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1. INTRODUCTION

Amid concerns over efficient electric power generation
owing to increases in worldwide energy consumption,
unstable oil prices, and climate change, nuclear power
supply is being reconsidered as a stable and economically

viable source. Although the recent accident in a nuclear
power plant in Japan raises safety concerns, nuclear power
generation is the most efficient method in terms of natural
resource exploitation. Concrete is a critical component of
nuclear power plant structures and requires optimal design
and construction. In the case of construction during low-

The objective of this study was to experimentally investigate the effect of heat curing methods on the temperature history
and strength development of slab concrete exposed to -10°C. The goal was to determine proper heat curing methods for the
protection of nuclear power plant structures against early-age frost damage under adverse (cold) conditions. Two types of
methods were studied: heat insulation alone and in combination with a heating cable. For heat curing with heat insulation
alone, either sawdust or a double layer bubble sheet (2-BS) was applied. For curing with a combination of heat insulation and
a heating cable, an embedded heating cable was used with either a sawdust cover, a 2-BS cover, or a quadruple layer bubble
sheet (4-BS) cover. Seven different slab specimens with dimensions of 1200 600 200 mm and a design strength of 27 MPa
were fabricated and cured at -10°C for 7 d. The application of sawdust and 2-BS allowed the concrete temperature to fall below
0°C within 40 h after exposure to -10°C, and then, the temperature dropped to -10°C and remained there for 7 d owing to
insufficient thermal resistance. However, the combination of a heating cable plus sawdust or 2-BS maintained the concrete
temperature around 5°C for 7 d. Moreover, the combination of the heating cable and 4-BS maintained the concrete temperature
around 10°C for 7 d. This was due to the continuous heat supply from the heating cable and the prevention of heat loss by the
4-BS. For maturity development, which is an index of early-age frost damage, the application of heat insulation materials alone
did not allow the concrete to meet the minimum maturity required to protect against early-age frost damage after 7 d, owing to
poor thermal resistance. However, the combination of the heating cable and the heat insulating materials allowed the concrete
to attain the minimum maturity level after just 3 d. In the case of strength development, the heat insulation materials alone
were insufficient to achieve the minimum 7-d strength required to prevent early-age frost damage. However, the combination
of a heating cable and heat insulating materials met both the minimum 7-d strength and the 28-d design strength owing to the
heat supply and thermal resistance. Therefore, it is believed that by combining a heating cable and 4-BS, concrete exposed to -
10°C can be effectively protected from early-age frost damage and can attain the required 28-d compressive strength.
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temperature periods, concrete may suffer from early-age
frost damage, which in turn may adversely affect the
long-term strength gain and durability of the concrete
structure. Under extreme temperatures of less than -10°C,
widespread early-age frost damage may occur. This
counteracts the ease of construction, reduces quality, and
drives up costs because of delays in construction. Current
solutions aimed at ensuring protection against such early-
age frost damage are based on heat curing engineering:
heat supply curing from combustion heaters, brown coal,
etc., and antifreeze agents for lowering the freezing
temperature of the concrete. Nonetheless, cost increases,
construction delays, heterogeneous heating, and rebar
corrosion due to the chlorides in the antifreeze agents are
several of the problems encountered. It is especially
important to develop a methodology that is independent of
the ambient weather or climate conditions. In particular,
it is critical to reduce the construction period associated
with advanced construction techniques.

Yi [1] proposed a minimum curing period required
for preventing early-age frost damage at -10°C. Zhang et
al. [2] reported a surface curing method to reduce the
thermal stresses in roller-compacted concrete subjected
to -5°C by applying a 50–80 mm thick polystyrene board.
Han [3] is quoted as using a 2-BS on concrete to prevent
early-age frost damage at -5°C.

Currently, most of the research studies on cold weather
concrete performance are performed at an average daily
temperature of -5~0°C. Extreme temperatures below -10°C
have not been considered [4-6]. As a result, nuclear power
plant construction uses the existing construction methods
for extreme weather conditions, which may result in quality
deterioration, construction delays, and cost increases. 

The aim of this study, therefore, was to experimentally
investigate the effect of heat curing methods on the
temperature and strength development of slab concrete
subjected to -10°C, and to prevent early-age frost damage.
The study evaluated the low-temperature sensitivity of
the slab by measuring the temperature history and strength
development in the case of the insulation heat curing
method and also the combination of insulation heat and
heat cable curing.

2. DESIGN CONSIDERATIONS

During extremely cold weather, concrete placement
needs to consider frost damage; i.e., for concrete to
withstand the early-age freeze-thaw reaction, a certain
level of hardening is required. This is typically specified
as a compressive strength of 5~15 MPa, depending on the
member thickness and water content. In the initial curing
period and until the concrete rises above this strength limit,
both insulation heat curing and heat supply curing are used.
According to the Architectural Institute of Japan (AIJ) [7],
if the lowest expected temperature during the initial curing

period is higher than -3°C (a mildly freezing period), a
simple cover curing sheet may be used, but if the
temperature is lower than -3°C, both heat insulation and
a heating cable curing are recommended.

2.1 Heat Supply Curing
Heat supply curing is suitable if the temperature is

likely to be lower than 0°C or expected to remain below -
10°C for a couple of days. It is recommended that the design
curing temperature be higher than 5°C, and the actual
deployment of the heat supply equipment is fixed after
test heating. During the supply of heat, a thermocouple is
used to check the temperature and ensure that the concrete
maintains the design curing temperature. Heat supply curing
can be classified into space heating, surface heating, and
internal heating methods. Of these, space heating is the
most widely used for the entire concrete being placed, but
its efficiency is limited. Surface heating uses a heating
cable, making this method useful for slab heating and other
uses not covered by space heating. Internal heating is
efficient but requires putting a power cable and other
foreign materials into the concrete. In addition, it is difficult
to control the heating and there is the risk of an electrical
accident.

2.2 Insulation Heat uring
Insulation heat curing is done by covering the concrete

surface with an insulation curing mat or by using an
insulation heat form. Insulation heat curing should use an
insulation material with a low heat transmission coefficient.
This method of curing does not guarantee enough cooling
because of the heat loss difference based on the size of
the member or side. In addition, this curing method has
to maximize maturity, which is calculated up to 0°C.

2.3 Maturity
Maturity quantifies the effect of curing temperature

and time. It is a combination of the curing temperature
and time function at a temperature higher than the datum
temperature. Maturity is based on the equivalent age model,
which is derived from Saul's linear formula of temperature
and age [8] and Freisleben-Hansen's rate of chemical
reaction [9]. Equivalent age is the curing time for reaching
maturity at the standard temperature of 20°C.

where, M: Maturity (°D·D )
H(T): Maturity function
t : age(d)

where, M: Maturity (°D·D )
Tc: Temperature at time t (°C)
T0: Datum temperature (generally -10°C)
t : age(d)

524 NUCLEAR ENGINEERING AND TECHNOLOGY,  VOL.44  NO.5  JUNE 2012

LEE et al.,  Effect of Heat Curing Methods on the Temperature History and Strength Development of Slab Concrete for Nuclear Power Plant Structures in Cold Climates

(1)

(2)



525NUCLEAR ENGINEERING AND TECHNOLOGY,  VOL.44  NO.5  JUNE 2012

LEE et al.,  Effect of Heat Curing Methods on the Temperature History and Strength Development of Slab Concrete for Nuclear Power Plant Structures in Cold Climates

3. DESIGN OF EXPERIMENT

3.1 Experimental Design
The experimental plan for this study is shown in

Table 1, and the mixing proportions of the concrete are
presented in Table 2. First, a concrete with a compressive
strength of 27 MPa (4000 psi) was fabricated, which is
typical for nuclear power plant structures. The ambient
temperature was set at -10°C for 7 d to simulate extreme
cold weather settings. This temperature is the arithmetic
mean value of a daily high of -5°C and a daily low of -15°C.
The various conditions tested included exposure to the
environment in the absence of heat insulation or heating
cable; addition of heat insulation curing with sawdust or
2-BS; addition of an embedded heating cable alone, and

addition of a combination of embedded heating cable and
either sawdust, 2-BS, or 4-BS. In total, six curing conditions
were considered. The temperature history of the concrete
and the compressive strength of the core specimens were
measured.

3.2 Materials
For the materials used in this study, ordinary Portland

cement produced in Korea was used. Sea sand (fine) and
crushed (coarse) aggregates with a maximum grain size of
20 mm were also used. A naphthalene-based superplasticizer
and a negative-ion-type air-entraining agent were also used
as additives. The physical properties of each material are
presented in Tables 3~5. For insulation heat curing materials,
2-BS and 4-BS were used, as seen in Fig. 1 and Table 6.

Water-to-binder ratio (W/B) (%)

Target slump (mm)

Target air content (%)

Curing temperature (°C)

1

1

1

1

3

4

2

2

50

120 ± 15

4.5 ± 1.5

-10

-Exposure

-Sawdust

-2 layers of bubble sheet (2-BS)

-Heating cable embedding + Exposure

-Heating cable embedding + Sawdust

-Heating cable embedding + 2-BS

-Heating cable embedding + 4-BS

-Slump

-Air content

-Temperature history (up to 7 d)

-Compressive strength (Standard curing, Core)

Fresh concrete

Hardened concrete

Combination of heating cable and
heat insulation materials

Heat insulation

Factor Level

Mixture

Curing Curing
methods

Experiment

Table 1. Experimental Design

W/B
(%)

Water
(kg/m3)

Sand-to-
aggregate
ratio (%)

Air-
entraining

agent
(%)

Super-
plasticizer

(%) Water Cement Fly ash Sand Gravel

Unit weight (kg/m3)

50 162.75 46.7 0.012 0.65 162.75 260.64 64.86 822 938.77

Table 2. Mixing Proportions of Concrete



526 NUCLEAR ENGINEERING AND TECHNOLOGY,  VOL.44  NO.5  JUNE 2012

LEE et al.,  Effect of Heat Curing Methods on the Temperature History and Strength Development of Slab Concrete for Nuclear Power Plant Structures in Cold Climates

Density
(kg/m3)

3150 326.5 0.15 210 300 2.20 28.9 38.9

Blaine fineness
(m2/kg)

Soundness
(%) Initial time

Setting time (m) Compressive strength (MPa)

Final time 3 d 7 d 28 d

Table 3. Physical Properties of Cement

Type

Fine aggregates

Coarse aggregates

2530

2620

2.55

6.48

1.94

0.84

-

56.5

Density (kg/m3) Fineness modulus Water absorption (%)
Solid volume percentage
for shape determination

(%)

Table 4. Physical Properties of Aggregates

Type

Superplasticizer

Air-entraining agent

Naphthalene

Negative ion

Fluid

Fluid

Light brown

Light yellow

1050

1040

Main ingredient Appearance Color Density (kg/m3)

Table 5. Physical Properties of Chemical Admixtures

BS type

2-BS

4-BS

3

6

7

7

0.03

0.03
0.247

Thickness
(mm)

Size of bubble
(mm)

Heat conductivity
(W/m·K)

Thermal resistance
(m2·K/W)

Table 6. Physical Properties of Bubble Sheet (BS)

Source
Particle size

(mm)
Density
(kg/m3)

Thermal resistance
(m2·K/W)

Pine tree 1–3 710 0.154

Table 7. Physical Properties of Sawdust

Appearance Diameter (mm) Output wattage (W) Maximum heat temperature (°C)

4 20 50

Table 8. Physical Properties of Heating Cable



Commercially available sawdust was used, with the
physical properties listed in Table 7. The heating cable
was also obtained from the market and its properties are
presented in Table 8. 

3.3 Experimental Method
The concrete was mixed with a twin-shaft type mixer.

Slump tests were conducted in accordance with KS F 2402;
air content and unit volume weight were measured
according to KS F 2421 and 2409, respectively. The
compressive strength was measured according to KS F
2405 after the specimens were prepared and cured in
accordance with KS F 2403. Seven days after casting, the
compressive strength of a 100-mm diameter by 200-mm
long core was measured. Thereafter, the 14-d and 28-d
compressive strengths of core specimens air-cured at 20°C

were also measured. 
In order to measure the temperature history of the

inner part of the concrete slab, as seen in Fig. 2, 1200
600 200 mm specimens were fabricated. Subsequently,
thermocouples were embedded in the upper, middle, and
lower sections of the center and surface areas seen in Fig. 2.
Each side of the specimens was covered with Styrofoam
(thickness = 100 mm). The temperature of the specimens
was monitored with a data logger for 7 d. For insulation
heat curing, 50-mm thick layers of sawdust and 2-BS and
4-BS were placed on the surface of the specimens as seen
in Fig. 3. For the combination of a heating cable and heat
insulating materials, the heating cable was embedded 50
mm beneath the surface at a spacing of 300 mm. The
cable seen in Fig. 4 supplied the heat that maintained the
temperature of the concrete at about 10°C.
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Fig. 1. Bubble Sheet Photographs and Sectional Views

Fig. 2. Specimen Preparation for Heat Insulation Curing
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Fig. 4. Specimens Applying heating Cable and Heat Insulation Curing Method

Fig. 3. Heat Insulation Curing Methods for the Specimens



4. RESULTS AND DISCUSSION

4.1 Temperature History and Maturity Development 
4.1.1 Temperature History of Concrete with Heat

Insulating Materials
The properties of the fresh concrete (with a slump of

140 mm, air content of 4.7%, and temperature of 10°C)
were satisfactory based on a number of trial batches. In
addition, the compressive strength at 28 d was 30.1 MPa,
which is higher than the design strength (28 MPa).

Fig. 5 illustrates the temperature history of the
specimens without heat insulating materials and the
specimens insulated with sawdust or 2-BS, which were all
subjected to -10°C for 7 d. According to AIJ, to prevent
early-age frost damage, it is necessary to select the
insulating material with the longest cooling period from
placement to 0°C. Therefore, this study focused in part
on the time needed to reach 0°C. The temperature of the
specimen exposed to an ambient temperature of -10°C
dropped drastically, reaching 0°C after 12 h. It then
decreased to -10°C by the end of 48 h and remained there
for the remainder of the 7 d. Meanwhile, the temperature
of the specimen covered with sawdust dropped slowly,
reaching 0°C after 40 h. The temperature then gradually
continued to drop, approaching -10°C at 5 d from
placement. The temperature of the specimen covered
with 2-BS also decreased after being exposed to -10°C,
reaching 0°C approximately 25 h later. It reached -10°C
at around 80 h, and then stayed at that level for the rest of
the 7 days. Based on these findings, sawdust is a better
heat insulating material than 2-BS.

As for the effect of the specimen section position on
the temperature variation, as monitored by the thermocouple,
Fig. 5 shows that the temperature difference between the
surface and center was insignificant.

Fig. 6 presents the temperature history of the specimen
surface depending on the heat insulating materials. As
seen in Fig. 6, it is clear that the concrete covered with an
application of sawdust took longer than the concrete
without any insulating material or the concrete covered
with 2-BS to reach -10°C. This was due to the heat
insulating effect of the sawdust. 

4.1.2 Maturity Development of Concrete with Heat
Insulating Materials

Fig. 7 shows the maturity development in the specimens
with the application of different heat insulating materials,
as derived from the time-temperature history of the
specimens. According to AIJ, maturity is calculated by
Eq. (2), and the required minimum maturity to prevent
early-age frost damage is 45°D D. Maturity increases with
age. In our study, the specimen covered with sawdust had
the largest maturity at around 48°C·d at 7 d, whereas the
specimen covered with 2-BS and the specimen without
heat insulating material had maturities of only 10~20°D
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Fig. 6. Temperature History at the Surface of Specimens with
Heat Insulating Materials Only

Fig. 5. Temperature History of Specimens with Heat
Insulating Materials



D at 7 d. This means that the application of sawdust requires
more than 7 d to prevent early-age frost damage. Moreover,
the application of 2-BS does not guarantee the prevention
of early-age frost damage even well after 7 d. Han et al.
reported that the application of 2-BS could prevent early-
age frost damage of concrete subjected to -5°C within 3 d
[10]. For this reason, it was believed at the time the present
study was designed that at temperatures below -10°C, the
use of heat insulating materials alone was insufficient to
prevent early-age frost damage. This was due to the fact
that the heat insulating materials used in this study do not
have sufficient thermal resistance, as shown in Table 6.
According to ACI 306 [11], insulating materials with
thermal resistance values of more than 0.70–1.06 must be
provided to protect concrete 200 mm thick (and with 300
kg/m3 of binder) from early-age frost damage when
subjected to an ambient temperature of -10°C. 

4.1.3 Temperature History of Concrete with a
Combination of a Heating Cable and Heat
Insulating Materials 

It is clear from our study that under the extreme
temperature of -10°C, the only suitable heat insulating
material for prevention of early-age frost damage was
sawdust. However, even with sawdust, it takes longer than
desired to protect concrete from early-age frost damage,
which delays construction and creates obstacles at the job
site. It was therefore necessary to determine an improved
heat curing method that would take into account both the
construction period and heat insulating performance in
securing early-age frost damage protection. Hence, a
combination of a heating cable (using embedded coiled
and insulated electrical resistors) and heat insulating
materials was suggested as the most effective means of
protection. 

Fig. 8 illustrates the temperature history of the specimens
with the heating cable and either no insulation or insulation
with sawdust, 2-BS, or 4-BS, respectively. Fig. 9 shows
the surface temperature history of the specimens with
various heat insulating materials. When the specimen with
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Fig. 8. Temperature History of Specimens with a Combination
of a Heating Cable and Heat Insulating Materials

Fig. 7. Maturity Development of Specimens with Heat
Insulating Materials Only

Fig. 9. Temperature History at the Surface of Specimens with
a Combination of a Heating Cable and heat Insulating

Materials



the embedded heating cable alone was exposed to -10°C,
the temperature dropped to 0°C after only 10 h, but then
was maintained around 0°C for 7 d, unlike the specimens
covered with heat insulating materials only. This difference
was due to the heat supplied to the concrete from the
embedded heating cable. Meanwhile, in the specimen
with the heating cable and 4-BS cover, the temperature
decreased right after placement and reached 10°C after
approximately 5 h. Subsequently, the temperature
remained at 9~13°C for 7 d. The results reveal that the
combination of heating cable and 4-BS maintains the
temperature of the concrete by as much as 10°C higher
than that in the case of the heating cable only. This was
due to the insulating effect of the 4-BS, which covered
the surface of the specimen. 

In addition, the temperature history of the specimens
that combined the heating cable with sawdust or the 2-BS
cover was similar to that of the specimen with the heating
cable and the 4-BS. The temperature was maintained
around 5~7°C for 7 d after placement, which is lower
than that of the specimen with the heating cable and 4-
BS by as much as 4~6°C. However, it is 6°C higher than
that of the specimen with the embedded heating cable only.

4.1.4 Maturity Development of Concrete with a
Combination of a Heating Cable and Heat
Insulating Materials

Fig. 10 illustrates the maturity development of the
specimens with age, depending on the heat curing methods.
The maturity increased proportionally with age, which was
not the case for the insulation heat curing (as previously
shown in Fig. 7). This increase was due to the continuous
heat supply from the embedded heating cable. As for the
effect of various curing methods, the combination of a
heating cable and 4-BS had the largest effect. The age to
reach a maturity of 45°D·D, which is prescribed by AIJ
as the minimum to prevent early-age frost damage, was 4
d in the case of the heating cable, 2.5 d for the combination
of a heating cable and sawdust or 2-BS cover, and 1.8 d
for the combination of a heating cable and 4-BS cover.

These results reveal that when the heating cable and heat
insulating materials are combined, the time to reach the
required minimum maturity is 3~5 d faster than that of
the insulation heat curing method only. 

Fig. 11 shows the maturity development of the
specimens with age, depending on the curing methods.
At 1 d, the correlation between the maturity development
and the heat curing methods is negligible. However, the
specimen maturities increased sharply in the case of the
combination of a heating cable and heat insulating
materials after 3 d, whereas the increase in specimen
maturity with only heat insulating materials was limited.
More interestingly, at 7 d, the maturities of the specimens
with a heating cable and heat insulating materials are
nearly twice as high as those of the specimens with heat
insulating materials only.
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Fig. 11. Maturity Development for Various Heat Curing
Combinations

Fig. 10. Maturity Development of Specimens with a
Combination of a Heating Cable and Heat Insulating Materials



4.2 Strength Development 
4.2.1 Strength Development with Heat Insulating

Materials 
Fig. 12 illustrates the compressive strength and

maturity with age, depending on the heat insulating
materials. The design compressive strength of the core
specimens exposed directly to -10°C was not attainable
after 7 d nor even 28 d, when it was still less than 10
MPa. It is thought that because of the exposure to -10°C
and the lack of protection, the specimen suffered from
early-age frost damage, thus failing to achieve the design
compressive strength. 

However, in the cases with the sawdust or 2-BS cover,
the 7-d compressive strengths were 4 MPa and 3 MPa,
respectively. As shown in Fig. 11, the specimen with the
sawdust exceeded the required minimum maturity that
protects from early-age frost damage, which is prescribed
by AIJ, but the compressive strength did not meet the
required minimum 7-d strength of 5 MPa. Furthermore,
in the sawdust case, it exceeded the maturity after 7 d.
This was due to the loss of strength during core drilling.
The specimens with sawdust and 2-BS did not meet the
28-d design strength of 27 MPa, which was around 10 MPa.
Thus, it is believed that under -10°C, the application of
sawdust or 2-BS does not allow the concrete to gain
enough strength to prevent early-age frost damage due to
insufficient thermal resistance and ease in handling.

4.2.2 Strength Development with a Combination of
a Heating Cable and Heat Insulating Materials

Fig. 13 presents the compressive strength and maturity

test results of the specimens with the heating cable and
heat insulating materials. With this combination, all
specimens showed a 7-d compressive strength of more
than 5 MPa. The highest compressive strength with age
was obtained when the 4-BS covered the specimen. This
was due to the increase in maturity associated with the
continuous heat supplied by the heating cable and the
prevention of heat loss by the 4-BS. The compressive
strength of the specimen with the heating cable and the
4-BS cover was around 27 MPa, which is similar to the
28-d design strength. Thus, in the case of concrete exposed
to -10°C, the combination of a heating cable and 4-BS
helped the concrete gain sufficient early-age strength, as
well as long-term age strength, to prevent early-age frost
damage and satisfy the design strength.

Fig. 14 shows a comparison of the strength development
results for specimens cured at room temperature (20°C)
and those cured with heat insulation or a combination of
insulation and a heating cable, in terms of the 7-d maturity.
The logistic regression model of Kamada et al. [12] was
applied to simulate the strength development with maturity
as shown in Eq. (3) and Table 10. The regression coefficient
in Table 10 was obtained from the results of laboratory
tests using the same concrete mixture as the concrete in
this study.

where, F∞: Final strength (MPa)
k, m: Constants
M: Maturity (°D·D)
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F∞

38.1

k

0.76

m

4.06

Regression coefficient

Table 10. Regression Coefficient of Logistic Regression Model from Eq.(3)

Fig. 13. Compressive Strength and Maturity for Specimens
with a Heating Cable and Heat Insulating MaterialsFig. 12. Compressive Strength and Maturity for Specimens

with Heat Insulating Materials Only

(3)



The compressive strength of the core specimen with
only heat insulation curing was lower than the estimated
compressive strength resulting from undesirable maturity
gain. As shown in Fig. 14, all the specimens with heat
insulating materials had compressive strengths below 5
MPa at 7 d, whereas the others with a combination of
heat curing methods had compressive strengths of more
than 10 MPa. In particular, the specimen with the heating
cable and 4-BS had a compressive strength higher than
the estimated strength. This implies that the combination
of a heating cable and 4-BS showed a larger maturity
than the specimen cured at 20°C for a given age. Hence,
within the constraints of this study, it is believed that the
combination of heating cable embedment and 4-BS cover
protects a 200 mm slab concrete subjected to -10°C from
early-age frost damage and results in strength gains. 

5. CONCLUSIONS

This study investigated the effect of various heat curing
methods on the temperature and strength development of
concrete subjected to -10°C, and reached the following
conclusions:

1)The temperature of specimens insulated with sawdust
or 2-BS dropped below 0°C in 40 and 24 h after
exposure, respectively. The temperature continued
dropping to the ambient temperature of -10°C and
remained there, regardless of the heat insulating
materials. This was due to the insufficient thermal
resistance of the heat insulating materials used in this
study. 

2)The temperature of the specimens with the heating
cable and heat insulating materials decreased slowly
and then remained at 9~13°C for 5~7 h after exposure
for 7 d. In particular, the combination of the heating

cable and 4-BS helped the concrete maintain a
temperature of around 10°C. This was due to the heat
supplied by the heating cable and the prevention of heat
loss by the 4-BS, which has a high thermal resistance.

3)The application of sawdust or 2-BS resulted in a
maturity of 20~48°D·D at 7 d, which either barely
exceeded or did not meet the required minimum maturity
prescribed by AIJ to prevent early-age frost damage.
However, the combination of a heating cable and
insulating materials helped the concrete gain more than
85~150°D·D of maturity at 7 d and gain more than
45~65°D·D even at 3 d. 

4)According to the core strength test results, the
application of heat insulating materials alone did not
help the concrete attain the minimum strength required
to prevent early-age frost damage within 7 d, nor did
it help attain the 28-d design strength. In contrast, the
combination of a heating cable and heat insulating
materials helped the concrete exceed the design
compressive strength by 5 MPa in less than 7 d and
also reach the 28-d design strength. 
Within the sphere of this study, under extreme

temperatures lower than -10°C, the sole application of
the insulation heat curing method was insufficient to
secure the required temperature history, maturity, and
compressive strength that can prevent early-age frost
damage in structural concrete slabs for nuclear power
plants. However, based on the temperature and strength
development test results, the combination of a heating
cable and heat insulating materials was able to protect
concrete subjected to -10°C from early-age frost damage.
In particular, the combination of the heating cable and 4-
BS was able to reduce the curing time required to protect
concrete against early-age frost damage, due to its superior
heat insulation and heat supply effects.

ACKNOWLEDGMENT
This work(20101610004J) was supported by the Nuclear

Research & Development of the Korea Institute of Energy
Technology Evaluation and Planning(KETEP) grant
funded by the Korea government Ministry of Knowledge
Economy.

REFERENCES_______________________________
[  1  ] Yi ST, Pae SW, Kim JK, “Minimum curing time prediction

of early-age concrete to prevent frost damage,” Construction
and Building Materials, pp. 1439-1449 (2011).

[  2  ] Zhang X, Li S, Li Y, Ge Y, Li H, “Effect of superficial
insulation on roller-compacted concrete dams in cold
regions,” Advances in Engineering Software, Vol. 8, pp.
939-943 (2011).

[  3  ] Han CG, “Temperature history of slab concrete depending
on insulation curing method in cold weather concreting,”
The Korea Institute of Building Construction, Vol. 5, pp.
17-21(2005).

[  4  ] Klieger, P, “Effect of mixing and curing temperature on

533NUCLEAR ENGINEERING AND TECHNOLOGY,  VOL.44  NO.5  JUNE 2012

LEE et al.,  Effect of Heat Curing Methods on the Temperature History and Strength Development of Slab Concrete for Nuclear Power Plant Structures in Cold Climates

Fig. 14. Relationship between Maturity and Compressive
Strength of the Core Specimen for Various Heat Curing

Methods



concrete strength,” ACI Journal, Vol. 54, pp. 1063-1082
(1958).

[  5  ] Malhotra, VM, Berwanger C, “Effect of below freezing
temperatures on strength development of concrete,” ACI
Journal, Vol. 74, pp. 37-58 (1973).

[  6  ] Mustard, JN, Ghosh, RS, “Minimum protection and thermal
stress in winter concreting,” Concrete International Design
& Construction, Vol. 1, pp. 96-101 (1979).

[  7  ] Architectural Institute of Japan (AIJ), Recommendation for
practice of cold weather concreting, pp. 139-140 (2000).

[  8  ] Saul, AGA, “Principles underlying the steam curing of
concrete at atmospheric pressure,” Magazine of Concrete

Research, Vol. 2, pp. 127-140 (1951).
[  9  ] Freisleben HP, Pederson J, “Maturity computer for controlled

curing and hardening of concrete strength,” Nordisk Betong,
Vol. 1, pp. 19-34 (1977).

[ 10 ] Han CG, “Field application of insulation curing method
with double bubble sheets subject to cold weather,” The
Korea Institute of Building Construction, Vol. 9, pp. 25-29
(2009).

[ 11 ] ACI Committee 306, Cold weather concreting (1990).
[ 12 ] Kamada E, Koh Y, Hayashi N, “Strength development of

concrete made with various cements,” CAJ Proc. of Cement
and Concrete, No. 44, pp. 360-365 (1990).

534 NUCLEAR ENGINEERING AND TECHNOLOGY,  VOL.44  NO.5  JUNE 2012

LEE et al.,  Effect of Heat Curing Methods on the Temperature History and Strength Development of Slab Concrete for Nuclear Power Plant Structures in Cold Climates


