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+e utilization of coal bottom ash (CBA) and fly ash in concrete has become more common. For CBA concrete, curing conditions
would influence the thermal properties of the concrete due to the high water absorption capacity of the CBA aggregate. In
addition, CBA and fly ash contents in concrete affect the thermal properties of the concrete. +erefore, the effects of the drying
conditions and the CBA and fly ash contents on the thermal conductivity of CBA concrete were investigated in this study. +e
thermal conductivity of concrete was measured under two different curing and drying conditions: oven-dried conditions and
saturated surface-dry (SSD) conditions, with curing times of 28 and 91 days. +e concrete mixtures also contained different levels
of CBA and fly ash. Crushed sand in the concrete mixtures was replaced by CBA with replacement ratios of 25%, 50%, 75%, and
100% by volume. In addition, cement in the concrete mixture was substituted by fly ash with replacement ratios of 20 and 40% by
volume. +e thermal conductivity of concrete under the oven-dried conditions was much lower than that under the SSD
conditions. Moreover, the thermal conductivity of the concrete decreased as the CBA content increased under both the oven-dried
and SSD conditions. +e material properties of the concrete, including unit weight, compressive strength, and ultrasonic velocity,
were also measured in the study. Compared with the SSD conditions, the compressive strength, unit weight, and ultrasonic
velocity of CBA concrete were considerably lower under the oven-dried conditions. Moreover, the relationships between the
thermal conductivity and unit weight, compressive strength, and ultrasonic velocity were suggested.

1. Introduction

Recently, global climate change has led to an increase in
energy consumption for cooling in hot weather and for
heating in cold weather. Applying lightweight concrete to
construction materials for buildings is favorable because it
reduces the use of energy in buildings and promotes efficient
energy consumption [1–5]. +e thermal properties of con-
struction materials used for concrete buildings are strongly
dependent on the porous aggregates and density of the
material because a material with porous aggregates exhibits a
low thermal conductivity [3].

Coal bottom ash (CBA) is considered to be favorable for
the fabrication of concrete with low thermal conductivity
because of its porous structure [6]. +e thermal conductivity
of mortar using CBA aggregates decreased by 64% when
CBA was applied to the mortar mixture [7]. Ngohpok et al.
[8] investigated the material properties of pervious concrete
containing recycled and bottom ash aggregates. +is study
suggested that the use of CBA in pervious concrete signif-
icantly reduced the thermal conductivity of the concrete.
Park et al. [9] also investigated the selected strength prop-
erties of CBA concrete under different curing and drying
conditions. In addition, Gooi et al. [10] concluded that the
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application of CBA concrete is a promising method for
improving the energy efficiency of buildings.

Moreover, fly ash also influences the thermal conduc-
tivity of concrete. +e heat flow resistance of fly ash is
15∼40% greater than that of quartz sand [11]. However, the
heat flow resistance of fly ash is affected by the moisture
content, so it could decrease dramatically under higher
moisture conditions. +e effect of fly ash content on the
thermal and mechanical properties of lightweight concrete
was analyzed in the study by Zhou and Brooks [12]. +eir
test results revealed that lightweight concrete containing fly
ash exhibited a low thermal conductivity but maintained its
mechanical strength. Brooks et al. [4] compared the thermal
and mechanical properties of concrete containing four
different types of lightweight fillers, which included fly ash.
According to their study, the thermal conductivity of
concrete decreased as the fly ash content increased, and the
density of the concrete containing fly ash was higher than
that of the other concrete used in the study.

However, although CBA and fly ash affect the thermal
conductivity of concrete, most studies exclusively evaluate
the influence of only CBA or fly ash on the thermal con-
ductivity of the resulting concrete. Studies on the effect of
CBA and fly ash contents on the thermal conductivity of
concrete in which they are used simultaneously are still
limited. Ghosh et al. [13] investigated the thermal properties
of mortar containing fly ash and CBA as a sand replacement.
Additionally, there are very few studies investigating the
effect of moisture contents or drying conditions on the
thermal conductivity of lightweight concrete containing
both CBA and fly ash. Khan [14] investigated the thermal
conductivity of conventional concrete at various moisture
contents and showed that the thermal conductivity of
concrete was influenced by the moisture content. According
to the study of Zhang et al. [15], the thermal conductivity of
conventional concrete containing limestone and granite as
coarse aggregates increased as the saturation degree in the
concrete increased.

Moreover, the utilization of CBA and fly ash is expected
to reduce the thermal conductivity of concrete. +e thermal
conductivity of concrete containing CBA and fly ash could
be also affected by the drying conditions or moisture content
inside the concrete because of the high water absorption
capacity of CBA [3–5].

CBA concrete may be favorable to reduce the thermal
conductivity in the walls of buildings but unfavorable to
increase the strength of concrete structures due to light-
weight of the concrete. +e moisture content of concrete
depends on curing and drying conditions. Eventually, curing
and drying conditions influence the strength properties and
thermal properties of the concrete. +erefore, the effect of
curing and drying conditions on both the strength properties
and thermal properties of CBA concrete is important. +e
study on the effect of curing and drying conditions on
strength properties including the compressive strength,
splitting tensile strength, and flexural tensile strength was
performed in the earlier study [9]. However, the study on the
effect of curing and drying conditions on the thermal
conductivity of concrete containing CBA and fly ash is very

limited and accordingly the study on the effect of curing and
drying conditions on thermal conductivity of concrete
should be analyzed.

+erefore, this study aimed to highlight the effect of
curing and drying conditions on the thermal conductivity of
concrete containing CBA as the replacement of fine ag-
gregate and fly ash as the replacement of cement, respec-
tively. In particular, the thermal conductivity of concrete
under saturated surface-dry (SSD) conditions and oven-
dried conditions was investigated. Additionally, the material
properties of the concrete used were analyzed at various
CBA and fly ash contents.

2. Materials

+e crushed natural coarse aggregate used in the mixture
had a maximum size of 20mm and a density of 2.60 g/cm3.
+e sand used as fine aggregate had a maximum size of 5mm
and a density of 2.61 g/cm3. +e material properties of the
coarse and fine aggregates, including density and water
absorption, were measured as shown in Table 1. Figure 1 also
provides the particle size distributions of the natural fine and
coarse aggregates.

CBA was obtained from a thermal power plant and used
as a fine aggregate substitution. CBA used in this study was
collected from a commercial thermal power plant (Korea
South-East Power Co., Ltd., Yeongheung Power Division,
Yeongheung, Korea). +e thermal power plant operates a
rigorous waste treatment program, and thus, CBA was
collected from this power plant. In addition, to secure the
consistency of the CBA, it was chosen from the same batch of
the production process. CBA is a by-product resulting from
burning coal fuel at thermal power plants. Coal fuel supplied
from different sources or burnt under different production
process causes some variation in the properties of CBA.
+erefore, to avoid such variations and secure the consis-
tency of the CBA asmuch as possible, the supplier confirmed
that the CBA used in this study had been supplied from the
same source and produced in the same batch. Moreover, to
examine the components of the CBA, some CBA samples
were randomly selected and analyzed by using X-ray fluo-
rescence spectrometry (XRF). +e results of the analysis of
the components for the CBA, as shown in Table 2, showed
that the compositions of the samples were similar, which
ensured the consistency of the CBA.

+e properties of concrete containing CBA are depen-
dent on those of the CBA. To secure the reproducibility of
the results of tests performed to investigate the character-
istics of CBA concrete, it is important to obtain CBA that is
produced in the same batch and obtained from same source
because test results can differ due to the different production
processes used to make CBA.

Before CBA was mixed in the concrete mixture, it was
ground until reaching a size distribution similar to that of
the fine aggregate. To substitute the crushed fine aggregates
in the mixture, CBA particles with sizes in the range between
0.15 and 5.0mm were retained. Figure 2 provides the size
distribution when the natural fine aggregate was replaced by
CBA at various replacement ratios. It was assumed that the
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variation in the size distribution when incorporating both
fine aggregate and CBA would affect the density of the CBA
concrete, which is related to the thermal conductivity of
concrete. Table 1 shows the physical properties of CBA and
natural coarse and fine aggregate. Compared to the fine
aggregate, CBA had a lower density with a value of 1.84 g/
cm3, but its water absorption was 6 times greater than that of
fine aggregate. +e specific surface area of the CBA used in
this study was not measured.+us, CBA particles were dried
under SSD conditions before being added to the mixture.
Table 2 lists the chemical compositions of CBA and fine
aggregate.+e table shows that CBA contained a high silicon
dioxide (SiO2) content, exceeding 50% of the total
components.

Ordinary Portland cement (OPC) has a specific gravity
of 3.15 g/cm3 and a specific surface area of 2,800 cm2/g. OPC
was combined with fly ash as the binder in the mixtures. +e
specific gravity and specific surface area of fly ash were
2.61 g/cm3 and 3,650 cm2/g, respectively. Table 2 shows that
both CBA and fly ash contain large amounts of Al2O3 and
SiO2, improving the pozzolanic reaction in the concrete.

3. Experimental Program

3.1. Mixing Proportions. Two series of mixtures in terms of
fly ash contents were fabricated, as shown in Table 3 in this
study, which were applied in the earlier study [9]. For the
first mixture series, OPC was substituted with fly ash at a
volume ratio of 20%. Additionally, fine aggregate was
substituted with CBA at volume ratios of 25%, 50%, 75%,
and 100%. In addition, the influence of curing time was also
considered. For the second mixture series, OPC was
substituted with fly ash at a volume ratio of 40%. CBA was
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Figure 1: Sieve analysis of the coarse and fine aggregates. (a) Coarse aggregate. (b) Fine aggregate.

Table 2: Chemical composition of coal bottom ash, fly ash, and
OPC.

Component CBA (%) Fly ash (%) OPC (%)
Al2O3 26.20 22.10 4.59
CaO 3.93 6.42 65.00
SiO2 55.70 55.80 17.60
Fe2O3 7.53 9.26 3.43
K2O 1.17 1.30 1.13
Na2O 0.76 1.33 0.19
MgO 1.09 1.69 3.53
SO3 0.76 — 3.76
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Figure 2: Sieve analysis of the combinations of CBA and fine
aggregate at different replacement ratios.

Table 1: Physical properties of the used aggregates.

Aggregate Water absorption (%) Density (g/cm3)
CBA 3.88 1.84
Coarse aggregate 1.02 2.60
Fine aggregate 0.64 2.61
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also used to replace fine aggregate at two different ratios of
50% and 100% by volume in this mixing series. According to
the ACI 211 committee [16], replacing cement with fly ash
should be in the range of 10% to 35% to obtain the benefits
from fly ash usage. +e recommended maximum value from
the ACI 211 corresponds approximately to the replacement
ratio of 40%. +erefore, OPC was replaced with fly ash at a
volume ratio of 40%. Additionally, compared to concrete
with fly ash at a replacement ratio of 20%, concrete with fly
ash with a replacement ratio of 40% could be differentiated
more clearly due to its higher replacement ratio.

Water-to-binder ratios of 0.32 and 0.34 were applied in
the first and second mixing series, respectively. In particular,
due to the high water absorption of CBA, CBA and natural
aggregates were dried under SSD conditions before being
mixed. To improve the workability of the fresh concrete, an
air-entraining admixture of 6.72 and 6.31 kg/m3 and the
HWRAs of 1.88 and 1.77 kg/m3 were added to F2 and F4
series mixtures, respectively.

3.2. Curing and Drying of Concrete. According to the KS F
2405 standard [17], to evaluate the unit weight and com-
pressive strength of CBA concrete, cylindrical concrete
specimens with dimensions of 100mm× 200mm were cast.
Two different curing and drying conditions were incorpo-
rated in this study.

For the water curing and SSD conditions, the cylindrical
concrete specimens were demolded after 24 hours of
pouring concrete into molds and then cured in a water
storage at 23± 2°C until one day before testing [18].
+ereafter, the moisture on the surface of cylindrical con-
crete specimen was removed by towels, and finally, they were
kept at room temperature in the laboratory before the
measurement. In contrast, for the air curing and oven-dried
conditions, the cylindrical concrete specimens were
demolded after 24 hours of pouring concrete into molds and
then cured in a water storage at 23± 2°C for 7 days. After
that, they were cured at room temperature in the laboratory
until one day before testing. Finally, the cylindrical concrete
specimens were oven-dried in a chamber at 105± 5°C for 24
hours before the testing.

In brief, hereafter, the water curing and SSD conditions are
designated the SSD conditions, and the air curing and oven-
dried conditions are designated the oven-dried conditions.

3.3. Measurement of 1ermal Properties. To measure the
thermal conductivity of solid materials, there are several
methods such as ASTM D 5334-05 [19], the two linear
parallel (TLPP) method [20], and the transient plane source
(TPS) method [21, 22]. Among these techniques, the TPS
method has been widely used to measure the thermal
conductivity of concrete. +e measurement technique for
the thermal conductivity used in this study was based on the
TPS method. +e thermal conductivity of CBA concrete
specimens was measured using a TPS1500 testing device
supplied by Hot Disk Ltd. (Gothenburg, Sweden), as shown
in Figure 3. +e hot disk sensor was inserted between two
half-cylinders for measuring the thermal conductivity. +e
cut surfaces of the concrete specimen were polished to
ensure an even surface before inserting the sensor. Electric
voltage was introduced into the thermal sensor, and the
sensor elements were heated when the TPS1500 device was
operated. At this point, the sensor probed the thermal
conductivity of the concrete specimens. +is procedure was
implemented three times for at least 90 minutes to ensure
measurement accuracy, considering the thermal equilibrium
of the concrete specimens. +e measurement of the thermal
conductivity of the CBA concrete was performed under the
SSD and oven-dried conditions with curing ages of 28 and 91
days.

3.4. Measurement of Material Properties. +e unit weight
(bulk density) of the CBA concrete was evaluated under SSD
and oven-dried conditions with curing ages of 28 and 91
days. A curing age of 28 days is typically used for the design
of structural concrete. Additionally, the application of CBA
and fly ash is expected to improve the strength properties of
concrete prepared with long-term curing because of the
pozzolanic properties of these two additives. +erefore, this
study was focused on investigating the material properties of
CBA concrete after curing for 28 and 91 days.

+e dimensions and weights of three different cylindrical
concrete specimens were measured. +en, the unit weight of
CBA concrete was carefully measured three times and fi-
nally, the mean value of the unit weights of the CBA concrete
was calculated. +is measurement procedure implied that
the possibility of human errors in the measurements was
very low. +erefore, it was assumed that the test results were
attributed to only the test variables.

Table 3: Mixing proportions.

Mixture w/b CBA content by volume (%)
Unit weight (kg/m3)

Water
Binder Fine aggregate

Coarse aggregate
OPC FA Natural CBA

F4-B000 0.34 0 178.5 357.0 168.5 650.0 0.0 878.5
F4-B050 0.34 50 178.5 357.0 168.5 325.0 230.7 878.5
F4-B100 0.34 100 178.5 357.0 168.5 0.0 461.4 878.5
F2-B000 0.32 0 178.5 476.0 84.2 650.0 0.0 878.5
F2-B025 0.32 25 178.5 476.0 84.2 487.5 115.4 878.5
F2-B050 0.32 50 178.5 476.0 84.2 325.0 230.7 878.5
F2-B075 0.32 75 178.5 476.0 84.2 162.5 346.1 878.5
F2-B100 0.32 100 178.5 476.0 84.2 0.0 461.4 878.5
Notes: OPC: ordinary Portland cement; FA: fly ash; CBA: coal bottom ash; w/b: water-to-binder ratio.
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Additionally, three cylindrical specimens of each series
were tested by using a universal testing machine with a
capacity of 2000 kN to evaluate the compressive strength of
the CBA concrete in accordance with KS F 2405 [17]. +e
mean compressive strengths of the CBA concrete under SSD
and oven-dried conditions were determined.

Finally, three cylindrical specimens were used to ex-
amine the ultrasonic velocity of the CBA concrete in ac-
cordance with ASTM C597-09 [23]. +e instrument for
measuring ultrasonic velocity included two transducers: a
pulse generator and a receiver. It is recommended that an
ultrasonic pulse with a frequency of 50∼55 kHz is suitable for
measuring the ultrasonic velocity of concrete [23–25].
+erefore, an instrument with a pulse frequency of 54 kHz
was used in this study. +e mean ultrasonic velocities of the
CBA concrete under the SSD and oven-dried conditions
were presented.

4. Test Results and Discussions

4.1. 1ermal Conductivity of CBA Concrete. Figure 4(a)
presents the thermal conductivity of CBA concrete with
different fly ash contents (F2 and F4 series) and under
different drying conditions at a curing age of 28 days. +e S
and D characteristics in the legend of the figure represent the
SSD and oven-dried conditions, respectively.

+e thermal conductivity of CBA concrete decreased
when the drying condition was changed from SSD condi-
tions to oven-dried conditions. Specifically, for the F2 series
concrete specimens with CBA contents of 0%, 25%, 50%,
75%, and 100%, the thermal conductivities of the concrete
under the oven-dried conditions decreased by 15.9%, 18.1%,
18.4%, 18.0%, and 19.0%, respectively, compared to the
concrete under SSD conditions. Regarding the F4 series of
concrete with CBA contents of 0%, 50%, and 100%, the
thermal conductivities of the concrete under oven-dried
conditions decreased by 17.2%, 20.6%, and 15.6%, respec-
tively, compared to the concrete under SSD conditions.
Finally, the test results implied that the thermal conductivity
of the CBA concrete prepared under oven-dried conditions
decreased significantly. Concrete with high thermal con-
ductivity increases heat loss through walls in building
structures. +erefore, the application of concrete with low
thermal conductivity, such as the CBA concrete analyzed in
this study, can reduce heat transfer, thus energy con-
sumption in building structures.

+e decrease in the thermal conductivity of CBA con-
crete prepared under oven-dried conditions was attributed
to its low moisture content and hydration degree due to the
different curing procedures of the concrete specimens.
Concrete specimens cured under SSD conditions retained
moisture because the specimens were kept for only one day
at room temperature after they were taken out of the water
tank, and then the moisture on the concrete surface was
removed. +erefore, compared to concrete cured under
oven-dried conditions, the thermal conductivity of concrete
cured under SSD conditions is expected to be higher due to
higher moisture content inside the porous concrete. SSD
conditions are ideal because the concrete specimen is fully

saturated with moisture at the measurement time. Oven-
dried conditions are also ideal because concrete specimens
are assumed to be dried completely at the measurement
time. +e SSD conditions and oven-dried conditions in-
vestigated in this study are two extreme conditions. +e
moisture content of actual concrete specimens depends on
the environmental conditions and humidity to which they
are subjected.

Water evaporation due to oven-drying methods in-
creased the number of pores without moisture in the CBA
concrete; thus, the thermal conductivity of the CBA concrete
decreased under oven-dried conditions. Moreover, this
tendency was similar to the results from some previous
studies on conventional concrete [20, 26, 27]. Kim et al. [20]
showed that the moisture content in concrete specimens was
the main factor affecting the thermal conductivity of con-
ventional concrete. Nguyen et al. [28] investigated the in-
fluence of moisture content on the thermal conductivity of
concrete, including various types of lightweight aggregates.
+ey found that the thermal conductivity of lightweight
concrete increased almost linearly with the moisture con-
tent. Additionally, the specific surface area of the CBA can
affect the thermal conductivity and strength properties of
concrete because the specific surface area of the CBA affects
the acceleration of the pozzolanic reaction [29].

+e effect of CBA content on the thermal conductivity of
CBA concrete is also shown in Figure 4(a). +e thermal
conductivity of the F2 series under SSD conditions decreased
gradually as the CBA content increased. +e thermal con-
ductivity of the F2 series specimens under SSD conditions
decreased gradually by 3.9%, 9.1%, 11.7%, and 15.0% as the
natural fine aggregate was replaced with 25%, 50%, 75%, and
100% CBA, respectively. A decreasing tendency in the
thermal conductivity of the F4 series under SSD conditions
with the CBA content was also observed. +e thermal
conductivity of the F4 series decreased from 1.77W/m∙K to
1.46W/m∙K when the substitution of fine aggregate with
CBA increased from 0% to 100%. In addition, the thermal
conductivities of the F2 and F4 series under oven-dried
conditions decreased gradually. +e thermal conductivity of
the F2 series decreased from 1.54W/m∙K to 1.27W/m∙K,
while that of the F4 series decreased from 1.47W/m∙K to
1.23W/m∙K. Due to the pore structure of CBA, the concrete
mixture containing CBA caused the porosity of the concrete
to increase. +erefore, the thermal conductivity of CBA
concrete decreased.

+e influence of the fly ash content on the thermal
conductivity of CBA concrete is shown in Figure 4(a).
Strictly speaking, the thermal conductivity of the F4 series
was lower than that of the F2 series, but the difference was
not significant. Brooks et al. [4] investigated the effect of fly
ash on the thermal properties of concrete under SSD con-
ditions. +eir test results provided that the thermal con-
ductivity of the concrete significantly decreased as fly ash
content in the mixture increased. +erefore, the comparison
of the thermal conductivity results from this study and the
previous study implied that the characteristics of fly ash,
which depended on its source, could affect the thermal
conductivity of CBA concrete containing fly ash.
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Figure 4(b) presents the effect of curing age on the thermal
conductivity of the F2 series.+e figure shows that the thermal
conductivity of CBA concrete increased with curing age.
Specifically, regardingCBA concrete under SSD conditions, the
thermal conductivities of the F2-BA00, F2-BA025, F2-BA050,
and F2-BA100 specimens increased by 5.8%, 5.4%, 7.8%, 5.1%,
and 5.8%, respectively, when the curing age was extended from
28 to 91 days. Regarding CBA concrete under oven-dried
conditions, the thermal conductivity of the concrete at 91 days
was 8.0∼14.4% greater than that of the concrete at 28 days.

4.2. Unit Weight of CBA Concrete. +e unit weight of CBA
concrete under different curing and drying conditions with a
curing age of 28 days is shown in Figure 5(a).+e unit weight

of CBA concrete decreased as the drying condition shifted
from SSD conditions to oven-dried conditions. Regarding
the F2 series specimens with various CBA contents, the unit
weight under SSD conditions was 3.3∼4.1% greater than that
under oven-dried conditions. Regarding the F4 series with
various CBA contents, the unit weight under SSD conditions
was also 3.4∼4.8% greater than that under oven-dried
conditions.+erefore, the test results implied that the drying
condition of the specimens had an effect on the unit weight
of CBA concrete. +is phenomenon might be caused by the
water evaporation of specimens containing CBA due to
oven-drying.

+e influence of CBA content on the unit weight of CBA
concrete is also found in Figure 5(a). +e unit weights of
CBA concrete decreased as the CBA content increased. +e

Identical
sample
pieces

Heating element and
measuring the temperature

Hot disk
sensor

(a) (b)

Sample

Hot disk
sensor

Sample holderTemperature-controlled
Circulating Bath

(c)

Figure 3: Instrument for measuring thermal conductivity. (a) Illustration of the TPS test. (b) Tested cylinder. (c) Test setup.
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unit weight of the F2 series concrete specimens under SSD
conditions decreased from 2,273 kg/m3 to 2,169 kg/m3 as the
CBA content increased from 0% to 100%.+e unit weight of
the F2 series concrete specimens under oven-dried condi-
tions decreased from 2,185 kg/m3 to 2,079 kg/m3 as the CBA
content increased from 0% to 100%, as similarly analyzed in
the study of Park et al. [9]. A decrease in the unit weight was
also observed in the F4 series specimens. +e unit weight of
the F4 series decreased by 4.4% under SSD conditions and by
4.5% under oven-dried conditions when the CBA content
increased up to 100%. +e decrease in the unit weight with
the CBA content was due to the high porosity of CBA. A
large decrease in unit weight due to CBA content under SSD
conditions was reported in the study by Singh and Siddique
[30]. In their study, the decrease in the unit weight reached
approximately 10% as the CBA content increased from 20 to
100%, which was due to the low density of the CBA

aggregate. However, the addition of the fly ash to the
concrete mixture might make the microstructure of the
concrete denser; the decrease in unit weight in this study was
lower than that in the previous study.

Moreover, the unit weights of the F2 and F4 series were
compared to investigate the effect of fly ash content on unit
weight. Overall, the unit weight of the F4 series was lower
than that of the F2 series under both SSD and oven-dried
conditions; however, this result was not significant. Spe-
cifically, under SSD conditions, the unit weights of the F4
series specimens containing 50% and 100% CBA were ap-
proximately 0.9% lower than those of the F2 series speci-
mens containing 50% and 100% CBA. Under oven-dried
conditions, the unit weights of the F4 series specimens
containing 50% and 100% CBA were approximately
0.5∼0.8% lower than those of the F2 series specimens
containing 50% and 100% CBA.
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Figure 4: +ermal conductivity of CBA concrete. (a) Comparison under different drying conditions. (b) Comparison at different curing
ages.

0 25 50 75 100

CBA content (%)

2,000

2,050

2,100

2,150

2,200

2,250

2,300

U
ni

t w
ei

gh
t (

kg
/m

3 )

F2 series-28 (S)
F2 series-28 (D)

F4 series-28 (S)
F4 series-28 (D)

(a)

0 25 50 75 100
CBA content (%)

2,000

2,050

2,100

2,150

2,200

2,250

2,300
U

ni
t w

ei
gh

t (
kg

/m
3 )

F2 series-28 (S)
F2 series-28 (D)

F2 series-91 (S)
F2 series-91 (D)

(b)

Figure 5: Unit weight of CBA concrete. (a) Comparison under different drying conditions. (b) Comparison at different curing ages.
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+e comparison of the unit weight of the F2 series
specimens at the two different curing ages is presented in
Figure 5(b).+e unit weight of the F2 series specimens under
the SSD and oven-dried conditions was improved as the
curing age was increased; however, the improvement was
not great.

4.3. Compressive Strength of CBAConcrete. +e compressive
strength of CBA concrete under oven-dried conditions was
significantly lower than that of CBA concrete under SSD
conditions, as shown in Figure 6(a). +e compressive
strength of the F2 and F4 series specimens decreased con-
siderably under oven-dried conditions. +e comparison of
the compressive strengths of concrete with different CBA
contents is also shown in Figure 6(a). +e compressive
strength of concrete decreased as the CBA content increased
under both the oven-dried and SSD conditions. +e com-
pressive strength of the F2 series under SSD conditions
decreased gradually by 4.1%, 5.9%, 7.0%, and 10.7% as the
fine aggregate was replaced with 25%, 50%, 75%, and 100%
CBA, respectively. In addition, the compressive strength of
the F2 series under oven-dried conditions decreased from
56.3MPa to 51.3MPa when the CBA content increased from
0% to 100%. Moreover, a decrease in the compressive
strength with increasing CBA content was also observed in
the F4 series specimens. Specifically, the compressive
strengths of the F4 series specimens under SSD conditions
were 3.4∼5.9% greater than those under oven-dried
conditions.

+e compressive strength of the concrete at a curing age
of 28 days under SSD conditions in this study decreased by
4.2∼15.1% as the CBA content increased. Meanwhile, the
other study [31] showed that the compressive strength of
CBA concrete at a curing age of 28 days under SSD con-
ditions decreased by 18.2∼27.3% as the fine aggregate was
replaced with CBA aggregate of 25∼100% by volume.
+erefore, the decrease in compressive strength in this study
was less than the decrease in the compressive strength in the
previous study. +is result could be due to the combined
effect of the CBA and fly ash that made the concrete mi-
crostructure denser, as discussed by Majhi and Nayak [32],
compared to when either CBA or fly ash was used in the
concrete mixture.

A comparison of the compressive strengths of the F2
series concrete specimens with different curing ages is
shown in Figure 6(b). +e compressive strength of CBA
concrete with a curing age of 91 days was greater than that
with a curing age of 28 days. +e improvement in com-
pressive strength with the extended curing age was due to
the pozzolanic reaction by the CBA and fly ash. +e
pozzolanic reaction of CBA and fly ash developed further
with increasing curing time. +e comparisons also showed
that the effect of curing age on the compressive strength
under oven-dried conditions was greater than the effect of
curing age on the compressive strength under SSD con-
ditions. +is result implied that the development of the
pozzolanic reaction with increasing curing age was affected
by the curing conditions.

4.4. Ultrasonic Velocity of CBA Concrete. Figure 7(a) shows
the comparison of the ultrasonic velocity of CBA concrete
under the SSD and oven-dried conditions with a curing age
of 28 days. Regarding the F2 series specimens, the ultrasonic
velocity of the specimens under oven-dried conditions was
5.8∼6.2% lower than that of the specimens under SSD
conditions. Moreover, regarding the F4 series specimens, the
ultrasonic velocity of the specimens under oven-dried
conditions was 5.7∼6.6% lower than that of the specimens
under SSD conditions.+erefore, the test results showed that
the ultrasonic velocity of CBA concrete was affected by the
drying conditions.

+e effect of CBA content on the ultrasonic velocity of
CBA concrete under the two different drying conditions can
be found in Figure 7(a). Regarding the F2 series specimens,
the ultrasonic velocity under SSD conditions decreased by
0.9∼3.3% and the ultrasonic velocity under oven-dried
conditions decreased by 3.4% as the CBA content increased
from 0 to 100%.

Figure 7(a) also shows the comparison of the ultra-
sonic velocity of CBA concrete with different fly ash
contents. +e specimens containing a high fly ash content
showed a low ultrasonic velocity. As an example, the
ultrasonic velocities of the F4-BA050 and F4-BA100
specimens were 0.8% and 1.1% lower than those of the F2-
BA050 and F2-BA100 specimens, respectively, under SSD
conditions. +e ultrasonic velocities of the F4-BA050 and
F4-BA100 specimens were 4,033m/s and 3,965m/s, while
those of the F2-BA050 and F2-BA100 specimens were
4,066m/s and 3,992m/s, respectively, under oven-dried
conditions. +erefore, the test results indicated that the fly
ash content had a slight effect on the ultrasonic velocity of
CBA concrete under both the SSD and oven-dried
conditions.

Figure 7(b) shows that the ultrasonic velocity of the CBA
concrete increased with increasing curing age under both the
SSD and oven-dried conditions. Specifically, regarding the
concrete specimens containing 25%, 50%, 75%, and 100%
CBA under SSD conditions, the ultrasonic velocity increased
by 2.6%, 2.7%, 3.3%, and 2.4%, respectively, as the curing age
was extended from 28 to 91 days.

5. Relationships between the Thermal
Conductivity and Material Properties

+e relationship between the thermal conductivity and the
unit weight of CBA concrete under both the SSD and oven-
dried conditions is shown in Figure 8. +e figure shows that
the thermal conductivity of CBA concrete had a close re-
lationship with the unit weight.

+e replacement of natural aggregate with CBA in-
creased the porosity of the concrete, and concrete with high
porosity has a low thermal conductivity. +erefore, the
thermal conductivity of CBA concrete decreased due to its
high porosity.

Based on the regression analysis, the relation between the
thermal conductivity and unit weight was expressed by the
following equation:
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k � 0.0155e
0.0021]

,

R
2

� 0.9273,
(1)

where k is the thermal conductivity (W/mK) and ] is the unit
weight (kg/m3). +e coefficient of determination (R2) of this
equation was close to 1, which implied that the equation
could be used to precisely predict the thermal conductivity.

+e relationship between the thermal conductivity
and compressive strength of CBA concrete under both
the SSD and oven-dried conditions is also shown in
Figure 9. +e thermal conductivity of CBA concrete
increased linearly with the compressive strength. An
exponential equation for predicting the thermal con-
ductivity of CBA concrete by using the compressive
strength is suggested as follows:

k � 0.4626e
0.0205fc ,

R
2

� 0.9325,
(2)

where k is the thermal conductivity (W/m∙K) and fc is the
compressive strength (MPa). +is equation could be used to
accurately predict the thermal conductivity because the
coefficient of determination of this equation was close to 1.

Finally, the relationship between the thermal conduc-
tivity and ultrasonic velocity is shown in Figure 10. +e
relationship between the thermal conductivity and ultra-
sonic velocity of CBA concrete was close, as was the rela-
tionship between the thermal conductivity and unit weight
and compressive strength of CBA concrete. +e prediction
for the thermal conductivity by measuring the ultrasonic
velocity was suggested as follows:

0 25 50 75 100
CBA content (%)

3,600
3,700
3,800
3,900
4,000
4,100
4,200
4,300
4,400
4,500
4,600

U
ltr

as
on

ic
 v

elo
ci

ty
 (m

/s
)

F2 series-28 (S)
F2 series-28 (D)

F4 series-28 (S)
F4 series-28 (D)

(a)

0 25 50 75 100
CBA content (%)

3,600
3,700
3,800
3,900
4,000
4,100
4,200
4,300
4,400
4,500
4,600
4,700
4,800

U
ltr

as
on

ic
 v

elo
ci

ty
 (m

/s
)

F2 series-28 (S)
F2 series-28 (D)

F2 series-91 (S)
F2 series-91 (D)

(b)

Figure 7: Ultrasonic velocity of CBA concrete. (a) Comparison under different drying conditions. (b) Comparison at different curing ages.
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Figure 6: Compressive strength of CBA concrete. (a) Comparison under different drying conditions. (b) Comparison at different curing
ages.
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k � 0.0727e
0.0007V

,

R
2

� 0.8933,
(3)

where k is the thermal conductivity (W/m∙K) and V is the
ultrasonic velocity (m/s). +e proposed equation predicted
the thermal conductivity well because the coefficient of
determination R2 of this equation was close to 1.

6. Conclusions

+is research was carried out to evaluate the effects of the
curing and drying conditions on the thermal conductivity
and material properties of CBA concrete. In addition, the
effects of the CBA and fly ash levels on the thermal con-
ductivity of CBA concrete were investigated. Based on the
extensive test results, the conclusions of this study can be
drawn as follows:

(1) +e test results revealed that curing and drying
conditions had an effect on the unit weight of CBA
concrete. Compared with that under SSD conditions,
the unit weight of CBA concrete under the oven-
dried conditions decreased by approximately 3∼4%.
+is decrease in unit weight might be due to water
evaporation from the CBA aggregate and hydration
degree of concrete under different curing conditions.

(2) +e drying conditions considerably affected the
thermal conductivity of CBA concrete. +e thermal
conductivity of CBA concrete decreased significantly
when the specimens had low moisture contents. +e
thermal conductivity of CBA concrete decreased by
15∼20% under the oven-dried conditions. In addi-
tion, the thermal conductivity of CBA concrete also
decreased significantly with increasing CBA content.
Moreover, the influence of the fly ash content on the
thermal conductivity of CBA concrete was not
significant.

(3) +e curing and drying conditions influenced the
compressive strength of CBA concrete. +e com-
pressive strength of CBA concrete decreased by
14∼16% under the oven-dried conditions. Addi-
tionally, the replacement of fine aggregate with CBA
decreased the compressive strength of the resulting
concrete.

(4) +e ultrasonic velocity in CBA concrete was con-
siderably affected by the drying conditions. Specif-
ically, the ultrasonic velocity was approximately 6%
lower when the drying conditions were changed
from SSD conditions to oven-dried conditions. In
addition, the ultrasonic velocity in CBA concrete
decreased by approximately 3.3% when CBA level
was increased.

(5) +e relationships between the thermal conductivity
and unit weight, compressive strength, and ultra-
sonic velocity were proposed, which included the test
results under both the SSD and oven-dried condi-
tions. +ese relationships could be applied to predict
the thermal conductivity of CBA concrete by

measuring the three material properties mentioned
above.
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