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Performance-Based Evaluation of Concrete Freezing-and-
Thawing Considering Climate Change
by Jin-Su Kim, Woo-Ri Kwon, Norhazilan Md Noor, and Jang-Ho Jay Kim

Due to global warming, the temperature of the Earth’s surface
increased by 0.95 to 1.20°C in the past four decades. The increase
in temperature has significant effects on the concrete industry,
causing alternations in concrete curing conditions and degra-
dation in strength and durability properties. The understanding
of changes in concrete properties due to variations in curing
conditions from climate change is an imminent task that has to be
resolved. Among the durability properties of concrete, freezing-
and-thawing (FT) resistance is most directly affected by climate
change. However, in all the studies conducted on the FT behavior
of concrete, the dramatic changes in environmental conditions
due to climate change were not considered. Therefore, the focus
of this study is to understand the FT performance of concrete
under extreme changes in temperature and relative humidity (RH)
during curing. To find the relationship between the changes in
curing conditions and FT resistance levels as a function of time, a
three-dimensional (3-D) satisfaction surface graph was developed
using the Bayesian probabilistic method. Then, an example of
3-D satisfaction surface diagrams for FT resistance based on the
weather conditions in New York City between 2001 and 2100 was
shown. Furthermore, considering the reduction rate of the average
annual FT cycle due to climate change, this study confirmed that
FT resistance performance increased. This approach contributes
to a performance-based evaluation (PBE) strategy for concrete
exposed to FT cycles under various environmental conditions. The
study details and results are discussed in the paper:

Keywords: climate change; freezing-and-thawing (FT) resistance life;
performance-based evaluation (PBE).

INTRODUCTION

The world has achieved industrialization using fossil fuels
as an energy source. The use of fossil fuels emits green-
house gases, which destroy the ozone layer. The destruc-
tion of the ozone layer has caused severe climate change in
the twenty-first century due to global warming, resulting in
phenomena such as heavily localized rainfall, snowfall, and
typhoons. These abnormal weather patterns have induced
critical global challenges that the world is facing presently.'

According to the Intergovernmental Panel on Climate
Change (IPCC) Sixth Assessment Report (AR6), published
in 2021, global warming has increased the average tempera-
ture of the Earth’s surface by 1.09°C over the period of 1980
to 2020 (range between 0.95 and 1.20°C). The projected
climate change is expected to have detrimental impacts on
the environment and ecology, which will lead to economic
and social challenges.*

Following this historical footstep, the cement and concrete
industries have suffered from carbon emission reduction
policies such as the net-zero policy. In addition, design and
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construction regulations have been strengthened to combat
performance degradation that can occur during the casting
and curing processes due to climate change. Therefore, it is
important to understand the effect of temperature and rela-
tive humidity (RH) on the casting and curing processes of
concrete used in construction projects. Changes in tempera-
ture and RH affect the moisture behavior within the concrete,
leading to a reduction in entrained air content, slump, and
hydration, which can lead to multiple cracking and internal
pore formations that deteriorate the durability of concrete.™®

Concrete durability performance is sensitive to changes
in curing temperature and RH, which can significantly
affect its freezing-and-thawing (FT) resistance. FT causes
the free water inside the concrete to freeze, leading to volu-
metric expansion and ultimately leading to crack forma-
tions. Repeated FT leads to concrete quality degradation
and durability degradation.’ Additionally, during the curing
process, concrete is particularly vulnerable to changes in
temperature and RH. If the external temperature decreases
and RH increases rapidly, the moisture inside the concrete
may freeze prior to being fully hardened. Through repeated
FT cycles, water can easily freeze and expand, potentially
causing premature freeze damage.!®!" Prolonged FT cycles
can degrade the durability of concrete, thus causing service-
ability problems in the structures.'>!* Therefore, measures
to overcome the abnormal deviations in the conditions
in handling, mixing, transporting, and curing of concrete
are required.'*!7

In this study, the characteristics of concrete with severe
fluctuations in curing conditions, namely temperature
and RH, due to climate change, are studied. More specif-
ically, concrete specimens were prepared according to
ASTM C192/C192M-12'® and cured under various tempera-
ture and RH conditions to understand the change in concrete
properties. FT tests were conducted to measure the relative
dynamic modulus of elasticity (RDME) after 100, 200, and
300 cycles according to ASTM C666/C666M-15.17:19

It is nearly impossible to evaluate the FT resistance
life of concrete by only conducting tests due to changes
in curing conditions of temperature and RH because the
sufficient number of specimens that reflect all the changes
occurring over 100 years is too large to consider. Therefore,
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Table 1—Mixture proportions of concrete

kg/m?
Maximum coarse Percentage of fine Water | Cement | Fine aggregate Coarse aggregate
aggregate size, mm | Slump, mm | w/b, % | aggregate (s/a), % Air, % (W) ©) S) G) Jfer, MPa
25 120.0 55.0 42.0 5.0 183.4 | 3334 677.3 1013.0 27

Note: f; is design compressive strength.

to investigate the climate change-altered FT behavior in
concrete, probabilistic statistical methods should be used to
identify trends that affect performance. The representative
method using such probabilistic statistics is performance-
based evaluation (PBE). The PBE method uses Bayesian
probabilistic statistics to determine the satisfaction level
of a target structure, where the x-, y-, and z-axes repre-
sent the FT resistance life, the curing condition, and the
satisfaction level, respectively. An example of three-
dimensional (3-D) satisfaction diagrams for FT resistance
life of a target concrete structure located in New York City
is shown. Additionally, to reflect the annual FT cycles due
to climate change, the study results of the annual FT cycles
obtained from the Federal Highway Administration (FHWA)
report and the United States Environmental Protection
Agency (U.S. EPA) reports®®?! were used for the PBE of FT
resistance life. The FT cycles over 100 years decreased from
5400 to 3519 cycles, which was induced by changes in the
temperature and RH curing condition ranges: 35 to 40°C and
65 to 90%, respectively. Using these changes in temperature,
RH, and FT cycles, the effect on FT resistance life was rean-
alyzed for comparison purposes.

RESEARCH SIGNIFICANCE

This study proposes a method to evaluate the FT perfor-
mance of concrete under various conditions by using
Bayesian probability statistics to calculate the satisfaction
curve (SC) for temperatures ranging from 8 to 45°C and
RH levels ranging from 40 to 95%. The analysis results are
presented as a 3-D satisfaction surface (SS) with a duration
of 100 years to account for time dependency. Additionally,
the FT resistance life was calculated considering the annual
average FT cycles from the FHWA and the reduced annual
average FT cycles projected by the U.S. EPA to account for
climate change.

EXPERIMENTAL INVESTIGATION

Specimens

The mixture proportions used in this study are listed in
Table 1. The water-binder ratio (w/b) was 55%, and only ordi-
nary portland cement was used as the binder. The maximum
size of the coarse aggregate was 25 mm, the slump was
120 mm, the fine aggregate ratio was 42%, the air content
was 5%, and the 28-day compressive design strength was
27 MPa. Cylindrical concrete specimens (100 x 200 mm)
were prepared for compressive strength and FT tests in
accordance with ASTM C192/C192M.'® Five specimens
were prepared for each test. To accurately represent the
mean trend of the test results, the minimum and maximum
values were excluded from the test data. Fresh concrete was
cast in a laboratory environmental setting with a temperature
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of 23°C and RH of 65%. They were subsequently demolded
24 hours after casting. The curing conditions applied after
demolding are described in the following section.

Curing condition

Concrete is typically cured under standard temperature
and RH conditions of approximately 23 + 2°C and 95% or
higher, respectively. These conditions do not account for
variations in climate. In this study, ordinary portland cement
was used to produce normal-strength concrete for investi-
gating the relationship between temperature and RH curing
conditions and concrete strength. Temperature gradients
within the specimens were assumed to be negligible due to
their small size (@100 x 200 mm) and the use of curing cham-
bers with constant temperature and RH for each temperature
and RH combination curing conditions.

The annual and monthly average temperatures and RHs
over the past 10 years in the New York metropolitan area
were obtained from the weather survey website, as shown
in Fig. 1. It illustrates that the most suitable period for
concrete casting is between April and October, as evident
from Fig. 1(b) and (d). The appropriate curing temperature
and RH range were 15 to 30°C and 50 to 90%, respectively.

To account for the changes in temperature and RH due to
climate change, low-temperature curing conditions of 15°C
or less—namely, 8 and 12°C—were selected for the study.
With respect to high-temperature curing conditions, tempera-
tures of 30°C or higher—namely, 35, 40, and 45°C—were
selected. RH was selected based on the monthly average of
65% from April to October, with the extreme RH condition
set at 95% or higher, and the low RH condition set at 40%
or lower.

Compressive strength test method

Concrete cylindrical specimens (@100 x 200 mm) were
prepared according to ASTM C192/C192M.'® Compres-
sive strength of concrete is typically measured at 3, 7, and
28 days to evaluate early-, intermediate-, and standard-age
strength according to ASTM C39/C39M-05,? respectively.
The contact surfaces with the testing machine were ground
flat, and rubber caps were used on the contact surfaces
to prevent load eccentricity according to ASTM C1231/
C1231M-09,? which permits the use of such caps provided
that the rubber cap satisfies the specified hardness and thick-
ness requirements. The specimen was applied with a load
control rate of 0.6 + 0.2 MPa/s. A universal testing machine
with a maximum capacity of 1000 kN and an accuracy of
500 N was used for the test. All compressive strength tests
were conducted after the specimens reached thermal equilib-
rium at room temperature. Therefore, eigen-stresses caused
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Fig. I—New York City weather data for past 10 years, cour-
tesy of U.S. Weather Underground.

by differences between the zero-stress reference temperature
and the actual temperature were not considered.

Freezing-and-thawing test method

The FT tests were conducted in accordance with
ASTM C666/C666M.!° The central temperature of the
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concrete specimens was maintained at —18°C during
freezing and +4°C during thawing in an FT chamber. Each
FT cycle ensured that the maximum and minimum tempera-
tures at the center of the specimen were within the range of
4 +2°C and —18 + 2°C, respectively. More specifically, the
temperature of the specimen should not fall below —20°C or
rise above 6°C. The cycles consisted of 4 hours of freezing
followed by 4 hours of thawing. The RDME of the specimen
was obtained before and after 300 cycles, in accordance with
ASTM C215-19.2* Typically, FT tests are concluded after
300 cycles, but if the RDME drops below 60%, the test may
be terminated instantly. In this study, measurements were
taken at different cycles (0, 100, 200, and 300 cycles) under
different curing conditions to calculate the RDME using
Eq. (1) and Eq. (2)

n>
p. = <n 2) x 100 (1)

o

where P. is the RDME (%) after FT cycle N,; n.? is the
primary resonance frequency (Hz) of deformation vibration
in FT cycle N,; and n,” is the primary resonance frequency
(Hz) of deformation vibration in FT cycle 0

pr = BN (2)

where DF is the durability index of the test specimen; P, is
the RDME (%) in cycle N,; N, is the number of cycles in
which the RDME becomes 60% or the number of cycles at
the end of the FT exposure; and M is the cycle at the end of
the FT exposure.

ANALYTICAL INVESTIGATION

Performance-based evaluation method

Designing structures to satisfy design requirements,
standards, and specifications based on structural types and
use is called performance-based design (PBD). According
to the International Council for Building Research report,
approaching structures from a performance perspective
means emphasizing results over methods or processes.?
In general, prescriptive design methods, such as the limit
state, working stress, and ultimate strength design methods,
use resistance coefficients by calculating stiffness and load-
carrying capacity. These methods tend to be driven by
satisfying design requirements of common goals and spec-
ifications. More specifically, the fib Model Code adopts a
deemed-to-satisfy approach for FT deterioration, which
assumes a service life of 50 or 100 years, provided that
the concrete satisfies the minimum requirements for
compressive strength, air content, water-cement ratio
(w/c), cement content, and cover thickness according to the
designated exposure grade or limit states. However, these
design criteria and specifications limit designers’ ability to
achieve design solutions with multiple options for various
environmental conditions.

The PBE method used in this study evaluates the mate-
rial performance satisfaction of concrete using new design
solutions, interpretation methods, and test results for
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Table 2—Compressive strength test results

Compressive strength, MPa
Case 3 days 7 days 28 days
T8H40 11.20 £0.25 16.19 +0.56 21.23+0.38
T8H65 14.99 + 0.46 18.25+0.53 25.93 +1.56
T8H95 15.71 £0.55 20.30+0.57 28.90 +0.61
T12H40 11.52+0.33 16.56 + 0.60 22.77 +0.55
T12H65 15.23+0.79 21.35+0.90 25.93+0.84
T12H95 17.19£0.36 24.52+0.76 31.82+0.93
T35H40 15.12 + 1.47 19.34 +0.88 26.53 +0.25
T35H65 18.32 +1.59 23.83+0.97 28.18 +1.13
T35H95 20.27 +0.11 25.70 +0.92 30.23 £2.09
T40H40 16.12 +£2.78 19.34 + 1.30 24.01 +0.32
T40H65 18.32 +1.21 22.80 + 1.04 27.62 +0.98
T40H95 18.27+1.52 23.70 £ 0.31 28.19+1.29
T45H40 18.35+0.19 21.22+£1.02 25.81+0.72
T45H65 18.69 + 1.81 20.68 + 0.46 25.57+0.59
T45H95 19.26 +0.91 24.66 +1.54 28.83 +0.80

probabilistic statistical determination. A satisfaction diagram
is created using the Bayesian probability method, which uses
the information obtained from sampling data to evaluate
the satisfaction probability. Specifically, the normal proba-
bility distribution function is used to generate virtual data to
compensate for the insufficient number of available test data
points, which can supplement the data points needed for the
development of SCs.2*?” Through this approach, PBDs that
accommodate diverse requirements at construction sites can
be developed.

The lognormal cumulative distribution method is used
to determine the satisfaction probability. The method uses
a probability function that requires three variables: mate-
rial variable value, mean value, and standard deviation for
calculation, as shown in Eq. (3). The Bayesian probabilistic
method was used to create a fragility curve for seismic failure
evaluation. In Eq. (3), the a; value is the material variable,
which is the result value of RDME according to the FT test
results for the temperature and RH curing conditions, and
the N value is the number of material variable data points.

In fragility analysis, 1 and O are assigned to a structure
damaged or undamaged by an earthquake, respectively. In
contrast, the PBE of the material performance property is
assigned a value of | or 0 for satisfying or not satisfying the
design requirement, respectively. If these three variable data
are evaluated by the Bayesian probability method, the result
would be in the form of an accrued curve of the assigned
lognormal distribution. Then the average value and standard

deviation are obtained to draw an SC26-%
N 1—
L = [[[F@p]*[1 — Fap]"™ 3)

=

—

where F(.) is the SC of a specific material requirement; a; is
the design material requirement of variable I; x; is determined
to be 0 or 1 depending on the satisfaction to the material
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performance value, such as a;; and N is determined by the
total number of related material data obtained for material
performance evaluation.

Compressive strength results and discussion

The compressive strength was measured at 3, 7, and
28 days after concrete casting. For all temperature and RH
combinations, three specimens were tested to obtain the
average strengths. The denomination system for the concrete
specimens is as follows: “T” represents the curing tempera-
ture (°C), and “H” denotes the curing RH (%). The test results
are shown in Table 2 and Fig. 2. The results showed that, as
the curing age increased from 3 to 28 days, the strengths
increased for all curing conditions, as expected. As shown in
Fig. 2(a) to (c), compressive strength generally increased as
the curing temperature increased, with the highest compres-
sive strength observed at a temperature of 35°C. However,
at 40 and 45°C, the compressive strength slightly decreased
due to the effects of high temperature, showing an irregular
trend. For the 3-day strength results, the specimens cured at
8 and 12°C had lower strengths than those cured under 35,
40, and 45°C. More specifically, the 3-day strengths of 8 and
12°C with RH of 95% were 6 to 29% lower than the speci-
mens cured under temperatures of 35, 40, and 45°C with RH
of 95%. For 7-day strengths, the trend was similar to that of
3-day strengths. More specifically, the 7-day strengths of 8
and 12°C were 16 to 21% lower than the specimens cured
under temperatures of 35, 40, and 45°C.

The 28-day strengths showed no clear trend. Meanwhile,
for all temperature curing conditions with RH of 95%, the
28-day strengths satisfied the target strength of the mixture
of 27 MPa. The specimens that satisfied the target strength of
27 MPa were T8H95, T12H95, T35H40, T35H65, T35H9S,
T40H65, T40H95, and T45H95. As shown in Fig. 2(d) to (h),
the strength increased as RH increased. At temperatures of
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Fig. 2—Compressive strength results for various temperatures and RH curing conditions.

8 and 12°C, the effect of RH on the strength increase was
significant. However, the effect was minimal at tempera-
tures of 35, 40, and 45°C. More specifically, when the RH
increased from 40 to 95%, the 28-day strength increased by
40% at 12°C and by 12% at 45°C, respectively. The trend
can be attributed to a high RH condition providing enough
moisture for the hydration reaction. In the case of a curing
temperature of 45°C, the number of pores and microcracks
increased inside the concrete due to the nonuniform diffusion
of hydration products and differences in the thermal expansion
coefficients of concrete materials, resulting in an unexpected
trend in compressive strength.’*! The specimens cured under
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relatively extreme conditions of 35 to 40°C and RH of 65 to
95% satisfied the target strength requirement of 27 MPa.

Freezing-and-thawing test results and discussion
The FT test was conducted in accordance with
ASTM C666/C666M. For all temperature and RH curing
condition combinations, three specimens were tested to
obtain the average RDME. The test results are shown in
Table 3 and Fig. 3. The RDME of specimens was measured
after 100, 200, and 300 FT cycles. The result showed that,
as the FT increased from 100 to 300 cycles, the RDME
decreased for all curing conditions, as expected. As shown in
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Table 3—FT test results

RDME, %

Case 0 cycles, % 100 cycles, % 200 cycles, % 300 cycles, %
T8H40 100.00 84.67 +0.45 73.60 = 1.06 69.13 +1.04
T8H65 100.00 84.36 £0.95 73.10+0.79 66.70 = 1.73
T8H95 100.00 86.13+£1.23 71.60 + 1.06 65.03 +1.42
T12H40 100.00 89.43 +1.84 76.46 +1.17 69.60 + 1.45
TI12H65 100.00 88.76 = 0.40 76.83 £1.61 69.03 +1.17
T12H95 100.00 87.76 £2.03 74.00 +0.75 67.60 + 0.30
T35H40 100.00 92.03 +1.86 85.06 £2.14 77.50 +3.64
T35H65 100.00 94.00 + 1.05 85.63 +1.07 75.23 +£1.95
T35H95 100.00 95.36 +0.85 90.60 + 0.85 85.46+ 1.11
T40H40 100.00 91.90 + 1.85 83.40 +2.03 77.63 +2.46
T40H65 100.00 93.03 +2.40 83.86 + 1.66 74.60 £2.21
T40H95 100.00 92.49+1.13 86.69 £ 0.35 83.30+£0.91
T45H40 100.00 9330+ 1.44 83.20 + 1.49 69.06 + 1.80
T45H65 100.00 90.26 +2.67 81.56 +1.18 68.33+0.75
T45H95 100.00 93.76 £2.93 80.03 £2.21 72.33 +£2.06

Fig. 3(a) to (c), the RDME generally increased as the curing
temperature increased, with the highest RDME observed at
a temperature of 35°C. However, at 40 and 45°C, the RDME
slightly decreased due to the effects of high temperature,
similar to the trend in compressive strength results. For
100 cycles, the specimens cured at 8 and 12°C had lower
RDME than those cured at 35, 40, and 45°C. More specifi-
cally, for the specimens cured at 8 and 12°C and 95% RH,
the RDMEs after 100 FT cycles were 3 to 10% lower than
those for the specimens cured at 35, 40, and 45°C and RH
of 95%. For the 200-cycle results, the trend was similar to
the 100-cycle results. More specifically, the RDME results
of 8 and 12°C and 95% RH after 200 cycles were 6 to 26%
lower than those from the specimens cured at 35, 40, and
45°C and 95% RH. For the 300-cycle results, the RDME
results showed that they increased with increasing tempera-
ture at 95% RH. However, no clear trend can be observed in
the results from the specimens cured under other RH condi-
tions. More specifically, the 300-cycle RDME results from
the specimens cured at 8 and 12°C were 8 to 31% lower
than those from the specimens cured at 35 and 40°C. In the
case of a curing temperature of 45°C, similar to the trend in
compressive strength results, RDMEs decreased due to the
formation of microcracks.?!

In all curing conditions, the 300-cycle RDMEs satis-
fied the criterion of requiring greater than 60% of the
RDME of the specimens without FT cycles, as specified in
ASTM C666/C666M.' If the RDME requirement increases
to 70%, the specimens cured at 35°C or higher can satisfy
the requirement. In fact, the T35H95 and T40H95 spec-
imens can satisfy the requirement even if the requirement
is increased to 80%. Under low-temperature curing condi-
tions, RDME decreases as RH increases. In contrast, under
high-temperature curing conditions, RDME increases with
an increase in RH. As shown in Fig. 3(d) and (e), for the
low-temperature curing condition, RDME decreased by 3

174

to 6% as RH increased. The result trend can be attributed
to hydration reactions being delayed due to the reduction in
internal free water from the low-temperature condition of FT
cycles. On the other hand, as shown in Fig. 3(g) and (h), for
the high-temperature curing condition, RDME increased by
5 to 10% as curing RH increased. High-temperature curing
conditions induce internal moisture movement, promoting
greater hydration reactions and an increase in RDME. As
FT cycles increased, the RDME reduction rate was approx-
imately 10 to 15% for the specimens cured at 35 and 40°C,
while the RDME increase rate was the highest as RH
increased under the same temperature conditions. Therefore,
the optimal curing condition was identified as a temperature
of 35°C and an RH of 95%.

ANALYTICAL RESULTS AND DISCUSSION
Freezing-and-thawing resistance life evaluation
considering climate change in New York City

Climate change is decreasing the average number of FT
cycles occurring in a season due to gradually increasing
temperatures. To predict the FT resistance life of a concrete
structure, it is necessary to estimate the average FT cycle
reduction in the region where the structure is located. For
this study, the target location to consider climate change
conditions was selected as New York City. According to
the FHWA report,?® the annual FT cycles occurring in and
around New York City are approximately 54 cycles per year.
Therefore, the FT cycles occurring in New York City over
1 to 100 years would be 54 to 5400 cycles. According to the
U.S. EPA report,?! the annual FT reduction was 0.38 days, as
shown in Fig. 4. Applying this reduction as a base to incor-
porate the effect of climate change, the FT cycles occur-
ring in New York City over 1 to 100 years would be 54 to
3519 cycles.

To evaluate the FT resistance life of a concrete structure in
New York City, the prediction of RDME as a function of the
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Fig. 3—RDME results after 300 FT cycles cured under various temperatures and RHs.

number of FT cycles occurring annually is needed. Using the
predicted RDMEs, the FT resistance of the concrete structure
during its service life can be obtained through drawing satis-
faction graphs. However, it is nearly impossible to obtain an
RDME equation for an extended duration, such as 100 or
150 years, due to the time and cost required to perform FT
cycle tests. Also, the RDME equations for various combi-
nations of temperature and RH curing conditions are nearly
impossible to obtain due to an insurmountable amount of
work required to obtain a sufficient number of FT RDME
data. Therefore, based on the RDME data obtained from the
FT tests with a limited number of FT cycles in this study, the
RDME equations were obtained for the curing conditions
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applied in this study. The base equation that was used to
curve-fit the data was as follows

RDME = ¢; x hl(NFT) ) (4)

where RDME is the relative dynamic modulus of elasticity;
¢ and ¢, are the coefficients obtained from the curve fitting;
and N7 is the number of FT cycles.

All the curve-fitted equations for the curing conditions
considered in this study are shown in Table 4. The equations
are derived based on the criterion of RDME equaling 60%
of the RDME without FT damage. More specifically, for
each curing condition, data-fitted equations were proposed
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Table 4—Number of years when RDME falls below 60%

Coefficient of determination Failure years Failure

Case RDME prediction formula R? FHWA standard | U.S. EPA standard cycles
T8H40 RDME = -14.34In(N) + 150.41 0.99 11 11 549
T8H65 RDME = -16.09In(N) + 158.44 0.99 9 9 455
T8H95 RDME =-19.4In(N) + 175.16 0.99 8 8 379
T12H40 RDME =-18.12In(N) + 172.77 0.99 10 10 505
T12H65 RDME =-17.88In(N) + 171.22 0.99 10 10 504
T12H95 RDME =-18.51In(N) + 172.76 0.99 9 9 443
T35H40 RDME =-12.88In(N) + 151.89 0.97 23 25 1259
T35H65 RDME = -16.55In(N) + 171.03 0.96 15 17 822
T35H95 RDME = -8.78In(N) + 136.15 0.97 108 None 5877
T40H40 RDME =-12.91In(N) + 151.48 0.99 22 25 1199
T40H65 RDME =-16.39In(N) + 169.12 0.98 10 10 519
T40H95 RDME = -8.37In(N) + 131.03 0.99 89 None 4876
T45H40 RDME = -18.6In(N) + 179.72 0.94 10 10 508
T45H65 RDME = -19.16In(N) + 179.75 0.93 10 10 519
T45H95 RDME =-22.19In(N) + 196.42 0.99 11 11 562
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Fig. 4—Changes in FT cycle due to climate change.

to represent the relationship between RDME and 100, 200,
and 300 FT cycles. It should be noted that the fitted RDME
model (Eq. (4)) is extrapolated beyond 300 FT cycles to esti-
mate the long-term FT resistance life. This extrapolation is
based on the assumption that the RDME degradation trend
observed up to 300 cycles continues in a similar pattern.
The logarithmic nature of the model reflects the decelerating
damage accumulation typically observed in concrete under
FT conditions, as reported by Chen and Qiao*? and Yan et al.**
While this approach introduces uncertainty, it provides a
rational basis for performance comparison under various
temperature and RH combinations during curing. Table 4
also shows the number of years to reach the 60% RDME
using both the FHWA and U.S. EPA standards. It should also
be noted that the model does not explicitly consider strength
development due to aging beyond 28 days. At this stage,
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FT resistance, as FT resistance is more critically influenced
by internal pore structure and external exposure conditions.'?

With respect to the FT resistance life prediction, the TSH95
specimen had the shortest FT resistance life of 9 years,
whereas the T35H95 specimen had the longest FT resistance
life of 108 years. Similar to the previous FT test results, the
FT resistance life of specimens cured at lower temperatures of
8 and 12°C was two to 13 times shorter than that of specimens
cured at higher temperatures of 35, 40, and 45°C. For 8 and
12°C curing temperatures, the FT resistance life decreased
by 10 to 20% from increasing RH, whereas for 35 and 40°C
curing temperatures, the FT resistance life increased four to
five times from increasing RH. This indicates that the FT
resistance life of concrete is directly influenced by the curing
conditions, including temperature and RH.

Performance-based evaluation development of
freezing-and-thawing resistance life

To develop FT SCs, the yearly RDME is needed to predict
the state of FT resistance of the concrete structure. In this
study, the yearly RDME considering curing conditions was
obtained from the curve-fited RDME equations as a func-
tion of the number of FT cycles, shown in Table 4. The FT
SCs were developed based on two parameters: temperature
and RH curing conditions. The criterion used to determine
the success/failure of the satisfaction was 60% RDME for
a duration of 1 to 100 years. Using the Bayesian probabi-
listic method, the satisfaction graphs can be developed by
considering the annual FT cycles proposed by the FHWA
standard, as shown in Fig. 5. The two-dimensional (2-D)
SCs are shown in Fig. 5(a) and (b), and the 3-D SSs are
shown in Fig. 5(c) and (d). The difference between the 2-D
and 3-D graphs comes from the time dependency of the
durability performance of concrete. For example, the 2-D
FT SC is drawn at a selected time of concrete life, such as the
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Fig. 5—FHWA FT resistance life satisfaction graphs according to temperature and RH.

first, 20th, or 100th year. However, the 3-D FT SS is drawn
for a duration of 100 years of service life. More specifically,
100 2-D SCs would be used to draw a 3-D SS.

As shown in Fig. 5(a), the satisfaction level decreased as
the FT exposure time increased, as expected. As shown in
Fig. 5(a), the satisfaction increase rate after 5 years of FT
exposure was relatively similar for all the curing tempera-
tures, while the satisfaction increase rate after 10, 15, and
20 years of FT exposure was significant as the curing
temperature increased. For the 10-year FT resistance SC,
the satisfaction percentage rapidly increased with curing
temperature up to 20°C, then tapered off beyond 20°C.
For 15- and 20-year FT resistance SCs, the satisfaction
percentage increase is more gradual as the curing tempera-
ture increases.

The trend in RH results is similar to the temperature
results, as shown in Fig. 5(b). As shown in Fig. 5(b), the
satisfaction level decreased as the FT exposure time
increased, as expected. Unlike the temperature results, the
RH results show that the increase rate for all FT exposure
durations (that is, 5, 10, 15, and 20 years) is more gradual as
the RH increases. For the 5-, 10-, and 15-year FT exposures,
the satisfaction results show almost linear relationships.
Only for the 20-year FT exposure, the satisfaction level
for the specimens cured at 50% RH is 0%, but it gradually
increases beyond the RH. The overall results showed that
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high satisfaction levels are shown for the 5- and 10-year FT
exposures, and relatively low satisfaction levels are shown
for the 15- and 20-year FT exposures. The 3-D FT resis-
tance SSs developed for a duration of 100 years are shown
in Fig. 5(c) and (d). The comparison of the FT resistance
life predictions from the developed satisfaction graphs and
the test data curve-fitted RDME equations reveals that the
FT resistance life sharply decreased by 9 to 11 years for the
temperature conditions of 8 and 12°C and the RH conditions
of 40 and 65%. The reasonable comparison results indicate
that the 3-D graph generated through PBE is reliable for use
in evaluations of real scenarios.

As an example of PBE, a scenario is examined in which
a structure is required to achieve a satisfaction level of 0.5
or higher and a target FT resistance life of at least 15 years.
As shown in Fig. 5(a), this performance could be achieved
at curing temperatures of 33°C or higher. As shown in
Fig. 5(b), the RH should be maintained at 86% or higher.
In addition, a structure cured at a temperature of 30°C and
an RH of 90% is estimated to have an FT resistance life of
approximately 14 years. To overcome the limited number
of test data points in this study, supplemental data points
generated from the normal probability distribution function
were obtained. These generated virtual data points are used
to generalize the evaluation results. The proposed method is
based on a probabilistic framework designed to demonstrate
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the applicability of PBE to FT resistance under various
curing conditions. For further analysis, additional experi-
mental investigations on aged or deteriorated concrete struc-
tures will be necessary in the future.

Freezing-and-thawing performance-based evaluation
considering climate change in New York City

To develop the SC considering climate change in the New
York City area, the FT cycle reduction rate of the U.S. EPA,
shown in Fig. 6, was used. The U.S. EPA SSs for curing
temperature and RH are shown in Fig. 6(a) and (b), respec-
tively. Comparisons of the 10-year FT resistance SCs for
curing temperature and RH developed based on climate
change predictions of the FHWA and U.S. EPA are shown
in Fig. 7(a) and (b), respectively. In general, FT resistance
life increases when climate change is considered, because
the annual FT cycles are reduced due to global warming.
More specifically, the FT resistance life based on the FHWA
climate change prediction increases after 10 years. The
T35H40, T35H65, T40H40, and T45H95 specimens showed
2 to 3 years longer FT resistance life. On the other hand, the
FT resistance life for the T35H95 and T40H95 specimens
could not be calculated, because for the duration of 150
years, the reduction in annual FT days exceeded the annual
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FT cycles, which theoretically eliminated the possibility of
an FT event occurring. Moreover, no changes in FT resis-
tance life were observed under other temperature and RH
curing combinations.

The 10-year FT resistance life SCs for curing temperature,
developed based on the FHWA and U.S. EPA climate change
predictions, showed the largest difference, as shown in Fig. 7.
As shown in Fig. 7(a), the FT resistance life showed a differ-
ence of approximately 25% satisfaction percentage within
the temperature range of 13 to 25°C when climate change
was considered. With respect to the FT resistance life for
curing RH, approximately a 10% difference in satisfaction
percentage occurred, as shown in Fig. 7(b). This trend can
be attributed to the annual FT cycles decreasing by 0.38 days
due to U.S. EPA climate change predictions, leading to an
increase in FT resistance life and satisfaction percentage.

Additionally, because the number of FT cycles decreases
each year due to global warming, the 100-year FT satisfac-
tion percentage calculations are conducted to consider the
long-term climate change predictions from various organi-
zations, such as the FHWA and U.S. EPA. The comparative
analysis revealed that the duration required to reach the 50%
FT resistance satisfaction percentage is over 16 years, which
is the same for both the FHWA and U.S. EPA predictions.
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However, the duration required to reach the 30% satisfac-
tion percentage for temperature curing conditions differed,
with the FHWA prediction giving 22 years and the U.S.
EPA prediction giving 24 years. For RH curing conditions,
the FHWA predicted 48 years, and the U.S. EPA predicted
63 years. These differences can be attributed to the increase
in temperature due to the global warming phenomenon from
climate change, leading to reduced FT cycles and increased
FT satisfaction levels.

CONCLUSIONS

Based on the results of the study, the following conclu-
sions are drawn:

1. In the freezing-and-thawing (FT) resistance tests
under specific temperature and relative humidity (RH)
curing conditions, relative dynamic modulus of elasticity
(RDME) results from the specimens cured at 8 and 12°C
were 8 to 31% lower than those from the specimens cured
at 35 and 40°C. For the low-temperature curing condition,
RDME decreased by 3 to 6% as RH increased, while for the
high-temperature curing condition, RDME increased by 5 to
10% as RH increased.

2. Regarding the FT resistance prediction for New York
City, the FT resistance lives of specimens cured at 8 and
12°C (considered as low curing temperatures) were two to
13 times shorter than those of specimens cured at 35, 40,
and 45°C. At low temperatures of 8 and 12°C, the FT resis-
tance life decreased by 10 to 20% as the RH curing condition
increased. Conversely, at optimal temperatures of 35 and
40°C, the FT resistance life increased by four to five times
as the RH curing condition increased.

3. The satisfaction increase rate after 5 years of FT expo-
sure was relatively similar for all the curing temperatures,
while the satisfaction increase rate after 10, 15, and 20 years
of FT exposure was significant as the curing temperature
increased. For 10-year FT resistance SC, the satisfaction
percentage rapidly increased for the curing temperature up
to 20°C, then tapered off beyond 20°C. The comparison of
the FT resistance life predictions from the developed satis-
faction graphs and the test data curve-fitted RDME equa-
tions revealed that the FT resistance life sharply decreased
by 9 to 11 years for the temperature conditions of 8 and 12°C
and the RH conditions of 40 and 65%.

4. The 10-year FT resistance life satisfaction curves (SCs)
for curing temperature developed based on the Federal
Highway Administration (FHWA) and United States Envi-
ronmental Protection Agency (U.S. EPA) climate change
predictions showed the largest difference. The FT resistance
life showed a difference of approximately 25% satisfaction
percentage within the temperature range of 13 to 25°C when
climate change was considered. With respect to the FT resis-
tance life for curing RH, approximately a 10% difference in
satisfaction percentage occurred.

5. The proposed method offers a probabilistic framework
for evaluating FT resistance based on satisfaction levels
under various curing conditions, rather than relying on
prescriptive life predictions. While the extrapolated RDME
models provide useful insights into long-term performance,
they are primarily intended for comparative purposes and
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require further validation. This study tried to overcome the
limitations of test variability and curve fitting by performing
the analysis using statistical averaging. This approach can be
considered a performance-based evaluation (PBE) strategy
for concrete exposed to FT cycles under various environ-
mental conditions.

FURTHER STUDY

Because the study has already been completed, FT data of
other cement type mixture proportions are not available at
this time. Therefore, in a future study, more quantitative data
from additional mixture proportions using various cement
types, fly ash, silica fume, ground-granulated blast-furnace
slag, and ferro-nickel slag will be collected. In addition,
the durability behavior with respect to chloride penetration
resistance and carbonation tests will be quantified.
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NOTATION
a; =  design material requirement of variable I
¢, c; =  coefficients obtained from curve fitting
DF = durability index of test specimen
F(.) = SC of specific material requirement
M = cycle at end of FT exposure

N = determined by total number of related material data obtained for
material performance evaluation

number of FT cycles

number of cycles in which relative dynamic modulus of elas-
ticity becomes 60% or number of cycles at end of freezing-and-
thawing exposure

primary resonance frequency (Hz) of deformation vibration in
FT cycle N,

primary resonance frequency (Hz) of deformation vibration in
FT cycle 0

relative dynamic modulus of elasticity (%) after freezing-and-
thawing cycle N,

determined to be 0 or 1 depending on satisfaction to material
performance value such as a;
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