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Most previous studies on the strength properties of coal bottom ash (CBA) concrete have focused on concrete with a normal
compressive strength, and thus, studies on the strength properties of high-strength concrete (HSC) containing CBA are limited.
-erefore, the effects of replacing fine aggregates with CBA and variations in the curing age on the strength properties of HSCwith
a compressive strength of greater than 60MPa were investigated in this study.-e different CBA contents included 25, 50, 75, and
100%, and the different curing ages were 28 and 56 days. -e mechanical properties of the HSC with CBA incorporated as fine
aggregates were examined. -e experimental results revealed that CBA could be partially or totally substituted for fine aggregates
during HSC production. -e test results also showed that the compressive, splitting tensile, and flexural strengths of the HSC
containing CBA fine aggregates slightly decreased as the CBA content increased. Moreover, useful relationships between the
compressive strength, splitting tensile strength, and flexural strength were suggested, and the predictions reasonably agreed with
the measurements. Compared to those of the control specimen, the pulse velocities of the HSC specimens at various CBA contents
decreased by less than 3%. In addition, equations for predicting the strength values of CBA concrete by using the ultrasonic pulse
velocity were suggested.

1. Introduction

Coal bottom ash (CBA) is an industrial waste produced at
the bottom of coal furnaces in thermal power plants [1–5].
Gollakota et al. [6] indicated that ash ponds or lagoons have
caused numerous ecological problems and severe distress to
local communities due to their increasing landfill space and
escalating disposal costs. -erefore, CBA utilization is the
best way to minimize the environmental concern of CBA
and also conserves natural resources [7–9]. CBA was re-
cently applied in several fields, especially in the construction
industry [10–14].

-e recycling rate of CBA in Korea was 7.1%, 11.3%,
14.6%, 17.3%, and 23.4%, respectively, in 2014 through 2018
[15]. -us, the recycling rate of CBA in Korea has gradually
increased over the past 4 years. In addition, according to a
report [13] about recycling coal bottom ash, approximately

5% and 21% of the CBA were utilized as aggregate in mortar
and concrete in the US and EU, respectively.

Moreover, CBA was recently used in the mixture of
normal vibrating concrete and self-compacting concrete
because the sizes of CBA and natural fine aggregate are
similar and due to the pozzolanic activity of the CBA [11].
Several studies [16–22] actually reported that fine aggregates
could be replaced by CBA in concrete fabrication. Singh et al.
[16] reviewed the effect of using CBA as a natural fine ag-
gregate replacement on the properties of normally vibrated
and self-compacting concrete. -is review reported that
most of the compressive strength results of previous studies
slightly decreased with increasing CBA contents, whereas
some cases showed a high compressive strength at low re-
placement levels. Singh and Siddique [23] also implemented
experimental tests to evaluate the strength properties of CBA
concrete, which revealed that the compressive strengths of
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CBA concrete at the different curing days were insignifi-
cantly reduced by using the CBA.

Regarding the tensile strength and flexural strength of
conventional concrete containing CBA, test results in pre-
vious studies [24–27] showed that using CBA to replace fine
aggregates decreased the splitting tensile strength and
flexural strength of CBA concrete. Ngohpok et al. [26] es-
timated the mechanical properties of pervious concrete
containing recycled concrete and bottom ash aggregates.-e
splitting tensile strength and flexural strength decreased as
the recycled concrete and bottom ash aggregate contents
increased. Ibrahim et al. [28] also investigated the utilization
of CBA in self-compacting concrete. -ey showed that the
greatest tensile strength of the self-compacting concrete
containing CBA was 3.28MPa, when fine aggregate was
replaced by 10% CBA.

Due to the development of construction technology,
high-strength concrete (HSC) has become commercially
available [29–31]. However, most studies on the material
properties of CBA concrete have focused on the strength
properties of conventional concrete with a compressive
strength of less than 40MPa. Recently, Kim and Lee [32]
investigated the influences of replacing fine and coarse
aggregates with power bottom ash on the mechanical
properties of HSC. -is study reported that substituting
CBA for natural fine and coarse aggregates affected the
flexural strength more significantly than the compressive
strength of the HSC. CBA utilization for HSC is still limited;
therefore, experimental research on HSC with fine aggre-
gates partially or fully replaced by CBA is essential.

In this study, the strength properties of concrete spec-
imens with natural fine aggregates partially or fully replaced
by CBA aggregates (25, 50, 75, and 100%) and with a
compressive strength of greater than 60MPa were investi-
gated. For fresh concrete, a slump test was performed to
examine the workability of the CBA concrete. For hardened
concrete, the unit weight, compressive strength, tensile
strength, flexural strength, and ultrasonic pulse velocity were
investigated at different curing ages of 28 and 56 days. Fi-
nally, the relationships between the compressive strength,
tensile strength, and flexural strength and the ultrasonic
pulse velocity of the CBA concrete specimens were
proposed.

2. Experimental Program

2.1. Aggregates. -e natural fine and coarse aggregates used
in this study were crushed, but the source of each aggregate
was different. -e natural fine aggregates are shown in
Figure 1(a). -e particle size distribution of the natural fine
aggregates is shown in Figure 2. -e maximum size of the
natural coarse aggregates used in this study was 20mm. -e
density and water absorption results of the natural fine and
coarse aggregates are also shown in Table 1. -e densities
of the natural fine and coarse aggregates were 2.60 and
2.61 g/cm3, respectively.

-e CBA used in this study was collected from a thermal
power plant company. -e CBA fine aggregates, which
passed through a 5.0mm sieve and remained on a 0.15mm

sieve, were applied to fabricate the concrete. -e CBA used
for this study is presented in Figure 1(b), and the particle size
distribution of the CBA is also presented in Figure 2.-e test
results of the density and water absorption of the CBA are
shown in Table 1. -e test results indicated that the density
of the CBA was smaller than that of natural fine aggregates.
However, the water absorption of the bottom ash of 6.87%
was approximately 10 times higher than that of the crushed
fine aggregate of 0.69%. Additionally, the fineness modulus
of the CBA was 3.83, whereas that of the fine aggregates was
3.17. -e chemical compositions derived from energy dis-
persive spectrometry (EDS) analysis of the CBA are shown
in Table 2.-e CBA used in this study was mainly composed
of SiO2 (62.94%), Al2O3 (18.09%), and Fe2O3 (9.95%), and
the total amount of these compositions was 90.98%. -e
minor compositions included CaO and Na2O. Figure 3
shows the scanning electron microscopy (SEM) and EDS
analysis results. -e shape of the CBA is complex and ir-
regular. In addition, there are small voids with different sizes
in the CBA.

2.2. Mix Proportions. A concrete mix with a target com-
pressive strength of 60MPa at a curing age of 28 days was
designed. -e constituent materials used in the production
of the control concrete and the CBA concrete are indicated
in Table 3. -ere are five different mixtures of concrete with
various percentages of CBA as fine aggregates.

In previous studies [18–20], the water-cement ratio
ranged from 0.45 to 0.6, when the compressive strengths
were less than 40MPa, and also, the compressive strengths of
the concrete gradually reduced as the water-cement ratio
increased. Moreover, for a high-strength concrete mixture, a
high water content is not recommended because unbound
water may result in pores inside the concrete and cause the
concrete to shrink, which adversely affects the compressive
strength of concrete. Accordingly, in this study, the high
compressive strength of CBA concrete could be achieved
with a low water-cement ratio. A water-cement ratio of 0.3
was used in all the concrete mixtures in this study. -is
water-cement ratio was much less than that of the previous
studies.

In addition to the control concrete mixture, for each
mixture, CBA replaced 25, 50, 75, and 100% of the natural fine
aggregates by volume in the concrete. -e unit contents of
cement and natural coarse aggregates were fixed at 595.0 kg/
m3 and 878.5 kg/m3, respectively, when fabricating all the
mixtures. Ordinary Portland cement (OPC) was used as the
basic binder. A high water-reducing agent (HWRA) with a
unit content of 3.6 kg/m3, which corresponded to 0.6% OPC
by weight, was used to enhance the workability of the CBA
concrete at a low water-cement ratio. -e CBA concrete
mixtures were designated M00, M25, M50, M75, and M100,
in which the number in each mixture label represents the
percentage of the fine aggregates replaced by CBA.

2.3. Casting and Curing the Specimens. Cylindrical speci-
mens with dimensions of 100mm× 200mm were cast to
measure the unit weight, compressive strength, and splitting
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tensile strength of the CBA concrete, and prism specimens
with dimensions of 100mm× 100mm× 400mm were fab-
ricated to measure the flexural strength of the concrete. As
soon as the specimens were cast, they were covered with
plastic wrap and moist-cured for one day after casting.-en,
the specimens were demolded at a curing age of 24± 1 hour
and then cured in the water tank at 23± 2°C until the
specified testing age.

2.4. Test Procedure. For the fresh concrete, a slump test was
performed to examine the workability of the concrete. For
the hardened concrete, the unit weight, compressive
strength, splitting tensile strength, flexural strength, and
ultrasonic pulse velocity of the concrete were measured at
curing ages of 28 and 56 days. -e compressive strength of
the CBA concrete specimens was measured by testing
cylindrical specimens with a hydraulic testing machine in
accordance with the KS F 2405 test method [33]. -e
splitting tensile strength test was also determined by
testing cylindrical specimens in accordance with the KS F
2423 test method [34]. -e flexural strength of the CBA
concrete was measured by testing prism specimens under
four-point loading in accordance with the KS F 2408 test
method [35]. -e average values of the three specimens

were recorded to obtain the mechanical properties of the
concrete.

An ultrasonic pulse velocity test was also implemented,
and the test results were used to estimate the uniformity and
relative quality of the CBA concrete. -e ultrasonic pulse
velocity tests conformed to the ASTM C597-09 test method
[36]. -ree cylindrical specimens of each mixture were
prepared, and both ends of each specimen were polished to
ensure flat contact between the transducers and end surfaces
of the specimen. Moreover, to achieve accurate pulse travel
time measurements, the applied frequency of the trans-
ducers was 54 kHz. During this test, one transducer was held
on the surface of a cylindrical specimen, which transmitted
pulses of compressional waves through the concrete spec-
imen. -ese pulses were received and converted into elec-
trical energy by another transducer, which was held on
another surface of the concrete specimen.

3. Test Results and Discussions

Concrete applications in the construction industry may be
considered in terms of two concrete properties. One is the
mechanical properties of the concrete, and the other is the
durability of the concrete. -is study investigated the me-
chanical properties of HSC including CBA, but the concrete
durability was beyond the scope of this study.

3.1. Workability. -e workability of the fresh CBA concrete
was determined by performing a slump test. -e test results
are shown in Figure 4. -e slump of the CBA concrete
mixtures declined as the crushed fine aggregate replacement
by CBA increased. -e slumps of CBA concrete mixtures
M25, M50, M75, and M100 were 75, 70, 67.5, and 45mm,
respectively, whereas that of the control concrete mixture
was 80mm. -e reduction in the workability of CBA
concrete was caused by the increase in surface area and the
irregular shapes of the CBA particles. In addition, utilization
of CBA as fine aggregates enhanced the concrete texture,
which had more irregular and porous particles than the
control concrete. For that reason, the interparticle friction
increased, which led to an obstruction of the workability of
the fresh concrete. -e test results in this study are

(a) (b)

Figure 1: Natural fine aggregates and CBA aggregates. (a) Natural fine aggregates. (b) CBA aggregates.
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Figure 2: Grading curves of the CBA and natural fine aggregates.
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comparable to those reported by Singh and Siddique [20].
-eir test results indicated that the water demand of CBA
concrete increased to attain the same slump values as control
concrete and that the water requirement decreased, when a
water-reducing admixture was used.

3.2. Unit Weight. -e unit weight test results of the concrete
specimens with different CBA contents are presented in
Figure 5. -is figure shows that the unit weights of the
concrete decreased as the CBA content increased. At a curing
age of 28 days, the unit weight of CBA concretemixturesM25,
M50, M75, and M100 slightly decreased by 2.1, 3.2, 5.3, and
7.6% compared to that of the control concrete mixture
(2370.2 kg/m3), respectively. At a curing age of 56 days, the
unit weight of the CBA concrete mixtures M25, M50, M75,
and M100 decreased by 2.0, 3.7, 5.8, and 6.7% compared to
that of the control concrete mixture (2386.5 kg/m3), respec-
tively. -e decline in the unit weight of the CBA concrete
mixtures might be attributed to the smaller density of the
CBA aggregate compared to that of natural fine aggregates.
Hence, the CBA aggregates play the role of lightweight ag-
gregates rather than conventional crushed aggregates.

-e unit weights of the concrete specimens with different
curing ages are also shown in Figure 5. When the curing age
increased from 28 to 56 days, the unit weights of the concrete
with 0, 25, 50, 75, and 100% replacement of crushed fine
aggregate by CBA insignificantly increased by 0.7, 0.9, 0.2,
0.1, and 1.6%, respectively. With the interaction of the
chemical components of the CBA with cement paste, the
concrete matrix at a curing age of 56 days was slightly more
packed than that at a curing age of 28 days. -at was why the
unit weight of the CBA concrete increased slightly with
increasing curing age.

3.3. Compressive Strength. -e compressive strength test re-
sults of concrete specimens with different CBA contents are
presented in Figure 6. At a curing age of 28 days, the overall
compressive strength of the CBA mixtures decreased as the
CBA content increased. -e compressive strength of CBA
concrete mixture M25 increased insignificantly by 1.2% in

comparison to that of the control concrete mixture (69.4MPa).
In contrast, the compressive strength values of CBA concrete
mixtures M50, M75, and M100 declined by 3.0, 4.6, and 8.8%
compared to that of the control concrete mixture, respectively.
At a curing age of 56 days, the compressive strength values of
CBA concretemixturesM25,M50,M75, andM100 declined by
2.0, 3.0, 4.8, and 6.2% compared to that of the control concrete
mixture (76.7MPa), respectively. -e decline in the com-
pressive strengths of the CBA concrete can be explained by the
increase in the porosity in the concrete because the pores in the
CBA concrete cause a negative influence on the compressive
strength of the concrete specimens.-e test results in this study
were comparable with the previous experimental studies re-
ported by Muthusamy et al. [37] and Abdulmatin et al. [3]. In
their studies, the incorporation of CBA aggregates instead of
natural fine aggregates had an adverse effect on the com-
pressive strength of concrete at a curing age of 28 days. -e
substitution of stronger materials (natural aggregates) by
weaker materials (CBA) was the factor causing the decline in
the compressive strength of the concrete specimens.

Moreover, the compressive strength values of the CBA
concrete in all mixtures exceeded 60MPa, which could be
regarded as HSC. -e test results in this study implied that
CBA could be used for the fabrication of HSC.

-e long-term strength of CBA concrete may be higher
than that of control concrete because of the pozzolanic activity
of the CBA [3, 38]. For example, Abdulmatin et al. [3] showed
that the compressive strength of a CBA mortar increased by
16.1–26.8%, when the curing ages increased from 28 to 90 days,
whereas the compressive strength of the control mortar in-
creased by 17.7%, when the curing ages increased from 28 to 90
days. However, in this study, the effect of curing for only 28 and
56 days on the strengths of CBA concrete was investigated,
because the strengths at these curing ages are usually con-
sidered when designing concrete structures.

-e compressive strength values of the concrete speci-
mens with different curing ages are also shown in Figure 6.
When the curing ages increased from 28 to 56 days, the
compressive strength values of the concrete with 0, 25, 50,
75, and 100% replacement of fine aggregates by CBA in-
creased by 10.4, 6.9, 10.4, 10.2, and 13.6%, respectively. -e
substantial increase in the compressive strength of the CBA
concrete mixtures at a curing age of 56 days was due to the
pozzolanic activity of the CBA. For the CBA concrete with a
longer curing age, calcium hydroxide begins to react with the
CBA particles and create calcium silicate hydrate (C-S-H)
gel [23]. With increasing curing age, calcium silicates and
aluminates are formed by the reaction between reactive silica
in the CBA and alkali calcium hydroxide from the hydration
of cement. -ese calcium silicates and aluminates fill the
voids in the interfacial transition zone and enhance the
compressive strength.

Table 1: Physical properties of the CBA, natural fine, and coarse aggregates.

Material Density (g/cm3) Water absorption (%) Fineness modulus
Natural fine aggregates 2.60 0.69 3.17
Natural coarse aggregates 2.61 1.44 6.77
CBA 1.84 6.87 3.83

Table 2: Chemical composition of the CBA.

Compound CBA (%)
SiO2 62.94
Al2O3 18.09
Fe2O3 9.95
CaO 5.08
Na2O 1.58
K2O 0.99
MgO 1.37
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3.4. Splitting Tensile Strength. -e splitting tensile strength
values of the concrete specimens with different CBA con-
tents are shown in Figure 7. -e tendency of the tensile
strength test results with the increase in the CBA contents
was less clear than that of the compressive strength. At a
curing age of 28 days, the splitting tensile strength of the
CBA concrete mixtures including 25% CBA as fine aggre-
gates was 15.8% lower than that of the control concrete
mixture. However, the splitting tensile strength values of the
CBA concrete mixtures incorporating 50, 75, and 100% CBA
as fine aggregates were 9.7, 4.0, and 17.2% lower than that of
the control concrete mixture, respectively. At a curing age of
56 days, the splitting tensile strengths of the concrete
mixtures incorporating 25, 50, 75, and 100% CBA as fine

aggregates were 6.8, 7.4, 6.4, and 4.9% lower than that of the
control concrete mixture, respectively. -e splitting tensile
strength difference between the CBA concrete and the
control concrete became less distinct at a curing age of 56
days than at 28 days. -e decrease in the splitting tensile
strength with increasing CBA content was due to the in-
crease in the volume of pores in the concrete gained by
replacing the fine aggregates with CBA.

In addition, the splitting tensile strength of each mixture
exceeded 4MPa. -is meant that the splitting tensile
strength of HSC containing CBA as fine aggregates in this
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Figure 3: SEM and EDS results of the CBA. (a) SEM morphology of the CBA. (b) EDS spectra of the CBA (at the red circle in (a)).

Table 3: Mixing proportions of the CBA concrete.

Mixture Replacement of fine aggregates
with CBA (%) W/C Water

Unit content (kg/m3)
Cement
(OPC)a

Natural coarse
aggregates

Natural fine
aggregates CBA HWRAb (0.6%×

cement)
M00 0 0.3 178.5 595.0 878.5 663.0 0.0 3.6
M25 25 0.3 178.5 595.0 878.5 497.2 117.7 3.6
M50 50 0.3 178.5 595.0 878.5 331.5 235.3 3.6
M75 75 0.3 178.5 595.0 878.5 165.7 353.0 3.6
M100 100 0.3 178.5 595.0 878.5 0.0 470.7 3.6
aOPC: ordinary Portland cement. bHWRA: high water-reducing agent.

Advances in Materials Science and Engineering 5



study would be comparable to that of conventional normal-
strength concrete containing natural aggregates.

-e splitting tensile strength values of the concrete
specimens with different curing ages are also shown in
Figure 7. When the curing age increased from 28 to 56 days,
the tensile strengths of concrete with the substitution of 0
and 75% of CBA as fine aggregates decreased by 1.3 and
3.8%, respectively, whereas the tensile strength values of the
concrete with 25, 50, and 100% replacement of fine ag-
gregates by CBA increased by 9.2, 1.1, and 13.4%,
respectively.

3.5. Flexural Strength. -e flexural strength test results with
different CBA contents are shown in Figure 8. At a curing
age of 28 days, the flexural strength values of the CBA
concrete mixtures incorporating 25, 50, 75, and 100% CBA
as fine aggregates were reduced by 1.0, 4.6, 7.3, and 17.1% in
comparison with that of the control mixture (6.6MPa),
respectively. At a curing age of 56 days, the flexural strength

values of CBA concrete mixtures M25, M50, M75, andM100
were reduced by 3.4, 5.5, 6.5, and 20.2% in comparison with
that of the control mixture (7.6MPa), respectively. -e
flexural strength difference between the CBA concrete and
the control concrete at a curing age of 56 days was quite
similar to that at a curing age of 28 days. At both curing ages
of 28 and 56 days, compared to the flexural strength of the
mixture containing natural fine aggregates only, the re-
duction in the flexural strength of the mixture containing
100% CBA fine aggregates was more remarkable than that of
mixtures containing 25, 50, and 75% CBA fine aggregates.

-e flexural strength values of the concrete specimens
with different curing ages are also shown in Figure 8. When
the curing age increased from 28 to 56 days, the flexural
strength values of the concrete containing 0, 25, 50, 75, and
100% replacements of fine aggregates by CBA increased by
13.8, 11.1, 12.7, 14.9, and 9.6%, respectively. -e increase in
flexural strength of the CBA concrete with increasing curing
time primarily resulted from the pozzolanic reaction of the
CBA, as described in the earlier section regarding com-
pressive strength.

3.6. Relationship between the Compressive Strength, Splitting
Tensile Strength, and Flexural Strength. In this study, to
examine the relationship between the different strengths of
CBA concrete, a regression analysis was performed. In the
regression analysis, the coefficient of determination (R2),
normally ranging from 0 to 1, represents the goodness of a
model fit. An R2 value close to 1 indicates that the regression
accurately fits the data and vice versa. Regression analysis
was performed based on two approaches.-e first regression
analysis incorporated the test results obtained only in this
study, and the second incorporated the test results obtained
in this study and in previous studies by using exponential
functions.

-e relationship between the splitting tensile strength
and compressive strength of the CBA concrete under two
different curing ages is demonstrated in Figure 9(a).
Moreover, the relationship between the splitting tensile
strength and compressive strength of the CBA concrete,

Co
m

pr
es

siv
e s

tr
en

gt
h 

(M
Pa

)

0

10

20

30

40

50

60

70

80

90

100

25 50 75 1000
CBA content (%)

Curing age of 28 days
Curing age of 56 days

Figure 6: Compressive strength test results.

Curing age of 28 days
Curing age of 56 days

0

1

2

3

4

5

6

7

Sp
lit

tin
g 

te
ns

ile
 st

re
ng

th
 (M

Pa
)

25 50 75 1000
CBA content (%)

Figure 7: Splitting tensile strength test results.

Curing age of 28 days
Curing age of 56 days

0
1
2
3
4
5
6
7
8
9

Fl
ex

ur
al

 st
re

ng
th

 (M
Pa

)

25 50 75 1000
CBA content (%)

Figure 8: Flexural strength test results.

6 Advances in Materials Science and Engineering



which are based on the test results in this study, is derived by
the following equation:

ft � 2.9085e
0.0062fc , R

2
� 0.19, (1)

where ft is the splitting tensile strength (MPa) and fc is the
compressive strength (MPa).

-e splitting tensile strength of the CBA concrete was
nearly exponentially proportional to that of the compressive
strength. -e porosity in the concrete matrix derived from
replacing fine aggregates with CBA increased, which resulted
in decreases in both the compressive strength and the
splitting tensile strength of the concrete. However, in-
creasing the curing time led to an increase in both the
compressive strength and the splitting tensile strength. -e
relationship between the splitting tensile strength and
compressive strength of the CBA concrete based on the test
results in this study and in previous studies [24, 39] is shown
in Figure 9(b). -e compressive strengths of the CBA
concrete varied from 15 to 37MPa in the study by Rafiei-
zonooz et al. [24] and ranged from 40 to 59.5MPa in the
study by Nikbin et al. [39]. -e compressive strength values
of CBA concrete in previous studies were less than ap-
proximately 60MPa, whereas the compressive strength
values of the CBA concrete in this study ranged from 63.3 to
76.7MPa, thereby exceeding 60MPa.

-e proposed exponential equation used to predict the
relationship between the compressive strength and the
splitting tensile strength of CBA concrete, as obtained from
the test results in this study and in previous studies, is
expressed as follows:

ft � 1.6635e
0.0175fc , R

2
� 0.66, (2)

where ft is the splitting tensile strength (MPa) and fc is the
compressive strength (MPa).

Overall, this equation underestimated the tensile
strength values, when the compressive strength values
ranged from approximately 40 to 60MPa, whereas it
overestimated the tensile strength values, when the com-
pressive strength values ranged from approximately 60 to
80MPa.

-e relationship between the flexural strength and
compressive strength of the CBA concrete under two dif-
ferent curing ages is shown in Figure 10(a). -e flexural
strength of the CBA concrete increased as the compressive
strength increased. -e relationship tendency between the
flexural strength and compressive strength of the CBA
concrete was similar to that between the splitting tensile
strength and compressive strength of the CBA concrete. -e
relationship between the flexural strength and compressive
strength of the CBA concrete, based on the test results in this
study, is derived by the following equation:

fr � 1.5192e
0.0208fc , R

2
� 0.81, (3)

where fr is the flexural tensile strength (MPa) and fc is the
compressive strength (MPa).

Rafieizonooz et al. [24] and Nikbin et al. [39] also
implemented an experimental program for measuring the
flexural strength of concrete containing CBA aggregates.-e

relationship between the flexural strength and compressive
strength of the CBA concrete based on the test results in this
study and in their studies is shown in Figure 10(b). An
exponential equation for predicting the relationship between
the flexural strength and compressive strength of CBA
concrete is suggested as follows:

fr � 2.627e
0.0151fc , R

2
� 0.71, (4)

where fr is the flexural tensile strength (MPa) and fc is the
compressive strength (MPa).

-is equation underestimated the flexural strength
values when the compressive strength values ranged from 40
to 60MPa, whereas it overestimated the flexural strength
values, when the compressive strength values ranged from
60 to 80MPa.

Finally, the relation between the splitting tensile strength
and flexural tensile strength of the CBA concrete under two
different curing ages is shown in Figure 11(a). Overall, the
splitting tensile strength values of the CBA concrete were
nearly proportional to the flexural strength values of the
CBA concrete. -e relationship equation between the
splitting tensile and flexural strength of the CBA concrete,
based on the test results in this study, is proposed by the
following equation:

ft � 3.3715e
0.0436fr , R

2
� 0.21, (5)

where ft is the splitting tensile strength (MPa) and fr is the
flexural tensile strength (MPa).

-e relationship between the splitting tensile strength
and flexural tensile strength of the CBA concrete based on
the test results in this study and in previous studies [24, 39] is
shown in Figure 11(b). An exponential equation for pre-
dicting the splitting tensile strength of the CBA concrete by
using the flexural strength is suggested as follows:

ft � 1.2717e
0.195fr , R

2
� 0.64, (6)

where ft is the splitting tensile strength (MPa) and fr is the
flexural tensile strength (MPa).

3.7. Ultrasonic Pulse Velocity. -e ultrasonic pulse velocity
experimental results of concrete specimens with different
CBA contents are illustrated in Figure 12. At a curing age of
28 days, the ultrasonic velocities of the CBA concrete
mixtures M25, M50, M75, and M100 were reduced by 0.4,
0.9, 2.1, and 2.7% compared to the control mixture M00,
respectively. At a curing age of 56 days, the ultrasonic ve-
locities of CBA concrete mixtures M25, M50, M75, and
M100 were also reduced by 0.9, 1.4, 2.1, and 2.6% compared
to that of the control mixture M00, respectively. Ultrasonic
pulse waves pass faster through a solid body than through
space [40]. Hence, increases in the void content of the CBA
aggregate might cause a decrease in the ultrasonic pulse
velocity. Moreover, when the curing age increased from 28
to 56 days, the ultrasonic velocities of the CBA concrete
mixtures with CBA fine aggregate contents of 0, 25, 50, 75,
and 100% increased by 1.0, 0.5, 0.5, 1.0, and 1.1%, respec-
tively. -erefore, the test results indicated that the ultrasonic
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pulse velocities of the CBA concrete mixtures decreased with
increasing CBA content but slightly increased with in-
creasing curing age.

-e relationship between the compressive strength and
ultrasonic pulse velocity of the CBA concrete obtained in
this study is shown in Figure 13(a). As expected, the overall
compressive strength of the CBA concrete increased as the
ultrasonic pulse velocity of the CBA concrete increased. -e
relationship between the compressive strength and the ul-
trasonic pulse velocity of the CBA concrete is shown in
Figure 13(b), in which the test results in this study and in
other studies [18, 24] are included. -e measured values in
this study and those in the existing studies represented
significant deviations.-is phenomenonmight be due to the

difference between the chemical components of the CBA
used in this study and those in the existing studies. By using
these test results, an equation for predicting the relationship
between the compressive strength and the ultrasonic pulse
velocity of the CBA concrete is suggested as follows:

fc � 0.6968e
0.001V

, R
2

� 0.17, (7)

where fc is the compressive strength (MPa) and V is the
ultrasonic pulse velocity (m/s).

As expected, the coefficient of determination (R2) in (4)
was not high, meaning that the relationship between the test
results and predictions was not good because there were
significant deviations between the test results in this study
and those in the existing studies, as shown in Figure 13(b).
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Figure 9: Relationship between the splitting tensile strength and compressive strength. (a) Test results in this study. (b) Test results in this
study and previous studies.
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Figure 10: Relationship between the flexural strength and compressive strength. (a) Test results in this study. (b) Test results in this study
and previous studies.
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Figure 14(a) shows the relationship between the splitting
tensile strength and ultrasonic pulse velocity of the CBA
concrete obtained in the study. As the ultrasonic pulse
velocity increased, both the compressive strength and the
splitting tensile strength of the CBA concrete increased.

-e relationship between the splitting tensile strength
and the ultrasonic pulse velocity of the CBA concrete is
shown in Figure 14(b), in which the test results in this study
and in another study [24] are included. By using these test
results, an equation for predicting the relationship between
the splitting tensile strength and the ultrasonic pulse velocity
of the CBA concrete is suggested as follows:

ft � 0.0004e
0.0021V

, R
2

� 0.71, (8)

where ft is the splitting tensile strength (MPa) and V is the
ultrasonic pulse velocity (m/s).

In the figure, there are some deviations in predicting the
splitting tensile strength when the ultrasonic pulse velocities
were between approximately 4200 and 4500m/s. -e

predictions underestimated the measurements in this study
but overestimated the measurements in the other study.

Finally, the relationship between the flexural strength
and ultrasonic pulse velocity of the CBA concrete measured
in this study is shown in Figure 15(a). -e CBA concrete
flexural strength was closely related to the ultrasonic pulse
velocity.

-e relationship between the flexural strength and the
ultrasonic pulse velocity of the CBA concrete is shown in
Figure 15(b), in which the test results in this study and in
another study [24] are also included. An equation for
predicting the relationship between the flexural strength and
the ultrasonic pulse velocity of the CBA concrete is suggested
as follows:

fr � 0.0062e
0.0016V

, R
2

� 0.59, (9)

where fr is the flexural strength (MPa) and V is the ul-
trasonic pulse velocity (m/s).

As the predictions underestimated the splitting tensile
strength values of the CBA concrete, which were measured
in this study, the predictions also underestimated the flex-
ural strength values of the CBA concrete, which were
measured in this study. -ese phenomena occurred because
the splitting tensile strength of the CBA concrete was related
to the flexural strength, as shown in Figures 11(a) and 11(b).

4. Conclusions

-e strength properties of CBA concrete with compressive
strength values greater than 60MPa were investigated in this
study. Based on the extensive experimental results, the
following conclusions can be drawn:

(1) -e test results showed that, at low CBA contents,
the unit weight of the HSC concrete slightly reduced
by approximately 2%-3%. -ese results implied that
low CBA contents could be applied to fabricate HSC
with a normal weight.
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Figure 11: Relationship between the splitting tensile strength and flexural strength. (a) Test results in this study. (b) Test results in this study
and previous studies.
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Figure 14: Relationship between the splitting tensile strength and ultrasonic pulse velocity. (a) Test results in this study. (b) Test results in
this study and previous study.
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Figure 15: Relationship between the flexural strength and ultrasonic pulse velocity. (a) Test results in this study. (b) Test results in this study
and previous study.
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(2) For the CBA concrete, even if it contained total
replacement for fine aggregates, the compressive
strength exceeded 60MPa. -e test results implied
that the CBA concrete possibly reached the level of
HSC. -erefore, CBA could be utilized for fabri-
cating HSC as a partial or total substitution for fine
aggregates.

(3) Overall, replacing fine aggregates by CBA insignif-
icantly affected the splitting tensile strength of the
HSC. Particularly, at the curing age of 56 days, the
splitting tensile strengths of HSC including CBA
slightly reduced at the various CBA contents.
However, clear reducing tendencies were observed in
the flexural strengths of the CBA concrete mixtures
at the curing age of 28 and 56 days.

(4) -e experimental results showed that the ultrasonic
pulse velocity of the HSC specimens with various
CBA contents reduced by approximately 3%. -is
phenomenon indicated that the density of the HSC
specimens decreased. Accordingly, utilizing CBA as
fine aggregates in HSC would reduce the concrete
strength. -e test results actually showed that the
strengths of the CBA concrete decreased as the ul-
trasonic pulse velocity of the CBA concrete
decreased.

(5) Equations to predict the compressive strength,
splitting tensile strength, and flexural strength of the
CBA concrete by using the ultrasonic pulse velocity
were suggested. -e coefficient of determination in
predicting the strengths of the CBA concrete was not
high because the measurements in this study and in
previous studies were scattered. -erefore, further
extensive experimental studies are needed to im-
prove the accuracy of the predictions.
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