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Abstract

The volume of construction and demolition (C&D) waste generated worldwide continues to rise sharply, which undermines
efforts to meet long-term sustainability targets. Converting demolished concrete into aggregate offers a practical route to limit
landfill disposal and preserve natural raw materials. In Bangladesh, crushed brick chips are the conventional coarse aggregate
for concrete, whereas demolished substructure elements such as pile caps usually contain stone chips and can therefore supply
stone-based recycled concrete aggregate (RCA) of high strength. In this work, natural coarse aggregate (NCA) was substituted
with stone-based RCA at levels of 0%, 20%, 40%, 60%, 80%, and 100%, and the resulting recycled aggregate concrete (RAC)
was examined. The aim was to identify an acceptable RCA substitution level that does not impair concrete performance. Six
batches of cylindrical specimens (100 mm > 200 mm) were prepared with a mix proportion of 1: 1.1: 3.1, designed following
the British Standard method, and a constant w/c ratio of 0.50. Tests on the coarse aggregates indicated that the collected RCA
was of better quality than the brick-based NCA, with a higher SSD unit weight (1493 kg/m?® versus 1338 kg/m?®) and a much
lower water absorption (10.32% versus 23.16%). Consequently, compressive strength rose progressively with RCA content up
to 80% substitution, where it exceeded that of the control mix by 47%. At full (100%) substitution, the gain over the control
dropped to 33.8%. This decline is linked to the larger quantity of old mortar attached to the aggregate surface, which produces a
weaker interfacial transition zone (ITZ).

Keywords

Recycled Coarse Aggregate, Natural Coarse Concrete, Stone Chips, Brick Chips, Concrete

1. Introduction

erection and demolition of buildings produce substantial
quantities of structural debris. Worldwide, roughly 600 mil-
lion tons of Construction and Demolition (C&D) debris were

1.1. Background

Solid waste management is widely regarded as one of the

major environmental challenges of the present era, and con-
siderable research effort has been directed toward new meth-
ods of limiting the amount of waste sent for disposal. The con-
struction sector is a particularly large contributor, because the

estimated to have been generated in 2018; concrete accounted
for 67.5% of this debris, a larger share than any other material,
followed by asphalt concrete at 17.8%. The building industry
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is a leading source of solid waste in nearly every country, and
in North America C&D debris represents about 25-40% of the
total waste stream, varying by region [1]. In mainland China
alone, the annual output of waste concrete is estimated at ap-
proximately 200 million tons [2]. Recycling this material can
markedly lower the demand for virgin natural resources, and
processing demolished concrete into recycled concrete aggre-
gate is arguably the most effective means of reducing the solid
waste landfilled globally each year. A standardized procedure
is therefore needed for collecting demolished concrete and
converting it into recycled coarse aggregates (RCA) suitable
for recycled aggregate concrete (RAC) and other uses. Since
the characteristics of the original concrete differ with its type
and geographic origin, the composition of RCA also varies,
and these differences in turn affect the properties of the recy-
cled concrete. Establishing an acceptable level of RCA re-
placement for NCA across different applications thus requires
extensive investigation of both RCA and RAC, together with
detailed assessment of the long-term performance of RAC.
Although several barriers still limit the wider adoption of

RCA and RAC, continued research can help to overcome them.

Ultimately, the recycling of demolished concrete can make an
important contribution to long-term environmental targets and
to more effective solid waste management worldwide.

Past studies on RCA include:

Levy and Helene (2004) reported that concrete made with re-
cycled aggregate derived from old masonry, at replacement lev-
els of 20%, 50%, and 100% and with the same water—cement
ratio of 0.5, could reach the same 28-day compressive strength
(20-40 MPa) as concrete made with natural aggregate. They
further observed that at 20% replacement, the recycled concrete
matched, and in some cases outperformed, the concrete contain-
ing only natural aggregate with respect to workability, water ab-
sorption, and compacting factor [3]. Ajdukiewicz and Kliszcze-
wicz (2002) demonstrated that recycled aggregate concrete
(RAC) can achieve a higher compressive strength than its par-
ent concrete. To reach adequate workability, however, the w/c
ratio must be adjusted, although the required change in water
content is relatively minor [4]. Park et al. (2004) found that
compressive strength declined once the recycled aggregate con-
tent exceeded 50%, based on replacement levels of 0%, 50%,
and 100% [5]. Etxeberria et al. (2007) reported a 20-25% re-
duction in 28-day compressive strength when the coarse aggre-
gate was fully (100%) replaced with recycled aggregate at an
effective wic ratio of 0.50. Ata w/c ratio of 0.55, mixes with 0%
and 25% replacement reached equal strength. Mixes with 50%
and 100% replacement attained that same strength only when
the cement content was raised by 6% and 8.3%, respectively,
and the w/c ratio was lowered to 0.52 and 0.50, respectively [6].
Boltryk and Mataszkiewicz tested mixes in which 0%, 25%,
50%, and 75% of the NCA was substituted with RCA, using
water—cement ratios of 0.45, 0.47, 0.49, and 0.51, respectively;
the aggregate gradation was also varied with the substitution
level. At 28 days, the mixes with 25% and 75% RCA gave the
highest compressive strength, whereas at 90 days the maximum
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strength was recorded for the 0% and 75% mixes, a notable and
somewhat unexpected result [7]. Li et al. likewise observed that
compressive strength generally fell as the w/c ratio increased,;
the 50% replacement mix was the only exception, showing a
rise in compressive strength at a higher wic ratio [8]. Karuna-
ratne and Kariapper (2013) found that concrete with 50% of the
NCA replaced by RCA developed a compressive strength com-
parable to that of concrete without RCA. Their study evaluated
the properties of recycled aggregate and the suitability of recy-
cled aggregate concrete relative to natural aggregate concrete
(NAC), using an M30 mix design and a w/c ratio of 0.56, and
identified 50% as the allowable replacement level [9]. Zhou and
Chen (2017) examined two types of RCA, namely recycled
crushed rock aggregate (RCRA) and recycled pebble aggregate
(RPA), with w/c ratios of 0.49 and 0.47 for the corresponding
concretes (RCRC and RPC). NCA was replaced by RCA by
weight from 0% to 100% in 10% increments. Concrete with 70%
RCA gained more strength than that with 50% RCA, whereas
the 100% mix showed a smaller gain. The authors attributed this
to a lower effective w/c ratio at higher replacement levels, since
recycled aggregate absorbs more water than natural aggregate;
at 70% replacement, the mix reached an optimum with im-
proved packing density and aggregate interlock compared with
the 50% mix. These findings also underline the value of loca-
tion-specific studies: because many variables govern the prop-
erties of RCA, results interpreted without regard to local condi-
tions may mislead the reader [10]. Mohammed et al. (2014)
studied the strength of concrete made with recycled brick ag-
gregate obtained from 33 demolished buildings of different ages,
testing more than 700 cylinder specimens at 7, 14, and 28 days.
The mixes used full (100%) replacement and wic ratios of 0.45
and 0.55. The recycled aggregate concrete developed strengths
of 20.7-31 MPa, and no significant change in compressive
strength was observed for coarse aggregate replacement of up
to 50%. At a w/c ratio of 0.45, the recycled aggregate performed
somewhat better than the virgin first-class brick aggregate com-
monly used in Bangladesh. This study likewise emphasizes that
local context must be considered, as numerous variables influ-
ence the properties of RCA [11]. Guo et al. investigated several
physical properties of recycled aggregate (RA) recovered from
demolished concrete pavements, using replacement levels of
0%, 25%, 50%, and 75% and a wic ratio of 0.3. The recycled
pervious concrete (RPC) achieved a higher compressive
strength than natural pervious concrete (NPC), possibly because
the rough texture of the recycled aggregate improves the bond
between the aggregate and the cement mortar [12]. Safiuddin et
al. examined the influence of RCA on the fresh and hardened
properties of concrete, using a w/c ratio of 0.6 and testing spec-
imens at 7 and 28 days. RCA had little effect on compressive
strength, as concretes with and without RCA reached similar
values; the exception was the mix with 100% RCA, which was
weaker than the control concrete. The limited effect of RCA
was attributed to improved interfacial bonding and interlocking,
since RCA particles are more angular and have a rougher sur-
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face texture than NCA [13]. Khan et al. (2019) studied the struc-
tural behavior of RAC beams in which 0%, 30%, 50%, 70%,
and 100% of the NCA was replaced with RCA at a water—ce-
ment ratio of 0.43. Strength increased at 70% replacement rela-
tive to 50% but decreased again at 100%. This trend was at-
tributed to the lower effective wi/c ratio caused by the higher
water absorption of RCA, with the 70% mix representing an
optimum in terms of packing density and interfacial bond [14].

Over the past few decades, RA has gained wider acceptance
as sources of NA become scarcer and landfill space dimin-
ishes. Reusing processed demolition waste is therefore a more
sustainable option that can lower both construction costs and
the consumption of natural resources, and the ready availabil-
ity of recycled aggregate can further encourage its uptake.
Available statistics show that very large quantities of demol-
ished concrete are produced every year, posing a serious risk
of environmental pollution. Greater public awareness of this
issue is needed, together with wider acceptance of RA as a
substitute for natural aggregate. Previous experimental work
and expert opinion broadly agree that demolished concrete can
serve as an environmentally friendly RA. Nevertheless, cer-
tain factors must be evaluated before RA is used for a partic-
ular project or purpose; for example, the demolished concrete
may require treatment or processing to remove impurities or
to improve aggregate properties. Some researchers have re-
ported that RA, whether processed or unprocessed, can out-
perform natural aggregate. Because the properties of RA vary
between sites and countries, material from a specific source
should be tested beforehand to identify all factors that may
affect the fresh and hardened concrete. Properties such as
workability, compressive strength, tensile strength, and den-
sity can be controlled by adjusting the wi/c ratio and the level
of NA replacement with RA. However, some RA behaviors

do not follow the expected trends, and further detailed inves-
tigation is required to explain these unusual characteristics of
RAC. Given its suitability, sustainability, and environmental
benefits, RAC is likely to be widely adopted over the coming
decades.

1.2. Objectives

This paper’s objectives therefore include:

1) To utilize demolished concrete as recycled concrete ag-
gregate (RCA) in support of environmental sustainabil-
ity while limiting any loss of strength.

2) To assess how different levels of RCA substitution for
natural coarse aggregate (NCA) influence the strength of
concrete.

3) To identify an optimum and dependable RCA replace-
ment level by comparing the present results with those
of earlier studies.

4) To examine how RCA content affects the water—cement
ratio, density, and compressive strength of recycled ag-
gregate concrete (RAC).

2. Methodology

2.1. Specimen Details

To achieve the objectives of this study, concrete was pro-
duced with different RCA proportions, and six mix batches
were prepared as outlined in the test plan (Table 1). The num-
ber of specimens cast for each level of NCA replacement with
RCA is given in the table.

Table 1. Test Plan.

Number of Specimens

wic 0% 20% 40%
0.50 3 3 3
2.2. Materials

Portland Composite Cement (PCC) served as the binder in
all concrete mixes (Figure 1a), with an assumed unit weight
of 1440 kg/m?® (typical value for composite cement). Locally
sourced quartzite river sand finer than 5 mm was used as fine
aggregate (Figure 1b), with an assumed unit weight of 1440
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60% 80% 100%

kg/m? (typical value for river sand). Crushed brick chips, the
natural coarse aggregate (NCA) used in every mix, were ob-
tained from local suppliers with a maximum size of 1 inch
(Figure 1c). The recycled aggregate consisted of waste stone-
chip concrete recovered from the demolished pile cap of an
existing structure. These concrete pieces were broken down
manually and mechanically to produce coarse aggregate with
a maximum size of about 1 inch (Figure 1d).
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(b)
Figure 1. Materials (a) Cement (b) River Sand (c) Natural Coarse Aggregate (NCA) & (d) Recycled Coarse Aggregate (RCA).

2.3. Aggregate Properties

Aggregate properties strongly govern the quality and be-
havior of concrete. Accordingly, the necessary aggregate tests
were conducted at the start of the study to understand and ex-
plain how RCA affects concrete performance. Sieve analysis
and fineness modulus tests were carried out on both coarse
aggregates (NCA and RCA) in accordance with ASTM C136-
96A. The sieve analysis establishes the particle size distribu-
tion of each aggregate and allows their uniformity and simi-
larity to be compared. As Figure 2 shows, the gradations of
NCA and RCA used in each batch were broadly comparable.
Both curves, however, indicate that NCA contained a slightly
larger proportion of finer particles than RCA, because the de-
molished concrete was not crushed into very small fragments
during RCA production.

Particle Size Distribution Graph
120

100
80

60

% Finer

40

20

2l

10
Sieve size (mm)
—+—RCA NCA
Figure 2. Comparison of particle size distribution between RCA &
NCA.

[N
4

100

Specific gravity and water absorption of the coarse aggre-
gates were determined according to ASTM C127-88, and bulk
density (unit weight) was measured following ASTM C29/C
29M-97. The resulting physical properties are summarized in
Table 2. Unit weight is a key parameter because it reflects how
closely aggregate particles pack within a given volume; it is
also required to calculate the quantity of each aggregate in a
concrete mix. Previous work has shown that the amount and
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quality of adhered old mortar govern the unit weight and water
absorption of RCA. In most cases, the saturated surface dry
(SSD) density of RCA is lower than that of NCA because the
old mortar is itself of low density. In the present study, how-
ever, Table 2 indicates that the RCA had a higher unit weight
than the NCA. This agrees with the observation that RCA de-
rived from high-strength concrete is denser than RCA derived
from low-strength concrete. Because the RCA originated from
a pile cap, its parent coarse aggregate was stone chips, which
typically possess a higher unit weight and specific gravity than
brick chips (NCA). Water absorption is closely linked to unit
weight, with denser aggregate absorbing less water. The
higher unit weight of the RCA therefore accounts for its lower
absorption, whereas the lighter NCA absorbs considerably
more water owing to its greater porosity.

Table 2. Physical Properties of Coarse Aggregate.

PROPERTIES RCA NCA
Unit weight (kg/m3) 1353.33 1086.67
SSD Unit weight (kg/m?) 1493.03 1338.32
Bulk Sp. Gr. (OD) 2.214 1.696
Bulk Sp. Gr. (SSD) 2.443 2.089
Apparent Sp. Gr. 2.87 2.794
Absorption (%) 10.323 23.158
% Voids 38.75 35.8

2.4. Sampling, Mixing, and Curing

Cylindrical molds 100 mm in diameter and 200 mm in length
were used to cast the specimens. Specimen preparation and cur-
ing followed ASTM C31/C31M-19; the specimens were re-
moved from the molds 24 hours after casting and then cured in
a water tank for 28 days. A mix proportionof 1: 1.1: 3.1 (cement:
fine aggregate: coarse aggregate) was adopted based on the
British Standard method which target (which target strength
was nearly 15 MPa), with a water—cement ratio of 0.50. This
w/c ratio was chosen on the basis of earlier studies and the fa-
vorable performance reported for recycled aggregate. The mix-
ing and curing procedures are illustrated in Figure 3a & 3b.
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(UTM) in accordance with ASTM C39/C39M-01, as illus-
trated in Figure 4.

Figure 3. (a) Mixing & (b) Curing.

2.5. Compressive Strength Test

Following 28 days of curing, the compressive strength of (a) (b)
every mix was determined with a Universal Testing Machine Figure 4. (a) Before crushing, (b) After crushing.

3. Results & Discussion

Table 3 presents the compressive strength results, which varied with the level of NCA replacement by RCA (0%, 20%, 40%,
60%, 80%, and 100%).

Table 3. Compressive strength & hardened concrete cylinder unit wt. results.

SO - R N N
1 7.4 3.33 0.00157 2121.02
0% 2 7.15 7.19 331 0.00157 2108.28
3 7.03 3.32 0.00157 2114.65
1 8.88 3.45 0.00157 2197.45
20% 2 9.87 9.87 3.49 0.00157 222293
3 10.85 3.43 0.00157 2184.71
1 9.25 3.52 0.00157 2242.04
40% 2 11.35 10.20 3.54 0.00157 2254.78
3 9.99 3.52 0.00157 2242.04
1 1159 3.49 0.00157 222293
60% 2 8.14 10.36 354 0.00157 2254.78
3 11.35 3.52 0.00157 2242.04
1 10.98 354 0.00157 2254.78
80% 2 1061 1057 3.63 0.00157 2312.10
3 10.11 3.59 0.00157 2286.62
1 9 3.65 0.00157 2324.84
100% 2 8.63 9.62 3.69 0.00157 2350.32
3 11.22 3.63 0.00157 2312.10
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Figure 5 shows that the compressive strength of the con-
crete cylinders rose as the RCA content increased up to 80%,
but fell when the NCA was fully (100%) replaced. The rising
trend can most likely be attributed to the good quality of the
crushed recycled stone aggregate, which also improved bond-
ing within the concrete. Hence, the properties of the parent
aggregate in the RCA had a major influence on the compres-
sive strength of the specimens.

12

10.36 10.57
10 -

9.87 10.2 962
8 f-7.19
6
4 -
5
0 - . . . . .
0 20 40 60 80 100

RCA replacement %

stress (Mpa)

Figure 5. Compressive strength graph.

Table 3 also reports the unit weight of the hardened con-
crete cylinders, and Figure 6 plots compressive strength
against this unit weight. Since hardened unit weight reflects
both the degree of compaction and the unit weight of the
coarse aggregate, it offers insight into their effect on strength.
As Figure 6 shows, the compressive strength of recycled ag-
gregate concrete (RAC) rises with increasing hardened den-
sity, a pattern consistent with the findings of Kumutha and Vi-
jai [15]. For the 0.5 w/c ratio, the trend line shows a mild up-
ward slope. Because cement, water, and aggregates differ in
density, the overall density of concrete depends on the propor-
tions of its constituents and on the compaction effort applied.
Denser concrete usually contains fewer voids and therefore
develops higher strength. Fewer voids also make the concrete
less permeable to water and dissolved substances, which low-
ers water absorption and is expected to improve durability.

14

o« s
10 -+
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o .
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stress (MPa)
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hardened concrete cylinder unit weight (kg/m~3)

Figure 6. Impact of compaction.
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These results show that compressive strength increased
with the level of NCA replacement by RCA up to 80%. Sev-
eral factors explain this behavior. A lower effective water—ce-
ment (w/c) ratio yields a denser matrix with fewer pores and
hence higher strength. In addition, concrete strength is
strongly governed by aggregate quality: the aggregate recov-
ered from the demolished pile cap, whose parent aggregate
was stone chips, is stronger than the aggregate typically ob-
tained from demolished buildings, which raises the overall
strength of the concrete. The strength gain from 0% to about
80% RCA can thus be attributed to better aggregate interlock,
an internal curing effect, a reduced effective water—cement ra-
tio, and a limited amount of old mortar. At 100% RCA, how-
ever, the large quantity of weak, porous adhered mortar,
higher porosity, weaker interfacial transition zones, greater
water absorption, and reduced stiffness of the aggregate skel-
eton become dominant, causing strength to decline. These
findings indicate that recycled concrete aggregate can be used
safely in concrete. RCA replacement of up to 50% is recom-
mended for structural applications, and up to 80% may be used
for non-structural applications. Full (100%) replacement is
generally not advised because of the reduction in strength, un-
less suitable measures are adopted. Nonetheless, the 100%
mix still outperformed the 0% mix, suggesting that full re-
placement may be feasible if the aggregate is appropriately
treated. Safiuddin et al. likewise advised against 100% RCA,
as it gave lower compressive strength than the control con-
crete [13]. Mohammed et al. also recommended replacing up
to 50% of NCA with RCA [11], and Karunaratne and Ka-
riapper proposed the same 50% limit [9]. In contrast, Zhou and
Chen reported higher strength at 70% than at 50% replace-
ment, which closely agrees with the present findings [10].

4. Conclusion

This paper studied the properties of concrete made with
RCA and the following conclusions were deduced from the
investigation:

Most previous researchers have recommended limiting
RCA replacement to 20-25%. The present study, however, in-
dicates that up to 50% replacement is suitable for structural
applications, and up to 80% can be used safely in non-struc-
tural applications, provided that mix design, water content,
and curing are properly controlled. At 100% RCA replace-
ment, strength decreases because of the large quantity of weak,
porous adhered old mortar, higher water absorption, greater
porosity, the formation of multiple weak interfacial transition
zones, and the reduced stiffness of the aggregate skeleton. Full
replacement may nevertheless be achievable if the aggregate
is suitably treated beforehand. Overall, RCA used within an
optimum replacement range offers acceptable mechanical per-
formance together with considerable environmental benefits,
making it a sustainable substitute for natural aggregate. Before
RA is adopted for structural concrete, however, its specific
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characteristics should be evaluated experimentally, since the
properties of recycled aggregate vary from site to site with the
type and age of the source structures. Properties of RAC such
as workability, compressive strength, tensile strength, and
density can be tailored by adjusting the wic ratio and the RCA
replacement level.
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