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Abstract: Recycled aggregate is essential to protect Jeju Island’s natural environment, but waste
concrete, including porous basalt, is a factor that lowers the quality of recycled aggregate. Therefore,
an experiment was conducted to analyze the properties of concrete application of basalt-based
recycled aggregate (B-RA) through quality improvement. The absorption of the B-RA ranged from
3-5%; restricting its absorption to less than 3% was challenging owing to its porosity and irregular
shape. However, the increase in the solid volume percentage of the concrete when replacing 25 or
50% of fresh basalt aggregate with recycled basalt aggregate improved the mechanical performance
of the concrete, especially at 25%, for which a compressive strength of 55.9 MPa and modulus of
elasticity of 25.9 GPa exceeded those of concrete with fresh basalt aggregate. Moreover, increasing
the replacement ratio of the fresh basalt with recycled aggregate reduced the slump and decreased
the air content, consequently increasing the concrete drying shrinkage. However, the replacement of
fresh basalt aggregate with recycled basalt aggregate unaltered the mechanical performance of the
concrete. The results indicate that efficient use of recycled aggregates can yield superior performance
to that of fresh basalt, irrespective of aggregate quality.

Keywords: island; basalt; recycled aggregate; concrete

1. Introduction

In South Korea, the extensive construction of concrete buildings with rapid indus-
trialization since the 1970s has resulted in an indiscriminate collection of raw material
aggregates, continuously raising the issue of environmental destruction. In particular,
concerns of environmental destruction are strong in Jeju Island as its natural locales have
been designated as World Natural Heritage sites. Amidst this situation, the collection of
essential concrete aggregates for the infrastructure and construction industry is limited,
though there is an urgent need to secure aggregates for the construction of new ports and
airports. The use of recycled aggregate offers an approach to reducing environmental
destruction due to raw material extraction, resulting in a green construction material called
recycled aggregate concrete [1,2]. Various studies have been conducted on recycling for
utilizing construction waste up to 1.3 billion tons/year globally as a valid resource [3-7].
Although different studies have different results, it is commonly seen that the physical
properties of concrete are not significantly affected under 30% of replacement of recycled
aggregates [8,9]. It is also reported that the quality of recycled aggregates affects that of
concrete, and the mix design and materials of parent concrete have a significant effect [10].
The use of materials such as fiber-reinforced polymers to structurally improve concrete
due to the use of relatively low-quality recycled aggregates is also being studied [11]. In
addition, various studies are being conducted, including studies on the improvement of
durability and fire resistance properties in preparation for disaster situations in buildings
made of recycled aggregate concrete [12].
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Meanwhile, the natural aggregate of Jeju Island is made of basalt, as the island was
formed by long periods of volcanic activity. However, recycled aggregate from Jeju Island
has not been quality-certified to be used with concrete in South Korea; thus, recycled aggre-
gate from concrete is not used as a base course material. Although current technology is
inadequate for removing cement paste and mortar from natural basalt aggregate, the basalt
can qualitatively serve as the host rock for waste concrete used as recycled aggregate on
Jeju Island [13,14]. According to academic literature, basalt can be categorized into 16 types
of petrographic classification depending upon its quality [15], which varies significantly
according environment and region because of different pore distributions. Studies have
reported that basalt aggregates from Jeju Island are more porous than aggregates from
other geographic regions, and that their absorption varies widely from 0-10%, whereas
basalt aggregates from other countries have a low absorption (below 2%) [16-22]. Indeed,
basalt collected from aggregate quarries on Jeju Island have been found to have an average
absorption of about 3%, which is higher than that of other rock aggregates obtained in
South Korea [23]. Moreover, the extensive pores present in the basalt increase its specific
surface area, adversely impacting the removal of mortar from waste concrete containing
basalt aggregate, which is suspected to degrade the quality of the recycled aggregate and
the resulting concrete.

Several studies have been conducted on concrete using basalt as a coarse aggregate in
high-strength concrete and to enhance other concrete properties based on rock classification;
however, research on basalt-based recycled aggregate (B-RA) concrete is insufficient [24-26].
Although a previous study has analyzed the mechanical properties of concrete based on
the moisture and curing conditions of B-RA found on Jeju Island, only a single type of
recycled aggregate was investigated [27]. Basalt in Jeju Island requires a different approach
because it has a higher pore rate than that of basalt overseas, and research is also needed to
utilize irregular quality resources and recycled resources including these resources. Unlike
overseas regions, basalt in Jeju Island has a more porous property, so it is believed that
it may be vulnerable to elastic modulus. However, these properties may not be a big
problem in Jeju Island, which uses general strength concrete because high-rise buildings
were not built. In addition, it may show different properties from the decrease in the elastic
modulus seen in concrete using conventional recycled aggregates. Moreover, plans to
diversify the replacement ratio and quality of recycled aggregates and promote practicality
must be made to accompany nature protection and infrastructure construction. Since
the crushing method of B-RA with porosity affects not only the quality of the circulating
aggregate but also micro cracks, a suitable method of manufacturing recycled aggregate is
needed depending on properties of parent aggregate and concrete [2,28]. This study aims
to evaluate the utilization of various quality B-RA into concrete aggregates and examine
the effect of B-RA quality depending on method of manufacturing, replacement rate, and
water-cement ratio changes on concrete quality for road pavement and secondary product
concrete. Furthermore, the fresh and hardened properties of concrete specimens containing
these materials were analyzed to provide basic data for a future utilization plan based
on the status and quality of recycled resources. Through this series of experiments and
analysis, it will be possible to confirm the availability of B-RA, replace and protect natural
resources. In addition, the creation of added value through recycling of construction waste
could contribute to the revitalization of related industries.

2. Materials and Methods
2.1. Experimental Plan

The objective of this study was to demonstrate and thus promote the practical use of
B-RA on Jeju Island. As a basic experiment for this, it aims to apply concrete secondary
products, and is an experiment to analyze the effect of the quality of recycled aggregates on
concrete. The experimental plan designed for this purpose is presented in Table 1, in which
inland quartz natural aggregate (NA) and basalt from Jeju Island (BA) were evaluated as
base aggregates. The use of three types with different quality improving process of recycled
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aggregates (RA-A, -B, and -C) was evaluated as a BA replacement in ratios of 0, 25, and 50%.
The quality of the recycled aggregates was enhanced using direct and indirect impact force
methods. The mix proportions of the concretes containing recycled aggregate and basalt
are listed in Table 2. These mixes were used to evaluate three variables: water-binder ratio,
recycled aggregate type, and recycled aggregate replacement ratio. Therefore, nine mix
proportions were obtained based on the Taguchi experimental design method. Its method
allows to find the optimal conditions of experimental factors and levels in mix design of
concrete. The three mix proportions were added using the NA. The unit cement content
and sand-aggregate ratio was fixed at 350 kg/m> and 45%, respectively. In experimental
terms, the slump and air content were measured as the fresh concrete properties, whereas
the unit mass, compressive strength, flexural strength, modulus of elasticity, and drying
shrinkage as the hardened properties. Figure 1 shows flowchart for concrete experiment.

Table 1. Experimental parameters.

Aggregate Type Replacement of BA with Recycled Aggregate (%) Water—-Cement Ratio (%)
Natural aggregate (NA, Inland)

Basalt aggregate (BA) 0 35

Recycled aggregate type A (RA-A) 25 40

Recycled aggregate type B (RA-B) 50 45

Recycled aggregate type C (RA-C)

Table 2. Concrete mix proportions.

Unit Weight (kg/m?)
. wlc s/a

Mixture (%) (%) Coarse Aggregate

Water  Cement Sand NA BA RAA RAB RAC Total
NA35 123 350 825 1072 - - - - 2369
BA35 35 123 350 825 - 1018 - - - 2316
RA35-B25 123 350 825 - 764 - 251 - 2312
RA35-C50 123 350 825 - 509 - - 484 2291
NA40 45 140 350 805 1046 - - - - 2341
BA40 40 140 350 805 - 993 - - - 2288
RA40-C25 140 350 805 - 745 - - 236 2276
RA40-A50 140 350 805 - 497 471 - - 2263
NA45 150 350 785 1019 - - - - 2312
BA45 45 150 350 785 - 969 - - - 2261
RA45-A25 150 350 785 - 726 230 - - 2249
RA45-B50 150 350 785 - 484 - 477 - 2254
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Figure 1. Flow chart for concrete experiment.

2.2. Materials’ Preparation

Type 1 ordinary Portland cement from Company S (Danyang-si, Korea) was used in the
experiment, which satisfied the physical properties and chemical composition according to
ASTM C150:2020 [29], as shown in Tables 3 and 4. The compressive strengths of the cement
used were 23, 29.3, and 42.5 MPa, respectively, for 3, 7, and 28 days. The initial setting
was 270 min. Aggregate sizes of 25 mm were used for both the NA and BA, satisfying the
requirements of ASTM C33:2018 [30]. The quartz NA was obtained from aggregate quarries
in Cheonan-si. The BA was mixed from three Jeju Island quarries and exhibited an irregular
shape with a porous surface and a higher absorption (2.66%) than the NA. The B-RA was
made using waste concrete of Jeju Island and manufactured by a waste disposal company
in Incheon Metropolitan City and Hongseong-gun. The quality of all B-RA was enhanced
through processing for use in a subbase course with an absorption of 7.25%. Figure 2 shows
the manufacturing process of each type of B-RA. RA-A was manufactured by crushing
aggregates with direct impact force using a crusher. The RA-B manufacturing process
first sends aggregates via a bucket to upper part of equipment and aggregate is free-fall
to blade. After that, it produces aggregates by applying an impact force to the surface of
aggregates using high-speed rotating blades and detaching plates. RA-C is prepared by
crushing or scratching aggregate surfaces using the space between rotating blades and
drums. The above process has been employed in manufacturing B-RA (RA-A, RA-B, RA-C)
of 20 mm size. The quality of RA-A was slightly enhanced by direct impact force on the
aggregate itself. RA-A of the average aggregate size was smaller than those of RA-B and
RA-C. The quality of RA-B and RA-C was more enhanced by the application of indirect
impact force to the surfaces of the aggregate layers. The shapes of the coarse aggregates
used in the experiment are illustrated in Figure 3, and their physical properties are listed in
Table 5. Although the quality-enhanced recycled aggregates exhibited varied density and
absorption, their absorption failed to satisfy the quality standard for recycled aggregates
regulated in South Korea (3%). Nevertheless, the quality was remarkably enhanced in
compared to the raw recycled aggregate material (7.25% absorption). The impurity content
of the recycled aggregate was managed to be less than 1% and used.
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Table 3. Physical properties of cement.

Density Fineness Setting Time (h) Compressive Strength (MPa)
(g/em®) (cm?/g) Initial Final 3d 7d 28d
3.15 3818 4.5 7.15 23.0 29.3 42.5

Table 4. Chemical composition of cement.

o . o Al,O3 Fe; 03 MgO Ignition Misc. o
CaO (%)  SiO; (%) %) (%) %) Loss (%) %) Total (%)
62.44 21.12 4.40 3.19 3.10 3.36 2.39 100

Table 5. Physical properties of coarse aggregates.

Aggregate Type Ginax (mm) Oven-Dry Density = Absorption Bulk Density Solid Content Fineness

(g/cm?3) (%) (kg/m®) (%) Modulus
NA 25 2.72 0.64 1564.2 57.5 7.34
BA 25 2.58 2.66 1396.0 54.2 6.96
RA-A 20 245 472 1431.7 57.8 6.18
RA-B 20 2.55 3.10 1522.4 59.7 6.91
RA-C 20 2.46 4.14 1517 .4 61.7 6.71

Gmax = Maximum size.

(a) RA-A (b) RA-B

Figure 2. Manufacturing process of the recycled aggregate.
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Figure 3. Aggregates as a function of shape and dimensions.

2.3. Testing Methodology

We conducted experiments in accordance with ASTM standards to analyze the fresh
properties and hardened properties of the concrete. Accordingly, the slump of the fresh
concrete were measured using slump cone with base diameter 200 mm, top diameter
100 mm, height 300 mm twice according to the ASTM C143:2020 [31] specifications. The
air content of fresh concrete were measured using Type-B air meter with capacity of 7.0 L
according to the ASTM C231:2017 [32] specifications. The concrete was maintained in a
sealed state after the initial measurement. After that, the variation over time was measured
at 30 min intervals up to 90 min. The compressive strengths of 100 mm diameter and height
200 mm cylindrical concrete specimens were then determined with stress rate of 0.25 MPa/s
for three or more specimens at 3, 7, and 28 d of age. It was measured in accordance with
ASTM (C39:2020 [33] concrete compressive strength test method. The flexural strengths of
100 mm x 100 mm x 400 mm cuboid concrete specimens were determined with loading
rate of 1.0 MPa/min for three or more specimens at 28 d of age. It was measured in
accordance with ASTM C78:2018 [34] concrete flexural strength test method. The modulus
of elasticity was measured with loading rate of 0.25 MPa/s for three or more specimens by
attaching strain gauges to the 28-day-old cylindrical specimens. It was measured applying
a load in accordance with ASTM C469:2014 [35] (concrete cylindrical specimen; static
modulus of elasticity) and the Poisson’s ratio test method. The drying shrinkage was
measured for three specimens by attaching the strain gauges that PL-60-11 of “T” company
to the surface of the 100 x 100 x 400 mm cuboid specimens after demolding at 7 d of curing
in accordance with ASTM C596:2018 [36] concrete drying shrinkage test method. In both
strain-gauge applications, a data logger that is data logger TDS-540 of “T” company was
used to acquire data under constant temperature and humidity conditions of 20 + 2 °C
and 60 £ 5%, respectively.
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3. Results and Discussion
3.1. Slump

The slump of the concrete according to the replacement ratio and quality of the basaltic
recycled aggregate is charted in Figure 4, which depicts an evident reduction in slump
with decreasing water—cement ratio. Similar to existing recycled aggregate concretes, the
BA concrete exhibited a decrease in slump with increasing replacement ratio of BA with
B-RA [37]. These results demonstrated significant differences, including large reductions
in slump over time, even for concrete samples of 100% NA and BA because the increase
in aggregate specific surface area owing to the irregular shape of the BA reduced the
flow-paste content. In addition, the decrease in slump could have been influenced by the
high absorption of the BA and B-RA used in the experiment, as the repeated absorption
and discharge of the mixed water during agitation apparently decreased the mixed water
content, influencing the slump.

O0min @30min E60min  ®W90 min

b ]I T |k L
0 o) o o o 0 o Ty Ty 0 o
™ N T} < < N D < <t Y re)
< ml O < < @) <(| < < d:l ml
o0 © o Z [va) o o =z o o o
%) ™ T < <t <f
<C <C <C < < <C
(he o o ned o o
w/c 35% w/c 40% w/c 45%

Figure 4. Slump of fresh concrete according to water—cement (w/c) ratio.

3.2. Air Content

The air content of the fresh concrete according to B-RA quality and replacement
ratio is charted in Figure 5, which indicates that the air content tended to decrease with
increasing water—cement ratio owing to the improved concrete-filling ability facilitated by
the corresponding increase in fluidity. In addition, the air content increased with the use of
BA and larger replacement ratios of BA with B-RA. Furthermore, the rate of increase in
air content over time increased for all evaluated mix proportions. This could be attributed
to the absorption of mixed water by the BA and B-RA, which caused the air content to
gradually increase as the moisture continuously flowed in and out of the aggregate over
time [38].
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Figure 5. Air content of fresh concrete according to water—cement (w/c) ratio.

3.3. Compressive Strength

The compressive strengths of the hardened concrete specimens according to B-RA
quality and replacement ratio are charted in Figure 6. Although a reduction in the water—
cement ratio could be expected to increase the compressive strength, it failed to do so
because a reduction in the unit water content resulted in a degradation of the cement flow
paste and deteriorated the concrete-filling ability for the same unit cement content. There-
fore, the compressive strength was not significantly affected by the various mix proportions
when using either NA or BA. Notably, the use of B-RA improved the concrete strength
depending on its quality, because the BA exhibited a lower aggregate strength than the NA
owing to the difference in porosity. This can be observed in the case of the 28-d specimens,
which did not show a significant effect of strength reduction when using recycled aggregate
in concrete with a compressive strength of 40~50 MPa. Moreover, the irregular shape of
the BA improved the compressive strength of the concrete through increased adhesion
to the paste, and the addition of B-RA with particle sizes smaller than that of the BA
increased the strength by improving the aggregate performance. However, the strength
was degraded when using RA-A, which had a lower quality than RA-B and RA-C. Among
the recycled aggregates, the low-absorption, high-density RA-B specimens exhibited the
highest compressive strength at 55.9 MPa, and the RA-C specimens displayed a higher
compressive strength than the BA specimens. Therefore, replacement ratios of <50% can
enhance the strength and quality of BA concrete containing B-RA to a certain extent.
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Figure 6. Compressive strength of concrete specimens according to water—cement (w/c) ratio.

3.4. Flexural Strength

The flexural strengths of the hardened concrete specimens according to B-RA quality
and replacement ratio are depicted in Figure 7, which indicates that—similar to the com-
pressive strength—the flexural strength was not significantly impacted by the variations in
water—cement ratio, as the decreasing unit water content degraded the quality of the paste.
The flexural strength of the BA specimen was higher than that of the NA specimen owing to
the advantages of the irregular and elongated shape of the BA aggregate. Among the B-RA
specimens, the largest flexural strength was exhibited by RA35-C50 at 8.3 MPa because of
its mixture of large particle-sized aggregates; however, as shown in Table 5, the quality of
the RA-C aggregate in terms of fineness modulus was 6.71, while that of RA-B aggregate
was 6.91. Furthermore, the old paste on the surface of the B-RA seemingly enhanced
the adhesion between the new paste and the recycled aggregate, thereby contributing to
the increase in flexural strength [39,40]. Moreover, the results for the RA-A specimens
indicated their vulnerability to bending stress owing to the low quality and small size of
this aggregate.
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Figure 7. Flexural strength of concrete specimens according to water—cement (w/c) ratio.

3.5. Modulus of Elasticity

The strain of the hardened concrete specimens according to stress and the correspond-
ing moduli of elasticity are shown in Figures 8 and 9, respectively, according to B-RA
quality and replacement ratio. The figures indicate that the modulus of elasticity did not
vary significantly with the water—cement ratio because the reduced unit water content
deteriorated the paste content and fluidity of the specimens. The modulus of elasticity
of the BA specimens was lower that of the NA specimens because of the high porosity
of BA, even for the same aggregate contents [41,42]. Moreover, the modulus of elasticity
did not significantly decrease for a B-RA replacement ratio of 25%; instead, that of RA-B
25% actually increased to 25.9 GPa, which is almost equal to that of the NA specimen.
Although the moduli of elasticity slightly decreased for the RA-B and RA-C specimens
with 50% recycled aggregate, it remained in the range of 22-24 GPa. However, the modulus
of elasticity of the RA-A 50% specimen significantly decreased to 19.1 GPa. Thus, the
modulus of elasticity is a characteristic value that varies with the quality of the aggregate;
indeed, the modulus of elasticity of porous aggregate concrete such as recycled aggregate
and lightweight aggregate is known to decrease with increasing aggregate porosity [43—-45].
Although the aggregate porosity of RA-B and RA-C was higher than that of BA, there was
no considerable difference in their moduli of elasticity. Indeed, the modulus of elasticity
yielded a more positive relationship in the experiment to the increasing aggregate porosity,
reflecting an increase in the solid volume percentage of aggregate owing to the replacement
of BA with B-RA. Accordingly, the RA-B and RA-C specimens exhibited moduli of elasticity
equal to or higher than that of the BA specimens.
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Figure 8. Strain of concrete specimens according to stress.
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Figure 9. Modulus of elasticity of concrete specimens according to water-cement (w/c) ratio.

3.6. Drying Shrinkage

The drying shrinkages of the hardened concrete specimens according to the B-RA
quality and replacement ratio are charted in Figure 10, which indicates that the drying
shrinkage tended to increase with increasing water—cement ratio. As drying shrinkage
results from local shrinkage caused by moisture evaporation, this phenomenon is directly
affected by the moisture content and is attributed to the difference in paste content. The
drying shrinkage did not significantly vary with aggregate type for the 35% water—cement
mix proportion, which had a small amount of excess water owing to hydration; however,
the use of BA and the increasing B-RA replacement ratio increased the drying shrinkage in
other mix proportions, similar to a related previous study [46]. This is because the drying
shrinkage occurred as the moisture transferred to the paste evaporated from the highly
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Figure 10. Drying shrinkage of concrete specimens according to water-cement (w/c) ratio.

3.7. Relationship between Aggregate Type and Concrete Mechanical Properties

The drying shrinkage results for the concrete specimens according to the B-RA re-
placement ratio after 1400 h are charted in Figure 11, and the relationship between the
aggregate absorption content and drying shrinkage of the concrete specimens is depicted
in Figure 12. It can be observed that an increase in the B-RA replacement ratio directly
increased the drying shrinkage of the concrete, because the addition of water in the process
of converting the aggregates into a saturated dry-state surface increased the evaporated
water content in the concrete mixing stage owing to the high absorption capacity of the
recycled aggregate. Moreover, the cement paste was prone to drying shrinkage, similar
to the old paste contained in the B-RA. Thus, an increase in the moisture content of the
aggregate increased the drying shrinkage, exhibiting a nonlinear proportional relationship
with R? = 0.6192. In the figure, the absorption content of aggregate differs significant
because NA aggregate exhibits a difference in absorption of aggregate of about 2% or more
from those of the BA and B-RA aggregates. However, there was no significant difference
between the drying shrinkages of the RA-B, RA-C, and BA specimens. As the recycled
aggregates were also made from basalt, the weak paste was removed by the old-paste
removal process conducted during aggregate recycling. Consequently, the relatively dense
structure of the stronger old paste remaining in the RA-B and RA-C specimens did not
significantly influence the drying shrinkage of the concrete.
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The average compressive strength of the concrete specimens according to the vari-
ous aggregate types is shown in Figure 13, in which the NA and BA specimens do not
contain recycled aggregates, whereas RA-A, RA-B and RA-C specimens contain 25-50%
recycled aggregates. The BA specimen exhibited a lower compressive strength than the
NA specimen and a similar strength to that of the RA-A specimen. Notably, the RA-B
specimen exhibited the highest compressive strength among all specimens, though the
RA-C specimen exhibited a higher compressive strength than the NA. The high porosity
and low aggregate strength of the BA degraded the strength of the concrete in which it
was included. However, recycled aggregates of homogeneous particle size above a certain
level of quality contributed toward improving the compressive strength of the concrete by
increasing the solid volume percentage of the aggregate.
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Figure 13. Compressive strength of concrete specimens according to aggregate type.

Figure 14 displays the nonlinear, inverse relation between the difference of water
absorption content for aggregate and the relative modulus of elasticity of the corresponding
specimens. The water absorption content of aggregate refers to the pore that the aggregate
can absorb and is expressed as open-pore. The figure shows the trends of basaltic recycled
aggregate concrete used in this study and those from overseas for reference [47-64]. In
reference data. Even though recycled aggregates were used, the difference in absorption
rates between basalt and recycled aggregates was small for specimens with high relative
elastic modulus. Conversely, the specimen with a low relative elastic modulus showed
a large difference in the absorption rate of aggregates, and this tendency was R? value
of 0.6171. The higher the similarity between the pores of natural aggregate and recycled
aggregate used in mixture, the higher is the relative modulus of elasticity, and this trend
was evident form the results of this experiment, with a high R? value of 0.7874. The basalt
used in this experiment had more pores compared to those from overseas; however, pores
of the recycled aggregate used in the experiment were not much different from those of
basalt. Therefore, it is believed that it has a high modulus of elasticity when 25% of the
recycled aggregate is replaced.

Figure 15 shows the relation between compressive strength and modulus of elasticity
of the specimens used in this study, compared with other reference specimens. For both
experimental and reference specimens, the compressive strength and modulus of elasticity
tend to be proportional, and the experimental results showed an R? value of 0.571 which
was somewhat lower than that from the reference results. There are several cases of
improved compressive strength via replacement of recycled aggregates that do have small
difference in quality from natural aggregates in the region [65-67]. Using concrete with
high strength is expected to compensate for the reduction in modulus of elasticity exhibited
in recycled aggregate concrete. Although the compressive strength of the experimental
data and the reference data specimen was similar, the elastic modulus showed a large
difference. This trend is due to the properties of natural basalt. The absorption of basalt in
the experimental data was 2.66%, while most absorption of basalt in the reference data was
low less than 1%. In areas where natural aggregates with relatively high absorption rates
exist, the increase in absorption due to the adhesion of old mortar is expected to have a
relatively small effect on the physical properties of concrete.
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Figure 15. Relation between modulus of elasticity and compressive strength of recycled aggregate concrete.

4. Conclusions

The basic properties of concretes mixed with porous B-RA of various qualities, in
different replacement ratios, having different water-cement ratios were analyzed to inves-
tigate the effects of its use in concrete. The conclusions of this study are as follows.

1. The fresh slump and air content were deteriorated because of moisture movement

between B-RA and cement paste, which resulted in generation of air regardless of the
quality of B-RA. This trend became more pronounced over time.
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2. The compressive strengths of the concrete specimens increased with the use of low-
absorption B-RA due to stability of aggregate strength and improvement of solid
content; the compressive strength was the highest at 55.9 MPa for a 25% replacement
ratio of BA with RA-B. Similarly, the use of recycled aggregates with a large, uniform
particle size improved the flexural strength, which was not significantly influenced
by the mix proportions otherwise.

3. Although the elastic modulus is known to be affected by the voids of aggregates, the
difference between the pore of BA and B-RA used in this experiment is not significant;
therefore, it is judged that the strength improvement due to the B-RA with low
absorption results in increased modulus of elasticity. The modulus of elasticity was
the highest at 25.9 GPa with 25% RA-B replacement and slightly decreased when
using 50% RA-B replacement.

4. The drying shrinkage of concrete tended to decrease with decreasing water—cement
ratio and slightly increased with increasing replacement ratio of BA with B-RA due to
increase in pore content caused by usage of old paste, which affects drying shrinkage.
However, there was no significant difference between the drying shrinkage of speci-
mens containing 100% BA and 25% replacement with B-RA, which had an absorption
rate of 3-4%. In addition, the influence of the old paste was insignificant when using
recycled aggregates with the paste still attached to porous basalt.

5. Although the recycled aggregates used in these experiments did not exhibit an absorp-
tion of 3% or less, as dictated by the Korean standard for recycled aggregates, the use
of quality-enhanced recycled aggregates, which slightly differ in quality compared to
local natural aggregate (at replacement ratios less than 50%), can provide a greater
improvement in strength and modulus of elasticity of concrete than that be obtained
when using only BA. Thus, the fresh properties and drying shrinkage must still be
improved to the level exhibited by general recycled aggregate concrete before natural
BA can be utilized as an effective source of replacement aggregate. As such, future
studies should focus on enhancing aggregate quality, developing various improved
curing methods, and evaluating effective binders for B-RA concretes.

6. Recycled aggregate in areas with low quality of natural aggregate is also believed
to be used as an aggregate for concrete as it improves the quality. If the quality
classification varies for various recycled aggregates as well as by-product aggregates,
it is believed that aggregate shortages can be addressed by using them as various
alternative aggregates, such as concrete, asphalt, block and subbase. Even with the
use of alternative aggregates, it will be possible to reduce the unit price by more than
10% to manufacture concrete with the same quality as the use of natural resources.
Through this result, it will be possible to use it as secondary product concrete such as
interlocking blocks and water pipes. In addition, it is judged that there is a possibility
of applying concrete for road pavement through additional durability improvement
studies.

Author Contributions: Conceptualization, H.-B.C.; methodology, H.-B.C. and ]J.-O.P; software, K.-
R.L.; validation, H.-B.C., ].-O.P. and T.-H.K,; formal analysis, H.-B.C.; investigation, H.-B.C. and
J.-O.P,; resources, H.-B.C. and T.-H.K.; data curation, H.-B.C. and T.-H.K.; writing—original draft
preparation, H.-B.C.; writing—review and editing, H.-B.C., ].-O.P, T-H.K. and K.-R.L,; visualization,
H.-B.C. and K.-R.L,; supervision, J.-O.P.; project administration, J.-O.P,; funding acquisition, J.-O.P.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was conducted with the support of the “Development of Application Tech-
nology for Aggregate Based on Recycled Resources and Basalt in Jeju Island (20200510-001)”, an
operation cost support project of the Korea Institute of Civil Engineering and Building Technology.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Materials 2021, 14, 5429 17 of 19

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tang, Y,; Chen, Z; Feng, W.; Nong, Y.; Li, C.; Chen, ]. Combined effects of nano-silica and silica fume on the mechanical behavior
of recycled aggregate concrete. Nanotechnol. Rev. 2021, 10, 819-838. [CrossRef]

2. Igbal, M.F; Liu, Q.; Azim, I; Zhu, X,; Yang, J.; Javed, M.E; Rauf, M. Prediction of mechanical properties of green concrete
incorporating waste foundry sand based on gene expression programming. J. Hazard Mater. 2020, 384, 121322. [CrossRef]

3.  Kwan, WH.; Ramli, M.; Kam, K.J.; Sulieman, M.Z. Influence of the amount of recycled coarse aggregate in concrete design and
durability properties. Constr. Build. Mater. 2012, 26, 565-573. [CrossRef]

4. Tabsh, SW.; Abdelfatah, A.S. Influence of recycled concrete aggregates on strength properties of concrete. Constr. Build. Mater.
2009, 23, 1163-1167. [CrossRef]

5. Topcu, IB.; Sengel, S. Properties of concretes produced with waste concrete aggregate. Cem. Concr. Res. 2004, 34, 1307-1312.
[CrossRef]

6.  Rahal, K. Mechanical properties of concrete with recycled coarse aggregate. Build. Environ. 2007, 42, 407-415. [CrossRef]

7. Katz, A. Properties of concrete made with recycled aggregate from partially hydrated old concrete. Cem. Concr. Res. 2003, 33,
703-711. [CrossRef]

8. EHE. Instruccion del Hormigon Estructural (Spanish Concrete Structural Code); Ministerio de Fomento: Madrid, Spain, 1999.

9.  Kikuchi, M.; Mukai, T.; Koizumi, H. Properties of concrete products containing recycled aggregate. In Demolition and Reuse of
Concrete and Masonry: Reuse of Demolition Waste; Chapman and Hall: London, UK, 1988; pp. 595-604. [CrossRef]

10. Tang, Y.; Fang,S.; Chen, J.; Ma, L.; Li, L.; Wu, X. Axial compression behavior of recycled-aggregate-concrete-filled GFRP-steel
composite tube columns. Eng. Struct. 2020, 216, 110676. [CrossRef]

11. Tang, Y,; Feng, W.; Chen, Z.; Nong, Y.; Guan, S.; Sun, J. Fracture behavior of a sustainable material: Recycled concrete with waste
crumb rubber subjected to elevated temperatures. J. Clean. Prod. 2021, 318, 128553. [CrossRef]

12.  Padmini, A K.; Ramamurthy, K.; Mathews, M.S. Influence of parent concrete on the properties of recycled aggregate concrete.
Constr. Build. Mater. 2009, 23, 829-836. [CrossRef]

13.  Kim, Y.-C. Mechanical Properties of Basalt in Jeju Island with Respect to Porosity. Master’s Thesis, Jeju National University, Jeju,
Korea, 2013. (In Korean).

14. Hong, S.S.; Lee, C.B,; Park, D.W,; Yang, D.Y.; Kim, ].Y.; Lee, B.T.; Oh, K.C. Geology and distribution of crushed aggregate resources
in Korea. Econ. Environ. Geol. 2004, 37, 555-568. (In Korean)

15.  Korea Institute of Geoscience and Mineral Resources. 1/0.25 Million Jeju Island (Baeado, Jinnampo); Geological Guideline; Korea
Institute of Geoscience and Mineral Resources: Daejeon, Korea, 2000. (In Korean)

16. Moon, K; Park, S.; Kim, Y.; Yang, S. Mechanical characteristics of basalt in Jeju Island with relation to porosity. J. Korean Soc. Civ.
Eng. 2014, 34, 1215-1225. (In Korean) [CrossRef]

17.  Yang, S.-B. Physical and mechanical characteristics of basalts in northwestern and southeastern Juju Island. . Korean Geotech. Soc.
2015, 31, 41-52. (In Korean) [CrossRef]

18. Yang, S.-B. Comparative study on physical and mechanical characteristics of volcanic rocks in Jeju Island. J. Korean Geotech. Soc.
2014, 30, 39-49. (In Korean) [CrossRef]

19. Nam, J.-M,; Yun, ].-M,; Song, Y.-S.; Kim, J.-H. Analysis of engineering properties to basalt in Cheju Island. ]. Korean Geosynth. Soc.
2008, 7, 13-21. (In Korean)

20. Al-Akhaly, I.A. Engineering properties of basalt coarse aggregates in Hamdan Area, NW Sana’a, Yemen. J. Geol. Eng. 2018, 42,
159-174. [CrossRef]

21. Cao, W,; Liu, S.; Feng, Z. Comparison of performance of stone matrix asphalt mixtures using basalt and limestone aggregates.
Constr. Build. Mater. 2013, 41, 474-479. [CrossRef]

22.  Korkang, M.; Tugrul, A. Evaluation of selected basalts from Nigde, Turkey, as source of concrete aggregate. Eng. Geol. 2004, 75,
291-307. [CrossRef]

23. Jang, M.-H.; Choi, H.-B. Quality evaluation of basalt aggregates from Jeju Island. J. Korea Inst. Build. Constr. 2013, 13, 449-456. (In
Korean) [CrossRef]

24. Ramteja, P. Basalt aggregate as coarse aggregate in high strength concrete mixes. Int. Res. ]. Eng. Technol. 2016, 3, 1-6.

25. Kishore, LS.; Mounika, L.; Prasad, C.M.; Krishna, B.H. Experimental study on the use of basalt aggregate in concrete mixes. SSRG
Int. J. Civ. Eng. 2015, 2, 39-42.

26. Maia, L.; Aslani, F. Modulus of elasticity of concrete produced with basaltic aggregate. Comput. Concr. 2016, 17, 129-140.
[CrossRef]

27. Moon, K,; Park, S.; Kim, S. Compressive strength of concrete due to moisture conditions of recycled coarse aggregates and curing
conditions. J. Korean Soc. Civ. Eng. 2019, 39, 485-492. (In Korean)

28. Kikuchi, M.; Dosho, Y.; Narikawa, M.; Miura, T. Application of recycled aggregate concrete for structural concrete. Part 1—

Experimental study on the quality of recycled aggregate and recycled aggregate concrete. In Sustainable Construction: Use of
Recycled Concrete Aggregate, Proceedings of the International Symposium, London, UK, 11-12 November 1998; Dhir, R K., Handerson,
N.A., Limbachiya, M.C., Eds.; Thomas Telford Publishing: London, UK, 1999; pp. 55-68.


http://doi.org/10.1515/ntrev-2021-0058
http://doi.org/10.1016/j.jhazmat.2019.121322
http://doi.org/10.1016/j.conbuildmat.2011.06.059
http://doi.org/10.1016/j.conbuildmat.2008.06.007
http://doi.org/10.1016/j.cemconres.2003.12.019
http://doi.org/10.1016/j.buildenv.2005.07.033
http://doi.org/10.1016/S0008-8846(02)01033-5
http://doi.org/10.1201/9781482271270-46
http://doi.org/10.1016/j.engstruct.2020.110676
http://doi.org/10.1016/j.jclepro.2021.128553
http://doi.org/10.1016/j.conbuildmat.2008.03.006
http://doi.org/10.12652/Ksce.2014.34.4.1215
http://doi.org/10.7843/kgs.2015.31.7.41
http://doi.org/10.7843/kgs.2014.30.11.39
http://doi.org/10.24232/jmd.486021
http://doi.org/10.1016/j.conbuildmat.2012.12.021
http://doi.org/10.1016/j.enggeo.2004.06.015
http://doi.org/10.5345/JKIBC.2013.13.5.449
http://doi.org/10.12989/cac.2016.17.1.129

Materials 2021, 14, 5429 18 of 19

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

ASTM. C150:2020, Standard Specification for Portland Cement; American Society of Testing and Materials: West Conshohocken, PA,
USA, 2018.

ASTM. C33:2018, Standard Specification for Concrete Aggregates; American Society of Testing and Materials: West Conshohocken,
PA, USA, 2018.

ASTM. C143:2020, Standard Test Method for Slump of Hydraulic-Cement Concrete; American Society of Testing and Materials: West
Conshohocken, PA, USA, 2020.

ASTM. C231:2017, Standard Test Method for Air Content of Freshly Mixed Concrete by the Pressure Method; American Society of Testing
and Materials: West Conshohocken, PA, USA, 2017.

ASTM. C39:2020, Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens; American Society of Testing and
Materials: West Conshohocken, PA, USA, 2020.

ASTM. C78:2018, Standard Test Method for Flexural Strength of Concrete (Using Simple Beam with Third-Point Loading); American
Society of Testing and Materials: West Conshohocken, PA, USA, 2018.

ASTM. C469:2014, Standard Test Method for Static Modulus of Elasticity and Poisson’s Ratio of Concrete in Compression; American
Society of Testing and Materials: West Conshohocken, PA, USA, 2014.

ASTM. C596:2018, Standard Test Method for Drying Shrinkage of Mortar Containing Hydraulic Cement; American Society of Testing
and Materials: West Conshohocken, PA, USA, 2018.

Dimitriou, G.; Savva, P; Pretrou, M.F. Enhancing mechanical and durability properties of recycled aggregate concrete. Constr.
Build. Mater. 2018, 158, 228-235. [CrossRef]

Silva, R.V.; De Brito, J.; Dhir, R K. Fresh-state performance of recycled aggregate concrete: A review. Constr. Build. Mater. 2020,
178, 19-31. [CrossRef]

Sague-Crentsil, K.K.; Brown, T.; Taylor, A.H. Performance of concrete made with commercially produced coarse recycled concrete
aggregate. Cem. Concr. Res. 2001, 31, 707-712. [CrossRef]

Tavakoli, M.; Soroushian, P. Strengths of recycled aggregate concrete made using field-demolished concrete as aggregate. ACI
Mater. J. 1996, 93, 182-190. [CrossRef]

Metha, P.K.; Monterio, P.J. Concrete: Microstructure Properties, and Materials; Indian Concrete Institute, McGraw-Hill: New York,
NY, USA, 1999.

Mehrab, N.A. Comparative review on foam-based versus lightweight aggregate-based alkali-activated materials and geopolymer.
Innov. Infrastruct. Solut. 2021, 6, 1-20. [CrossRef]

Ravidrarajah, R.S.; Tam, T.C. Properties of concrete made with crushed concrete as coarse aggregate. Mag. Concr. Res. 1985, 37,
29-38. [CrossRef]

Euro-International Committee for Concrete and International Federation of Precontrate; FIB: Paris, France, 1978. Available online:
http:/ /www.fib-international.org/ (accessed on 16 September 2021).

Ravindrarajah, R.S.; Loo, Y.H.; Tam, C.T. Recycled concrete as fine and coarse aggregates in concrete. Mag. Concr. Res 1987, 39,
214-220. [CrossRef]

Domingo-Cabo, A.; Lazaro, C.; Lépez-Gayarre, F.; Serrano-Lépez, M.A; Serna, P.; Castanio-Tabares, ].O. Creep and shrinkage of
recycled aggregate concrete. Constr. Build. Mater. 2009, 23, 2545-2553. [CrossRef]

Amorim, N.S,, Jr; Silva, G.A.O.; Ribeiro, D.V. Effect of the incorporation of recycled aggregate in the durability of the concrete
submitted to freeze—thaw cycles. Constr. Build. Mater. 2018, 161, 723-730. [CrossRef]

Dilbas, H.; Simsek, M.; Cakir, O. An investigation on mechanical and physical properties of recycled aggregate concrete (RAC)
with and without silica fume. Constr. Build. Mater. 2014, 61, 50-59. [CrossRef]

Bairagi, N.K.; Ravande, K.; Pareek, V.K. Behaviour of concrete with different proportions of natural and recycled aggregates.
Resour. Conserv. Recy. 1993, 9, 109-126. [CrossRef]

Kazmi, S.M.S.; Munir, M.J.; Wu, Y.-F. Patnaikuni I Effect of macro-synthetic fibers on the fracture energy and mechanical behavior
of recycled aggregate concrete. Constr. Build. Mater. 2018, 189, 857-868. [CrossRef]

Hentges, T.I.; Kautzmann, V.O.; Kulakowski, M.P.; Nogueira, ].R.S.; Kazmierczak, C.D.S.; Mancio, M. Effect of mixing sequence
on fresh and hardened state properties of concrete with recycled aggregate. Eur. |. Environ. Civ. 2020. [CrossRef]

Awchat, G.D.; Kanhe, N.M.; Rathore, S.S. Experimental investigation of steel fibre reinforced recycled aggregate concrete. Int. Rev.
Appl. Eng. Res. 2011, 1, 47-59. [CrossRef]

Zega, C.J.; Di Maio, A.A.; Zerbino, R.L. Influence of natural coarse aggregate type on the transport properties of recycled concrete.
J. Mater. Civ. Eng. 2014, 26, 04014006. [CrossRef]

Ajdukiewicz, A.; Kliszczewicz, A. Influence of aggregates on mechanical properties of HS/HPC. Cem. Concr. Compos. 2002, 24,
269-279. [CrossRef]

Tang, Z.; Li, W.; Tam, VW.Y,; Luo, Z. Investigation on dynamic mechanical properties of fly ash/slag-based geopolymeric recycled
aggregate concrete. Compos. Part B Eng. 2020, 185, 107776. [CrossRef]

Shi, X.S.; Collins, EG.; Zhao, X.L.; Wang, Q.Y. Mechanical properties and microstructure analysis of fly ash geopolymeric recycled
concrete. J. Hazard Mater. 2012, 237, 20-29. [CrossRef]

Kisku, N.; Rajhans, P; Panda, S.K.; Pandey, V.; Nayak, S. Microstructural investigation of recycled aggregate concrete produced
by adoption equal mortar volume method along with two stage mixing approach. Structures 2020, 24, 742-753. [CrossRef]


http://doi.org/10.1016/j.conbuildmat.2017.09.137
http://doi.org/10.1016/j.conbuildmat.2018.05.149
http://doi.org/10.1016/S0008-8846(00)00476-2
http://doi.org/10.14359/9802
http://doi.org/10.1007/s41062-021-00595-w
http://doi.org/10.1680/macr.1985.37.130.29
http://www.fib-international.org/
http://doi.org/10.1680/macr.1987.39.141.214
http://doi.org/10.1016/j.conbuildmat.2009.02.018
http://doi.org/10.1016/j.conbuildmat.2017.12.076
http://doi.org/10.1016/j.conbuildmat.2014.02.057
http://doi.org/10.1016/0921-3449(93)90036-F
http://doi.org/10.1016/j.conbuildmat.2018.08.161
http://doi.org/10.1080/19648189.2020.1734490
http://doi.org/10.37622/IRAER/1.1.2011.47-59
http://doi.org/10.1061/(ASCE)MT.1943-5533.0000910
http://doi.org/10.1016/S0958-9465(01)00012-9
http://doi.org/10.1016/j.compositesb.2020.107776
http://doi.org/10.1016/j.jhazmat.2012.07.070
http://doi.org/10.1016/j.istruc.2020.01.044

Materials 2021, 14, 5429 19 of 19

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

Bairagi, N.K.; Vidyadhara, H.S.; Ravande, K. Mix design procedure for recycled aggregate concrete. Constr. Build. Mater. 1990, 4,
188-193. [CrossRef]

Munir, M.J.; Wu, Y.-E; Kazmi, S.M.S.; Patnaikuni, I.; Zhou, Y.; Xing, F. Stress—strain behavior of spirally confined recycled
aggregate concrete: An approach towards sustainable design. Resour. Conserv. Recy. 2019, 146, 127-139. [CrossRef]
Gholampour, A.; Ozbakkaloglu, T. Time-dependent and long-term mechanical properties of concretes incorporating different
grades of coarse recycled concrete aggregates. Eng. Struct. 2018, 157, 224-234. [CrossRef]

Ajdukiewicz, A.B.; Kliszczewicz, A.T. Comparative tests of beams and columns made of recycled aggregate concrete and natural
aggregate concrete. |. Adv. Concr. Technol. 2007, 5, 259-273. [CrossRef]

Bhikshma, V.; Kishore, R. Development of stress—strain curves for recycled aggregate concrete. Asian J. Civ. Eng. 2010, 11, 253-261.
al-Swaidani, A.M.; al-Hajeh, T. Effect of adding lime and volcanic scoria on the performance of recycled concrete aggregates. J.
Civ. Eng. Constr. 2017, 6, 22-32.

Vivian, W.Y,; Tam, A.; Anthony, B.; Khoa, N. Le Mechanical properties of CO2 concrete utilizing practical carbonation variables. J.
Clean. Prod. 2021, 294, 126307. [CrossRef]

Faysal, RM.; Maslehuddin, M.; Shameem, M.; Ahmad, S. Effect of mineral additives and two-stage mixing on the performance of
recycled aggregate concrete. . Mater. Cycle Waste Manag. 2020, 22, 1587-1601. [CrossRef]

Liu, F; Yu, Y.Y;; Li, L].; Zeng, L. Experimental study on reuse of recycled concrete aggregates for load-bearing components of
building structures. J. Mater. Cycle Waste Manag. 2018, 20, 995-1005. [CrossRef]

Muniandy, R.; Ismail, D.H.; Hassim, S. Performance of recycled ceramic waste as aggregates in hot mix asphalt (HMA). J. Mater.
Cycle Waste Manag. 2018, 20, 844-849. [CrossRef]


http://doi.org/10.1016/0950-0618(90)90039-4
http://doi.org/10.1016/j.resconrec.2019.03.043
http://doi.org/10.1016/j.engstruct.2017.12.015
http://doi.org/10.3151/jact.5.259
http://doi.org/10.1016/j.jclepro.2021.126307
http://doi.org/10.1007/s10163-020-01048-9
http://doi.org/10.1007/s10163-017-0661-x
http://doi.org/10.1007/s10163-017-0645-x

	Introduction 
	Materials and Methods 
	Experimental Plan 
	Materials’ Preparation 
	Testing Methodology 

	Results and Discussion 
	Slump 
	Air Content 
	Compressive Strength 
	Flexural Strength 
	Modulus of Elasticity 
	Drying Shrinkage 
	Relationship between Aggregate Type and Concrete Mechanical Properties 

	Conclusions 
	References

