such as prestress) before the 

fatigue load applied, thus have original damage based on 

the definition of Eq. (10). In present paper, on the purpose 

of investigating the effect of fatigue damage on chloride 

diffusion, defining that the original damage of concrete is 0, 

hence the crack area ΔA in Eq. (10). is the increment of 

microcrack area caused by fatigue load, therefore, the 

damage variable of concrete under fatigue load can be 

expressed as 

c

m

A
d

A


  (11) 

Taking Eq. (11) into Eq. (9), which can be rewritten as 

'

cD D dD   (12) 

It can be seen from Eq. (12) that chloride diffusion 

coefficient increases along with the increase of concrete 

damage variable. This is consistent with previous research 

results and the main difference between them might be the 

difference of the definition of damage variable. 

Fatigue load would cause damage in concrete, the longer 

the fatigue load applied to concrete, the more microcraks 

initiated, thus the more damage the concrete became. 

According to linear cumulative damage theory, a widely 

used fatigue damage theory of materials, the damage of 

concrete is proportional to the number of fatigue loads (Yun 

and Kim 2005, Fatemi and Yang 1998, Christensen 2002), 

which can be expressed 

f

n
d

N
  (13) 

Where n is the number of fatigue loads, Nf is the fatigue 

life times of concrete. 

In Eq. (13), the number of fatigue loads n is the product 

of the frequency of the load and the time of action, which 

can be given as 

n f t   (14) 

Where f is the frequency of the load; t is the time of 

action. 

Taking Eq. (14) into Eq. (13) yields 

f

ft
d

N
  (15) 

As the microcrack area of concrete increases with the 

increase of the number of fatigue loads, in this paper, 

assuming that the damage caused by microcrack areas 

increasing is equal to the damage caused by fatigue load 

numbers. In other words, the Eq. (15) is equal to Eq. (11), 

and then the Eq. (12) can be rewritten as 

'

c

f

ft
D D D

N
   

(16) 

 

2.3 Model of chloride diffusion 
 

It is well known that Fick’s second law is the most 

widely used model to describe the process of chloride 

diffusion in saturated concrete. Indeed, the Fick’s second 

law is insufficient to characterize the transport of chloride 

ion in concrete at atmospheric zone and tidal zone as the 

transport mechanism of chloride ion in these zone is very 

complicate, especially among outer several millimeters. 

However, due to its simple mathematical expression, many 

researchers still use Fick’s second law to characterize 

chloride diffusion in interior concrete based on specific 

parameters (Liu and Ou 2017, Ann and Ahn 2009, Song and 

Lee 2008, Pack and Jung 2010). This method is effective 

and convenient to predict chloride content in interior 

concrete and predict service life of chloride-corrosive 

concrete. In present paper, the authors also based on Fick’s 

second law to establish the predictive model under fatigue 

load, as Eq. (17) shows 

2
'

2
=

C C
D

t x

 

 
 (17) 

Where C is the chloride content of concrete, a function 
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of time and location, x is the location of diffusion direction, 

D
′
 is the chloride diffusion coefficient of fatigue damaged 

concrete, giving in Eq. (16). 

In order to solve the Eq. (17), initial condition and 

boundary condition have to be offered. 

(1) Initial condition 

The initial content of chloride ions in the concrete is C0, 

which can be described as 

  00, 0C x t C    (18) 

 (2) Boundary condition 

Some scholars suggest the surface chloride 

concentration (Cs) can be regarded as a constant (Life-365 

2010, Lay and SchieBl 2003, Lindvall 1998, McGee 1999), 

which can be described 

 0, 0 sC x t C    (19) 

In the process of solving, rewriting Eq. (19) as 

2

' 2
=

C C

D t x

 

 
 (20) 

Making 

'T D t    (21) 

Substituting Eq. (21) into Eq. (22) gives 

2

2
=

C C

T x

 

 
 (22) 

Combined Eq. (18) and Eq. (19), Eq. (22) has a standard 

solution, as Eq. (23) shows  

   0 0,
2

s

x
C x t C C C erfc

T

 
    

 

 (23) 

Where erfc (•) is complementary error function, 

22
( ) x

z
erfc z e dx




  . 

Integrating Eq. (21) gives 

' 2

0 0 2

t t
c

c

f f

fDft
T D dt D D dt Dt t

N N
       (24) 

Substituting Eq. (24) into Eq. (23) yields 

   0 0

2

,

2
2

s

c

f

x
C x t C C C erfc

fD
Dt t

N

 
 
 

  
 
 
 
 

 
(25) 

Eq. (25) is the proposed model that chloride ions 

transport in concrete under fatigue load. It can be found that 

this model is related to material property (D, Nf) and fatigue 

load parameters (f, Nf), and can be used to predict chloride 

content in concrete if the parameter values of material and 

fatigue load were gave. 

 

 

3. Comparison with previous studies 
 

In general, the chloride content of the location of 

embedded rebar exceeds the critical chloride content, 

meaning the rebar begins to corrosion, regard as the 

durability failure of concrete when durability designs 

(Kwon and Na 2009). In this paper, the authors also 

consider the time when the rebar embedded in concrete 

starts to rust as the service life of concrete. Professor Sun’s 

Group have made a lot of efforts on chloride induced 

corrosion of concrete (Wang and Sun 2013, Jiang and Sun 

2010, Sun and Jiang 2009) and proposed an empirical 

model, based on experiments and specific conditions of 

Qingdao Jiaozhou bay of China, to predict service life of 

reinforced concrete. In their model, the effect of fatigue 

load on chloride diffusion coefficient was also taken into 

account (Jiang and Sun 2010, Sun and Jiang 2009), as Eq. 

(26) shows. The fatigue life Nf in Sun’s model was 

expressed as Eq. (27). 

   0 0
0.023 0.33 12

,
2 (3.2 0.8 ) 10

s
t

x
C x t C C C erfc

e t 

 
   
     

(26) 

10
a S

b
fN



  (27) 

Where S is the fatigue load stress, a and b are the 

material parameters. 

The parameter values of Sun’s model were showed in 

Table 1 (chloride diffusion coefficient and material constant 

were acquired through experiments from the concrete same 

to Jiaozhou Bay undersea tunnel; the vehicle load frequency 

was the design traffic capacity of the undersea tunnel; 

surface chloride concentration was acquired from field 

investigation in previous structure; fatigue stress level was 

the estimated maximum fatigue stress level; concrete cover 

was the design value; initial chloride concentration was 

generally neglected and equals 0; Critical chloride content 

of corrosion was acquired from the undersea tunnel 

designing documents). Substituting these parameter values 

into Eq. (26), and Chloride diffusion coefficient in crack Dc 

equals 1.5×10
-9 

m
2
/s (Jefremczuk 2004). The results 

predicted by the model proposed in present study, Sun’s 

model and Fick’s second law were shown in Fig. 2. 

 

 

Table 1 Parameter values of Sun’s model (Jiang and Sun 

2010, Sun and Jiang 2009) 

Parameters Values 

Chloride diffusion coefficient 

of concrete D/ m2·s-1 
4×10-12 

Material constant a 1.07 

Material constant b 0.09 

Vehicle load frequency f /times·d-1 70000 

Fatigue stress level S* 0.2 

Concrete cover /mm 70 

Surface chloride concentration Cs /% 

by concrete weigh 
0.1 

initial chloride concentration C0 /% 0 

Critical chloride content of corrosion/% 

by concrete weigh 
0.07 

*Note: S=0.2 means the fatigue stress level is 20% of tensile 

strength of concrete 
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Fig. 2 Predictive service life of different model 

 

 

Fig. 3 Variation of chloride contents with time in various 

vehicle load frequencies 

 

 

The predictive service life of concrete structure in 

atmospheric zone using different model was shown in Fig. 

2. It can be seen from Fig. 2 that fatigue damage decreases 

the service life of concrete dramatically, as the service life 

of this concrete is about 80a, 100a, and 130a predicted by 

Sun’s model, the proposed model in present study and 

Fick’s second law respectively. Fig. 2 also shows that there 

is little difference in chloride ions transport in early 20 

years between the fatigue load and the no-load concrete, 

and the difference become significant after 50 years, which 

is also demonstrated in reference (Jiang and Sun 2010). 

However, there is still a difference between the results of 

Sun’s model and present study, namely the predictive 

service life in Sun’s model is shorter than present study. A 

possible explanation for this phenomenon may result from 

Sun’s model considered the end of second stage of fatigue 

curve as the point of fatigue failure of concrete and ignored 

the third stage, hence the fatigue damage is overestimated. 

Consequently, the predictive service life is shorter 

compared to the result of present study. 

Based on the parameter values of Table 1, the service 

life of concrete with different vehicle load frequencies,  

 

Fig. 4 Variation of chloride contents with time in various 

fatigue stress levels 

*Note: S=0.1, 0.2, 0.3 means the fatigue stress level is 10%, 

20%, 30% of tensile strength of concrete, respectively 

 

 

Fig. 5 Variation of chloride contents with time in various 

concrete cover thicknesses 

 

 

fatigue stress levels and concrete cover thicknesses were 

predicted and compared with the predictive results of Fick’s 

second law. The results were showed as Fig. 3 to Fig. 5. 

From Fig. 3, it can be found that, as expected, the 

service life decreases with the increase of vehicle load 

frequency. The service life is about 95a, 100a and 110a at 

vehicle load frequency of 100000 times/day, 70000 

times/day and 40000 times/day respectively, all of them are 

shorter than Fick’s second law predicted. The reason why 

different vehicle load frequencies do not have significant 

effect on service life is that: the fatigue load stress level is 

too low (S=0.2) in this study so that the fatigue life is very 

large, as a result, the fatigue damage is also low when 

chloride content reaches the critical value, since low fatigue 

damage have little influence on chloride ions diffusion 

(Jiang and Sun 2010). 

From Fig. 4 it is reasonable to see that the service life 

decreases with the increase of fatigue stress level. When the 

stress level is 0.1, the service life predicted in the proposed  
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Fig. 6 Variation of chloride contents with time in different 

water to cement ratios 

 

 

model is nearly closed to undamaged diffusion model, 

Fick’s second law. The service life decreases dramatically 

when the stress level is 0.3, which is in accordance with 

reference (Fu and Ye 2016), reported that chloride diffusion 

coefficient would increase significantly under this stress 

level. 

As Fig. 5 shows the service life predicted in present 

study under different cover thicknesses is always shorter 

than Fick’s second law did. The thicker the concrete cover, 

the bigger the gap of their results. This phenomenon 

illustrates that fatigue load have much impact on service life 

of the thicker concrete covers. 

According to the results and comprehensive analysis, it 

can be seen that the theoretical model proposed in this study 

is primary in accordance with practice conditions and is 

reasonable. 

 

 

4. Parametric analysis 
 

According to Eq. (25), it can be noted that there are two 

parameters, D and Nf, related to material properties; Dc can 

be considered as constant (Jefremczuk 2004), Dc=1.5×10
-9

; 

f is related to vehicle load frequency or other loads 

frequency; and Cs is associated with corrosion conditions. 

The effect of concrete property, corrosion condition, and the 

type of fatigue load on service life of concrete was analyzed 

in this study. 

 

4.1 Chloride diffusion coefficient 
 

The influence of concrete properties on chloride 

diffusion coefficient has been investigated widely. The 

water to cement ratio, admixture, and concrete age of 

concrete all has an influence to the chloride diffusion 

coefficient in concrete. This paper would focus study the 

water to cement ratio on chloride-corrosive service life of 

concrete, other factors such as admixture and age will be 

discussed in further study. The chloride diffusion coefficient 

would increase with the increase of water to cement ratio 

Table 2 Value of surface chloride concentration (McGee 

1999) 

Level of 

aggressiveness 
Description 

Cs /% by weight 

of concrete* 

low 
structures placed at 2.84 km or 

more from the coast 
0.015 

moderate 

structures located between 0.1 

and 2.84 km from the coast 

without direct contact with 

seawater 

0.048 

high 

structures situated to 0.1 km or 

less from the coast, but without 

direct contact to seawater 

0.12 

extreme 

structures subject to wetting 

and drying cycles; the 

processes of surface chloride 

accumulation are wetting with 

seawater, evaporation and salt 

crystallization 

0.30 

*Note: The unit of Cs in reference is kg/m3, and is transferred to % 

by weight in this paper, the density of concrete =2400 kg/m3 

 

 

(Life-365 2010, Lay and SchieBl 2003, Yan and Jin 2011, 

Jin and Guo-Jian 2011). A common used model was 

choosing to characterize the effect of water to cement ratio 

on chloride diffusion coefficient (Life-365 2010), as Eq. 

(28) shows. Taking this equation into Eq. (25). 

 12.06 2.4 /

28 10
W C

D
 

  (28) 

The service life of concrete with various water to 

cement ratio shows in Fig. 6 (when predicted, all parameter 

values of model come from Table 1 except the chloride 

diffusion coefficient). It can be found that the service life 

decreases from 95a to 60a when the water to cement ratio 

increases from 0.3 to 0.4. This is the partial reason choosing 

low water to cement ratio in practice and adding admixture 

in concrete, as admixture can reduce chloride diffusion 

coefficient of concrete (Life-365 2010, Yiğiter and Yazıcı 

2007, Hisada and Nagataki 1999, Papadakis and Tsimas 

2002). 

 

4.2 Surface chloride concentration 
 

Corrosive condition determines the surface chloride 

concentration of concrete. Some efforts have been dedicated 

to the values of surface chloride concentration (Lay and 

SchieBl 2003, Lindvall 1998, McGee 1999), in general, the 

worse the corrosive condition, the greater the value of 

surface chloride concentration. The mean value of Cs of 

different level of aggressiveness is illustrated in Table 2 

(McGee 1999). 

The service life of various levels of aggressiveness 

shows in Fig. 7 (when predicted, all parameter values come 

from Table 1 except surface chloride concentration come 

from Table 2). It can be found that the service life of 

concrete under extreme and high level of aggressiveness is 

about 15a and 55a respectively, which is too short that looks 

unbelievable. To further understand this phenomenon, the 

authors compared these results with the results of Fick’s 

second law predicted. It shows that there is not much  
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Fig. 7  Variation of chloride contents with time in different 

levels of aggressiveness 

 

 

difference between the results calculated by these two 

models, as the results predicted by Fick’s second law are 

16a and 60a corresponding to extreme and high level of 

aggressiveness. The reason why the service life is so short 

may be that: the total lifetime of reinforced concrete caused 

by chloride induced corrosion contains three parts, the time 

to corrosion initiation, time to pit-to-crack transition and 

time to crack growth. In general, the time to corrosion 

initiation, which means the time the chloride ion content of 

rebar surface reaches the critical value, is considered as the 

corrosion lifetime of concrete, the same to the present study. 

However, the total lifetime is relative short in extreme 

aggressive environment, especially the proportion of time to 

corrosion initiation in total lifetime decreases when the 

level of aggressiveness is increased (Bastidas-Arteaga and 

Bressolette 2009), as a result, the service life become very 

short in extreme level of aggressiveness in present study. 

Therefore, the stages of pit-to-crack transition and crack 

growth should not be neglected in severe corrosive 

environment and should be further studied. 

 

4.3 Fatigue parameters 
 

The fatigue life N of concrete can be predicted by the 

fatigue stress level S (Oh 1991), different type of load has a 

different influence on fatigue life. The expressions of S-N 

curves are demonstrated in Fib Model Code 2010 (Taerwe 

and Matthys 2013): 
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Fig. 8  Variation of chloride contents with time in different 

fatigue equations 

 

 

Where: 

i. If 
1log 8N  , then 

1log logN N  

ii. If 
1log 8N  , then 

2log logN N  

b. For cyclic compression-tension with 

,max ,max0.026ct c 
 

 ,maxlog 9 1 cN S   (32) 

c. For cyclic tension and tension-compression with 

,max ,max0.026ct c 
 

 ,maxlog 12 1 ctN S   (33) 

Where Sc,max is the maximum compressive stress level, 

Sc,min is the minimum compressive stress level, Sct,max  is 

the maximum tensile stress level, σc,max is the maximum 

compressive stress in MPa, σct,max is the maximum tensile 

stress in MPa. The specific calculation methods of these 

parameters are shown in Fib Model Code (Taerwe and 

Matthys 2013). 

To conduct a simple study about the effect of different 

type of fatigue load on chloride ions diffusion, the value of 

some parameters was simplified in present study. For cyclic 

compression, Sc,min=0.2 (20% of compressive strength), 

Sc,max=0.3 (30% of compressive strength); for cyclic 

compression-tension, Sc,max=0.1 (10% of compressive 

strength); for cyclic tension, Sct,max=0.3 (30% of tensile 

strength), the vehicle load frequency f=4000 times/day, 

other parameters come from Table 1. Fig. 8 shows the 

service life of concrete in different fatigue life equations. 

It can be seen from Fig. 8 that different types of loads 

have different service life, and the time order is: cyclic 

compression>cyclic tension>cyclic compression-tension. 

Obviously, it does not mean the service life of concrete 

subjected to cyclic compression-tension is always shorter 

compared to other types of loads, because the load 

frequency, corrosion environment and stress level also play 

an important part on it. Fig. 8 only illustrates that the type 

of loads have a great impact on chloride ion diffusion in 

concrete and some special attentions should be paid. This 
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study also shows the model proposed in present study have 

the ability to describe chloride ion diffusion under different 

types of fatigue loads. 

 

 

5. Conclusions 
 

In this paper, the service life of chloride-corrosive 

concrete under fatigue load was investigated. The following 

conclusions can be obtained in this study: 

(1) A new theoretical model is proposed. This model 

takes the variation of microcrack area and fatigue 

cumulative damage into account, introduces an expression 

of chloride diffusion coefficient under fatigue load, and is 

developed based on Fick’s second law. 

(2) Some works were done to compare the proposed 

model in this paper with previous studies, the results 

showed the proposed model is in accordance with practice 

conditions and is reasonable. 

(3) Through the analysis of some parameters, the results 

showed: the service life of concrete decreases with the 

increase of water to cement ratio; chloride-contaminated 

environments have a great impact on service life of 

concrete, and the time to pit-to-crack transition and time to 

crack growth should not be neglected in strong corrosive 

condition; the type of fatigue loads has a different impact on 

chloride ion diffusion in concrete. 

(4) This model has a simple form and is able to predict 

service life of concrete with different water to cement ratio, 

under different corrosive condition and under different 

types of fatigue loads. It can provide some reference values 

in concrete durability design. 

In present studies, only the effect of fatigue load on 

chloride diffusion was investigated when modeling, the 

cement hydration, temperature and humidity also have a 

great impact on chloride diffusion, but have not considered. 

Therefore, in future studies, the authors hope to consider 

these factors into predictive model if possible. 

 

 

Acknowledgments 
 

The authors wish to thank the financial supports from 

the National Key R&D Program of China 

(2017YFB0309903), the Natural Science Foundation of 

China (Nos. 51308062) and the Postgraduate Research & 

Practice Innovation Program of Jiangsu Province 

(KYCX18_0142). The authors also would like to express 

their sincere appreciation to the reviewers for their valuable 

comments. 

 

 

References 
 
Ann, K.Y., Ahn, J.H. and Ryou, J.S. (2009), “The importance of 

chloride content at the concrete surface in assessing the time to 

corrosion of steel in concrete structures”, Constr. Build. Mater., 

23(1), 239-245. 

https://doi.org/10.1016/j.conbuildmat.2007.12.014. 

Bastidas-Arteaga, E., Bressolette, P., Chateauneuf, A. and 

Sánchez-Silva, M. (2009), “Probabilistic lifetime assessment of 

RC structures under coupled corrosion-fatigue deterioration 

processes”, Struct. Saf., 31(1), 84-96. 

https://doi.org/10.1016/j.strusafe.2008.04.001. 

Chen, S.F., Zheng, M.L. and Wand, B. G. (2009), “Study of high-

performance concrete subjected to coupled action from sodium 

sulfate solution and alternating stresses”, J. Mater. Civil Eng., 

21(4), 148-153. https://doi.org/10.1061/(ASCE)0899-

1561(2009)21:4(148). 

Chen, Z.J. (2004), “Effect of reinforcement corrosion on the 

serviceability of reinforced concrete structures”, Master’s 

Thesis, University of Dundee, Scotland. 

Christensen, R.M. (2002), “An evaluation of linear cumulative 

damage (Miner’s Law) using kinetic crack growth theory”, 

Mech. Time-Depend Mater., 6(4), 363-377. 

https://doi.org/10.1023/A:1021297914883. 

Cusson, D., Lounis, Z. and Daigle, L. (2011), “Durability 

monitoring for improved service life predictions of concrete 

bridge decks in corrosive environments”, Comput. Aid. Civil 

Inf., 26(7), 524-541. https://doi.org/10.1111/j.1467-

8667.2010.00710.x. 

Djerbi, A., Bonnet, S., Khelidj, A. and Baroghel-Bouny, V. 

(2008), “Influence of traversing crack on chloride diffusion into 

concrete”, Cement Concrete Res., 38(6), 877-883. 

https://doi.org/10.1016/j.cemconres.2007.10.007. 

Farahani, A., Taghaddos, H. and Shekarchi, M. (2015), 

“Prediction of long-term chloride diffusion in silica fume 

concrete in a marine environment”, Cement Concrete Compos., 

59, 10-17. https://doi.org/10.1016/j.cemconcomp.2015.03.006. 

Fatemi, A. and Yang, L. (1998), “Cumulative fatigue damage and 

life prediction theories: a survey of the state of the art for 

homogeneous materials”, Int. J. Fatig., 20(1), 9-34. 

https://doi.org/10.1016/S0142-1123(97)00081-9. 

Fu, C., Ye, H., Jin, X., Yan, D., Jin, N. and Peng, Z. (2016). 

“Chloride penetration into concrete damaged by uniaxial tensile 

fatigue loading”, Constr. Build. Mater., 125, 714-723. 

https://doi.org/10.1016/j.conbuildmat.2016.08.096. 

Gontar, W.A., Martin, J.P. and Popovics, J.S. (2000), "Effects of 

cyclic loading on chloride permeability of plain concrete", 

Proceeding of ASCE International Conference of Condition 

monitoring of Materials and Structures, Austin, USA, May. 

He, H., Li, R. and Chen, K. (2015), “Durability evolution of RC 

bridge under coupling action of chloride corrosion and 

carbonization based on DLA model”, Math. Prob. Eng., 

2015(3), 1-11. http://dx.doi.org/10.1155/2015/951846. 

Hisada, M., Nagataki, S. and Otsuki, N. (1999), “Evaluation of 

mineral admixtures on the viewpoint of chloride ion migration 

through mortar”, Cement Concrete Compos., 21(5), 443-448. 

https://doi.org/10.1016/S0958-9465(99)00034-7. 

Jefremczuk, S. (2004), “Chloride ingress and transport in cracked 

concrete”, Master’s Thesis, McGill University, Montreal. 

Jiang, J., Sun, W. and Wang, C. (2010), “Resistance to chloride 

ion diffusion of structural concrete under bending fatigue load”, 

J. Southeast Univ., 40(2), 362-366. 

https://doi.org/10.3969/j.issn.1001-0505.2010.02.028. 

Jiang, L., Liu, H., Wang, Y., Zhang, Y., Song, Z., Xu, J., ... and 

Gao, H. (2015), “Influence of flexural fatigue on chloride 

threshold value for the corrosion of steels in Ca(OH)2 

solutions”, Mater. Chem. Phys., 164, 23-28. 

https://doi.org/10.1016/j.matchemphys.2015.08.016. 

Jiang, L., Zhu, C., Ning, X.U. et al. (2016), “Effect of tensile 

fatigue on diffusion of chloride ion in concrete”, J. Build. 

Mater., 19(3), 456-460. https://doi.org/10.3969/j.issn.1007-

9629.2016.03.007. 

Jin, J., Wu, G.J., Weng, J., Wang, C.K., Yue, Z.G. and Xu, C. 

(2011), “Experimental study on influence of cement water ratio 

on chloride diffusion coefficient and carbonation rate of 

concrete”, Bull. Chin. Ceram. Soc., 30(4), 943-949. 

62

https://doi.org/10.1061/(ASCE)0899-1561(2009)21:4(148)
https://doi.org/10.1061/(ASCE)0899-1561(2009)21:4(148)
https://doi.org/10.1016/S0142-1123(97)00081-9
https://doi.org/10.1016/j.conbuildmat.2016.08.096
http://dx.doi.org/10.1155/2015/951846
https://doi.org/10.1016/S0958-9465(99)00034-7
https://doi.org/10.3969/j.issn.1001-0505.2010.02.028
https://doi.org/10.1016/j.matchemphys.2015.08.016


 

Service life prediction of chloride-corrosive concrete under fatigue load 

 

https://doi.org/10.1097/RLU.0b013e3181f49ac7. 

Jin, W.L., Yan, Y.D. and Wang, H.L. (2010), “Chloride diffusion 

in the cracked concrete”, Fracture Mechanics of Concrete and 

Concrete Structures-Assessment, Durability, Monitoring and 

Retrofitting, 880-886. 

Kwon, S.J., Na, U.J., Park, S.S. and Jung, S.H. (2009), “Service 

life prediction of concrete wharves with early-aged crack: 

Probabilistic approach for chloride diffusion”, Struct. Saf., 

31(1), 75-83. https://doi.org/10.1016/j.strusafe.2008.03.004. 

Lay, S., SchieBl, P. and Cairns, J. (2003), “Service Life Models: 

Instructions on methodology and application of models for the 

prediction of the residual service life for classified 

environmental loads and types of structures in Europe”, 

LIFECON Project, Deliverable D3.2, Contract G1RD-CT-2000-

00378. 

Lee, B.J., Hyun, J.H. and Kim, Y.Y. (2014), “Chloride 

permeability of damaged high-performance fiber-reinforced 

cement composite by repeated compressive loads”, Mater., 7(8), 

5802-5815. https://doi.org/10.3390/ma7085802. 

Life-365 (2010), Life-365 V2.0.1 User’s Manual. http:// www.life-

365.org. 

Lindvall, A. (1998), “Duracrete-probabilistic performance based 

durability design of concrete structures”, 2nd Int. PhD. 

Symposium in Civil Engineering, Budapest, Hungary, May. 

Liu, J., Ou, G., Qiu, Q., Chen, X., Hong, J. and Xing, F. (2017), 

“Chloride transport and microstructure of concrete with/without 

fly ash under atmospheric chloride condition”, Constr. Build. 

Mater., 146, 493-501. 

https://doi.org/10.1016/j.conbuildmat.2017.04.018. 

McGee, R. (1999), “Modelling of durability performance of 

Tasmanian bridges”, Proceedings of the 8th International 

Conference on Applications of Statistics and Probability in Civil 

Engineering, Sydney, Austrian, December. 

Murakami, S. (1988), “Mechanical modeling of material damage”, 

J. Appl. Mech., 55, 280-286. https://doi.org/10.1115/1.3173673. 

Nakhi, A., Xie, Z. and Asiz, A. (2000), “Chloride penetration in 

concrete under coupled hygromechanical loadings”, 

Proceedings of Engineering Mechanics Conference, Austin, 

USA, May. 

Oh, B.H. (1991), “Fatigue life distributions of concrete for various 

stress levels”, ACI Mater. J., 88(2), 122-128. 

https://doi.org/10.14359/1870. 

Otieno, M., Beushausen, H. and Alexander, M. (2016), “Chloride-

induced corrosion of steel in cracked concrete-Part I: 

Experimental studies under accelerated and natural marine 

environments”, Cement Concrete Res., 79, 373-385. 

https://doi.org/10.1016/j.cemconres.2015.08.009. 

Pack, S.W., Jung, M.S., Song, H.W., Kim, S.H. and Ann, K.Y. 

(2010), “Prediction of time dependent chloride transport in 

concrete structures exposed to a marine environment”, Cement 

Concrete Res., 40(2), 302-312. 

https://doi.org/10.1016/j.cemconres.2009.09.023. 

Papadakis, V.G. and Tsimas, S. (2002), “Supplementary 

cementing materials in concrete: Part I: Efficiency and design”, 

Cement Concrete Res., 32(10), 1525-1532. 

https://doi.org/10.1016/S0008-8846(02)00827-X. 

Pour-Ali, S., Dehghanian, C. and Kosari, A. (2015), “Corrosion 

protection of the reinforcing steels in chloride-laden concrete 

environment through epoxy/polyaniline–camphorsulfonate 

nanocomposite coating”, Corros. Sci., 90, 239-247. 

https://doi.org/10.1016/j.corsci.2014.10.015. 

Ren, Y., Huang, Q., Liu, Q.Y., Sun, J.Z. and Liu, X.L. (2015), 

“Chloride ion diffusion of structural concrete under the coupled 

effect of bending fatigue load and chloride”, Mater. Res. Innov., 

19(1), 181-184. 

https://doi.org/10.1179/1432891715Z.0000000001400. 

Saito, M. and Ishimori, H. (1995), “Chloride permeability of 

concrete under static and repeated compressive loading”, 

Cement Concrete Res., 25(4), 803-808. 

https://doi.org/10.1016/0008-8846(95)00070-S. 

Shekarchi, M., Rafiee, A. and Layssi, H. (2009), “Long-term 

chloride diffusion in silica fumes concrete in harsh marine 

climates”, Cement Concrete Compos., 31(10), 769-775. 

https://doi.org/10.1016/j.cemconcomp.2009.08.005. 

Song, H.W., Lee, C.H. and Ann, K.Y. (2008), “Factors influencing 

chloride transport in concrete structures exposed to marine 

environments”, Cement Concrete Compos., 30(2), 113-121. 

https://doi.org/10.1016/j.cemconcomp.2007.09.005. 

Song, Z., Jiang, L. and Li, W. (2016), “Impact of compressive 

fatigue on chloride diffusion coefficient in OPC concrete: An 

analysis using EIS method”, Constr. Build. Mater., 113, 712-

720. https://doi.org/10.1016/j.conbuildmat.2016.03.108. 

Sun, W., Jiang, J. and Wang, J. (2009), “Resistance to chloride ion 

diffusion of hpc and hpfrcc under bending fatigue load”, Mater. 

China, 28(11), 19-25.  

Taerwe, L. and Matthys, S. (2013), fib Model Code for Concrete 

Structures 2010, Ernst & Sohn, Wiley, Berlin, Germany. 

Van Mien, T., Stitmannaithum, B. and Nawa, T. (2009), 

“Simulation of chloride penetration into concrete structures 

subjected to both cyclic flexural loads and tidal effects”, 

Comput. Concrete 6(5), 421-435. 

https://doi.org/10.12989/cac.2009.6.5.421. 

Van Mien, T., Stitmannaithum, B. and Nawa, T. (2011), 

“Prediction of chloride diffusion coefficient of concrete under 

flexural cyclic load”, Comput. Concrete, 8(3), 343-355. 

https://doi.org/10.12989/cac.2011.8.3.343. 

Wang, C., Sun, W. and Jiang, J. (2013), “Transport model of 

chloride ion in motar under coupling effect of flexural fatigue 

loading and Chloride salt”, J. Chin. Ceram. Soc., 41(2), 180-

186. https://doi.org/10.7521/j.issn.0454-5648.2013.02.10. 

Xiang, T. and Zhao, R. (2007), “Reliability evaluation of chloride 

diffusion in fatigue damaged concrete”, Eng. Struct., 29(7), 

1539-1547. https://doi.org/10.1016/j.engstruct.2006.09.002. 

Xiao, J. and Wei, J. (1992), “Diffusion mechanism of 

hydrocarbons in zeolites-I. Theory”, Chem. Eng. Sci., 47(5), 

1123-1141. https://doi.org/10.1016/0009-2509(92)80236-6. 

Yan, Y.D., Jin, W.L. and Wang, H.L. (2011), “Chloride ingression 

in cracked concrete under saturated state”, J. Zhejiang Univ., 

45(12), 2127-2133. https://doi.org/ 1008-973X (2011) 12-2127-

07. 

Yang, T., Guan, B. and Liu, G. (2019), “Modeling of chloride ion 

diffusion in concrete under fatigue loading”, KSCE J. Civil 

Eng., 23(1), 287-294. https://doi.org/10.1007/s12205-018-0403-

1. 

Yiğiter, H., Yazıcı, H. and Aydın, S. (2007), “Effects of cement 

type, water/cement ratio and cement content on sea water 

resistance of concrete”, Build. Environ., 42(4), 1770-1776. 

https://doi.org/10.1016/j.buildenv.2006.01.008. 

Yun, K.K., Kim, D.H. and Jeong, W.K. (2005), “Comparative 

study of cumulative damage to pavement concrete under 

splitting tensile, variable amplitude fatigue loadings”, Tran. 

Res. Rec., 1914(1), 24-33. 

https://doi.org/10.1177/0361198105191400104. 

Zhang, W. and Ba, H. (2012), “Effect of ground granulated blast-

furnace slag (GGBFS) and silica fume (SF) on chloride 

migration through concrete subjected to repeated loading”, SCI 

China Tech. Sci., 55(11), 3102-3108. 

https://doi.org/10.1007/s11431-012-5027-y. 

Zhang, W.M. and Ba, H.J. (2013), “Effect of silica fumes addition 

and repeated loading on chloride diffusion coefficient of 

concrete”, Mater Struct., 46(7), 1183-1191. 

https://doi.org/10.1617/s11527-012-9963-6. 

Zhang, W.M., Ba, H.J. and Chen, S.J. (2011), “Effect of fly ash 

and repeated loading on diffusion coefficient in chloride 

63

http://www.life-365.org/
http://www.life-365.org/
https://doi.org/10.1016/S0008-8846(02)00827-X
https://doi.org/10.1016/0008-8846(95)00070-S
https://doi.org/10.1016/0009-2509(92)80236-6


 

Tao Yang, Bowen Guan, Guoqiang Liu, Jing Li, Yuanyuan Pan, Yanshun Jia and Yongli Zhao 

 

migration test”, Constr. Build. Mater., 25(5), 2269-2274. 

https://doi.org/10.1016/j.conbuildmat.2010.11.016. 

Zhang, W.M., Liu, Y.Z., Xu, H.Z. and Ba, H.J. (2013), “Chloride 

diffusion coefficient and service life prediction of concrete 

subjected to repeated loadings”, Mag. Concrete Res., 65(3), 

185-192. http://dx.doi.org/10.1680/macr.12.00040. 

 

 

JK 

64




