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Abstract 

Recently, many countries including Korea are experiencing serious climatic events, such as heat waves, torrential rain, 
cold waves, heavy snowfall, and typhoons. In addition, due to the extreme climate events, the construction period of 
concrete structures tends to be extended, whereby increasing related economic losses. Pushing through construction 
projects without considering climate change results in low-quality concrete, causing poor constructions humans and 
consequent casualties and property damages. Moreover, exposure of concrete structures to extreme environmen‑
tal conditions that involve carbonation, freezing and thawing and to chloride attack environments may reduce the 
durability of concrete. In the environments of carbonation and chloride attack, concrete structure cured in inad‑
equate curing conditions develops cracks, making it easy for CO2 and chloride to and corrode rebars and reducing 
durability of concrete. Also, in the environments of repeated freezing and thawing, the inadequately cured concrete 
develops microcracks through which water infiltrates, resulting in decline in performance. According to the study 
results, durability generally declines most rapidly in the chloride attack environment among various environmental 
types. Therefore, to address these issues and provide measures for climate change, this study investigated the effect of 
climate factors on strength and chloride diffusion coefficient rate of concrete structure by selecting sunlight exposure 
time and wind speed as the most important curing conditions among various climate factors that affect concrete 
performance. Regarding the analytical method of experimental results, performance based evaluation (PBE) on con‑
crete strength and durability using Satisfaction Curve is proposed. In addition, the PBEs used in this study are applied 
to future climate scenarios. It is expected that the optimal mix ratio accounting for climatic change in concrete mixing 
can be derived using the future climate change scenario.
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(PBE)
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1  Introduction
Recently, extreme climate change has been occurring 
globally. In addition to changes in average temperature 
and precipitation, climate change manifests as an increase 
in the frequency of draught, floods, and heat waves, and 
growing strengths of tropical cyclones such as hurricanes 

and typhoons, as a result of changes in precipitation and 
temperature. In general, when air temperature increases 
by 1  °C, the water content in the atmosphere increases 
by approximately 7%, increasing the frequency of heavy 
rainfall and draught (Kwon 2005). Korea’s weather phe-
nomena are not an exception. According to the Korea 
Meteorological Administration (KMA), the average tem-
perature of the six major cities in Korea increased by 
approximately 1.5  °C since 1900, which is almost twice 
as the average increase in global temperature (Weather 
Knowledgebase 2012). Moreover, compared to the 1920s, 
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the length of winter has decreased by approximately 
30  days, while the length of spring and summer was 
approximately 20  day longer, suggesting the continuing 
temperature increase is changing the length of seasons. 
Despite large variation across decades, annual average 
precipitation also shows the increasing trend, and the 
intensity of rainfall shows the increasing trend, as the 
number of days with precipitation decreases and the pre-
cipitation increases in general (KMA 2008) In addition, 
climate change can manifest as climate extremes such as 
heat waves, torrential rain, and heavy snowfall (Myong 
2009). Due to the extreme climate events, the construc-
tion period of concrete structures at construction sites 
tends to be extended, increasing related economic losses. 
Pushing through construction projects without consider-
ing climate change results in low-quality concrete, lead-
ing to weak constructions. Concrete is exposed to various 
climatic factors during the curing process. Concrete is 
exposed to various climate environments in the curing 
process. In particular, concrete structures require appro-
priate early hydration to have proper strength develop-
ment. However, when relative humidity decreases or 
temperature increases rapidly outside, cracks due to high 
temperature or long-term strength degradation occur 
due to water evaporation inside concrete. On the other 
hand, when temperature is low, strength degradation 
occurs as setting and curing are delayed significantly. In 
addition, constant exposure to wind and sunlight during 
curing causes water movement and evaporation as well 
as temperature fluctuations in specimens, which produce 
cracks and various problems with material properties as a 
result of sharp increases in hydration temperature. These 
suggest that various curing conditions caused by climate 
change are likely to result in concrete strength degrada-
tion by causing porosity and microcracks inside concrete 
(Kato et  al. 2005; Thomas and Bamforth 1999; Mangat 
and Gurusamy 1987).

In particular, exposure of concrete structure to extreme 
environmental conditions such as carbonation, freez-
ing and thawing, and chloride attack environments may 
reduce durability of concrete (Poon et  al. 2006; Luping 
and Nilsson 1992; Leng et al. 2000). In the environments 
of carbonation and chloride attack, concrete structure 
that cured in inadequate curing conditions develops 
cracks, making it easy for CO2 and chloride to penetrate 
and corrode rebars, and reducing durability of concrete 
(Park and Choi 2012; Morga and Marano 2015; Ramseyer 
and Kang 2012; Divsholi et  al. 2014; Elsafty and Abdel-
Mohti 2013). Also, in the environments of repeated 
freezing and thawing, the inadequately cured concrete 
develops microcracks through which water infiltrates, 
resulting in decline in performance (Jang et al. 2011; Oh 
and Jang 2003; Dhir and Jones 1999). According to the 

study results, durability generally declines most rapidly in 
the chloride attack environment among various environ-
mental types (Arribas et al. 2014; Chen et al. 2014; Alqam 
and Alkam 2014; Ye et al. 2015).

Therefore, to address the problems caused by cli-
mate change and provide suitable responses, this study 
involved a chloride diffusion coefficient rate experiment 
in which concrete, of the various climatic factors that 
affect concrete curing, was cured under variable wind 
speed and sunlight exposure conditions and exposed to 
extreme environments. Regarding the analytical method 
of experimental results, performance based evaluation 
(PBE) of concrete strength and durability using Satisfac-
tion Curve is proposed.

2 � Procedure of Performance Based Evaluation 
(PBE)

2.1 � Performance Based Evaluation Theory
The performance based evaluation (PBE) to be used in 
this study is an evaluation method based on performance 
based mixture design (PBMD) in a previous study. The 
procedure of PBMD is as follows. The design process 
of PBMD is the process of finding the optimal concrete 
mixing using the concept of the SC, and largely consists 
of three stages. The first stage is the initial design process 
based on the client’s request. The second stage is the pro-
cess of evaluating and optimizing the initial design and 
the third stage is revising the intermediate design and 
completing a final design. To be more specific, the first 
stage is divided into Steps 1 and 2, and the second stage 
into Steps 3 and 4, and the third stage into Steps 5, 6, and 
7.

As shown in Fig. 1, in Step 1, the designer must under-
stand the client’s request accurately. In Step 2, based on 
client’s requirements, material properties, target design 
standards, and structure performance rating are deter-
mined, and initial standard mix is prepared. In Step 3, 
performance of the initial design is evaluated by collecting 
data and plotting SCs, and in Step 4, multiple SCs are com-
bined into a single SC, using the influence coefficient rate 
and the concept of effective influence value. In Step 5, the 
actual performance and the performance standard initially 
established are compared, and based on the results of the 
comparison, in Step 6, concrete proportioning is modified 
followed by optimization of proportioning. Finally, in Step 
7, it is verified whether final concrete proportioning meets 
the client’s requirements (Kim et al. 2011). However, as this 
study is an evaluation of concrete safety and durability, the 
procedures up to Step 3, evaluating the design by plotting 
SCs, were performed. In addition, previous studies exam-
ined performance based mixture design (PBMD) related 
to concrete mixing only, whereas this study conducted 
a performance based evaluation (PBE) from a climate 
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perspective for the first time (Kim et al. 2011, 2012; Phan 
et al. 2012).

3 � Experimental Method
3.1 � Concrete Mixture and Curing Conditions
Table 1 shows details of the concrete mixture, with coarse 
aggregate of 25  mm, w/c of 55%, and design strength of 
27 MPa. Table 2 shows concrete curing conditions regard-
ing sunlight exposure time and wind speed. The conditions 
were decided based on the examination of the last 10 year 
data from Korea Meteorological Administration (KMA) 
for Seoul, Korea, and the specifics of the conditions were 
decided based on the precedents in previous studies (Kim 
et al. 2014, 2015).

3.2 � Concrete Chloride Diffusion Coefficient Rate Theory
In the case of reinforced concrete structure, performance 
deterioration occurs during curing conditions by chemi-
cal and physical causes in various environments. One of 
the prime examples of concrete performance degradation 

is the decrease in durability of concrete structure in 
chloride attack environment. When chloride perme-
ates into concrete and attaches to reinforcing bars due to 
chloride attack environment and the use of deicing salt 
in winter, it causes corrosion of reinforcing bars, which 
leads to reduced cross-sectional area and falling off con-
crete. Thence, the concrete structure does not perform 
properly.

Regarding estimation methods of concrete chloride 
diffusion coefficient rate, Fick’s First Law can be used in 
a steady state, and Fick’s Second Law is used in a non-
steady state. As the present study conducted an experi-
ment where chloride diffusion was promoted, it can be 
considered as a non-steady state.

In addition, experiments on concrete chloride diffusion 
in domestic and international studies are mainly con-
ducted using four methods, as shown in Table 3. ASTM 
C 1202 can measure the amount of the passing charge 
using diffusion cell, and the total amount of time required 
is 6 h. NT Build 355 can measure concentration increase, 
and the total amount of time required is 1–2  months. 
NT Build 443 can measure salinity penetration profile, 
and the minimum amount of time required is 1 month. 
Finally, NT Build 492 can measure chloride penetration 
depth rate and the diffusion coefficient rate based on the 
depth rate, and it takes 24–48 h to complete.

This study focuses on measuring diffusion coefficient 
rate of chloride ion, and accordingly employed NT Build 
492, studied by researchers such as Nilsson and Tang in 
Europe (Tang and Nilsson 1992).

Fig. 1  Procedure of PBD.

Table 1  Mix proportion of concrete (Kim et al. 2015).

Coarse aggregate size (mm) w/c (%) Unit (kg/m3) fck (MPa)

Water W Cement C Fine aggregate S Coarse aggregate G

25 55 183 333 677 1014 27

Table 2  Concrete curing conditions (Kim et al. 2015).

Case Wind 
peed 
(m/s)

Sunlight 
exposure 
time (h)

Case Wind 
speed 
(m/s)

Sunlight 
exposure 
time (h)

1 0 2 9 4 2

2 0 4 10 4 4

3 0 6 11 4 6

4 0 8 12 4 8

5 2 2 13 6 2

6 2 4 14 6 4

7 2 6 15 6 6

8 2 8 16 6 8
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3.3 � Experimental Method of Concrete Chloride Diffusion 
Coefficient Rate

Wind speed and sunlight exposure time curing shown 
in Table  2 was conducted for 28  days, and the experi-
ment based on NT Build 492 was conducted after curing. 
Experimental method is as follows. Circular specimen of 
Ø 100 × 200  mm is cut in thickness of 50 ± 2  mm. The 
cut specimen is placed in a vacuum desiccator and kept 
in a vacuum state with absolute pressure of 10–50 mbar 
(1–5 kPa) for 3 h. The CaOH2 solution is then added for 
the specimen to be immersed, and kept in a vacuum state 
for 18 ± 2 °C to saturate the specimen. As shown in Fig. 2, 
for the saturated specimen, the positive electrode is filled 
with 0.3  N NaOH solution (approximately 12  g NaOH 
in 1 l water) and the negative electrode is filled with 10% 
NaCl solution (100 g NaCl in 900 g water, about 2 N). The 
initial voltage of 30  V is applied, and additional voltage 
to be applied is determined by measuring initial current. 
Finally, depending on the amount of the current, meas-
urement is conducted for 6  h at minimum and 96  h at 
maximum.

After completing the experiment, the specimen is 
taken out and cut in half, which is followed by spraying 
the solution mixed with AgNO3 onto the specimen, and 
measuring the part where color of specimen changes. 
The measurement method is as follows. As shown in 
Fig. 3, seven sites, except the 10 mm at both ends of the 
specimen, are measured in a constant interval, and their 

mean is obtained. Both ends are excluded from measure-
ment because they can be contaminated by the solution 
that penetrates during the experiment.

4 � Test Results
4.1 � Concrete Strength
Table 4 and Fig. 4 show the results on concrete strength in 
various wind speed and sunlight exposure time conditions 
(Kim et  al. 2015). When the concrete specimens cured 
under different wind speed and sunlight exposure time 
conditions are compared with specimens cured with dry 
air, the specimens cured under 0  m/s wind speed and all 
sunlight exposure time conditions showed similar strength 
trends. However, with respect to other wind speed and 
sunlight exposure time conditions used in the study, the 
specimens showed the largest 3-day and 7-day strengths 
when cured in a wind speed of 2  m/s sunlight exposure 
time of 8  h conditions. These results likely occurred due 
to stronger sunlight exposure increasing the concrete sur-
face and internal temperatures. Therefore, it can be con-
cluded that the higher early curing temperature produces, 
the higher early strength due to the faster hydration reac-
tion. However, in conditions with wind speed higher 
than 0  m/s, the specimens showed normal early strength 
development of 3-day and 7-day strengths, by showing 
at least 40% and 70% of the 28-day compressive strength 
of 27  MPa. In contrast, the 28-day long-term strength 
was approximately 45% lower than the design strength of 
27 MPa, and the similar trend was found in splitting ten-
sile strengths. Meanwhile, the specimens cured under wind 
speed of 2 m/s, 4 m/s, and 6 m/s conditions with varying 
sunlight exposure time, 28-day compressive strengths were 
slightly greater for specimens cured at 6 m/s than at 2 m/s 
and 4 m/s, regardless of the sunlight exposure time. In this 
study, three specimens cured under the same condition 
are tested and the average strength is used for comparison. 
A minimal of three specimen test results would give the 
minimal errors. Thereby reducing the errors and increas-
ing results accuracy. However, if more number of specimen 
test results is available, the accuracy can be increased. For 
the purpose of mixing verification, the results on strengths 
of specimens from water curing and thermo-hydrostatic 
curing were also obtained, and they showed strengths of 
38.32 MPa and 31.11 MPa, respectively, which were above 

Table 3  Concrete chloride experimental type.

Code Name Volt

ASTM C 1202 Standard test method for electrical indication of concrete ability to resist chloride ion penetration 60 V

NT Build 492 Chloride migration coefficient from non–steady state migration experiments 10–60 V

NT Build 355 Chloride diffusion coefficient from migration cell experiments 12 V

NT Build 443 Accelerated chloride penetration –

Fig. 2  NT Build 492 test method.
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the design strength. These results suggest that wind speed 
and sunlight exposure curing conditions resulted in lower 
concrete strengths because of inadequate hydration caused 
by water movement from sustained wind, and water evapo-
ration from sunlight exposure.

4.2 � Chloride Depth Rate and Chloride Diffusion Coefficient 
Rate

Tables 5 and 6 and Figs. 5 and 6 show the results on chlo-
ride diffusion coefficient rate. The coefficient rate is 
obtained by measuring chloride penetration depth rate and 

Fig. 3  NT Build 492 measurement method.

Table 4  Strength test results of wind speed–sunlight exposure time (Kim et al. 2015).

Case Wind speed 
(m/s)

Sunlight 
exposure time (h)

Compressive strength (MPa) Splitting tensile strength (MPa)

3 days 7 days 28 days 3 days 7 days 28 days

1 0 2 15.57 24.24 25.94 1.45 1.92 2.12

2 0 4 14.28 23.78 28.18 1.4 1.9 2.22

3 0 6 15.49 23.55 29.36 1.39 1.9 2.4

4 0 8 15.99 22.87 28.46 1.52 1.95 2.05

5 2 2 14.66 19.34 17.55 1.3 2.2 2.07

6 2 4 12.51 18.17 16.44 1.6 1.94 1.65

7 2 6 14.34 22.25 18.36 1.48 2.05 2.02

8 2 8 16.45 22.87 17 1.59 2.17 1.93

9 4 2 14.66 18.97 15.21 1.6 1.98 2.17

10 4 4 13.7 21.01 16.08 1.68 1.99 2.02

11 4 6 14.27 21.8 16.57 1.7 2.14 1.83

12 4 8 13.33 19.91 19.48 1.46 2.21 1.71

13 6 2 15.11 22.1 17.62 1.74 2.16 1.95

14 6 4 13.03 21.65 20.4 1.6 2.18 1.78

15 6 6 14.46 22.66 19.29 1.61 2.05 2

16 6 8 13.18 19.65 21 1.33 2.23 1.7

Control specimens

 Thermo-hydrostatic curing 0 0 17.06 23 31.11 1.58 2.18 2.25

 Wet curing 0 0 18.24 26.6 38.32 1.72 2.29 2.7

 Air dry curing 0 0 16.13 23.36 28.61 1.36 1.84 2.2
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defined by Eqs. (1)–(3) based on the depth rate (NT Build 
492, 1999).

where

    
Dnssm denotes the potential difference promoting chlo-

ride ion diffusion coefficient rate (m2/s), R denotes the 
gas constant (8.314  J/(K·mol)), T denotes the absolute 
temperature (K), L denotes the thickness of specimen 
(m), z denotes ion electron value (z = 1 for chloride), F 
denotes the Faraday constant (9.648 × 104  J/(V·mol)), 

(1)Dnssm =
RT

zFE
×

Xd − α
√
Xd

t

(2)E =
U − 2

L

(3)α = 2

√

RT

zFE
• erf −1

(

1−
2cd

c0

)

U denotes the potential difference (V), Xd denotes the 
mean depth rate of penetration based on the colorimetric 
method (m), t denotes the time applied for the potential 
difference (s), C0 denotes chloride ion concentration of 
cathode cell (≒2  N), Cd denotes reaction concentration 
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Fig. 4  Evaluation of concrete strength: a 3 days, b 7 days, c 28 days, d control strength.

Table 5  Test results of concrete chloride depth rate (mm).

Thermo-hydrostatic curing: 25.27 (chloride depth rate of chamber-cured 
concrete at 20℃ temperature and ± 95% relative humidity)

Wet curing: 22.11 (chloride depth rate of water-cured concrete at 20 ℃ 
temperature and 100% relative humidity)

Air dry curing: 29.77 (chloride depth rate of air-cured concrete at 20 ℃ 
temperature and ± 60% relative humidity)

Wind speed Sunlight exposure time

2 4 6 8

0 30.81 31.44 35.79 37.18

2 37.46 37.88 37.92 39.21

4 38.75 43.31 43.47 47.31

6 44.48 47.12 45.76 47.57



Page 7 of 13Kim et al. Int J Concr Struct Mater           (2019) 13:15 

based on the colorimetric method (≒0.07  N for OPC), 
and erf−1 denotes the inverse error function.

Chloride diffusion coefficients rate showed a similar 
pattern to that of chloride penetration depths rate that is, 
the coefficient rate was greater at greater wind speed and 
sunlight exposure time. The condition with the smallest 
diffusion coefficient rate was the wind speed and sun-
light exposure time (0 and 2) with 46.11 (×10

−12
m

2/s) . 
The condition with the greatest diffusion coefficient rate 
was the wind speed and sunlight exposure time (6 and 
8) with 75.89 (×10

−12
m

2/s) , which showed about 60% 
difference. In addition, the diffusion coefficient rate was 
greater at longer sunlight exposure time, even when wind 
speed during curing was low, as in the case of penetra-
tion depth rate. In the comparisons between specimens 
of wind speed and sunlight exposure time and compared 

Table 6  Test results of  concrete chloride diffusion 
coefficient rate (× 10−12 m2/s).

Thermo-hydrostatic curing: 23.48 (chloride diffusion coefficient rate of chamber-
cured concrete at 20 ℃ temperature and ± 95% relative humidity)

Wet curing: 16.78 (chloride diffusion coefficient rate of water-cured concrete at 
20 ℃ temperature and 100% relative humidity)

Air dry curing: 43.45 (chloride diffusion coefficient rate of air-cured concrete at 
20 ℃ temperature and ± 60% relative humidity)

Wind speed Sunlight exposure time

2 4 6 8

0 46.11 47.16 54.5 57.44

2 57.54 58.24 58.3 61.19

4 58.38 65.7 66 73.29

6 69.94 74.25 71.85 75.89

a bWind speed with 0, 2, 4, 6 m/s Sunlight exposure time with 2, 4, 6, 8 hrs
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Fig. 5  Evaluation of chloride diffusion depth rate: a wind speed with 0, 2, 4, 6 m/s, b sunlight exposure time with 2, 4, 6, 8 h.
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Fig. 6  Evaluation of chloride diffusion coefficient rate: a wind speed with 0, 2, 4, 6 m/s, b sunlight exposure time with 2, 4, 6, 8 h.
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with control specimens of water curing, thermo-hydro-
static chamber, air-drying curing, water curing with 16.78 
(×10

−12
m

2/s) and wind speed and sunlight exposure 
time (6 and 8) with 75.89 (×10

−12
m

2/s) showed a differ-
ence of up to about 4.5 times. Regarding chloride diffu-
sion depth rate, the maximum diffusion depth rate of the 
specimens cured in wind speed and sunlight exposure 
time (6 and 8) conditions was more than twice the mini-
mum diffusion depth rate of the water-cured specimen.

Figures 5 and 6 show the data in Tables 5 and 6 as bar 
graph for comparison. As shown in Fig. 5a, the chloride 
diffusion depth rate results obtained from wind speed 
curing condition variation shows that the depth rate 
increases from wind speed from 0 to 6 m/s. With respect 
to the depth rate from sunlight exposure time curing 
condition variation as shown in Fig.  5b, the depth rate 
increases at a same rate for the wind speed variations 
from 0 to 4 m/s under a constant sunlight exposure time 
of 2, 4, 6, and 8 h.

As shown in Fig.  6a, the chloride diffusion coefficient 
results from wind speed curing condition variation shows 
that the chloride diffusion coefficient rate increases from 
0 to 6 m/s. However, with respect to the chloride diffu-
sion coefficient rate from sunlight exposure time curing 
condition variation shown in Fig. 6b, shows that the chlo-
ride diffusion coefficient rate increases at a same rate for 
the wind speed variations from 0 to 4 m/s under a con-
stant sunlight exposure time of 2, 4, 6, and 8 h.

This is thought to occur because the considerably dried 
specimen of air-drying curing is highly absorbent during 
the experiment, and the specimens of wind speed and 
sunlight exposure curing have high porosity due to early 
water evaporation.

5 � Test Results Analysis Using PBE
5.1 � Satisfaction Curve of Chloride Diffusion Coefficients 

Rate
Figures 7, 8, 9 and 10 show Satisfaction Curves on chlo-
ride diffusion coefficients rate and chloride penetration 
depths rate as a function of wind speed and sunlight 
exposure time. Concrete durability against salt damage is 
evaluated by evaluating diffusion coefficients rate using 
Eq. (4), describes concrete specifications.

The evaluation of chloride ion diffusion coefficients 
rate took time-dependence into consideration, which 
means that diffusion coefficient rate decreases with 
concrete age due to change in microstructure. The 
durability section of the existing concrete specifications 
is yet to adopt this assumption in the model applied to 
durability evaluation. However, based on previous stud-
ies, it is thought that predicting service life of about 
100 years based on diffusion coefficients rate estimated 
at early age of concrete can be very unreasonable and 

result in overly conservative predictions. Therefore, in 
the case of Eq. (4), it was adopted as a basic assumption 
that diffusion coefficient rate decreases over time due 
to hydration reaction.

Here, γp denotes environment coefficient rate, which is 
generally 1.1. ϕk denotes durability reduction factor for 
salt damage, which is generally 0.86. Dk denotes the prop-
erty value of concrete chloride ion diffusion coefficient 
rate m2/y or m2/y , and DP denotes predicted value con-
crete chloride ion diffusion coefficient rate m2/y or m2/y.

In this study, with the basic assumption of decrease 
in diffusion coefficient rate over time, when designat-
ing 75.89 (×10

−12
m

2/s) as the wind speed and sun-
light exposure (6 and 8) diffusion coefficient rate for 
the worst-case scenario and entering it in the Eq.  (4), 
the predicted chloride ion diffusion coefficient rate of 
58.79 (×10

−12
m

2/s) is obtained. Therefore, the required 

(4)γpDP ≤ φkDk

Relative wind speed (m/s) 

0 1 2 3 4 5 6

Pr
ob

ab
ili

ty
 o

f d
iff

us
io

n 
co

ef
fic

ien
t s

at
isf

ac
tio

n

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

48
58
68

Fig. 7  Satisfaction Curve of wind speed parameter for combine 
chloride diffusion coefficient rate (48, 58, 68).
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combine chloride diffusion coefficient rate (48, 58, 68).
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satisfaction specification was set at 58 (×10
−12

m
2/s) , and 

for comparative analysis of various satisfaction probabili-
ties, diffusion coefficient rate satisfaction specifications 
of 48 and 68 (×10

−12
m

2/s) were added.
Figures 7, 8, 9 and 10 show the Satisfaction Curves on 

chloride diffusion coefficients rate, and satisfaction speci-
fications of (48, 58, and 68) (×10

−12
m

2/s) were applied. 
Regarding evaluation of Satisfaction Curves, in Fig. 7 (as 
an example), when the diffusion coefficient rate as a func-
tion of wind speed was set at 58 (×10

−12
m

2/s) , to satisfy 
50% probability, at least 2  m/s wind speed is required, 
and in the case of 48 (×10

−12
m

2/s) , at least 1 m/s wind 
speed is required. In addition, in the case of Fig. 8, when 
diffusion coefficient rate was set at 58 (×10

−12
m

2/s) , to 
satisfy at least 80% satisfaction probability, 6 h of curing 
sunlight exposure time is required.

These demonstrate that evaluation of Satisfaction 
Curves based on the designer’s required criterion is pos-
sible in PBE. Given this advantage, PBE can be applied 
in construction sites in a wide range of environments to 
prevent casualties and property damages.

5.2 � Satisfaction Curve of Chloride Diffusion Depth Rate
Figures 9 and 10 show the Satisfaction Curves on chloride 
penetration depth rate as a function of wind speed and 
sunlight exposure time, and chloride penetration depth 
rate can be set at (32.5, 37.5, 42.5) mm using Eq. (3). The 
graphs, however, show that chloride penetration depth 
rate (32.5, 37.5, 42.5) mm is in proportion to chloride dif-
fusion coefficient rate (48, 58, 68) (×10

−12
m

2/s) , and Sat-
isfaction Curves are nearly identical. In the case of Fig. 9, 
the 50 and 90% probabilities to satisfy designer’s required 
satisfaction specification, 42.5  mm requires 4  m/s and 
5 m/s curing conditions. In addition, in the case of Fig. 10 
of sunlight exposure time, the 20 and 50% probabilities 
to satisfy designer’s required satisfaction specification of 
42.5 mm requires 3 h and 7 h curing conditions. In this 
PBE, various criteria can be set for designers’ various 
required targets, and the results of setting required sat-
isfaction criteria by changing chloride ion diffusion coef-
ficient rate to 63 (×10

−12
m

2/s) are shown in Figs. 11 and 
12.

6 � Code Case of Future Climate Scenario
6.1 � Results of Scenario Application
In this study, it is possible to predict future climate by 
using various climate variables and drawing on predicted 
scenarios provided by KMA (Weather Knowledgebase 
2012). In the past, the Special Report on Emission Sce-
nario (SRES) based on greenhouse gas (GHG) emission, 
which was used in the fourth assessment report of the 
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Fig. 9  Satisfaction Curve of wind speed parameter for combine 
chloride diffusion depth rate (32.5, 37.5, 42.5).
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Fig. 10  Satisfaction Curve of sunlight exposure time parameter for 
combine chloride diffusion depth rate (32.5, 37.5, 42.5).
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Intergovernmental Panel on Climate Change (IPCC), 
included radiative forcing regarding the impact of GHG 
and aerosol only among manmade climate change fac-
tors. However, more advanced Representative Concen-
tration Pathways (RCP) scenarios are currently used. In 
the RCP scenarios, the term, Representative, indicates 
that various socioeconomic scenarios exist with regard to 
radiative forcing for anthropogenic GHG specified in the 
fifth assessment report of IPCC and the term of Pathways 
is used to emphasize the change over time in GHG emis-
sion scenarios. Therefore, in the present study, RCP 8.5 
scenario, which assumes the highest level of GHG emis-
sion among RCP scenarios, is used to estimate various 
climate changes such as wind speed and sunlight expo-
sure time in 2050, and concrete construction measures 
are examined accordingly.

The present study used RCP 8.5, which assumes the 
highest GHG emission values among the various RCP 
scenarios, in order to investigate the most extreme pre-
dicted climate. The application of the KMA’s program 
(Fig.  13) can generate various future estimates for cli-
mate factors such as temperature, relative humidity, 
wind speed, and precipitation, except for the sunlight 
exposure time, which is required in this study (Weather 
Knowledgebase 2012). Accordingly, the sunlight expo-
sure time was estimated by inversely applying the results 
of applying the precipitation scenario, based on the logic 
that sunlight exposure time decreases as precipitation 
increases. The following conclusions were drawn from 
the results obtained using the procedure.

Tables  7 and 8 are the results of comparative analysis 
of wind speeds and sunlight exposure time at present 
and in future between 2046 and 2066, based on RCP 8.5 

scenario. Figure 14 shows the results of applying Tables 7 
and 8 to Satisfaction Curves. Regarding the low satis-
faction probability of chloride diffusion coefficient rate, 
since its primary reason is porosity, the problem can be 
addressed by minimizing porosity through reduction in 
W/C, fine aggregate ratio, and unit water content when 
mixing.  

6.2 � Solutions to the Concrete Chloride Diffusion 
Coefficients Rate Problem

The following solutions based on literature are proposed 
to increase concrete chloride diffusion coefficients rate. 
Concrete chloride diffusion can degrade performance 
of reinforced concrete structures by causing corrosion 
of reinforcement bars. This problem can be resolved 
by increasing watertightness through increasing con-
crete strength, and the use of chemical and mineral 
admixtures. In terms of admixture, increasing slag by 
about 40% can reduce diffusion coefficient rate to about 
40%. Coating the surface of concrete or reinforcement 
bars was also found to increase resistance by decreas-
ing corrosion speed by 30-fold, while epoxy coating and 
nano-composite hybrid-type polymer coating decrease 
diffusion by 50% and 90%, respectively (Kim et al. 2009; 
Park et al. 2003; Lee et al. 2006). Through these various 
methods, concrete durability can be enhanced.

7 � Conclusions
In this study, experimental evaluations were carried out 
to determine the effects of wind speed, and sunlight 
exposure time curing conditions from climate change 
factors on concrete strength and chloride diffusion coef-
ficient rate. Then, Satisfaction Curves were drawn for the 
performance based evaluation using the Bayesian statisti-
cal method. The results obtained in the present study can 
be summarized as follows.

1.	 In the present study, the results on compressive and 
splitting tensile strengths according to wind speed 
and sunlight exposure time curing conditions sug-
gest that 3-day and 7-day early strengths show nor-
mal development, but 28-day long-term strengths 
showed approximately 40% reduction in strengths 
as a whole. The reduction in strength is likely to be 
caused by inadequate hydration of the concrete spec-
imens due to sustained wind and sunlight exposure 
during curing.

2.	 Regarding chloride diffusion depth rate and coeffi-
cients rate for concrete, compared to the condition of 
wind speed and sunlight exposure time (0 and 2), the 
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chloride diffusion coefficient rate (63).
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condition of wind speed and sunlight exposure time 
(6 and 8) yielded over 1.5 times larger chloride dif-
fusion coefficients rate, in addition to larger diffusion 
depth rate. The results of the comparison between 
water-cured control specimens and the specimens 

cured in the wind speed and sunlight exposure time 
(6 and 8) showed that the latter had approximately 2 
times more diffusion than the former. This is likely to 
reflect that the specimens in the experimental cur-
ing conditions develop voids inside due to early water 
evaporation, which results in phenomena such as 
microcracks, ultimately making it easy for chloride to 
diffuse.

3.	 This study conducted PBE for curing conditions of 
climate change using general concrete mixing. The 
results on chloride diffusion depth rate and coeffi-
cient rate suggest that probability of success increases 
as wind speed and sunlight exposure time values 
increase. In this phenomenon, the values from exper-
imental conditions exceed the designer’s required 
criteria, which indicates sharp increase in diffusion 
depth rate, and suggests a reduction in durability of 
the structure. Finally, further efforts to expand data-
base through high intensity mixing, and more experi-
ments on durability and usability are needed for the 
successful application of climate-adaptive curing 
methods at construction sites where various climate 
changes are observed.

Fig. 13  Application of RCP scenarios.

Table 7  Change in wind speed by RCP scenario.

Wind speed (m/s)

Period Past 10 (years) 2046–2055 (years)

Jan. 2.35 2.69

Feb. 2.54 2.99

Mar. 2.83 3.3

Apr. 2.83 3.16

May 2.5 2.45

Jun. 2.36 2.24

Jul. 2.31 2.48

Aug. 2.34 2.26

Sep. 2.05 2.26

Oct. 2.05 2.38

Nov. 2.37 2.57

Dec. 2.46 2.65
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4.	 As stated in the paper, this study was conducted 
using 100 × 200  mm cylinder specimens. How-
ever, for the application to actual construction sites, 
researches on larger specimens are needed. Chloride 
penetration damage is likely to influence concrete 
durability depending on the location, environment, 
and climatic changes. Therefore, follow-up studies 
need to be conducted on larger size members such as 
actual beams and slabs.
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