
              

City, University of London Institutional Repository

Citation: Chen, X., Ming, Y., Fu, F. & Chen, P. (2022). Numerical and empirical modeling 

for the assessment of service life of RC structures in marine environment. International 
Journal of Concrete Structures and Materials, 16(11), doi: 10.1186/s40069-022-00504-0 

This is the published version of the paper. 

This version of the publication may differ from the final published version. 

Permanent repository link:  https://openaccess.city.ac.uk/id/eprint/27536/

Link to published version: https://doi.org/10.1186/s40069-022-00504-0

Copyright: City Research Online aims to make research outputs of City, 

University of London available to a wider audience. Copyright and Moral Rights 

remain with the author(s) and/or copyright holders. URLs from City Research 

Online may be freely distributed and linked to.

Reuse: Copies of full items can be used for personal research or study, 

educational, or not-for-profit purposes without prior permission or charge. 

Provided that the authors, title and full bibliographic details are credited, a 

hyperlink and/or URL is given for the original metadata page and the content is 

not changed in any way. 

City Research Online



City Research Online:            http://openaccess.city.ac.uk/            publications@city.ac.uk

http://openaccess.city.ac.uk/
mailto:publications@city.ac.uk


Chen et al. Int J Concr Struct Mater           (2022) 16:11  
https://doi.org/10.1186/s40069-022-00504-0

RESEARCH

Numerical and Empirical Models for Service 
Life Assessment of RC Structures in Marine 
Environment
Xuandong Chen1, Yang Ming1, Feng Fu1,2*  and Ping Chen1 

Abstract 

The service life prediction of reinforced concrete (RC) structures in marine environment is essential in structural repair 
and health monitoring. In this paper, a numerical model for predicting the service life of reinforced concrete is first 
developed which considering the time-varying boundary of chloride concentration, critical chloride concentration 
and density of corrosion current. Based on the model, the effects of water–cement ratio, reinforcement diameter, 
concrete cover thickness and critical chloride ion concentration on the service life and deterioration duration of RC 
structures are investigated. The key factors affecting the service life of reinforced concrete structures are determined. 
More importantly, based on regression analysis, a new simplified empirical model for predicting the service life of RC 
structures is also developed. It provides a fast assessment tool for practical engineers. Both the numerical model and 
empirical model validated are suitable for practical engineering applications. The results show that with the increase 
of water–cement ratio, the service life of reinforced concrete structure decreases exponentially. And with the increase 
of the thickness of the concrete cover, the service life, deterioration duration, and safety reserve increase linearly. How-
ever, the influence of the diameter of the reinforcing bar on the service life can be ignored.
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1 Introduction
Reinforced concrete (RC) structures are widely used in 
normal construction projects, such as tall buildings (Fu, 
2018, 2021) and bridges (Fu, 2015, 2016) offshore bridges, 
subsea tunnels, and harbour projects (Pillai et  al., 2019; 
Xu et al., 2019), and for these types of projects, chloride 
ingress due to marine environment is one of the main 
factors causing the corrosion of steel bars (Chang et al., 
2020; Marks et al., 2015). However, serious corrosion of 
steel bars causes the deterioration of structural capac-
ity, causing serious challenges to the durability of RC 
structures (Alexander & Beushausen, 2019). Therefore, 

for marine projects, predicting the service life of the RC 
structure in marine environment has become an impor-
tant design task for design engineers. The accurate pre-
diction enables effective health monitoring and timely 
retrofitting of marine projects in their service life 
(Bouteiller et al., 2016; Dhandapani et al., 2018). Even for 
projects under construction, service life prediction can 
provide important guidelines for designers.

Chloride ingress is particularly problematic to con-
crete (Nogueira et  al., 2012; Shaikh, 2018). Driven by 
the concentration difference, chloride ions and oxygen 
in the marine environment diffuse into the interior of 
concrete through its pores. Unfortunately, once the chlo-
ride concentration on the steel surface reaches the criti-
cal value, the passivation film on the steel surface will be 
destroyed. Consequently, the steel reinforcement mem-
bers encased are subject to corrosive damages (Guo et al., 
2004). This erosion of the steel can cause a reduction in 
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the RC structures’ ability to resist tensile stresses. Hence, 
chloride ingress induced reinforcement corrosion is one 
of the main factors affecting the durability of concrete 
structures and at present, many scholars have carried out 
extensive research on this issue. Stambaugh et al. (2018) 
used the critical value of chloride ion concentration on 
the surface of steel bars as the service life assessment 
standard and studied the service life of RC structures 
in marine environments under different circumstances 
such as the location and the mix ratio (Jung et al., 2018; 
Khanzadeh-Moradllo et al., 2015; Mir et al., 2019). How-
ever, they assumed that the chloride ion concentration on 
the concrete surface was constant and did not consider 
the time-varying characteristics of the chloride ion con-
centration on the surface (Huan et al., 2015; Yang et al., 
2017). Muthulingam et  al., (2014) established a service 
life prediction model by considering the influence of 
wet-heat–diffusion coupling and the time-varying char-
acteristics of the chloride concentration at the boundary. 
However, the model requires too many input parameters, 
so it is not practical. It can only predict the moment 
when the steel bar begins to rust, but it cannot predict 
when the RC structure will fail, that is, the failure life. 
Cao et al. (2014) and Zhu et al. (2017; Zhang et al., 2019) 
established a mechanical model to predict the service life 
of RC structures. It is based on analysis of the corrosion 
mechanism of steel bars considering the thickness of con-
crete cover (Enright & Frangopol, 1998), the critical value 
of the chloride concentration (Bastidas-Arteaga et  al., 
2009; Enright & Frangopol, 1998), and the chloride dif-
fusion coefficient (Pack et al., 2010). Zheng et al. (2009) 
also developed a numerical model to assess the influ-
ence of ITZ on the steady-state chloride diffusion. Based 
on the finite difference method of Crank Nicolson, Song 
et  al. (2009) and Petcherdchoo et  al. (2015) studied the 
effect of retrofitting agents on the service life of RC struc-
tures. Jones et al. studied the effectiveness of using filler 
to repair concrete cracks on prolonging the service life 
of RC structures. These studies show that when micro-
cracks appear on the surface of concrete, repair agents 
can greatly prolong the service life of RC structures. Fur-
thermore, Attari et  al. established a failure probability 
model for RC structures. In these studies, when the fail-
ure probability reached 10%, the RC structure is consid-
ered to have reached the service life, and the cracks in the 
RC structure have reached an acceptable limit.

Although many service life prediction models for RC 
structures have been developed, there are still many chal-
lenges that have not been resolved. For example, most of 
the existing models only use the critical chloride concen-
tration as the basis for predicting service life. However, 
the critical chloride concentration is only the indication 
of beginning of steel bar corrosion (Zhao, et al., 2011b). 

The life cycle performance of reinforced concrete struc-
tures after reinforcement corrosion is rarely concerned 
in the existing service life models (Pan et al. 2015). Most 
importantly, most of the existing models calculated the 
service life of RC structures by solving complex partial 
differential equations, which greatly increases the com-
putational cost and is difficult to use in practical engi-
neering. Moreover, the chloride concentration at the 
boundary of concrete is time-dependent rather than con-
stant, which will directly affect the distribution of chlo-
ride in concrete.

Therefore, the focus of this research is to address above 
issues. The main purpose of this research is to establish 
a practical models for practising engineers, allowing 
them to use easily quantifying engineering parameters 
for predicting the service life of RC structures. Firstly, a 
complex numerical model to predict the service life of 
RC structures is established by diffusion-corrosion the-
ory. The model verifications show that both the chloride 
ion concentration and service life predictions agree well 
with the measured values. Secondly, based on proposed 
model, the influence of factors such as the thickness of 
the cover, the water–cement ratio, the critical value of 
chloride ion concentration, and the diameter of the rein-
forcement on the service life of the RC structure are ana-
lysed. Finally, through a two-stage regression simulation 
of the service life of RC structures under 300 different 
conditions, an empirical model for predicting the service 
life of RC structures is established. By comparing with 
the numerical simulation results, the empirical model is 
in good agreement with the numerical model. The mod-
els proposed in this paper provide important theoretical 
support for life assessment of existing projects and opti-
mization of service life design of projects to be built.

2  Theoretical Background
2.1  Chloride Diffusion Model
After decades of theoretical and experimental research 
by many scholars (Hobbs, 1999; Wang et al., 2018, 2019; 
Zeng, 2007; Zheng et al., 2018), the diffusion of chloride 
ions in concrete in line with Fick’s second law has become 
a widely used. And the governing equation for the diffu-
sion of chloride ions in concrete is expressed as:

where c is chloride ion concentration (mass ratio of chlo-
ride ion to concrete, %),  Dc is chloride ion diffusion coef-
ficient  (m2/s), respectively.

(1)
dc

dt
=

∂c

∂x

(

Dc
∂c

∂x

)

+
∂c

∂y

(

Dc
∂c

∂y

)

,
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2.1.1  Chloride Diffusion Coefficient
It can be seen from Eq.  (1) that the chloride ion diffu-
sion coefficient is a key parameter that determines the 
diffusion rate of chloride ions in concrete. The chloride 
ion diffusion coefficient is not only related to the factors 
such as concrete types, pore structure, water–cement 
ratio, hydration degree, etc., but also to the external envi-
ronment, such as temperature (Bažant & Najjar, 1972), 
humidity (Muthulingam & Rao, 2014), current time 
(Zeng, 2007). However, to simplify it, in this paper, the 
chloride ion diffusion coefficient is calculated with only 
considerations of the effects of water–cement ratio, tem-
perature, humidity, and aging. Its expression is (Muthul-
ingam & Rao, 2014; Chen et al., 2019):

where Uc is the activation energy for chloride ion diffu-
sion, tref is the average exposure time, R is the gas con-
stant, Tref is the absolute ambient temperature, h is 
humidity, hc is critical humidity (0.75), Dp is the diffu-
sion coefficient of chloride ions in water, n is an empirical 
constant (using 14.44 as reference (Du, et al., 2014)), m is 
the time decay index, and fp is the porosity of the cement 
slurry, respectively. fp can be expressed as (Chen, et al., 
2021):

where a is the degree of hydration of cement slurry, and 
w/c is water to cement ratio, respectively. The value of 
the degree of hydration of cement slurry α in formula (3) 
can be calculated by:

2.1.2  Surface Chloride Ion Concentration
The surface chloride ion concentration on the concrete 
is another key factor affecting the chloride ion concen-
tration inside the concrete. In the numerical solution, 
the surface chloride ion concentration is also called the 
boundary condition. In the marine environment, chlo-
ride ions are transmitted to the surface of offshore engi-
neering concrete structures through the flow of the air, 
and then diffuse into the concrete through the pores of 
the concrete (Yang, et al., 2017). Fig. 1 shows statistics of 
chloride ion concentration on the surface of marine engi-
neering concrete structures in different coastal areas by 
different scholars (Huan et  al., 2015; Meira et  al., 2007; 

(2)Dc =
2× ϕ2.75

p Dp

ϕ1.75
p

(
3− ϕp

)
+ n

(
1− ϕp

)2.75

︸ ︷︷ ︸
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R
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1
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−

1

T
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·
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(
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t

)m
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Curing age

,

(3)ϕp =
w/c − 0.17α

w/c + 0.32
,

(4)α = 1− exp (−3.15× w/c).

Stipanovic Oslakovic et  al. 2010). It can be seen from 
Fig. 1 that the surface chloride ion concentration ranges 
from 0.1% to 2.5%. There are many factors that affect the 
chloride ion concentration on the concrete surface, such 
as temperature, humidity, cement type, and water-binder 
ratio. Yang et al. (2019) obtained the regression equation 
of surface chloride ion and time function through regres-
sion analysis of 372 sets of surface chloride ion concen-
tration data. It is worth noting that Eq.  (5) is based on 
the test results of ordinary Portland concrete. Therefore, 
Eq.  (5) is only applicable to ordinary Portland concrete, 
but not to special concrete, such as fly ash concrete, slag 
concrete, etc.:

2.2  Rebar Corrosion
2.2.1  Critical Chloride Ion Concentration
Chloride ions accumulate on the surface of the steel bars 
over the time. When the concentration of chloride ions 
on the surface of the steel bars reaches certain value, the 
steel bar begins to corrode. This value is called the criti-
cal chloride ion concentration. The critical chloride ion 
concentration indicators include free chloride ion con-
centration, total chloride ion concentration, and the ratio 
of free chloride ion concentration to hydroxide concen-
tration (Cao et al., 2019). In this paper, the total chloride 
ion concentration is used as an index to measure the 
critical chloride ion concentration. Due to the differences 
in the measuring methods and the discrete type of con-
crete materials, the critical chloride ion concentration 

(5)Cs(t) =
5.3t

1+ 0.7047t
×

w

c
.
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Fig. 1 Statistics of surface chloride ion concentration.
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cannot be determined at present. The critical chloride 
ion concentration currently reported is between 0.079% 
and 0.2% (Zhao, et  al., 2011a). The critical chloride ion 
concentration from 51 existing literature is collected in 
this paper. Their statistical distribution is shown in Fig. 2. 
From Fig. 2, the critical chloride ion concentration distri-
bution is relatively scattered. Therefore, the mean value 
of 0.10098% is used in this paper as the critical chloride 
ion concentration.

2.2.2  Corrosion Current Density
The chloride ion concentration is not constant across the 
whole volume of concrete. The chloride ion concentration 
near the erosion surface is high, and the chloride ion con-
centration away from the erosion surface is low (Pan, et al., 
2015). Therefore, the chloride ion concentration on the sur-
face near the cover first reaches the critical chloride ion con-
centration, and the passivation film was damaged (Li, et al., 
2019). Research in literature (Cao, 2014) shows that there is 
a potential difference between the active area formed after 
the passivation film on the steel bar is damaged and the inert 
area where the passivation film is not damaged, and a mac-
roscopic electrochemical corrosion is formed. At the same 
time, there is also a micro-corrosion current, the total cor-
rosion current density can be expressed as (Zhu & Zi, 2017):

where icorr is the total corrosion current density, imic is 
the micro-battery corrosion current density, and imac is 
the macro-battery corrosion current density, respectively.

At present, many empirical, theoretical, and numerical 
models have been established to calculate the corrosion 
current density of steel bars. In this paper, the Probabil-
istic mode of Papakonstantinou et al. (2013) is adopted, 
with the expression:

(6)icorr = imic + imac,

where icorr is the corrosion current density, ct is total 
chloride ion concentration, and Rc is resistance of the 
concrete cover, respectively.

The empirical formula given by Liu et  al. (1998) for 
resistivity of concrete cover is:

2.3  Determination of Service Life
In general, when the chloride ion concentration on the 
surface of the steel bar reaches the critical chloride ion 
concentration, the marine engineering concrete structure 
is considered to have reached the service life. The limit 
state function at this stage can be expressed as:

where G1(c, t) is the limit state function, ccri is the critical 
chloride ion concentration, and c(max, t) is the maximum 
chloride ion concentration on the steel bar surface at the 
ingress time of t, respectively.

It is worth mentioning that when the maximum chlo-
ride ion concentration on the surface of the steel bar 
reaches the critical chloride concentration, the offshore 
engineering concrete structure does not fail, and only the 
steel bars begin to rust (Zhao, et  al., 2011a; Zhao et  al., 
2016). The radial expansion stress is developed during 
the corrosion process. When the radial expansion stress 
starts to cause damage to the concrete cover, the cover 
will crack and peel, and the structure will fail (Zhao, 
et al., 2011b). In this paper, it is called the structural fail-
ure life. The limit state function can be expressed as:

where ρcr is the steel rebar erosion rate at failure of the 
structural concrete (%), it is calculated as:

where δ1 is the depth of rust generated by filling the pores 
in the transition zone between the steel bar and con-
crete at the interface between the corrosion products is 
12.5 µm; δ2 is the depth of rust producing radial pressure, 
it is worked out based on the theory of thick-walled cyl-
inders (Xu, et al., 2019b), and can be expressed as:

(7)
ln 1.08icorr = 7.89+ 0.7771 ln (1.69ct)−

3006

T
− 0.000116Rc,

(8)ln Rc = 8.03− 0.549 ln (1+ 1.69ct).

(9)G1(c, t) = Ccri − C(max, t),

(10)G2(lim, t) = ρcr − ρ(lim, t),

(11)ρcr =
2(δ1 + δ2)

r0
,

(12)
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r0
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[
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where r0 is the reinforcement radius (mm), vc is the Pois-
son’s ratio of the concrete cover, Ec is elastic modulus 
of concrete (MPa), and ft is tensile strength of concrete 
(MPa), respectively.
ρ(lim, t) is the corrosion rate of steel bars at time t (%). 

According to Faraday’s law, the distribution of corro-
sion depth ud(θ , t) around steel bars can be expressed as 
(Alexander & Beushausen, 2019; Chen et al., 2019; Zhang 
et al., 2019):

The mass loss of rebar can be expressed as:

where ρs is the density of the rebar (kg/m3).
So:

(13)ud(θ , t) =
t
∫
tc

0.0116 · icorr(θ , t)dt.

(14)MS = ρs
2π
∫
0
ud(θ , t)dθ ,

In summary, the flowchart of service life prediction for 
RC structures is shown in Fig. 3.

3  Numerical Model Validation
The numerical model proposed in this paper comprises 
two stages modelling. The first stage is the diffusion of 
chloride ions, and the second stage is the corrosion of 
steel bars. Therefore, the model verification in this sec-
tion is also divided into two aspects: chloride ion diffu-
sion verification and service life. The parameters used 
in the simulation are listed in Table 1. In the process of 
numerical simulation, the finite difference method (FEM) 
is adopted to solve the chloride ion diffusion equation 
(Eq. 1) to obtain the distribution of chloride ion concen-
tration in concrete. Once the chloride concentration on 

(15)

ρ(lim, t) =
ρs ∫

2π
0 u(θ , t)dθ

ρs · π · r20
× 100% =

∫2π0 u(θ , t)dθ

π · r20
× 100% .

Fig. 3 The flowchart of the derivation of the proposed multiphase numeric model.
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the steel surface reaches the critical chloride concen-
tration, the concrete structure will reach its service life. 
Secondly, the steel corrosion rate is calculated through 
Eq. (15). Once the steel corrosion rate reaches the critical 
steel corrosion rate, the concrete structure will reach its 
failure life.

3.1  Chloride Diffusion Verification
The experimental data of Chalee et  al. (2009) will be 
used to compare with the numerical simulation in this 
paper. The size of the concrete cube specimen was 
200  mm × 200  mm × 200  mm, and the water–cement 
ratio was 0.45, 0.55, 0.65. And the concrete is immersed 
in seawater, which indicates that the concrete is satu-
rated. Therefore, relative humidity of the concrete is 1 
in numerical simulation. In addition, the average value 
of the external ambient temperature is 293 K. The com-
parison between numerical simulation results and test 
results is shown in Fig. 4. Obviously, the chloride con-
centration curve obtained by numerical simulation is 
very close to that obtained by experiment, which indi-
cates that the chloride diffusion model is reliable.

3.2  Service Life Verification
The service life prediction model proposed in this 
paper is compared with Moraddllo et  al. (2012) and 
Aruz et al. (Petcherdchoo & Chindaprasirt, 2019). The 

thickness of the concrete cover is 50  mm and 60  mm, 
and the water–cement ratio is selected as 0.55. In addi-
tion, the concrete is saturated, i.e. the relative humid-
ity is 1. The average temperature of the environment is 
293 K. Reinforcement diameter is 10 mm. Fig. 5 shows 
the comparison of the service life of the three models; it 
can be seen that the differences in the service life pre-
dictions of the three models are small, which indicates 
that the numerical model established in this paper has a 
certain degree of reliability.

4  Parametric Analysis Using the New Numerical 
Model

Using the proposed numerical model, intensive paramet-
rical studies are made, which are show as follows.

4.1  Influence of Different Water–Cement Ratios
The water–cement ratio for different concrete strength 
grades is different. However, different water–cement 
ratio has great influence on the chloride diffusion coeffi-
cient and the chloride ion concentration on the concrete 
surface, especially for the chloride diffusion coefficient 
(Ishida, et  al., 2009). Therefore, the water–cement ratio 
has a very important influence on the durability of RC 
structures (Pack et al., 2010). Fig. 6a shows the service life 
of RC structures in the marine environment as a func-
tion of water–cement ratio. It can be seen from Fig.  6a 
that the water–cement ratio has a very important effect 
on the service life of the marine engineering concrete 
structure. For example, when the water–cement ratio 
is 0.36, the service life is 46.1 years. However, when the 
water–cement ratio is increased to 0.55, the service life 
is only 6.3 years. Therefore, in marine engineering, using 
a low water–cement ratio can effectively increase the 
service life of the structure. Besides, Fig.  6a also shows 
the relationship between the deterioration duration 
and the water–cement ratio. The deterioration dura-
tion also decreases exponentially as the water–cement 
ratio increases. Moreover, as the water–cement ratio 
increases, the safety reserve decreases more slowly. The 
larger the water–cement ratio is, the longer the safety 
reserve period is, and the safety reserve period varies 
from 5.8 years to 9.8 years. Fig. 6b shows the change of 
the maximum chloride ion concentration on the surface 
of the steel bar with time under different water–cement 
ratios. It can be seen from Fig.  6b that under the same 
ingress time, as the water–cement ratio increases, the 
chloride ion concentration gradually decreases. For 
example, when the water–cement ratio is 0.55, the maxi-
mum chloride ion concentration on the surface of the 
steel bar increased rapidly within 0 to 20 years, and then 
increased slowly.

Table 1 Numerical simulation parameters.

Symbol Parameter value Mean

Uc 44.6 [K J/mol] The activation energy for chloride diffu-
sion

tref 28 [d] Reference time of chloride ingress

R 8.314 [J/K mol] The gas constant

hc 0.75 [–] The critical humidity

h 1 Humidity

Dp 1.07× 10−10  [m2/s] The diffusion coefficient of chloride in 
water

m 0.2 The time decay index of chloride diffu-
sion

ρs 7500 [kg/m3] The density of the rebar

Tref 293 [K] Reference temperature

δ1 12.5 µm The depth of rust generated by filling the 
pores

r0 8–13 mm The reinforcement radius

Ec 30 [GPa] Elastic modulus of concrete

ft 1.43 [MPa] Tensile strength of concrete

vc 0.2 The Poisson’s ratio of the concrete

c 40–70 mm Thickness of reinforced concrete cover

w/c 0.45, 0.55, 0.65 The water-to-cement ratio



Page 7 of 12Chen et al. Int J Concr Struct Mater           (2022) 16:11  

4.2  Thickness of Concrete Cover
The thickness of the concrete cover is an important 
parameter for structural design. For different environ-
ments, the requirements for the thickness of the concrete 
cover are different in the Code for durability Design of 
concrete structures. Therefore, it is necessary to study the 
effect of concrete cover thickness on service life. Fig. 7a 
shows the values of three indicators of service life, fail-
ure life, and safety reserve under different concrete cover 
thicknesses. It can be seen from Fig.  7a that with the 
increase of the concrete cover thickness, the service life, 
deterioration duration and safety reserve all increase. For 
example, when the thickness of the cover is 40 mm, the 
service life is only 15.2 years. However, when the thick-
ness of the concrete cover increased to 70 mm, the ser-
vice life increased to 55.7 years, which was an increase of 
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3.67 times compared to the 40 mm thickness of the con-
crete cover.

Further research found that with the increase of the 
thickness of the cover, the range of the change in the 
safety reserve period was small and had a linear relation-
ship with the thickness of the concrete cover. However, 
deterioration duration increases greatly with the increase 
of the thickness of the concrete cover. Fig. 7b shows the 
depth of the corrosion of the steel bar when the cover is 
cracked under different thicknesses of the concrete cover. 
It can be seen from Fig.  7b that the corrosion geomet-
ric form of the steel bar with different cover thickness 
is similar, but the peak of the corrosion depth increases 
with the thickness of the cover and increase. For instance, 
when the thickness of the concrete cover is 40 mm, the 
depth of rust is 82.3 µm, however, when the thickness of 
the concrete cover is 70 µm, the depth of rust is 100.4 µm. 
Moreover, the corrosion depth curve of the steel bar in 
this paper is similar to the numerical model of Jinxia (Xia 
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et al., 2019), and this corrosion curve is similar to the cor-
rosion mode of the entire steel bar observed through field 
exposure test experiments (Kessler et al., 2016; Poupard 
et al., 2006; Sun et al., 2002).

4.3  Influence of Critical Chloride Ion Concentration
The critical chloride ion concentration is another 
important factor affecting the corrosion of steel bars. 
For different types of steel bars, cement types and ser-
vice environments, the critical chloride ion concentra-
tion is not same. The critical chloride ion concentration 
obtained by many scholars has a very large value (Cao, 
et al. 2019, Zhang, et al. 2019). Therefore, in this section, 
the influence of different critical chloride ion concentra-
tions on the service life of RC structure is studied with a 
water–cement ratio of 0.4. As shown in Fig. 8, as the criti-
cal chloride ion concentration increases, both the service 
life and the deterioration duration of the RC structure 
increase. More importantly, it turns out that the critical 
chloride ion concentration has a linear relationship with 
the service life, which is consistent with the results of 
Muthulingam et al. (2014). For instance, for every 0.01% 
increase in the critical chloride ion concentration, the RC 
structural service life increases by 2.5 years.

4.4  Effect of Rebar Diameter
For different types and functions RC structures, the 
rebar diameter in the RC structure is also different. 
Therefore, it is of great significance to study the impact 
of the rebar diameter on the service life of marine RC 
structures. Fig. 9 shows a histogram of the service life, 
failure life, and safety reserve of marine RC structures 
in the range of rebar diameters from 16 to 26  mm. It 
can be seen from Fig. 9 that the influence of the rebar 
diameter on the service life could be ignored (e.g., the 
difference between the maximum and the minimum 
service life for different rebar diameter is only 0.5 year). 

This is mainly because the service life mainly depends 
on the critical chloride concentration and thickness 
of concrete cover. Additionally, as the diameter of the 
steel bar increases, the deterioration duration and 
safety reserve both increases, but the upward trend is 
also slight. For example, when the rebar diameter is 
16  mm, the deterioration duration and safety reserve 
are 32.7  years and 6.4  years, respectively. And when 
the rebar diameter changes to 26  mm, the deteriora-
tion duration and safety reserve of the RC structure are 
34.6 years and 8.1 years, respectively. Fig. 9 also shows 
the corrosion rate of steel bars when the structure fails 
under different the rebar diameters. It is worth men-
tioning that as the rebar diameter increases, the cor-
rosion rate of the rebar decreases significantly. For 
example, when the rebar diameter is 16  mm, the cor-
rosion rate of the rebar is 0.382%; however, when the 
rebar diameter is 26  mm, the rebar corrosion rate is 
only 0.241%.

5  A Simplified Empirical Model for Service Life 
Prediction

According to the discussion in Sect. 4, it can be seen that 
the rebar diameter has a small effect on the service life of 
the structure. And the thickness of the cover, the water–
cement ratio and the critical chloride ion concentration 
all have significant impact on the service life of the con-
crete structure. The cover thickness and water–cement 
ratio are important parameters in engineering design. 
Therefore, in this paper, 300 groups RC structures with 
different water–cement ratios, concrete cover thick-
ness are simulated to predict their service life. These 300 
groups of data are divided into two categories: first, the 
thickness of the cover—40 mm, 45 mm, 50 mm, 55 mm, 
60 mm, 70 mm, and the water–cement ratios 0.36, 0.40, 
0.50, and 0.55. Second, the cover thickness is 65 and the 
water–cement ratio is 0.45 as a control group. A two-
stage data fitting and regression analysis method are used 
to establish an empirical service life prediction model. In 
the first stage, the functional representing the relation-
ship between the thickness of the cover and the service 
life is obtained through regression analysis, as shown in 
formula (16), where A and B is the undetermined coef-
ficient related to water–cement ratio. In the second stage, 
through regression analysis, the relationship between 
the undetermined coefficients A and B and the water–
cement ratio is obtained, as shown in formula (17):

where A and B are fitting parameters; wc is water–
cement ratio; cd is the thickness of concrete cover:

(16)f (w/c, cd) = A+ B× cd,
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However, in the process of numerical simulation, we 
assume that the ambient temperature is 293 K and the 
concrete is saturated. Therefore, the applicable condi-
tion of formula (17) is saturated concrete with an ambi-
ent temperature of 293 K.

Fig.  10 shows the comparison between the service 
life prediction model proposed in this paper and the 
numerical simulation results. It can be found that the 
numerical simulation results are distributed near the 
prediction model curve, which indicates that the pro-
posed model in this paper is reliable.

6  Conclusion
In this paper, both numerical and empirical mod-
els for predicting the service life of RC structures in 
the marine environment are proposed. The proposed 
numerical analysis model not only considers the service 
life of RC structures, but also the deterioration dura-
tion. Moreover, the effects of water–cement ratio, rebar 
diameter, concrete cover thickness and critical chloride 
ion concentration on the service life and deterioration 
duration of RC structures are comprehensively ana-
lysed, and the key factors affecting the service life of RC 
structures are determined. The following conclusions 
can be drawn:

(1) With the increase of water–cement ratio, the ser-
vice life of RC structure decreases exponentially. 
When the water–cement ratio is 0.36, the service 

(17)

f (wc, cd) =− 4.0+ exp

(

−
326w/c

19
+ 10.364

)

+

[
2

11
+ exp

(

−
137w/c

8
+ 6.945

)]

× cd.

life is 46.1 years. However, when the water–cement 
ratio is increased to 0.55, the service life is only 
6.3 years.

(2) With the increase of the thickness of the concrete 
cover, the service life, failure life, and safety reserve 
all linear increase. Thickness of corrosion layer with 
different cover thickness is similar, but the peak of 
the corrosion depth increases with the thickness of 
the cover increase.

(3) As the critical chloride ion concentration increases, 
both the service life and the deterioration duration 
of the RC structure increase. More importantly, it 
turns out that the critical chloride ion concentra-
tion has a linear relationship with the service life.

(4) The influence of the rebar diameter on the service 
life can be ignored. It is worth mentioning that as 
the rebar diameter increases, the corrosion rate of 
steel bars decreases significantly.

(5) Various factors (water–cement ratio, protective 
layer thickness, rebar diameter, etc.) have a small 
impact on the safety reserve period. The safety 
reserve period of RC structure is generally less than 
10 years.

(6) Through regression analysis of 300 sets of simula-
tion data, the proposed empirical forecasting model 
has good reliability in the service life prediction of 
RC structures and is suitable for practical engineers.
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