
Kwon et al. Int J Concr Struct Mater           (2025) 19:20  
https://doi.org/10.1186/s40069-024-00758-w

RESEARCH Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

International Journal of Concrete
Structures and Materials

Probabilistic Analysis of Chloride Ingress 
Repair Costs Considering External Forces 
and Vulnerable Sections of RC Girders
Seung‑Jun Kwon1, Kwang‑Mo Lim2, Kyong‑Chul Kim2, Kyung‑Taek Koh2 and Yong‑Sik Yoon2*   

Abstract 

This study analyzed the chloride ingress repair costs for RC girders by considering cold joints and external force 
conditions. The diffusion behavior of chloride ions, which varies with the stress conditions, was quantified. A two‑
span RC continuous girder was assumed to evaluate the magnitude of stress in each section under cracking load, 
and these results were comprehensively considered along with the quantification of chloride ion diffusion behavior. 
Then, the change in chloride ion diffusion behavior owing to external forces on the RC girders was analyzed to evalu‑
ate the service life under chloride ingress. At the locations with cold joints, the service life decreased by up to 33.9% 
owing to the higher baseline diffusion coefficient in the cold joint areas than that in sound concrete and significant 
increase in the diffusion coefficient with increased stress. Furthermore, this study analyzed the chloride ingress repair 
costs required to achieve the target service life of the RC structure with consideration of the external forces and cold 
joints using deterministic and probabilistic analyses methods. Probabilistic analysis offers the advantage of deriv‑
ing the repair frequency and cost results in the form of continuous functions. Considering the four main points 
of the structure under analysis, the maintenance costs were evaluated at 2777.6 $/m2 in the deterministic analysis 
and 2337.6$/m2 in the probabilistic analysis. A repair cost analysis flowchart that integrates various repair processes 
can facilitate the analysis of repair processes that have a dominant influence on the overall maintenance cost estima‑
tion of RC girders.
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1 Introduction
Concrete is a construction material with high durability 
and mechanical performance, but as a porous medium, 
it allows the penetration of various degradation fac-
tors such as moisture. Among the typical degradation 

phenomena caused by the diffusion of various degrada-
tion factors into concrete are freeze–thaw damage due 
to moisture penetration in winter; carbonation from the 
reaction of carbon dioxide with moisture in the pores, 
reducing the pH of the pore water; and chloride ingress 
caused by diffused chloride ions (Mehta & Monteiro, 
2009). In particular, carbonation and chloride ingress 
cause corrosion of the internal reinforcement of the con-
crete. Initially, corrosion affects only the esthetics of the 
structural surface owing to the formation of cracks and 
rust stains, but ultimately leads to problems with the 
load-bearing capacity of the reinforcement, necessitating 
special attention (Koh et  al., 2019; Lee & Zielske, 2014; 
Yoon et al., 2018).
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The main pathways for the diffusion of chloride ions, 
which cause the damage in concrete structures by chlo-
ride ingress, are generally categorized into two groups: 
internal chloride ions introduced by the materials used 
during concrete mixing and external chloride ions intro-
duced after construction (KECRI, 2014). Internal chlo-
ride ions can be generated by the cement, mixing water, 
and chemical admixtures used in the construction pro-
cess; notably, sea sand contains approximately 0.05% 
salt by weight, making it the primary cause of internal 
chloride ingress when used as fine aggregate (Gane-
san et  al., 2022). The main sources of external chloride 
ions in structures built in marine environments include 
sea water. Especially in tidal zones, wet and dry cycles 
cause a concentration gradient on the surface, facilitat-
ing the rapid diffusion of chloride ions into the interior 
(Lee et al., 2023; Yoon et al., 2022). In South Korea, deic-
ing agents are being increasingly used during the winter; 
calcium chloride  (CaCl2) and sodium chloride (NaCl) 
contained in the deicers can diffuse into concrete struc-
tures. Their interaction with the freeze–thaw cycles, a 
representative winter degradation phenomenon, can 
cause faster diffusion of chloride ions (Kessler et al., 2017; 
Zhang et al., 2017). In addition, chloride ions contained 
in roadside deicing agents can be transported to various 
concrete structures via vehicles, causing chloride ingress.

RC structures are inherently subjected to cracks over 
their service life owing to their high self-weight and expo-
sure to a variety of stress conditions, given their material 
characteristics (Jung et al., 2018a; Ren et al., 2015; Tran 
et al., 2018; Wang et al., 2018). Moreover, the construc-
tion sequences of large-scale RC structures involve joints, 
which have vulnerabilities related to structure and dura-
bility (JSCE, 2000). Structures with such vulnerabilities 
experience rapid diffusion of deteriorating agents such as 
chloride ions into these areas, leading to localized reduc-
tions in durability (Hongming et al., 2014). By analyzing 
these vulnerabilities, it is possible to perform rational 
maintenance of structures by estimating the service life 
and analyzing the repair costs.

Consequently, appropriate repairs and reinforcements 
that consider the performance degradation caused by 
such chloride ingress phenomena can extend the service 
life of concrete structures, allowing for the economic 

management of maintenance costs by proposing rational 
maintenance techniques (Kirkpatrick et al., 2002). Main-
tenance cost analysis considering the service life is usually 
performed using deterministic analysis, which estimates 
the repair costs in a stepwise manner by considering the 
unit prices of the repair processes as simple, repetitive 
sums (Lee et al., 2020; Thomas & Bentz, 2002). Since the 
1990s, researchers have studied probabilistic service life 
evaluation techniques that consider engineering uncer-
tainties. By utilizing the degradation models for chlo-
ride ingress and carbonation, it is possible to derive the 
maintenance costs for the target period probabilistically, 
considering the initial service life, service life secured 
through repairs, and probabilistic variability of each life 
span. Unlike the results of deterministic analysis, which 
are presented in a stepwise manner, probabilistic analysis 
can present the results in the form of continuous curves 
(Jung et al., 2018b; Lee et al., 2020).

Therefore, this study obtained the deterministic and 
probabilistic chloride ingress repair costs for the RC 
structure under analysis, based on the results of a prior 
study that analyzed the service life under chloride ingress 
of ground granulated blast furnace slag (GGBFS) con-
crete considering cold joints and external load condi-
tions. In addition, the comprehensive repair costs for the 
RC girder under analysis were evaluated by comprehen-
sively considering the locations with cold joints and sec-
tions under compressive and tensile stress.

2  Analysis of Service Life under Chloride Ingress 
of Concrete Considering Cold Joints and External 
Force Conditions

2.1  Analysis Method for Chloride Diffusion Behavior 
Considering Cold Joints and Tensile Load Conditions

To evaluate the service life under chloride ingress by 
considering the vulnerabilities and load conditions, this 
study cited the results from prior research that evaluated 
the chloride diffusion coefficient of GGBFS concrete at 
91 and 365 days, taking into account the cold joints and 
stress conditions (Oh & Kwon, 2017; Yoo & Kwon, 2016). 
The characteristics of the concrete mix used in the previ-
ous research are shown in Table 1.

In the previous studies (Oh & Kwon, 2017; Yoo & 
Kwon, 2016), cylinder specimens with a diameter of 

Table 1 Mix proportions for analysis of chloride diffusion behavior considering stress conditions and cold joint (Oh & Kwon, 2017; Yoo 
& Kwon, 2016)

Gmax (mm) Slump (mm) S/a (%) W/B Air (%) Unit weight: kg/m3

W Binder S G

C GGBFS

25 180 41.4 0.6 4.5 180 180 120 735 1020
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100 mm and height of 200 mm were fabricated and cut 
into 50  mm thickness for tensile load application, and 
rectangular specimens of 100 × 100 × 50  mm were pre-
pared for compression load application. In addition, to 
induce cold joints, concrete was first cast into half of the 
mold, followed by a drying period of 24 h before casting 
the remaining half to create a cold joint. After evaluating 
the maximum compressive and tensile stresses for each 
aging day, accelerated chloride diffusion tests were con-
ducted while applying compressive and tensile stresses 
at 30% and 60% of the maximum values, respectively. 
The accelerated chloride diffusion coefficient was evalu-
ated according to Tang’s method, which can be used to 
assess the non-steady-state chloride diffusion coefficient. 
In Tang’s method, the accelerated chloride diffusion coef-
ficient is evaluated by applying a 0.3  M NaOH solution 
to the anode and a 0.5  M NaCl solution to the cathode 
of the concrete specimens, followed by applying a volt-
age of 30 V for 8 h. After applying voltage, the specimen 
was split, and a silver nitrate solution (0.1 N,  AgNO3) 
was sprayed on the split side. The color-changing depth 
was considered as the penetration depth of chloride 
ions. Using the measured penetration depth, the acceler-
ated chloride diffusion coefficient for each condition was 
calculated as shown in Eq.  (1). The details on specimen 
fabrication, curing, and load application can be found in 
the prior study, and the process for evaluating the accel-
erated chloride diffusion coefficient for GGBFS concrete, 
considering load and cold joints, is shown in Fig. 1 (Oh & 
Kwon, 2017; Yoo & Kwon, 2016):

where Drcpt is accelerated chloride diffusion coefficient 
in non-steady state condition  (m2/s), R is universal gas 
constant (8.314 J/mol K), T is absolute temperature (K), L 
is thickness of specimen (m), z is ionic valence (1.0), F is 
Faraday constant (96,500 J/V mol), U is applied potential 
(V), xd is penetration depth of chloride ions, t is test dura-
tion time (s), Cd is the chloride concentration at which 
the color changes when using a colorimetric method for 
measuring xd,  C0 is chloride concentration in the cathode 
solution (mol/l),  erf−1 is the inverse of the error function.

2.2  Analysis Results of Chloride Diffusion Behavior 
Considering Cold Joints and Tensile Load Conditions

Fig. 2 shows the results of the accelerated chloride diffu-
sion tests for GGBFS concrete considering the load con-
ditions and cold joints as per the process shown in Fig. 1 
(Kwon & Oh, 2017; Yang et al., 2018; Yoo & Kwon, 2016). 

(1)
Drcpt =

RTL
zFU

xd − α
√xd

t
,α

= 2
√

RTL
zFU

erf−1
(
1−

Cd
C0

)

The diffusion coefficient of sound concrete decreased 
slightly under a stress load of 30% of the compressive fail-
ure stress but significantly increased under a 60% stress 
load. This is believed to be because the initial compres-
sion stress load reduced the chloride ion diffusivity in the 
concrete owing to pore consolidation, a trend that was 
also observed in accelerated carbonation tests in previous 
research (Koh et al., 2019). Under tensile stress loads, the 
diffusion coefficient increased linearly with the magni-
tude of stress, which was attributed to the vulnerability of 
concrete to tensile forces.

For concrete with cold joints, the behavior under ten-
sile stress loads was similar to that of sound concrete, but 
under compressive stress loads, the diffusion coefficient 
significantly increased starting from a stress of 30% of 
the failure stress. This indicates that cold joint surfaces, 
being structurally weaker, are more strongly influenced 
by cracks caused by the applied compressive stress than 
by the effect of pore consolidation.

For analyzing the chloride diffusivity in RC girders con-
sidering load conditions, the variation in the behavior of 
diffusion coefficients owing to the stress conditions was 
quantified through regression analysis by separating the 
compressive and tensile areas, as shown in Fig. 3. Accord-
ing to Fig.  2, the diffusion coefficient of undamaged 
concrete decreases up to 30% of the compressive stress 
load, increasing the robustness against chloride ingress. 
However, in conservative durability performance analy-
sis, it is considered that the diffusion coefficient does 
not decrease but remains constant in this range. All four 
cases of regression analysis showed a high determination 
coefficient exceeding 0.9.

2.3  Analysis of Service Life under Chloride Ingress for RC 
Girders Considering External Forces and Cold Joints

• Structural Analysis of RC Girders for Service Life 
Analysis under Chloride Ingress

This study performed a structural analysis assum-
ing a two-span RC continuous girder. The results of 
the structural analysis and quantification of chloride 
ion diffusion behavior depicted in Fig.  3 were com-
prehensively considered to analyze the variation in 
the diffusion behavior according to the external forces 
on the RC structure. The RC girders targeted for ser-
vice life analysis under chloride ingress had a length of 
16 m with each span being 8 m, and the cross-sectional 
shape was rectangular (500 ×  700  mm). The design 
specifics of the two-span continuous girder used in 
this study are shown in Table 2, and the shapes of the 
structure and cross section are presented in Fig. 4. The 
design specifics of the cross section differentiated the 



Page 4 of 16Kwon et al. Int J Concr Struct Mater           (2025) 19:20 

areas subjected to positive and negative moments, and 
a crack load level of 15.7 kN/m (D.L: 8.2 kN/m, L.L: 7.5 
kN/m) was considered. Based on the prior research, 
nonlinear structural analysis according to the section 

lamina method was conducted to evaluate the stress 
behavior at each cross section of the structure at 0.5 m 
intervals (Yang & Kang, 2011; Yang et  al., 2014). The 
methods and flowcharts for analyzing the compressive 

Fig. 1 Procedure for rapid chloride permeability test (RCPT) considering cold joint and stress conditions
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Fig. 2 Results of accelerated chloride diffusion coefficient considering cold joint and stress conditions

Fig. 3 Quantification of changes in accelerated chloride diffusion coefficient considering cold joint and stress conditions
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and tensile stresses at each cross section of the two-
span continuous girder are shown in Figs.  5 and 6, 
respectively, and the results of the structural analysis 
are presented in Fig. 7.

• Analysis Method of Service Life Considering Exter-
nal Force and Cold Joint Conditions

In general, the service life of RC structures under chlo-
ride ingress is defined as the period until the chloride 
ion concentration at the cover depth reaches the critical 

chloride ion content, i.e., the concentration at which cor-
rosion begins (ACI 365.1R, 2017; JSCE, 2007). The gov-
erning equation used in the service life analysis, that is, 
Fick’s 2nd law, is presented in Eq. (2) (KCI, 2021):

where Cd represents the chloride ion content (kg/m3) at 
location x (m) and time t (s), Ci is the initial chloride ion 
content (kg/m3), CS is the surface chloride ion content 
(kg/m3), erf  is the error function, and Dd is the effective 
apparent chloride ion diffusion coefficient  (m2/s).

(2)Cd − Ci = (CS − Ci)×
(
1− erf

(
x

2
√
Ddt

))
,

Table 2 Design parameters of two‑span continuous RC girder

Items fc ′ fy (As′)sag. (As)sag. (As′)hog.

Value 24 MPa 400 MPa 567.9  mm2 1,135.8  mm2 1,135.8  mm2

Items (As)hog. d′ d Ec ρmin

Value 1703.6  mm2 51 mm 649 mm 25,811 MPa 0.0035

 

 

(a) The shape of RC girder (b) The section geometry 
Fig. 4 Shape and section geometry of two‑span RC girder

Fig. 5 Generalized distribution of strains and stresses along the girder section under the application of a given external moment (Yang et al., 2014)
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In Eq.  (2), the effective apparent chloride ion diffusion 
coefficient is determined based on a division with a 30-year 
limit for the decrease in the diffusion coefficient, as shown 
in Eqs. (3) and (4). In this study, the chloride ion diffusion 
coefficient at the reference time was considered to increase 
with changes in compressive and tensile stress at differ-
ent sections of the structure, based on an integrated con-
sideration of the regression analysis results accounting for 
stress conditions and cold joints (as shown in Fig. 3) and 
the structural analysis results for a two-span RC continu-
ous girder (Fig. 7):

(3)Dd =
(
tR

t

)m(
t < 30years

)
,

Fig. 6 Nonlinear analytical approach for determining stresses and strains of girder section (Yang & Kang, 2011)

Fig. 7 Results of nonlinear structural analysis of two‑span RC girder
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where Dd represents the chloride ion diffusion coeffi-
cient  (m2/s) at the reference time, tR is the reference time 
(28  days), tc is the limit of the decrease in the diffusion 
coefficient (30 years), and m represents the time-depend-
ency index of the diffusion coefficient.

In Eqs. (3) and (4), the time-dependent parameter ( m ) 
indicates the extent to which the chloride ion diffusion 
coefficient decreases with the aging of the material and 
is generally known to be predominantly influenced by 
the type of binder and change in the water–binder ratio 
(Thomas & Bamforth, 1999; Yoon et  al., 2022). Because 
the chloride ion diffusion coefficient in concrete con-
tinuously decreases over the maintenance period of the 
structure, considering the time-dependent parameter 
is essential for an economical and rational service life 
design. In this study, the time-dependent parameter 
model from Life-365 was used to back-calculate the dif-
fusion coefficient at 28  days for service life analysis, as 
shown in Eq. (5) (Thomas & Bentz, 2002):

where DR represents the apparent chloride ion diffusion 
coefficient  (m2/s) at the reference time ( tR ), D(t) is the 
apparent chloride ion diffusion coefficient  (m2/s) at time 
( t ), and tR represents the reference time (28 days).

Moreover, Life-365 proposes a formula for calculating 
the time-dependent parameter based on the type and 
substitution rate of the binder, as shown in Eq.  (6). This 
formula limits the fly ash substitution rate to a maximum 

(4)

Dd =
DR

1−m

[
(1−m)+m

tc

t

](
tR

t

)m(
t ≥ 30years

)
,

(5)D(t) = DR

(
tR

t

)m

,

of 50% and blast furnace slag powder substitution rate to 
a maximum of 70% (Thomas & Bentz, 2002). The flow-
chart for the analysis of the service life under chloride 
ingress according to the corresponding process is pre-
sented in Fig. 8:

where FA represents the fly ash substitution rate (%) and 
SG represents the blast furnace slag powder substitution 
rate (%).

• Variables for Service Life Analysis under Chloride 
Ingress

The durability design standards of South Korea (KCI, 
2021) suggest calculating the chloride ion diffusion coef-
ficient based on the experimental or measured data with-
out specifying the method of testing, such as accelerated 
chloride ion diffusion tests or long-term immersion tests. 
In addition, the chloride ingress design specifications in 
Japan (JSCE, 2007) propose that when using the diffu-
sion coefficient derived from electrical acceleration tests 
for durability performance analysis, the accelerated chlo-
ride ion diffusion coefficient should be converted to the 
apparent chloride ion diffusion coefficient before use. 
In this study, accelerated chloride ion diffusion coeffi-
cients at 91 and 365 days were obtained through previous 
research, and it was found that using the accelerated chlo-
ride ion diffusion coefficient from electrical acceleration 
tests in service life analysis generally results in a lower 
evaluated service life than that observed using diffusion 
coefficients considering the typical outdoor marine envi-
ronment. Therefore, it was deemed unsuitable to use the 

(6)m = 0.2+ 0.4

(
FA

50
+

SG

70

)
≤ 0.6,

Fig. 8 Flowchart for analysis of the service life under chloride ingress
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experimental results directly for durability performance 
analysis, and the accelerated chloride ion diffusion coef-
ficient was converted to the apparent chloride ion dif-
fusion coefficient using the existing theoretical formula 
(Eq.  7) (Polder et  al., 2007). In addition, the diffusion 
coefficient at 28  days was back-calculated according to 
Eq. (5) for use in the service life analysis. Table 3 presents 
the variables for analyzing the service life under chloride 
ingress by assuming that the target structure is located 
on the east coast of South Korea and setting the surface 
chloride content and annual temperature for 2023 (KCI, 
2012):

where D492 represents the accelerated chloride ion diffu-
sion coefficient  (m2/s) according to NT BUILD 492, and 
D443 indicates the apparent chloride ion diffusion coeffi-
cient  (m2/s) according to NT BUILD 443.

• Service Life Analysis Results for a Two-Span Con-
tinuous RC Girder Considering Load and Cold Joint 
Conditions

The service life of a two-span continuous RC girder, 
evaluated at 0.5  m intervals considering load and cold 
joint conditions, is presented in Fig.  9, and the assess-
ment results on the decrease in service life at the cold 
joint locations and at points of maximum tensile load, 

(7)D492 = 1.16D443 + 0.32× 10−12
(
R2 = 0.96

)
,

based on the service life at the unaffected end points, are 
shown in Fig. 10.

The analysis results for service life under chloride ingress 
show a significant decrease in service life at the locations 
with cold joints in the RC girder. This is because the base-
line diffusion coefficient of cold-joint concrete is higher 
than that of sound concrete. Furthermore, according to 
the regression formula in Fig.  3, the increase in diffusion 
coefficient is greater owing to stress. The service life at the 
points with cold joints, from the ends up to 3 m, showed 
a decrease rate of 33.9% in the upper surface and 30.3% in 
the lower surface when compared with the service life at 
the ends, where the stress conditions do not apply. Areas 
under tensile stress showed a slight decrease in service life, 
whereas those under compressive stress showed no change 
in service life. This was attributed to the regression formula 
for chloride ion diffusion behavior analyzed in this study; 
for the compressive stress area, it was considered that there 
was no change in diffusivity up to a stress level of 30% of the 
failure stress, and for tensile stress, the increase in diffusiv-
ity was considered linearly proportional to the magnitude 
of the tensile stress. After excluding the points with cold 
joints, the decrease in service life owing to tensile stress in 
the structure was 12.4% in the upper surface and 7.5% in 
the lower surface, with the difference in the decrease rate 
of service life between the upper and lower surfaces attrib-
uted to the structural analysis results. Based on the diffu-
sion theory, it is believed that the resistance of concrete 
structures with discontinuities, such as cold joints, which 

Table 3 Analysis variables for service life under chloride ingress

* The period required for the surface chloride content to reach from “0” to the set value

Cover depth (mm) Surface chloride 
content (kg/m3)

Built up period* 
(year)

Critical chloride 
content (kg/m3)

Time dependent 
parameter ( m)

Annual 
temperature (℃)

DR(× 10  m−12/s)

40 2.5 10 1.2 0.428 3.0–27.0 9.15 (Sound) 12.0 
(CJ)

Fig. 9 Analysis results for service life in two‑span continuous RC 
girder considering cold joint and stress conditions

Fig. 10 Change ratio of service life at the region with cold joint 
and under max tensile stress
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indicate structural vulnerabilities, to issues such as chloride 
ingress is significantly compromised.

3  Probabilistic Repair Cost Analysis
3.1  Probabilistic Chloride Ingress Repair Cost Analysis
Based on the service life of each location of the two-span 
continuous RC girder evaluated in Sect. 2, this section pre-
sents the derivation of the deterministic and probabilistic 
maintenance costs for chloride ingress. If the service life at 
each location of the two-span continuous girder evaluated 
in Sect. 2  is referred to as  T1 (the first service life to occur), 
the period not requiring repairs is considered to have a 
repair frequency of “0,” and the initial condition for such 
cases is represented in Eq.  (8) (Total Information Service 
Corporation, 2010; Yang et al., 2020):

where T1 represents the initial service life, and Tend rep-
resents the target service life of the two-span continuous 
RC girder.

The standardized variable ( β ) and the probability of not 
needing repairs ( P1) are expressed in Eqs. (9) and (10) (Jung 
et al., 2018b; Yang et al., 2020), where T1 denotes the aver-
age value of the time of first repair:

where σ1 signifies the standard deviation of T1 at the time 
of first repair.

In addition, the condition for the number of repairs to 
be N occurs when TN is less than the target service life 
( Tend ), and the sum of N and TN+1 at the TN th repair 
exceeds the target service life ( Tend ). In this case, the 
probability ( P∗

N+1 ) that the sum of the standardized vari-
able and time of repair TN+1 and TN exceeds the target 
service life ( Tend ) is represented in Eqs. (11) and (12) 
(Jung et al., 2018a, 2018b; Yang et al., 2020):

(8)T1 ≥ Tend,

(9)β =
(Tend − T1)

σ1
,

(10)P1 =
∫ ∞

β1

1
√
2π

exp

(
−
β2

2

)
dβ ,

(11)βN =
(Tend−

−
(TN +

−
(TN+1)√

σN
2 + σN+1

2
,

 where σN signifies the standard deviation of TN , and 
the failure probability when the number of repairs is N 
can be generalized as in Eq. (13). Furthermore, when the 
repair cost for a unit component ( i ) is fixed at Ci , the total 
repair cost is as shown in Eq. (14). Fig. 11 illustrates the 
concept of setting the probabilistic repair frequencies 
(Jung et al., 2018a, 2018b; Yang et al., 2020):

where CT represents the sum of the total repair costs 
considering the repair cost of a unit component ( Ci).

3.2  Analysis Variables for Probabilistic Repair Cost Analysis
To obtain the maintenance costs for chloride ingress up 
to the target service life of a two-span RC continuous 
girder, it was assumed that the initial and post-repair ser-
vice lives at the cold joint area (top and bottom surface), 
area under maximum tensile load (8.0  m, top surface), 
and area not affected by the cold joint and load conditions 
(0.0 m) follow a normal distribution. The location where 
maximum tensile stress occurs at the bottom surface was 
not considered, as it overlapped with the cold joint area. 
For the analysis of repair costs, four locations, including 
the control case (a point unaffected by cold joint and load 
conditions), were selected, because significant reduc-
tions in service life were observed in remaining locations 
excluding the control case. In addition, to quantitatively 
analyze the effects of cold joints and load conditions on 
the repair costs, it was assumed that the same concrete 
mixture as used in the initial construction would be 
applied to the repair materials. Considering the difficulty 
in quality control at the cold joint area, the variability in 
initial service life was assumed to be 15%, whereas the 
variability after repair for members was assumed to be 
10%. A variability coefficient of 10–20% is known to be 
an appropriate level for designing the durability perfor-
mance of concrete structures (Kwon et  al., 2009; CEB, 
2006; EN 1991, 2000). The initial service life  (Ti) and 
post-repair service life  (Tn) and variability coefficients for 
different locations of a two-span RC continuous girder 

(12)

P∗
N+1 = 1−

∫ βN+1

−∞

f (β)dβ

=

∫
∞

βN+1
f (β)dβ

=

∫
∞

βN+1

1
√
2π

exp
(
−
β2

2

)
dβ ,

(13)PN =
(
1−

∑N−1

k=1
PN

)
× P∗

N ,

(14)CT =
∑N

k=1
(k × Ci × Pk),
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are summarized in Table 4. By excluding the influence of 
the cold joint, it was considered that from the first repair 
onward  (T1), only the load affects the service life of the 
cold joint area. This was because the effect of cold joint 
was eliminated after the repair. The per-unit-area repair 
cost for concrete chloride ingress was based on the 2023 
data provided by KPI (Korea Price Information).

3.3  Results of Chloride Ingress Repair Cost Analysis

• Repair Cost Estimation Results for Main Locations of 
a Two-Span Continuous RC Girder

The maintenance cost analysis results for chloride 
ingress up to the service life (200 years) for the cold joint 
location, point of maximum tensile load application, and 
sound area of the two-span continuous RC girder, con-
sidering the probabilistic variables of the initial and post-
repair service lives from Table  4, are shown in Fig.  11. 
In deterministic repair cost analysis, it was considered 

that the cost increases stepwise each time the initial and 
post-repair service lives are reached. As shown in Fig. 12, 
unlike deterministic analysis methods, using probabilistic 
analysis techniques to estimate the repair frequency and 
costs allows deriving the repair frequency and costs in 
the form of continuous functions. This has the advantage 
of being able to reduce the repair frequency and costs by 
adjusting the target service life (Yoon et al., 2021).

In all four cases, deterministic analysis required three 
repairs to achieve the target service life of 200  years, 
whereas probabilistic analysis predicted a repair fre-
quency of 2.74 in the sound area (d), and 3.0 to 3.03 in 
the other three cases. Similar levels of expected repair 
frequencies and probabilistic repair costs were estimated 
in cases other than the sound area, which is attributed to 
the sum of initial service life  (Ti) and post-repair service 
life  (Tn) relative to the set target service life. Although the 
deterministic analysis shows the same number of repairs 
and repair costs in all cases, the sound area can secure 
an extended service life with the same costs shortly after 

Fig. 11 Concept of analysis of maintenance cost by probabilistic method

Table 4 Service lives of two‑span continuous RC girder before and after repair

Location Ti (COV) Tn (COV) Repair cost ($/m2) Target service life (years)

Cold joint (top surface) 42.5 (0.15) 64.3 (0.1) 198.4 200

Cold joint (bottom surface) 44.8 (0.15) 59.2 (0.1)

Central point (top surface) 56.3 (0.1) 56.3 (0.1)

Sound area 64.3 (0.1) 64.3 (0.1)
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the third repair, given the target service life of 200 years. 
A summary of the probabilistic repair costs for achiev-
ing the target service life of 200  years in all four cases, 
obtained from Fig.  12, is shown in Fig.  13. In compari-
son with the data for the sound area, the increase rate 
of probabilistic repair costs at the points of tensile stress 
and cold joints was evaluated to be between 109.5 and 
110.8%.

• Overall Repair Cost Estimation Results

This section presents an analysis of the maintenance 
costs associated with the extended service life of a two-
span RC continuous girder. In probabilistic analysis, as 
costs over time are presented in the form of continuous 

Fig. 12 Repair cost through deterministic and probabilistic analyses

Fig. 13 Comparison of repair costs through probabilistic analysis
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functions, it is possible to calculate the repair costs for 
each location of the RC girder as a simple sum, whereas 
in deterministic methods, the total repair cost at each 
location must be meticulously considered. Fig. 14 pre-
sents a flowchart for deriving the total repair costs for 
four locations of the two-span RC girder based on the 
deterministic analysis results; the integrated determin-
istic and probabilistic repair cost behaviors for the ana-
lyzed four points are presented in Fig.  15. Here, Fi(t) 
represents the repair costs over the service period for 
each location, Ci represents the repair costs per loca-
tion, Ti represents the service life secured before/after 
repair for each location, and m indicates the repair 
frequency.

In Fig.  15, there is very little difference in the final 
repair cost between deterministic and probabilistic 
analysis methods, with probabilistic repair costs being 
higher in some intervals. This is because of the negative 
effect of the coefficient of variation (COV), whereas in 
intervals where the COV has a positive effect, probabil-
istic repair costs are lower than the deterministic costs. 
Furthermore, during probabilistic analysis, the higher 
the COV, the greater is the extent to which the results 
tend to smooth into a continuous function curve, with 
economically feasible repair opportunities existing 
between 40 and 50% of the respective service life fol-
lowing deterministic repair times. The final repair costs 
were analyzed to be 2777.6 $/m2 in deterministic analy-
sis and 2337.6 $/m2 in probabilistic analysis. Moreover, 
the yellow circled areas indicate a significant increase 
in repair cost over a short period, which is attributed 
to the reduced service life at the cold joint and points 
of application of the maximum tensile load. Therefore, 

cold joints and stress conditions have a significant 
effect on the increase in repair costs of RC structures. 
Extending the service life at the cold joint and points 

Fig. 14 Calculation flowchart for total repair cost in deterministic 
method

Fig. 15 Total repair cost considering multiple points of two‑span continuous RC girder using deterministic and probabilistic analyses
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of application of tensile stress as much as possible and 
setting a target service life considering this strategy 
could enable economical maintenance against chloride 
ingress in RC structures. In addition, this study consid-
ered only the repair costs for chloride ingress, assuming 
uniform costs. If the different repair costs for vari-
ous degradation phenomena were considered, it could 
identify the dominant degradation factors affecting the 
maintenance costs up to the target service life.

4  Conclusion
This study derived the service life after chloride ingress 
and deterministic and probabilistic repair costs under 
cracking load conditions of a two-span RC continuous 
girder by applying the accelerated chloride diffusion coef-
ficient results for GGBFS concrete considering cold joint 
and load conditions from previous research. In proba-
bilistic repair cost analysis, the initial service life and 
post-repair service life for each location were assumed to 
follow a normal distribution, and the overall increase in 
repair cost for the RC continuous girder with increased 
service period was analyzed. The conclusions of this 
study are as follows.

1) The service life for chloride ingress at various loca-
tions considering cold joints and stress conditions 
was evaluated by comprehensively considering the 
chloride diffusion coefficient test results from previ-
ous research along with the structural analysis results 
of the RC continuous girder. Service life significantly 
decreased at locations with cold joints owing to the 
higher baseline diffusion coefficient of the cold-joint 
concrete when compared with that of sound con-
crete and greater increase in diffusion coefficient 
owing to stress. In comparison with the service life 
at areas unaffected by stress and cold joints, the cold 
joint area showed a decrease in service life of 33.9% 
in the upper surface and 30.3% in the lower surface. 
The presence of tensile stress also tended to decrease 
the service life, with the points of maximum tensile 
stress application experiencing a decrease of 12.4% 
in the upper surface and 7.5% in the lower surface. 
Based on the diffusion theory, cold joint areas, which 
have structural and durability vulnerabilities, appear 
to be susceptible to degradation phenomena such as 
chloride ingress.

2) This study analyzed both deterministic and probabil-
istic repair costs for a two-span RC continuous girder 
up to the target service life. Probabilistic analysis, 
which considers the service life as a random variable 
following a specific distribution, allows for rational 
adjustments to repair costs. As a result, unlike the 
stepwise cost increases observed in deterministic 

analysis, probabilistic analysis presented a continu-
ous cost increase function. At a target service life of 
200 years, similar repair costs were derived between 
the two methods when excluding undamaged areas. 
However, the probabilistic approach allows for more 
cost-effective maintenance by adjusting the target 
service life in response to the cost-impacting effect 
of COV. The sound area showed the lowest expected 
repair frequency of 2.74, whereas the cold joint and 
maximum tensile stress application areas showed an 
increase in the probabilistic repair costs by 109.5 to 
110.8% when compared with that of the sound area.

3) The maintenance costs for a two-span RC continuous 
girder were analyzed by comprehensively consider-
ing the cold joint and tensile stress application areas. 
In intervals where the COV had a negative impact, 
probabilistic repair costs were evaluated to be higher 
than the deterministic costs, whereas in intervals 
with a positive effect of the COV, probabilistic repair 
costs were lower than the deterministic costs. The 
final repair costs were analyzed to be 2777.6 $/m2 in 
deterministic analysis and 2337.6 $/m2 in probabilis-
tic analysis. Given the significant effects of cold joints 
and tensile stress conditions on the behavior of the 
increase in repair cost, extending the service life at 
these points and setting a target service life consid-
ering these factors would enable economical mainte-
nance.
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