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Abstract: Recently, the manifestation of global warming-induced climate change has been
observed through super typhoons, heavy snowfalls, torrential rains, and extended heat
waves. These climate changes have been occurring all over the world and natural disasters
have caused severe damage and deterioration of concrete structures and infrastructure. In an
effort to deal with these problems due to extreme and abnormal climate changes, studies
have been conducted to develop construction technologies and design guidelines. Nevertheless,
study results applicable to construction sites continue to be ineffective and insufficient.
Therefore, this study proposes ways to cope with climate change by considering the effect
of concrete curing condition variations on concrete material performance. More specifically,
the 3-, 7- and 28-day compressive and split tensile strength properties of concrete mix cured
under various climatic factors including temperature, relative humidity, wind speed, and
sunlight exposure time were evaluated to determine whether the concrete meets the current
design requirements. Thereafter, a performance based evaluation (PBE) was performed using
satisfaction probabilities based on the test values to understand the problems associated with
the current mix proportion design practice and to identify countermeasures to deal with
climate change-induced curing conditions.
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1. Introduction

Global warming has recently emerged as the biggest challenge for people around the world. The
release of greenhouse gases containing carbon dioxide (COz), nitrous oxide (N20), PFCs, and methane
(CH4) from excessive fossil fuel usage and natural resource depletion (i.e., jungle forest destruction)
have accelerated global warming. Despite the seriousness of global warming problems, they remain
unresolved and continue to heighten. Climate change drastically alters ecosystems, water resources, food
resources, and industries. Recently, instances of torrential rains and super typhoons in coastal areas and
lowlands have dramatically increased, eventually causing landslides and erosion that greatly impact
structures in urban areas [1]. Also, the effect of climate change can be witnessed through torrential rains,
cold waves, heavy snows, and super typhoons. These types of extreme changes of the climate bring forth
extended delays in construction schedules and serious financial losses. In particular, concrete curing at
construction sites is most affected by climate conditions including temperature, relative humidity, rainfall,
wind direction and velocity, and sunlight exposure time, resulting in degradation of the concrete quality.

This study aims to evaluate the effects of temperature, relative humidity, wind velocity, and sunlight
exposure time on the concrete material strength to identify countermeasures to deal with curing condition
variations due to climate change. In order to obtain necessary data for the analysis, 3-, 7-, and 28-day
compressive and split tensile strength tests were performed on the concrete mix proportion most
commonly used by ready-mix concrete companies in Korea. The 100 mm % 200 mm concrete cylinder
specimens were cured under various curing conditions including temperature, relative humidity, wind
speed, and sunlight exposure time until the testing was performed. Using the test results, a performance
based evaluation (PBE) procedure using a satisfaction curve is proposed. PBE is a statistical method of
analyzing the satisfaction of a required performance in unpredictable conditions such as climate change
and earthquakes, making it possible to evaluate the level of satisfaction of the required performance
according to experimental and empirical outcomes. PBE has been utilized by many researchers from
various viewpoints [2—6]. Given the unproven construction criteria used for the current unfamiliar
climate change conditions in construction sites, PBE allows us to identify required countermeasures to
cope with unfamiliar conditions. A performance based approach for determining design criteria or
specifications was recently emphasized in a European Committee International du Beton (CIB) report,
in which the performance focused approach holds the outcome to be more important than the process or
the method used in the design [7].

In general, the design methods considered in the design criteria or concrete specifications such as the
Working Stress Design, Ultimate Strength Design, and Limit States Design tend to concentrate on only
a single evaluation method to satisfy several requirements. Such design criteria and specifications are
not helpful for designers to find a solution for a design satisfying particular performance or conditions.
Thus, a more flexible and practical design approach that will be able to yield more innovative solutions
is necessary. PBE was introduced to deal with such problems [3]. PBE is a performance based evaluation
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method that generates the satisfaction percentage of a required material performance as a value between
0% and 100%. PBE not only suggests a variety of solutions, but also maximizes the cost efficiency and
functionality due to the concept of satisfying performance criteria selected by the user. Moreover, as it
puts the client’s needs first throughout the evaluation process, both the client and user needs can be fully
incorporated into the evaluation and design process. In addition, since PBE is intended to reflect the
requirement satisfactions of the material and structure over the course of their lifespan, structural design,
construction, and maintenance aspects can be considered, focusing on the importance and performance
requirements during the service life of the target material or structure.

2. Performance Based Evaluation (PBE) Theory

The PBE utilized in this study is a method using a satisfaction curve, which is similar to the Fragility
curve method used for seismic performance evaluation [8—11]. The Bayesian probability theory
implemented in the Fragility curve method helps to identify the probable connection between events. As
the Bayesian theory is used to predict the future result based on past data, sufficient data collection of
evaluation variables would result in greater accuracy. The Bayesian theory was applied to structural
performance analysis by Shinozuka where Singhal and Shinozuka applied the Bayesian statistical
method to evaluate the fragility of the structure based on the Fragility curve concept. Thus, the Fragility
method is a seismic performance evaluation method which was developed based on the Bayesian
theory [12—18]. The Fragility theory developed by Shinozuka and Singhal is used to evaluate the fragility
of a bridge or structure using the Fragility curve and it generates the conditional probability in a normal
distribution function curve to indicate the excess characteristics of marginal goals such as structure
collapse against a particular earthquake magnitude. The mean value and log standard deviation are
estimated by the maximum likelihood equation shown in Equation (1).

L=TtF@)I'-Fa)l™ )

here, F(.) refers to the Fragility curve at a certain damage step, a: refers to the peak ground acceleration
(PGA) of the bridge i, x; is determined to be 0 or 1 depending on whether or not the bridge damage is
caused by the peak ground acceleration (PGA) value of a;, and N is determined by the total number of
bridges investigated after the earthquake. Under the assumption of a valid log normal distribution, F(a)
is determined by Equation (2)

In(%) )
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where a refers to PGA and ®[.] refers to a standardized normal distribution function. ¢ and {'in Equation (2)

are the values calculated to maximize InL expressed in Equation (3).

dlandlano (3)
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This study aims to identify the changes of concrete material properties as a result of climate change
using the PBE method. Therefore, satisfaction curves have to be developed incorporating the climate
change effects including temperature, relative humidity, wind speed, and sunlight exposure time as the
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curing conditions. Figure 1 shows the concrete performance at various levels that must be considered to
evaluate the material performance satisfaction of the required performance. However, in this study, a
level of the material performance depending on the curing conditions was considered. In PBE, a
sufficient amount of data is needed to obtain reliable results. However, generally, the available number
of data is insufficient, so that random data generation is performed using the limited number of available
data. After the data collection, each data value is checked to determine whether it satisfies a required
criterion and is given either a result value of 0 (not satisfying) or 1 (satisfying). Then, using the data
value, result value, and criteria value, a satisfaction curve is constructed using the Bayesian probability
equation. Since the satisfaction curve can vary according to the required criterion selected by its user,
PBE is considered as a PBE method [17,18].

Material . . . .. Substrate
Target Material properties Curing condition .
performance materials
W/C
Compressive
strength Temperature
Cement
Stability content
Splitting tensile Rela,tlye
strength humidity
Cost Admixture
Wind Speed content
Environment Slump
Sunlight Exposure .
Shrinkage Time Air content
strain
Durability .
c crai Rainfall Aggregate
reep strain content
Period of use
Evaporation
Carbonation depth Water
Constructability
content
Etc
Etc
Etc

Figure 1. Parameter levels of concrete mixture properties.
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3. Test Conditions and Method
3.1. Performance Evaluation Method Condition

The data used in the material performance evaluation must be compatible for the design target. Figure 1
shows the level-to-level concrete variables. The first level represents the material components comprised
of water-to-cement ratio (w/c), water volume (w), air content, cement volume (c), and various mixing
conditions which may affect the concrete performance. The second level includes climatic factors which
may exert significant influence on the concrete curing including temperature, relative humidity, wind
speed, and sunlight exposure time. The third level is the material performance level comprised of
compressive strength, tensile strength, slump, dry shrinkage, and creep. The fourth level includes the
comprehensive performance of safety, usability, and environmental effect. Finally, the fifth and last level
comprises the service life and cost.

3.2. Temperature—Relative Humidity Condition

The temperature and relative humidity were selected among the various climatic curing factors which
may significantly influence the concrete performance [19,20]. Cylindrical concrete specimens were
cured at various combinations of temperature and relative humidity until the testing was conducted.
According to current concrete specifications, concrete subjected to a high temperature curing condition
results in slump loss, entrained air reduction, cold joint creation, and surface crack formation due to the
fast evaporation of surface moisture, decrease of the long-term strength, and reduction of the surface
density. Conversely, if the temperature is too low, early frost damage could occur. If concrete undergoes
freezing or a repeated freeze-thaw cycle during the hydration process, early frost damage can also occur.
Once early frost damage occurs in concrete, concrete cannot recover its strength, durability, and water
tightness even under appropriate curing conditions. Once the target design strength cannot be achieved
within a required curing time due to delays in the setting and hardening reaction, the concrete is
unsuitable for construction. Thus, structures built using unqualified concrete are vulnerable to cracks or
residual deformations under service loads. Similar to the temperature varying curing condition, relative
humidity also has a direct effect on the concrete curing and hydration process. Therefore, in this study,
temperature and relative humidity variations in Seoul, Korea were used as curing conditions for normal
strength concrete (NSC) mixed using ordinary Portland cement to study the relationship between the
temperature-relative humidity curing conditions to the concrete strength. Tables 1 and 2 show the
monthly mean temperature and relative humidity of the Seoul metropolitan area over the past 10 years,
respectively, provided by the Korea Meteorological Administration. The most appropriate time of the
year for concrete curing appears to be between April and October. The concrete hydration process begins
upon pouring and continues until a sufficient strength is achieved. During this time, temperature and
relative humidity are the most critical environmental concrete curing conditions where deviations may
lead to changes of the hydration pattern that may eventually have an influence on the concrete strength
and material properties. Using the temperature and relative humidity data, the temperature and relative
humidity curing variations selected for the study were 8, 12, 35, 40, and 45 °C and 40%, 65%, and 95%,
respectively. Various combinations of these values were applied as the specimen curing conditions, as
shown in Table 3.
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Table 1. Monthly mean temperature at Seoul, Korea (Korea Meteorological Administration).
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2011 2010 2009 2008 2007 2006 2005 2004 2003 2002 Avg.
Jan. 72 45 -2 -1.7 0.4 -02 25 -15 25 03 -2.14
Feb. 1.2 1.4 2.9 -1.2 4 0.1 -1.9 23 2.7 2.9 1.44
Mar. 3.6 43 6 7.3 6.1 5.2 4.1 6.3 6.5 7.6 5.7
Apr.  10.7 9.8 12.7 141 114 11.6 132 131 132 13.6 1234
May. 179 172 19.1 177 18.1 184 177 17.6 19.6 182 18.15
Jun. 22 234 224 215 232 21.8 227 232 215 222 2239
Jul. 246 258 243 251 242 231 253 248 238 252 2462
Aug. 258 265 257 253 265 27 251 261 241 242 25.63
Sep. 21.8 21.8 21.8 22 215 211 218 217 209 216 216
Oct. 142 145 16 16.1 15.1 179 147 152 139 128 15.04
Nov. 10.7 6.5 6.8 7.6 6.7 0.4 8.6 9.1 9.5 4 6.99
Dec. —-09 -13 -1 1.1 1.8 1.4 -3.9 1.9 0.7 1.7 0.15

Table 2. Monthly mean relative humidity at Seoul, Korea (Korea Meteorological Administration).

2011 2010 2009 2008 2007 2006 2005 2004 2003 2002 Avg.
Jan. 54 65 50 50 56 57 52 59 60 63 56.6
Feb. 55 59 57 46 53 53 49 56 62 55 54.5
Mar. 51 59 52 56 60 51 54 49 58 55 54.5
Apr 54 54 54 50 53 55 53 51 60 53 53.7
May 56 62 59 58 62 57 55 68 57 62 59.6
Jun. 67 62 66 65 61 68 69 64 69 61 65.2
Jul. 79 73 76 78 75 82 76 82 75 74 77
Aug. 74 78 69 69 75 69 75 70 77 79 73.5
Sep. 58 72 64 64 74 58 71 69 72 67 66.9
Oct. 55 61 62 62 63 62 65 54 61 60 60.5
Nov. 60 55 64 58 55 58 55 66 66 55 59.2
Dec. 50 56 60 56 60 59 51 56 59 59 56.6

Table 3. Temperature and relative humidity curing condition combinations.

CASE Temperature (°C) Relative Humidity (%)
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8
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8
12
12
12
35
35
35
40
40
40
45
45
45
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65
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40
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3.3. Wind Speed—Sunlight Exposure Time

In addition to the temperature and relative humidity, the wind speed and sunlight exposure time were
chosen as climate change effect variables for the concrete curing conditions. Tables 4 and 5 show the
monthly mean wind speed and sunlight exposure time in the Seoul metropolitan area over the past 10
years, respectively, provided by the Korea Meteorological Administration. The mean monthly wind
speed was approximately 2—-3 m/s and the mean monthly sunlight exposure time did not significantly
change, except in July and August due to monsoon typhoon or rain effects. Using the wind speed and
sunlight exposure time data, the wind speed and sunlight exposure time curing variations selected for
the study were 0, 2, 4, and 6 m/s and 2, 4, 6, and 7 h, respectively. Various combinations of these values
were used for the specimen curing conditions, as shown in Table 6.

Table 4. Monthly mean wind speed at Seoul, Korea (0.1 m/s) (Korea Meteorological Administration).

Year Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec. Avg.
2012 25 29 35 34 27 28 27 30 23 23 27 27 2792
2011 28 26 34 32 28 29 24 25 24 21 27 26 27.00
2010 23 24 29 29 26 21 25 24 23 22 28 30 25.33
2009 25 25 31 26 25 25 23 22 18 21 25 25  24.25
2008 23 27 26 27 27 27 24 25 19 20 22 25 2433
2007 20 23 27 28 26 23 24 26 25 21 22 24 24.08
2006 21 26 29 30 25 22 23 21 21 20 24 21 2358
2005 24 28 29 30 24 24 22 26 23 17 22 25  24.50
2004 21 29 27 27 26 21 23 24 22 20 20 22 2350
2003 25 22 23 25 18 20 18 14 11 20 20 24 20.00
2002 23 20 21 23 23 20 21 20 16 20 24 22 21.08
Avg. 2345 2536 28.27 2827 25.00 23.64 23.09 2336 20.45 2045 23.73 24.64 24.14

Table 5. Monthly mean sunlight exposure time at Seoul, Korea (Korea Meteorological Administration).

Year Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec. Avg.
2012 6.15 7.76 6.19 7.08 811 773 4.65 512 636 759 6.04 625 6.58
2011 7.05 595 775 674 582 569 259 3.03 601 695 432 631 568
2010 542 504 429 554 576 677 290 3.11 488 628 6.01 509 5.09
2009 6.79 449 654 682 775 6.03 374 487 672 7.62 434 471 587
2008 537 773 6.04 694 690 579 254 634 6.15 597 566 506 587
2007 587 6.13 475 639 636 584 295 341 284 551 628 454 507
2006 520 6.16 651 453 642 519 1.11 571 652 597 512 514 530
2005 6.18 635 7.6 6.65 7.59 461 256 333 379 645 575 658 558
2004 569 642 7.5 7.01 538 505 275 477 561 815 522 623 579
2003 298 339 336 419 551 339 279 268 335 631 380 581 3.96
2002 324 371 415 575 565 543 271 1.69 398 473 3.15 261 3.90
Avg. 545 574 581 6.15 648 559 284 401 511 650 506 530 534
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Table 6. Wind speed and sunlight exposure time curing condition combinations.

Sunlight Sunlight
Wind Speed uniig . Wind Speed uniig .
Case Exposure Time Case Exposure Time
(m/s) (m/s)
(h) (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

3.4. Mixing Conditions and Test Method

The concrete mix proportion design used in this study is shown in Table 7, which is the most
commonly used NSC mix proportion by the ready mix concrete industry in Korea. The maximum
aggregate size was 25 mm and the water-to-cement ratio (w/c) was 55%, 120 + 2 mm slumps and 28-day
design strength of 27 MPa were selected as the target criteria. Then, 100 mm x 200 mm cylinders were
cast and cured under the various curing conditions shown in Tables 3 and 6. Upon casting of the concrete,
the specimens were cured under a given curing condition. Then, compressive and splitting tensile
strength tests were conducted on three specimens cured under each curing condition at time intervals of
three, seven, and 28 days from casting. Korean Standard for Testing protocols, KS F 2405 [21] and KS
F 2423 [22], were used for the compressive and splitting tensile strength tests, respectively, using a
universal testing machine (UTM) with a maximum load capacity of 100 tons. The test results of all
specimen types are average values of three tested specimens. Upon casting of the concrete, the specimen
was cured in a thermostatic bath at a given temperature and relative humidity. With respect to the wind
speed and sunlight exposure time curing conditions, the concrete specimens were cured using an
industrial electric fan and a lamp, respectively. In order to apply a consistent wind speed curing
condition, the fans were installed in all four directions within an enclosed room setting. A wind gauge
was used to measure the wind speed. The sunlight exposure time curing condition was implemented in
a closed darkroom using three-wavelength lamps. Three-wavelength light lamps increased the
surrounding temperature by approximately 1-2 °C. A timer was set at 2, 4, 6, and 8 h to provide an exact
exposure time. For comparison, control specimens were cured under dry and wet conditions as well as
a standard 20 °C curing temperature with a 95% relative humidity for 28 days and tested.

Table 7. NSC mix proportion design.

. Unit (kg/m?) fox
Coarse Aggregate size (mm) Slump (mm) w/c (%) S/a (%)
c s g MPa
25 120 55.0 42.0 183 333 677 1014 27

w: water, ¢: cement; s: fine aggregate; g: coarse aggregate.
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4. Test Results

The results of the compressive and splitting tensile strength tests for the specimens cured under
various temperature-relative humidity and wind speed-sunlight exposure time curing conditions are
shown in Tables 8 and 9, respectively. For the specimens cured under standard curing conditions, the
three- and seven-day design target compressive strengths were 50% and 80% of a 28-day design
compressive strength of 27 MPa, respectively. From the test, a 28-day compressive strength of 31.1MPa
was obtained. The three-day strengths for the specimens cured at 35, 40, and 45 °C showed slightly
higher strengths than those cured at 8 and 12 °C. It is important to note that the three- and seven-day
compressive strengths of the specimens cured at 8 °C were less than 40% and 70% of the compressive
strength of 31.1 MPa. For the relative humidity effect evaluation, the specimens cured at relative
humidity of 40% and 65% showed similar strengths for all curing ages. However, the strengths of the
specimens cured at 8, 12, and 35 °C with a 95% relative humidity showed higher strengths than those
cured at 40 and 45 °C with relative humidity of 40 and 45%. The three- and seven-day strengths of the
specimens cured under 40 °C and 45 °C showed higher relative strength ratios with respect to the
28-day strength than the specimens obtained under the other curing temperatures, showing that a higher
curing temperature increases the hydration rate in early age concrete. Overall, the 28-day strengths of
the higher temperature specimens (40, 45 °C) were less than those of the lower temperature specimens
(8,12, 35 °C). A similar strength trend was observed in the steam-cured specimens. Generally, steam-cured
specimens demonstrate higher early age strengths and the strengths tend to decline as the curing age
increases due to the formation of hydration heat-induced micro-cracks during hydration process.

Generally, the splitting tensile strength of concrete is approximately 1/9~1/13 of the compressive
strength. In this study, this general rule of compressive-to-tensile strength ratio was satisfied. Similar to
the compressive strength test results, the early age tensile strengths of specimens cured at higher
temperatures were larger, while the 28-day tensile strengths of the concrete cured at 35 and 40 °C were
slightly larger than those cured at 8, 12, and 45 °C. However, the strengths of concrete cured at 35 and
40 °C were similar to that of the concrete cured under a standard temperature of 20 °C (control
specimens). With respect to the wind speed and sunlight exposure time, the three- and seven-day
strengths for wind speeds of 2, 4, and 6 m/s reached up to 50% and 70%~80% of the design strength of
27 MPa, respectively. However, in the case of the 28-day strength, this percentage declined, which can
be attributed to evaporation of moisture in the concrete caused by the wind during the hydration process.
The result of the application of wind was reduction of hydration reactions, resulting in the strength
reduction. If these conditions are present on the construction site, cracks due to strong wind may lead to
poor concrete quality. Conversely, the strength of the concrete cured under a 0 m/s wind speed did not
decrease under a longer sunlight exposure time, resulting in a greater 28-day strength.

All specimens cured under wet, dry, and autoclave curing conditions satisfied the design strength of
27 MPa at 28 days, validating the appropriateness of the mix design. In the case of the wet curing
condition, the three-, seven-, and 28-day strengths were larger than those obtained from the dry and
autoclaved curing conditions. Generally, the strengths of the specimens cured under conditions that
allow a good hydration process appear to be larger.
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Table 8. Strength test results of temperature-relative humidity.

10061

Temperature Relative Humidity w/e Compressive Strength (MPa) Splitting Tensile Strength (MPa)
Case (§O) (%) (%) 3 Days 7Days 28 Days 3 Days 7 Days 28 Days
1 8 40 55 8.32 13.57 18.51 1.09 1.37 1.78
2 8 65 55 13.21 15.42 22.83 1.09 1.37 225
3 8 95 55 16.74 22.70 31.37 1.75 2.19 2.1
4 12 40 55 8.72 14.30 19.4 1.04 1.55 1.85
5 12 65 55 15.43 18.06 22.88 1.43 1.68 2.02
6 12 95 55 18.32 23.70 30.73 1.57 2.20 2.79
7 35 40 55 15.12 17.74 24.08 1.74 1.87 227
8 35 65 55 19.9 23.18 27.65 2.33 2.57 2.84
9 35 95 55 20.19 24.47 33.63 2.10 2.40 2.6
10 40 40 55 17.11 18.16 23.33 1.99 1.97 222
11 40 65 55 17.97 20.34 23.76 2.82 2.21 2.78
12 40 95 55 19.1 22.83 27.16 1.90 2.57 2.52
13 45 40 55 18.81 21.73 19.62 2.02 2.03 1.95
14 45 65 55 18.94 23.21 24.88 2.06 2.08 2.13
15 45 95 55 19.08 233 27.29 2.06 2.13 221
Control Specimens
Standard curing 20 95 55 17.06 23 31.11 1.58 2.18 225
Wet curing 20 100 55 18.24 26.6 38.32 1.72 2.29 2.7
Air dry curing 20 60 55 16.13 23.36 28.61 1.36 1.84 22
Table 9. Strength test results of wind speed-sunlight exposure time.
Wind Speed Sunlight Exposure Time Compressive Strength (MPa) Splitting Tensile Strength (MPa)
Case (m/s) (h) 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 1.9 222
3 0 6 15.49 23.55 29.36 1.39 1.9 24
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 22 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 1.46 221 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 1.33 223 1.7
Control Specimens
Standard curing 0 17.06 23 31.11 1.58 2.18 225
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 22
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5. Verification of Test Results

As stated earlier, concrete strength development is directly related to the curing conditions including
temperature, relative humidity, wind speed, and sunlight exposure time. There are ample amounts of
data available from previously published reports on temperature and relative humidity curing conditions.
However, there is almost no data available for wind speed and sunlight exposure time curing conditions,
because these curing parameters have become significant issues due to recent climate change conditions.
Therefore, analysis of the test results from the curing condition variations must be performed based
on the most reliable data of concrete strength development history for various temperatures from
the literature [23].

Figure 2 shows the comparison of the concrete strength development histories for various temperatures
from previously published results (temperatures of 4, 13, 21, 29, 38, and 46 °C) and the current work
(temperatures of 8, 12, 35, 40, and 45 °C). In Figure 2a—c, constant relative humidity of 40%, 65%, and 95%,
respectively, was used as the curing conditions. From the previously published data, other than the 78%
strength development history of concrete cured under a temperature of 4 °C, all other concrete strength
development histories showed full satisfaction of the target 28-day strength. Also, as the curing
temperature increased, the early age strength development rate was much quicker due to acceleration of
the hydration process. The curing temperatures with constant relative humidity of 40%, 65%, and 95%
applied in the current work gave extremely similar strength development histories to the previously published
results. Therefore, it is safe to conclude that the concrete strength development histories from the curing
temperature and relative humidity variations applied in the current work are valid and they can be used
as basic data for comparison with the other curing conditions considered in the study.
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Figure 2. Strength development history for various temperatures with a constant relative
humidity of (a) 40%; (b) 65%; and (c) 95%.

In Figure 3a—d, the strength development history of concrete cured under various wind speed with
constant sunlight exposure times of 2, 4, 6, and 8 h, respectively, are compared to the strength histories
of concrete under various curing temperatures from previously published data. The trends of all of
strength development history curves of the concrete cured under various sunlight exposure times were
similar. The early age strengths at three days and seven days were similar to concrete cured under various
temperatures, but the strengths significantly dropped at 28 days compared to the concrete cured at the
various temperatures. More specifically, the three-day strengths of concrete cured at various wind speeds
were similar to the strengths obtained from concrete cured at 29 and 38 °C. The seven-day strength of
the wind-cured concrete was similar to concrete cured at 21, 29, 38, and 46 °C. The reason for the early
age strength development of the wind-cured concrete being similar to the early age strengths of concrete
cured at relatively high temperatures is due to the movement of internal water in concrete specimens
cured under wind. During the early age period, the internal water of concrete cured under wind condition
moved in the direction of wind, accelerating the hydration process at a rate similar to concrete cured at
high temperature. However, the 28-day strength reduction of the wind-cured concrete was approximately
20%~50% of the target 28-day strength, due to the fact that the internal voids created by the movement
of internal water acted as weak localized points during the test, which were susceptible to premature
failure. For concrete cured under sunlight exposure times of 2, 4, and 6 h, the 28-day strength reduction
was more significant as the wind speed increased, which can be attributed to additional internal void
formation due to the evaporation of internal water from extended exposure to sunlight and more internal

water movement from a higher wind speed.
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Figure 3. Strength development history for various wind speed with a constant sunlight
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In Figure 4a—d, the strength development history of concrete cured under various sunlight exposure
times with constant wind speeds of 0, 2, 4, and 6 m/s, respectively, are compared with the strength
histories of concrete under various curing temperatures from previously published data. The trends of
all of the strength development history curves of concrete cured under various wind speeds are similar
and showed significant reduction of the 28-day strength. It is important to note that the concrete cured
under a wind speed of 0 m/s is exactly the same as concrete cured in ordinary air environment and this
concrete did not show any 28-day strength reduction, indicating that the test results from the current
work are valid. The three- and seven-day strengths of concrete cured under wind were similar to that of
concrete cured at temperatures of 21 and 29 °C, and 13, 21, 29, and 38 °C, respectively. For concrete
cured under wind speeds of 2 and 4 m/s, the 28-day strength reduction margin increased as the sunlight
exposure time increased, which can be attributed to the increased temperature of curing environment,
resulting in a greater amount of internal water evaporation and the formation of internal micro-voids.
The analysis and comparison of the current work results to previously published results showed that
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wind speed and sunlight exposure time variations due to climate change can have significant effects on
the concrete strength at construction sites. Therefore, further research is required to understand current
climate change effects on concrete performance. Among many possible solutions to enhance concrete
performance, one solution of improving performance of concrete mixture in terms of durability,
toughness, and mechanical strength is using fiber-reinforced concrete (FRC) [24-31].
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6. Satisfaction Curve
6.1. Virtual Data Generation

The satisfaction curve is a statistical method used to determine the success or failure of a target criteria
with a satisfaction ratio between 0.0—1.0. Sufficient data is necessary to build an effective database. If
the available data to prepare the satisfaction curve is insufficient, it is necessary to draw a normal
distribution curve using the actual data to develop virtual data from this curve. The method for
developing the virtual data proceeds as follows.

The relative humidity used in this study’s test was 40%, 65%, and 95%, where the corresponding
mean value and standard deviation were 66.67% and 22.48%, respectively. Using these two values, the
relative humidity curve as a normal distribution curve was constructed, as shown in Figure 5b, from
which virtual data can be obtained. Assuming that the number of data points of the normal distribution
curve is 10,000 and the length of the x-axis for the relative humidity is 1.0, the curve height becomes
the area. For instance, in order to obtain the number of virtual data for a relative humidity of 66.5%, the
area between x-axis values of 66 and 67 is 177, equaling a height of 177, which becomes the number of
virtual data points. Figure 5a shows the virtual temperature curve developed for a mean value of 28.0 °C
and a standard deviation of 15.08 °C. Virtual data for the wind speed and sunlight exposure time can be
developed in the same manner. Tables 10 and 11 show the number of data points according to the virtual
data points obtained from the normal distribution of temperature, relative humidity, wind speed, and

sunlight exposure time shown in Figure 5a—d, respectively.
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Table 10. Virtual data points for temperature and relative humidity.

Relative Humidity Temperature
%) Data No. ©C) Data No.
0.5 2 -9.5 12
1.5 2 —-8.5 14
25 3 7.5 16
66.5 177 27.5 264
66.6 177 28.5 329
132.5 2 76.5 1
133.5 2 77.5 1

Table 11. Virtual data points for sunlight exposure time and wind speed.

Sunshine Exposure Wind speed
. Data No. Data No.
Time(hrs) (m/s)

-3.5 1 -5.5 1
—2.5 6 —4.5 6
-1.5 27 -3.5 27
4.5 1726 2.5 1726
12.5 6 10.5 6
13.5 1 11.5 1

6.2. Evaluation of Compressive Strength Satisfaction Curve

The satisfaction curves presented in Figures 6 and 7 were developed using virtual data of the
temperature and relative humidity curing conditions, respectively. To calculate the satisfaction
probability, the material variables, mean value, and log normal distribution requiring a standard
deviation must be used. As satisfaction requirements for (the three-day, seven-day, and 28-day design
compressive strengths) to construct satisfaction curves shown in Figures 6 and 7, target strengths of
(40%, 70%, 100%), (50%, 80%, 100%), and (55%, 85%, 105%) to 28-day target strength were used,
respectively. After determining the success and failure of the virtual data obtained from the test result as
0 or 1 by comparing it with the strength satisfaction requirement, the mean value and standard deviation
can be calculated by inputting them into the Bayesian probability program, which could then be used to
draw a satisfaction curve. The developed satisfaction curve is used for the PBE. For example,
considering the relationship between the seven-day strength and the relative humidity curing condition
in Figure 7b, the curing relative humidity must be more than 54% to accomplish 50% of the seven-day
strength requirement (18.9 MPa). Moreover, the strength satisfaction curve depending on temperature
and relative humidity in Figures 6 and 7 indicate that the ranges of the seven-day and 28-day strength
were wider than that of the three-day strength, which means that the effect of the temperature and relative
humidity on the concrete strength would increase when the curing period was extended beyond three
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days. The satisfaction curve for the wind speed and sunlight exposure time could be developed using the
probability program based on virtual data similar to that used for the temperature and relative humidity,
as shown in Figures 8 and 9. Figures 8 and 9 show (the satisfaction curves for the three-, seven-, and
28-day compressive strength satisfaction requirements) of (40%, 70%, 100%), (50%, 80%, 100%), and
(55%, 85%, 105%) to a design strength target value of 27 MPa, respectively. In Figure 8c, to accomplish
50% of the design strength, the wind speed needs to be 1.0m/s or greater where as in Figure 9, to
accomplish 50% of the seven-day strength requirement of 80%, the sunlight exposure time needs to be
at least 5 hours. From the results shown in Figures 8 and 9, the wind speed and sunlight exposure time
appear to be the most influential curing condition factors on the 28-day and seven-day strengths, respectively.
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Figure 6. Compressive strength satisfaction curve of temperature. (a) three-day; (b) seven-day;
and (c) 28-day.
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6.3. Evaluation of Tensile Strength Satisfaction Curve

The satisfaction curves for the tensile strength constructed using the same normal distribution method
used for the tensile strength are shown in Figures 10 and 11. The satisfaction requirements for the
three-, seven-, and 28-day tensile strengths were (40%, 70%, 100%), (50%, 80%, 100%), and (55%,
85%, 105%) to the target design tensile strength, respectively. With respect to the tensile strength, the
seven-day strength was most influenced by the temperature and relative humidity. The satisfaction
curves for the split tensile strength for wind speed and sunlight exposure time are shown in Figures 12
and 13, respectively. The satisfaction requirements of three-, seven-, and 28-day split tensile strengths
were (40%, 70%, 100%), (50%, 80%, 100%), and (55%, 85%, 105%) of the 28-day design split tensile
strength, respectively. Consequently, the satisfaction curve for the (40%, 70%, 100%) requirement
appears to be linear since all test data satisfied the target criteria. Conversely, when the designer adjusted
the target strengths to redraw the satisfaction curves using three-day, seven-day, and 28-day strengths of
(50%, 80%, 100%) and (55%, 85%, 105%) to the 28-day design tensile strength, the satisfaction curve
width began to vary. The changes of the satisfaction curves reflect the performance based characteristics,
allowing for the target value to be selected based on the climate change from different regions and
countries in order to evaluate the concrete performance. Hence, the designer may set a variety of targets
and implement PBE that will be applicable to each specific construction site.
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7. Conclusions

In this study, experimental evaluations were carried out to determine the effects of temperature,

relative humidity, wind speed, and sunlight exposure time curing conditions from climate change factors

on concrete strength. Then, satisfaction curves were drawn for the performance based evaluation using

the Bayesian statistical method. The results obtained in the present study can be summarized as follows.

(1) The compressive strength obtained under various temperature and relative humidity curing

conditions showed that a higher temperature increased the three- and seven-day early age
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2)

3)

4

)

strengths, which was similar to steam-cured concrete. However, the largest 28-day strength was
obtained at curing temperatures of 8, 12, and 35 °C and a relative humidity of 95%. The optimal
curing temperature and relative humidity condition for the largest 28-day strength was nearly
equivalent to the standard temperature and highest relative humidity.

The tensile strengths obtained under various temperature and relative humidity curing conditions
showed that 1/9-1/13 of the compressive strength was achieved with a similar behavioral trend
as the 28-day compressive strength. The largest 28-day tensile strength was achieved at curing
temperatures of 12 and 35 °C, while the largest early age tensile strength was achieved at curing
temperatures of 35 °C and 40 °C.

The compressive strength results obtained under various wind speed and sunlight exposure time
curing conditions showed that ordinary seven-day strengths were obtained at wind speeds of 2,
4, and 6 m/s, while the 28-day strength declined. However, the 28-day strength obtained at a
wind speed of 0.0 m/s was ordinary, indicating that the strength reduction can be attributed to
moisture evaporation in the strong wind curing condition.

The comparisons of concrete strength development histories based on the curing temperature and
relative humidity variations between the current and past works showed that the results from the
current work are valid. Also, the results showed that curing condition variations of wind speed
and sunlight exposure time can have significant effects on the concrete strength at the
construction site.

Satisfaction curves are drawn from the strength test data of various temperature, relative
humidity, wind velocity, and sunlight exposure time curing conditions. Also, the satisfaction
curves drawn from the study results showed that performance based evaluation (PBE) is
applicable to various construction site conditions based on the designer’s required criteria and
climatic conditions.
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