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Abstract

The present study investigates the rebound hammer number (RHN), ultrasonic pulse velocity (UPV), compressive strength,
split tensile strength, and modulus of elasticity of concrete made with recycled coarse aggregate and bottom ash. The natural
coarse aggregates (crushed rock aggregates) and fine aggregates (sand) are partially or fully replaced (0%, 50%, and 100%)
with recycled coarse aggregates (RCA) and coal bottom ash (BA), respectively. Standard concrete specimens were then
cast to determine the former properties at 28- and 90-days of curing. The experimentally obtained RCA and BA concrete
properties are found comparable to conventional concrete. It has been observed that 100% RCA concrete properties at 90
days are similar to the 28 days of conventional concrete properties. Scanning electron microscope (SEM) analysis has also
been performed to examine the mechanism behind the observed properties of RCA, BA, and RCA + BA (concrete containing
both RCA and BA) concrete. Based on the experimentally obtained 28-day compressive strength, UPV, and RHN values,
the analytical models for predicting the compressive strength, splitting tensile strength, and static modulus of elasticity
of RCA, BA, and RCA + BA concrete at any age are also proposed. The values calculated from the proposed models are
in good agreement with the experiments. The present study will be helpful for the designers and engineers in practice for
fixing preliminary dimensions of concrete elements made with RCA, BA, and RCA + BA concrete mixes, thus leading to
sustainable concrete construction.
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Abbreviations 1TZ Interfacial transition zone

RCA Recycled coarse aggregate OopPC Ordinary Portland cement

BA Coal bottom ash wlc Water-to-cement ratio

RCA+BA  Concrete containing both RCA and BA C-S-H Calcium-silicate—hydrate

RHN Rebound hammer number

UPV Ultrasonic pulse velocity

SEM Scanning electron microscope Introduction

C&D Construction and demolition waste

PFA Pulverized fuel ash The rapid growth of infrastructural development demands a
GGBFS Ground granulated blast furnace slag considerable volume of materials, including steel, concrete,

timber, etc. Out of which concrete is one of the most exten-
sively used construction materials for civil engineering pro-
jects, such as concrete bridges, dams, multistoried buildings,
and rigid pavements, worldwide [1, 2]. A massive quantity

< Ashray Saxena
saxena_ashray @utexas.edu

! Department of Civil, Architectural and Environmental of natural resources (stones and sand) is required in such
Engineering, University of Texas at Austin, Austin, TX, concrete construction. For concrete production, 70-75%
USA volume of aggregates is required in the overall mix, where

2 TUM School of Engineering and Design, Technical 60-67% of total aggregates (by volume) constitute coarse
University of Munich, Munich, Germany aggregate, and the remaining 33—40% constitute fine aggre-

?  Department of Civil Engineering, Z.H. College gate. However, the scarcity of virgin aggregates and increas-

of Engineering and Technology, Aligarh Muslim University,

; | ing construction costs using natural resources have posed a
Aligarh, India

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s41062-023-01165-y&domain=pdf
http://orcid.org/0000-0002-6650-9446

197 Page20f18

Innovative Infrastructure Solutions (2023) 8:197

new challenge to design engineers. In the past few decades,
several measures to improve the economic and ecological
efficiency in the construction sector have been considered to
counteract these problems [3]. One is re-using construction
and demolition (C&D) waste materials in concrete produc-
tion, leading to sustainable construction. In recent decades,
the quantity of C&D waste has risen due to the expiration
of a structure’s life, renovation of old structures, or due to
wars. These waste materials are disposed of in landfills
leading to significant environmental issues. Re-using such
material as recycled coarse aggregate (RCA) might be a
solution to reduce the burden of C&D waste on landfills
while conserving natural resources for concrete production
[4]. Though concrete made with recycled coarse aggregate
possesses several economic and environmental benefits [5],
the greater porosity and higher water absorption capacity of
recycled coarse aggregate lower the performance of recy-
cled aggregate-based concrete [6]. Tangchirapat et al. [7]
reported that concrete prepared with RCA possesses lower
compressive strength, tensile strength, and modulus of elas-
ticity than conventional concrete. Instead, Sagoe-Crentsil
et al. [8] showed that concrete prepared with RCA has 12%
less abrasion resistance than concrete prepared with natu-
ral aggregates. Such behaviors of concrete containing RCA
are attributed to RCA's high porosity and water absorption
capacity.

In contrast, researchers also used pulverized fuel ash
(PFA), ground granulated blast furnace slag (GGBFS),
brick, plastic, glass, ceramics, crumb rubber and steel waste
materials to improve the strength characteristics of differ-
ent types of concrete [9—14]. Ann et al. [9] reported that
using 30% PFA and 65% GGBFS in concrete containing
RCA result in the compressive strength of modified con-
crete equivalent to the strength of conventional concrete
prepared with natural aggregates, while Wang et al. [10]
used pozzolanic powders and superplasticizers to improve
the mechanical properties of concrete containing RCA. Use
of such admixtures resulted in a denser interfacial transi-
tion zone (ITZ) in RCA, thereby improving the mechanical
behavior of concrete containing RCA. In addition, Ebadi-
Jamkhaneh et al. [11] observed the mechanical properties of
burnt clay bricks prepared with plastic and steel waste. They
concluded that bricks designed with cast iron powder have
a higher strength than conventional brick. Another study by
Abdellatief et al. [12] concluded that clay brick wastes were
helpful for producing sustainable cement bricks. Tahwia
et al. [13] used waste materials such as glass, ceramics, and
crumb rubber to produce ultra-high-performance geopoly-
mer concrete and found acceptable properties of concrete
for different applications. Recently, a detailed survey was
carried out by Mohammed et al. [14] and Ahmed et al. [15]
on the prediction of mechanical properties, respectively, of
geopolymer concrete and concrete composites containing
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recycled fibers. They reported that the proposed equations
were accurate and could be used to predict geopolymer con-
crete's mechanical properties. It was also concluded that the
different types of recycled fibers could be used in concrete
composites to achieve the desired mechanical properties.
Moreover, Unis et al. [16] examined that the strength of
geopolymer concrete could be increased by adding nano-
silica. Singh and Ram [17] revealed that properties of fresh
and hardened concrete were improved with the increase in
the percentage of fly ash, copper slag, and coal bottom ash
in the concrete mixtures. In 2023, Li et al. [18] studied the
durability of artificial lightweight coarse aggregate concrete
prepared with municipal solid waste incineration bottom
ash and three cementitious materials, viz. Portland cement,
GGBEFS, and fly ash. The authors reported improvement in
the durability of modified concrete with reduced CO, emis-
sions. Sor et al. [19] also carried out the experimental and
analytical study on the strength of lightweight self-compact-
ing concrete prepared with high industrial waste materials. It
was found that the strength of lightweight self-compacting
concrete decreased with increased polystyrene beads, but the
strength value was within the limit specified by American
Concrete Institute (ACI).

Developing countries such as India produce large
amounts of concrete and manufacture vast quantities of
cement, a construction material that contributes to the
global carbon footprint. Over the world, the cement indus-
try accounts for 7% of total CO, emissions [20, 21]. For
this reason, the use of cement is retarded by taking advan-
tage of the pozzolanic properties of different materials like
silica fume, fly ash, bottom ash, and rice husk ash. These
materials make concrete more environmentally friendly,
energy-efficient, and cost-effective. Today, in most coun-
tries, fly ash and bottom ash have become popular mate-
rials for concrete and embankment construction. Bottom
ash is a waste material generated from the coal-based ther-
mal power plant and has much lower pozzolanic proper-
ties compared to fly ash, making it unsuitable for cement
industries. The bottom ash can be defined as a heteroge-
neous particle consisting of minerals, magnetic and para-
magnetic metals, glass, synthetic and natural ceramics,
and unburned materials [22]. Currently, bottom ash gets
disposed into the pond, which poses risks to human health
and the environment. Additionally, the hazardous constitu-
ents of the bottom ash migrate into the groundwater and
pose a threat to living organisms [23]. In 2020-2021, India
alone produced 232.56 million tons of coal ash on 686.34
million tons of coal in thermal power plants [24]. Hence, it
is necessary to safely dispose of bottom ash by substituting
it as natural fine aggregate (sand) in concrete construction.
Ghafoori and Buchole [25] reported that durable concrete
could be prepared by replacing natural fine aggregate with
bottom ash. While a study carried out by Aggarwal et al.
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[26] suggested that bottom ash concrete mixtures have
lower compressive strength than the conventional mix at
all curing ages, but the variation in compressive strength
after 28 days of curing becomes less distinct. On the other
hand, Kim and Lee [27] reported no significant decrease
in the strength of bottom ash concrete mixtures compared
to concrete containing natural aggregates. However, the
modified concrete showed a considerable reduction in
the modulus of elasticity after bottom ash incorporation.
Recently, Yang et al. [28] concluded that concrete contain-
ing bottom ash had less than 3% variation in mechanical
properties than conventional concrete.

In the recent decade, studies have been carried out to
investigate the combined effect of recycled coarse aggre-
gate and bottom ash on the mechanical properties of con-
crete [29-31]. Singh et al. [29] used recycled coarse aggre-
gate and bottom ash as substitutes for natural stone and
natural sand in self-compacting concrete. They reported
18% and 50% reductions, respectively, in compressive and
tensile strengths of concrete prepared with 100% RCA and
BA, compared to conventional concrete. Kumar and Singh
[30] also investigated the mechanical behavior of self-
compacting concrete containing recycled coarse aggre-
gate (0-100%) as a substitute for natural coarse aggregate
and 10% bottom ash as a substitute for natural sand. The
experimental findings have shown the highest reduction
(11%) in the compressive strength of modified concrete at
28 days of curing after incorporating 75% RCA and BA
as replacements for conventional aggregates. In addition,
the tensile strength of concrete was observed to reduce by
26% compared to conventional concrete after adding RCA
and BA. On the other hand, Juric et al. [31] reported that
compressive strength of 40 MPa could be achieved even
after using RCA and BA as replacements for coarse and
fine aggregates, respectively.

Additionally, some researchers also performed multivari-
able regression analysis by using statistical tools to predict
the mechanical properties of concrete containing industrial
wastes [32-36]. The proposed empirical relations achieved
acceptable agreement between experimental and predicted
values.

Based on the previous studies, it has been observed that
the RCA and BA have the potential for use in concrete as a
partial or total replacement for coarse and fine aggregates,
respectively. Most studies have focused on using RCA and
BA as natural coarse and fine aggregates at low levels in dif-
ferent types of concrete. Thus, the following key points are
the research significance for the present study:

e Limited information is available on using a combination
of RCA and BA as a partial or total replacement of coarse
and fine aggregate in concrete, respectively, which need

more attention for natural resource conservation and sus-
tainable concrete construction.

e The research hypothesis is to utilize RCA and BA at high
volume as coarse and fine aggregate, respectively, in con-
crete and to examine their effects on concrete's mechani-
cal properties.

e The present experimental study is focused on controlling
the use of natural resources such as crushed rock aggre-
gate in concrete construction and resolving the disposal
and environmental issues associated with concrete demo-
lition and industrial byproduct wastes.

e Scanning electron microscopy (SEM) analysis has
been performed to examine the mechanism behind the
mechanical properties of RCA, BA, and RCA 4+ BA con-
crete, which have not been discussed earlier.

e Analytical solutions based on 28-day compressive
strength, UPV, and RHN values have been proposed
to predict the compressive strength, splitting tensile
strength, and modulus of elasticity of RCA, BA, and
RCA + BA concrete at any age.

e The proposed models can predict the strengths and mod-
ulus of elasticity of existing concrete structures prepared
with RCA, BA, or RCA +BA at any age without knowing
the laboratory test results.

e The present study will be helpful for the designers and
practicing engineers for fixing preliminary dimensions
of concrete elements made with RCA, BA, or RCA +BA
concrete mixes.

Experimental design
Materials

The present experimental study chose grade 43 of ordinary
Portland cement (OPC) as a binder. The OPC properties
conformed to the recommendations of IS 4031 [37] are listed
in Table 1. The river sand (locally available) lying in zone-
IIT with fineness modulus and specific gravity of 2.4 and
2.6, respectively, was used as natural fine aggregate, while
crushed quartzite rock aggregate of maximum size 20 mm
was used as natural coarse aggregate having specific gravity,

Table 1 Physical properties of OPC

Property Observed value
Specific gravity 3.15

Initial setting time (min) 50

Normal consistency (%) 30

Soundness (%) 2.1

28-day compressive strength (MPa) 43.1

@ Springer
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Fig. 1 Coal bottom ash

fineness modulus, and water absorption of 2.67, 6.89, and
1%, respectively. The physical properties of fine and coarse
aggregate are satisfied as per IS 383 [38]. The crushing and
impact values of natural coarse aggregate were 19% and
17%, respectively.

This study used coal industry-based bottom ash (BA)
as a partial or total replacement of riverbed fine aggregate
(by weight). The bottom ash was acquired from National
Thermal Power Plant (NTPC), Dadri, Uttar Pradesh, India.
Figure 1 shows the bottom ash collected from the thermal
power plant. On the other hand, the recycled coarse aggre-
gate (RCA) used as a partial or total replacement of natural
crushed rock aggregate was acquired from a locally demol-
ished building. Firstly, the concrete blocks were procured
(Fig. 2a) from a concrete building demolished after 27 years
of age and then transported to the laboratory in plastic bags
(Fig. 2b). Finally, the collected material was crushed in
the laboratory at ambient temperature to reduce its size as
per the size requirement of coarse aggregates in concrete.

Fig.2 Generation of recycled coarse aggregate: a demolished concrete blocks; b transportation of concrete blocks in plastic bags; and ¢ RCA

prepared in the laboratory

Table 2 Particle size distribution of fine aggregate and BA

IS sieves Fine aggregate BA
Weight Cumulative Cumulative Percent Weight Cumulative Cumulative Percent
retained weight retained  percent weight weight retained weight retained  percent weight weight pass-
(gms) (gms) retained passing (gms) (gms) retained ing
10 mm 0 0 0 100.0 0 0 0 100.0
4.75 mm 180.0 180.0 6.0 94.0 0.0 0.0 0.0 100.0
2.36 mm 240.0 420.0 14.0 86.0 150.0 150.0 5.0 95.0
1.18 mm 270.0 690.0 23.0 77.0 210.0 360.0 12.0 88.0
600 micron 450.0 1140.0 38.0 62.0 580.0 940.0 313 68.7
300 micron 830.0 1970.0 65.7 34.3 1640.0 2580.0 86.0 14.0
150 micron 840.0 2810.0 93.7 6.3 360.0 2940.0 98.0 2.0
Pan 190.0 3000.0 100.0 0.0 60.0 3000.0 100.0 0.0
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Table 3 Particle size distribution of natural coarse aggregate and RCA

IS sieves  Coarse aggregate RCA
Weight Cumulative Cumulative Percent Weight Cumulative Cumulative Percent
retained weight retained  percent weight weight retained weight retained  percent weight weight
(gms) (gms) retained passing (gms) (gms) retained passing
80mm O 0.0 0.0 100.0 0 0 0 100
40mm O 0.0 0.0 100.0 0 0 0 100
20mm  210.0 210.0 42 95.8 250.0 250.0 5.0 95.0
10mm  4030.0 4240.0 84.8 15.2 3555.0 3805.0 76.1 239
475mm 760.0 5000.0 100.0 0.0 1195.0 5000.0 100.0 0
Pan 0 5000.0 100.0 0.0 0.0 5000.0 100.0 0

Table 4 Physical properties of coal bottom ash and recycled coarse
aggregate

Observed value

Property BA RCA
Specific gravity 2.28 2.65
Fineness modulus 2.32 6.81
Water absorption (%) 14.8 1.8
Color Black grey -
Crushing value (%) - 18
Impact value (%) - 16

Figure 2c shows the crushed aggregates used as recycled
coarse aggregates to prepare modified concrete. The particle
size distribution of fine aggregate and BA, natural coarse
aggregate and RCA is given in Tables 2 and 3, respectively,
as per IS 383 [38]. The physical properties of BA and RCA
are listed in Table 4.

Mix design

A total of seven concrete mixes were prepared in the pre-
sent study. Firstly, the conventional (i.e., control) concrete
mix containing natural coarse and fine aggregate of M25
grade was designed using the trial method, considering the
guidelines of IS 10262 [39], and designated as M1. The
mix M1 was then re-proportioned by replacing only natural
coarse aggregate with 50% and 100% RCA to obtain RCA
concrete mixes, designated as M2 and M3, respectively. In
addition, re-proportioning of the M1 mix was done again
by replacing only fine aggregate with 50% and 100% BA
to obtain BA concrete mixes, designated as M4 and M5,
respectively. Finally, mix M1 was modified by replacing
both coarse and fine aggregates with 50% and 100% RCA
and BA, respectively, and the mixes were designated M6 and
M?7. M6 and M7 concrete mixes are developed to investigate
the combined effect of the high percentage of RCA and BA
on the performance of conventional concrete. Moreover, the

quantity of cement and water-to-cement (w/c) ratio were not
changed for all concrete mixes to examine only the effect of
fine and coarse aggregate replacement, respectively, with BA
and RCA on the mechanical properties of concrete contain-
ing different percentages of BA and RCA. Initially, coarse
aggregates (i.e., 0%, 50%, and 100% RCA) in saturated sur-
face dry condition and fine aggregates (i.e., 0%, 50%, and
100% BA) were mixed thoroughly, and then, the required
amount of cement was added. A mixer was used to prepare
the uniform dry mix, where mixing was carried out for at
least one minute. The required dosage of water was then
added gradually to the prepared dry mix, and the mixer was
rotated for two minutes to produce a cohesive mix. It should
be noted that standard molds of 100 mm X 200 mm (internal
diameter X internal height) dimensions were filled with con-
crete mixes in three layers, where each layer was compacted
using vibratory table to maintain the consistency and density
of compacted concrete. The mix proportions of the concrete
mixtures evaluated in this study are listed in Table 5.

Specimen preparation and testing

In this study, cylindrical concrete specimens of dimensions
100 mm X 200 mm (diameter X height) were prepared to
evaluate the concrete mixes' 28-day and 90-day mechani-
cal properties. All the concrete specimens were taken out
of the cylindrical mold after 24 h of casting followed by
curing underwater or under submerged curing conditions
for 28 and 90 days, as shown in Fig. 3a. A standard labora-
tory temperature, i.e. (27 +2 °C), was maintained during the
preparation and curing of concrete specimens. After 28 and
90 days of curing, non-destructive testing was performed
on all the concrete specimens evaluated in this study. The
ultrasonic pulse velocity was measured using the UPV tester,
as shown in Fig. 3b. The UPV tester was made by Proceq,
Switzerland, with the accessories including 58E-48 ultra-
sonic tester, 54 kHz type, two transducers (one receiver and
one transmitter head), connecting cables, a rod for calibra-
tion, a coupling agent for filling any pores on the surface
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Table 5 Concrete mix proportions

Mix ID Replacement of Replacement  RCA (kg/m®) BA (kg/m?) Cement (kg/m®) w/c ratio Fine aggre- Coarse
RCA (%) of BA (%) gate (kg/m®)  aggregate

(kg/m3)

Ml 0 0 0 0 422 0.45 576 1168

M2 50 0 584 0 576 584

M3 100 0 1168 0 576 0

M4 0 50 0 288 288 1168

M5 0 100 0 576 0 1168

M6 50 50 584 288 288 584

M7 100 100 1168 576 0 0

Fig.3 Details of preparation and testing of concrete specimens: a curing of specimens; b UPV tester with accessories; ¢ Schmidt’s rebound

hammer; d compressometer; and e compression testing machine

of specimens to provide proper contact between transduc-
ers and surfaces of the specimen and two 1.5-V alkaline
D-type batteries. On the other hand, the rebound hammer
number (RHN) was measured with the help of a rebound
hammer device made by Proceq, Switzerland, as shown in
Fig. 3c. The RHN tester had the specifications as 2.207 Nm

@ Springer

(N) and 0.735 Nm (L) impact energy, 115-g hammer mass,
0.79 N/mm (N), and 0.26 N/mm (L) spring constant, 75 mm
spring extension, and dimensions of the hammer were
55%55%250 mm (340 mm to the tip of the plunger). The
plunger dimensions were 105 X 15¢p mm/radius of a spheri-
cal tip, 25 mm, and 600 g weight. Once the non-destructive
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testing on the concrete specimens was completed, the spec-
imens were tested in destructive testing, i.e., under com-
pression for determination of compressive and splitting
tensile strength as per the guidelines of IS 516 [40] and IS
5816 [41], respectively. The test for determining the elastic
modulus of concretes evaluated in this study was performed
according to ASTM C469 [42]. A compressometer with two
dial gauges (with the least count of 0.01 mm), shown in
Fig. 3d, was used to measure the longitudinal strain in con-
crete specimens subjected to compression in a compression
testing machine. The capacity of the compression testing
machine, as shown in Fig. 3e, was 200 tons and was used
to determine the mechanical properties of conventional and
modified concrete mixtures. While determining the com-
pressive and indirect tensile strength of concrete mixtures,
the load on the specimens was increased gradually at a load-
ing rate of 14 N/mm? per minute. During testing, the load
and displacements are recorded to obtain the maximum load
resisted by each mixture to calculate the respective compres-
sive and indirect tensile strength of given concrete speci-
men. Finally, the elastic modulus of concrete specimens was
measured using the secant modulus, which was obtained by
joining two points on the stress—strain curve, i.e., by join-
ing the origin to the point of 40% of ultimate compressive
strength (f, ) of respective concrete (0.4f, ). The results of the
mechanical properties of each mixture and at different ages
were summarized based on the average of five specimen
readings. In addition, a microscopic study was performed
using a scanning electron microscope (SEM) to understand
the microstructure of concrete containing recycled coarse
aggregate and bottom ash. SEM images were used to analyze
the presence of micro-cracks and pores within the concrete
structure for all the tested concrete specimens. The SEM
analysis was conducted on crushed pieces of specimens
obtained after the destructive testing. The obtained crushed
pieces were first coated with gold prior to observation.

Results and discussions

Quality check of concrete made with RCA and BA
using non-destructive testing

The results of the Schmidt rebound hammer test for con-
cretes containing different percentages (0, 50, and 100%) of
recycled coarse aggregate and bottom ash are presented in
Fig. 4a. As per the guidelines provided by IS 13311-Part II
[43], it should be noted that a rebound number less than 20
denotes poor quality concrete, while a value more than 40
indicates a very good hard layer of concrete. For the concrete
mixtures prepared in this study, the Rebound number was
observed in the range of 23-30, thereby indicating the qual-
ity of concrete to be fair and good. The rebound number of
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Fig.4 Rebound hammer number and ultrasonic pulse velocity results
of concretes evaluated in this study: a rebound hammer number ver-
sus curing age; and b ultrasonic pulse velocity versus curing age

control specimen at all curing ages is the highest compared
to other concrete mixtures evaluated in this study because
of the uniform mixing of constituents of the control mix.
However, with the increase in the curing age, i.e., at 90 days
of curing, the rebound number of concrete containing 100%
RCA achieved the good hard layer concrete range. The rea-
son behind getting the higher rebound number for concrete
prepared with 100% RCA than concrete having 50% RCA
may be attributed to the hydration of old mortar paste avail-
able on the surface of RCA.

In contrast, the replacement of natural sand with bottom
ash influenced the bond between the constituents of con-
crete. Thus, it resulted in a lower rebound number compared
to that of M1, M2, and M3 concrete mixes. Investigations
have shown that bottom ash particles are more porous and
weaker than natural sand particles [44], which results in
higher water demand for the mixes. The demand for higher
w/c results in a low density of aggregate, and the trapped
water in the mix results in the formation of small pores near
the aggregate surface. These pores prevent the bonding
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between the cement paste and aggregates, resulting in a
lower rebound number. In the present study, the rebound
number of concrete containing 100% RCA and BA is lowest
than other mixes. The reason is the interference of bottom
ash particles with RCA particles, which might have resulted
in poor interfacial bonding between the cement mortar and
aggregate, ultimately affecting the hydration of old mortar,
thus reducing the rebound number.

BS1881 [45] suggested that the rebound number indicates
the hardness of concrete only up to 30 mm depth from the
tested surface. As per IS 13311-Part II [43], if the concrete
has internal micro-cracks, flaws, or heterogeneity across the
cross-section, the rebound hammer number will not indicate
the same. Teodoru [46] further suggested that the rebound
number indicates the strength of the outer concrete layer up
to a depth of 30-50 mm. In one of the previous studies, Nev-
ille [47] concluded that the rebound hammer test should not
be used alone to determine the strength of concrete. Hence,
the UPV test is performed to examine the reliability of the
concrete mixtures.

Figure 4b presents the UPV test results at 28 and 90 days
of curing for concretes evaluated in this study. The UPV
figures for all combinations were varied from 3.86 km/s
to 4.74 km/s. By comparing the obtained results with the
range of UPV given in IS 13311-Part I [48], it is pointed
out that all the concrete mixtures are in the range of good to
excellent quality concrete. However, in the concrete contain-
ing both RCA and BA, increasing the substitution level to
100% caused a reduction of 17.2% (at 28 days) and 11.8%
(at 90 days) in UPV values compared to that of the control
concrete. The UPV value of concrete mixtures containing
RCA and BA has been reduced due to the higher porosity of
RCA and BA aggregates than natural crushed limestone and
sand aggregates. Khatib [49] also reported 8.8% reduction in
UPYV values for the mixtures containing 100% fine recycled
concrete aggregate. As expected, the UPV value of concrete
containing 100% RCA is higher than that of the concrete
containing 50% RCA due to the hydration of old mortar
in the RCA specimens, based on a study carried out at the
microscopic scale by Gholampour et al. [50]. Finally, the
UPV test results are found in a similar pattern as discussed
for the rebound hammer test, suggesting the same hypothesis
for all concrete mixes.

Mechanical properties of concrete made with RCA
and BA

Figure 5a highlights the compressive strength of the con-
crete mixes evaluated in this study with increased curing
age. The conventional concrete yielded the highest com-
pressive strength at 28- and 90-days, 27 MPa and 29 MPa,
respectively. Meanwhile, the compressive strength of con-
crete containing RCA, BA, and their combination is lower
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Fig.5 Results of compressive strength, tensile strength, and modu-
lus of elasticity of concretes evaluated in this study: a compressive
strength versus curing age; b splitting tensile strength versus curing
age; and c static modulus of elasticity versus curing age

than conventional concrete at all curing ages. This could be
attributed to the fact that the presence of old-adhered mortar
on RCA and BA in mixes caused poor bonding between the
cement paste and aggregates and ultimately increased the
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water absorption capacity of the mixes leading to less dense
mix with pores near the aggregate surface [7, 8]. In addition,
concrete containing 100% RCA and BA exhibited the low-
est compressive strength amongst all the concrete mixtures
being tested at 28 and 90 days of curing. A similar trend has
been reported by Kumar and Singh [30], where the compres-
sive strength of concrete decreased after replacing coarse
and fine aggregates with RCA and bottom ash, respectively.
However, a sudden jump in compressive strength of concrete
containing 100% RCA and BA was observed from 28 to
90 days of curing age. The compressive strength of concrete
containing 100% RCA and BA was found to increase by
9.9% when the curing age of concrete was increased from 28
to 90 days. On the other hand, the increase in the compres-
sive strength of conventional concrete from 28 to 90 days
of curing was only 7.7%. The delay in hydration and slow
pozzolanic activity of concrete containing RCA and BA may
explain their significant increase in compressive strength
with an increase in curing age. This trend is similar to the
research conducted by Cheriaf et al. [51] and Singh and
Bharadwaj [52], where the compressive strength of concrete
incorporating bottom ash increased with increased curing
time due to the pozzolanic reaction process at a later stage.

Moreover, concrete should resist tensile forces during its
design life. The tensile strength of the concrete mixtures
was examined indirectly by determining the splitting ten-
sile strength of the mixes. The results of tensile strength at
28 and 90 days of the concrete mixtures evaluated in this
study are shown in Fig. 5b. Concrete containing RCA and
BA displays a similar trend in developing tensile strength
as compressive strength. The general trend suggests that
the tensile strength of conventional, RCA, and BA concrete
declines as the replacement level of natural aggregate by
the RCA and BA increases. Concrete mixtures blended with
100% RCA and BA demonstrated the lowest tensile strength
at all ages compared to other mixes. The 28-day splitting
tensile strength of M6 and M7 concrete mixtures is 65.9%
and 48.3%, respectively, of conventional concrete. In com-
parison, the 90-day splitting tensile strength of the M6 and
M7 concrete mixture is 72.7% and 54.7%, respectively, of
28-day conventional concrete strength. Hence, a prolonged
curing period allowed better pozzolanic reaction in concrete
specimens containing RCA and BA for a higher generation
of binding gel that assisted in strength development with an
increase in curing age [53].

From the literature published, it is clear that the use of
RCA and BA significantly affects the modulus of elasticity
of concrete. In general, the modulus of elasticity decreases
with the increase in coarse and fine aggregate replacement
levels. Figure 5c presents the results of the elastic modulus
of concrete mixtures evaluated in this study at 28 and 90
days of curing. As can be seen in the figure, the concrete’s
elastic modulus increases with curing age, irrespective of

the concrete mixture. The elastic modulus of concrete con-
taining RCA, BA or their combination is lower than the
conventional concrete at all curing ages, regardless of the
percentage replacement of natural coarse and fine aggregate
and curing age. The figure shows that the elastic modulus of
mix containing 100% RCA and BA is the lowest among all
the concrete mixtures being tested in the laboratory. From
28- to 90-days of curing, the elastic modulus of M2 and M3
concrete mixtures varies from 93-97% to 97-100%, respec-
tively, of the 28-day elastic modulus of control concrete.
Similarly, for M4 and M5 concrete mixtures, the elastic
modulus varies from 86-93% to 77-83%, respectively, while
for M6 and M7 concrete mixtures, this value is 82-89% and
72-82%, respectively. The porous nature and lower stiffness
of the old mortar and bottom ash are responsible for the
decrease in the modulus of elasticity of concrete containing
RCA and BA. In a study conducted by Andrade et al. [54],
concrete with 100% BA resulted in 34% reduction in modu-
lus of elasticity than concrete produced with natural sand.
Nakararoj et al. [55] also reported decreased elastic modulus
after addition of RCA and BA to high-strength concrete.

Strength development with time

In concrete construction, the development of strength with
time plays an essential role in achieving the desired or prac-
tical value of design strength. The graphical presentation
of experimental values of compressive and splitting ten-
sile strength are put forward in Fig. 5a and b, respectively.
From the results, it has been observed that the compres-
sive strength development from 28 to 90 days for M1 M2,
M3, M4, M5, M6, and M7 concrete mixes is 7.66%, 6.65%,
5.03%, 6.23%, 7.12%, 6.06%, and 9.90%, respectively. Simi-
larly, the splitting tensile strength development from 28 to
90 days for M1 M2, M3, M4, M5, M6, and M7 concrete
mixes is 13.10%, 12.07%, 10.93%, 13.11%, 16.30%, 10.42%,
and 13.33%, respectively. This shows that the maximum
compressive strength development is achieved in the M7
concrete mix prepared with 100% RCA and BA replacement.
In contrast, the maximum splitting tensile strength develop-
ment is observed in the M5 concrete mix with 100% BA
replacement. Thus, from compressive strength point of view,
the optimum mix is M3 among all RCA and BA concrete
mixes (since the strength of M3 and M1 mixes are close to
each other). Whereas from compressive strength develop-
ment viewpoint from 28 to 90 days, the optimum mix is M7
among all concrete mixes evaluated in this study, including
the conventional concrete mix.

Microstructure analysis

The inherent microstructure of concrete made with recy-
cled coarse aggregate and bottom ash affects its mechanical

@ Springer



197 Page 100f18

Innovative Infrastructure Solutions (2023) 8:197

properties. The hydration time, replacement percentage of
coarse and fine aggregates, and cement type (hardened or
fresh) all significantly affect the microstructure of conven-
tional concrete. In order to perform microstructure analysis,
images of broken concrete pieces (obtained after compres-
sive strength determination) mounted on SEM stub were
taken. The microstructural analysis using scanning electron
microscopy (SEM) supported and justified the experimental
results. Figure 6 shows the SEM images of the control mix
after 90 days of curing in the magnification of 500x, 2500x,
and 7000x used to compare the microstructure analysis of
concrete containing either or both recycled coarse aggregate
and bottom ash. The SEM image of the control mix shows
the calcium-silicate—hydrate (C—S—H) gel within the matrix
of concrete and dense structure with fewer microcracks and
pores.

Figure 7a and b shows the SEM images at the cut sur-
face of concrete containing recycled coarse aggregate, i.e.,
after 50% (M2) and 100% (M3) natural coarse aggregate
replacement, respectively, at 90 days of curing. The figure
shows microcracks and micropores on the old mortar surface
attached to RCA, which might have resulted in the inferior
quality of the M2 and M3 concrete mixtures. Mistri et al.
[56] reported that these cracks develop the initial fractur-
ing zone at the interface of new mortar and RCA, resulting
in poor-quality concrete containing RCA. Yap et al. [57]

Fig.6 SEM images of the con-
trol mix after 90 days of curing
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conducted a microstructure analysis on recycled concrete
aggregate and found that the failure of concrete containing
recycled coarse aggregate predominantly occurs at the inter-
face between the recycled coarse aggregate particles and the
adhered mortar. This is due to the accelerated crack propa-
gation facilitated by the presence of weaker mortar adhered
to the RCA. In this study, M3 concrete mixtures rendered
higher strength than M2 concrete mixtures. This might be
due to the further hydration of old mortar available on the
surface of recycled coarse aggregate, resulting in improved
bonding between RCA and new cement mortar. In addition,
ettringite crystals that appear in the form of needle in M3
concrete mixtures resulted in a stronger bond between the
old cement paste and aggregate.

The SEM images of concrete mixtures at 90 days of cur-
ing having natural sand replaced with BA, i.e., after 50%
(M4) and 100% (M5) replacement of fine aggregate with
BA, can be seen in Fig. 7c and d, respectively. It can be seen
in SEM images of concrete containing BA that microscopic
air gaps were formed due to the absorption of water by bot-
tom ash particles. When natural river sand is substituted with
BA, the microstructure changes the network structure of the
concrete. Specifically, the structure of the modified concrete
becomes more porous than the control concrete. Moreover,
utilization of bottom ash leads to detachment of grains in the
structure of concrete [58]. The formation of discrete grains
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Fig.7 SEM images of concrete
mixtures containing either recy-
cled coarse aggregate or bottom
ash: a concrete with 50% RCA;
b concrete with 100% RCA; ¢
concrete with 50% BA; and d
concrete with 100% BA
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and the porous area close to the aggregate surface might be
the leading cause of reduction in the compressive strength,
tensile strength, and modulus of elasticity of concrete pre-
pared with BA [58]. Additionally, the microstructure of
concrete containing bottom ash is observed different from
control mix due to the sluggish pozzolanic activity of coal

Fig.8 SEM images of concrete
containing both recycled coarse
aggregate and bottom ash: a
concrete with 50% RCA and
BA; b concrete with 100% RCA
and BA
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bottom ash, which causes a modest reduction in strengths of
concrete during early curing stages.

Finally, the microstructure of M6 and M7 concrete mix-
tures is obtained, as shown in Fig. 8a and b. In Fig. 8a and
b, with reference to 50% and 100% replacement of coarse
and fine aggregate, a large number of porous spaces and
microcracks can be observed in the mortar section, resulting
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in poorer interfacial bonding between the aggregate and the
cement pastes. Similar observations have been revealed in
past studies conducted by Abdellatief et al. [59, 60] and
Tahwia et al. [61]. In addition, the presence of large void
spaces in concrete mixtures incorporating both RCA and BA
results in the development of a weak interfacial transition
zone (ITZ) between the old and new mortar. Consequently,
the overall strength of such concrete mixtures reduces due to
the presence of this additional vulnerable connection [51].
Singh and Siddiqui [62] used bottom ash with foundry sand
and suggested that C—S—H gel was not widely spread in the
mix after addition of porous bottom ash into the concrete
mixture. Thus, BA concrete was observed to have lower
strength than conventional concrete. Overall, in this study,
the mechanical properties of concrete mixtures may have
been influenced by the formation of weak C—S—H gel, result-
ing from the incorporation of RCA and BA into the concrete
mixtures, as well as the porous characteristics of the old
mortar and BA. This observation is similar to the work of
Rafieizonooz et al. [63], where porosity and weak C—S-H
gel reduced the compressive strength of concrete after the
replacement of sand by BA.

Analytical solutions

The analytical models for predicting age-dependent mechan-
ical properties (i.e., compressive strength, splitting tensile
strength, and elastic modulus) of concrete containing RCA,
BA, or RCA + BA are needed to minimize the construction
time and monitor the health of the existing structures. The
results from the experimental investigations for concretes
containing either or both RCA and BA are obtained different
than the results of control concrete. The reason may be the
poor bonding between the old and new mortar and variation
in the properties of recycled coarse aggregate and bottom
ash. Therefore, in this study, new analytical models for pre-
dicting mechanical properties (i.e., compressive strength,
splitting tensile strength, and elastic modulus) of concrete
containing either or both recycled coarse aggregate and bot-
tom ash at any time have been proposed based on crush-
ing strength, UPV and RHN values of concrete mixtures. A
multivariable regression analysis has been carried out using
the hyperbolic expression to develop the models given in
Eqgs. (1-9) to predict strengths and modulus of elasticity of
RCA, BA, and RCA + BA concrete. The hyperbolic expres-
sion given in the statistical tool (i.e., sigma plot) was modi-
fied by incorporating the input parameters such as the age of
concrete, 28-day compressive strength, RHN, UPV, percent-
age of RCA, BA, and RCA + BA considered in the present
study [33, 34]. Faraj et al. [35] also used the statistical tool to
predict the compressive strength of self-compacting concrete
containing recycled plastic aggregates and industrial waste

@ Springer

ashes, while Ahmed et al. [36] used it for the prediction of
strength of geopolymer mortar. The models proposed in the
present study are applicable to OPC-based concrete mixes
containing different percentages of RCA, BA, and their com-
bination. However, further analysis is required for prediction
of strengths of other type of concretes such as geopolymer
concrete when containing RCA, BA, or their combination.

Age-dependent models for prediction
of compressive and tensile strength of concrete
containing either or both RCA and BA

The proposed models to predict the compressive strength of
concrete at any age based on the 28-day crushing compres-
sive strength of conventional concrete, UPV, and RHN val-
ues are shown in Egs. (1), (2) and (3). Equation (1) predicts
the compressive strength at any age of concrete mixtures
containing different percentages of RCA and BA through
destructive testing on control concrete mixture, i.e., by per-
forming compressive strength test on conventional concrete
mixture in the laboratory after 28 days of curing. On the
other hand, the models given in Eqgs. (2) and (3) are appli-
cable to the onsite inspection of concrete structures con-
taining different percentages of RCA and BA, where the
structural health of the buildings can be measured through
non-destructive testing. Since during structural health moni-
toring, it is not possible to determine the strength of concrete
based on a crushing test by taking a core from the existing
structure, the proposed models given in Egs. (2) and (3)
will help in determining the strength of concrete structures
containing different percentages of RCA and BA by using
UPYV and RHN values only.

_ €Xp ( C3prca + C4pba ) t (fc/ ) 28,plain

= (H
¢t C,+Cyt
’ ClO eXp (C7prca + C8pba + C()UPV)t
(fc)t,UPV = Cs + Cyt @)
/ _ Cigexp (Ci3Prea + Crappa + CisRHN)1 3
(f;‘)t,RHN - Cll + Cl2t ( )

where (f: )t = concrete compressive strength at age ‘¢’ of
cylindrical specimen (MPa); t=concrete age in days;

/

(£.),g 1. = 28-day conventional concrete compressive
¢ /28,plain

strength in MPa of the cylindrical specimen; p,, = recycled
coarse aggregate percentage in fraction; p,, = percentage of

bottom ash in fractions; (fc/)tupv = concrete compressive
strength at age ‘t’ using UPV in MPa; (f: )tRHN = concrete
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Fig.9 Comparison between measured and predicted compres-
sive strength of concretes evaluated in this study: a prediction using
28-day crushing compressive strength; b prediction using UPV; and ¢
prediction using RHN

compressive strength at age ‘¢’ using RHN in MPa; C1 to
C16 = model parameters having values 2.675,

0.947, —0.056, —0.412, 0.591, 0.918, 0.003, —0.266,
0.315, 5.921, 0.034, 0.118, 0.006, —0.290, 0.034 and 1.215,
respectively.

Figure 9a—c shows a comparison of the experimental and
predicted compressive strength of concretes evaluated in this
study based on (fc’ )28,p1ain’ UPV and RHN values [i.e., using
Egs. (1), (2), and (3)], respectively. The figures show that 100%,
87.5%, and 94.0% of the data points fall within an error band
of + 5% for the compressive strength prediction using Egs. (1),
(2), and (3), respectively. The acceptability of these models can
also be justified with R? values, obtained as 0.94, 0.98, and 0.98
for Egs. (1), (2), and (3), respectively. From the above model
prediction analysis, it can be suggested that the concrete com-
pressive strength can be predicted using Eqs. (2) and (3) based
on UPV and RHN values, respectively, for any percent replace-
ment of RCA and BA. In addition, these models can be applied
to existing concrete buildings to assess their residual strength
without knowing the laboratory's 28-day compressive strength
based on the crushing test.

The analysis of experimental results and the empirical rela-
tionships in design codes of different countries revealed that
compressive strength could play an essential role in predict-
ing the splitting tensile strength (f,) of concrete mixtures.
However, an age-dependent model for predicting the splitting
tensile strength of concrete prepared with RCA and BA is still
needed based on compressive strength at 28 days, UPV, and
RHN values of the respective concrete mixtures. Thus, based
on the multivariable regression analysis and by using models
given in Egs. (1), (2), and (3), the following models presented
in Egs. (4), (5), and (6) have been proposed for predicting the
splitting tensile strength of concrete containing different per-
centages of RCA and BA.

(fﬂpt)t = kl [(fc/ )t] " “
’ K4

(fsm)r,UPV =k [(fc )t,UPV] ®)
’ K6

(fsm)z,RHN =ks [(fc)t,RHN] ©)

where ( fspt)tz concrete splitting tensile strength at age ‘#’ in

GPa; (fspt)z,UPV =concrete splitting tensile strength at age ‘t’
using UPV in GPa; (fSPl)r,RHN
strength at age ‘¢’ using RHN in GPa; k; to kg =model
parameters having values 0.021, 1.661, 0.026, 1.594, 0.028,
and 1.568, respectively.

=concrete splitting tensile
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Fig. 10 Comparison between measured and predicted splitting ten-
sile strength of concretes evaluated in this study: a prediction using
28-day compressive strength; b prediction using UPV; and ¢ predic-
tion using RHN

The comparative analysis between the predicted and meas-
ured values of splitting tensile strength for concrete mixes
evaluated in this study based on 28 days of conventional con-
crete compressive strength, UPV, and RHN is presented in
Fig. 10a—c, respectively. From the figures, it seems that 100% of
the data points lie within the error band +5%, +10%, and+ 10%

@ Springer

in the prediction of splitting tensile strength using the proposed
models given in Egs. (4), (5), and (6), respectively. Thus, it can
be said that the proposed models for predicting the splitting
tensile strength of concrete containing different percentages of
RCA and BA are in acceptable agreement with the measured
data.

Age-dependent models for prediction of elastic
modulus of concrete containing either or both RCA
and BA

The current state of the art on the static elastic modulus
(E,) of concrete indicates the need for a new model to
predict the age-dependent elastic modulus of concrete con-
taining different percentages of RCA and BA. Moreover,
age-dependent formulae for E, of concrete proposed by
researchers and empirical relationships proposed by design
codes of various countries are silent on the effect of RCA
and BA on the elastic modulus of conventional concrete,
and its prediction based on UPV and RHN values has not
yet been explored. Therefore, a multivariable regression
analysis has been performed to propose new age-depend-
ent models for predicting the static elastic modulus of con-
crete for any percentage replacement of natural crushed
rock and riverbed aggregate with RCA and BA, respec-
tively. As shown in Eq. (7), a model can predict the static
elastic modulus of RCA- and BA-based concrete at any
age using 28 days of conventional concrete compressive
strength. Similarly, the models depicted in Egs. (8) and (9)
have been proposed for predicting the static elastic modu-
lus of RCA- and BA-based concrete at any age using UPV
and RHN values, respectively. Thus, it can be said that the
models presented in Eqs. (8) and (9) are more rational than
those given in Eq. (7) as former models are not dependent
on the 28-day conventional concrete strength.

(E), = 1[(1),]" )
/ Jy

(Ec)z,UPV =3 [(fc )t,UPV] ®)
/ ‘16

(EC)z,RHN =Js [(fc )t,RHN] ©))

where (Ec), = concrete elastic modulus at age ‘#’ in GPa;
(E.), ypy = concrete elastic modulus at age ‘" using UPV in

GPa; (Ec)t,RHN
RHN in GPa; J, to Jo=model parameters having values
3.739, 0.564, 3.660, 0.571, 3.665, and 0.571, respectively.
The comparison between predicted static elastic modu-
lus obtained from proposed models using Eqs. (7), (8), and

= concrete elastic modulus at age ‘t’ using
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that 93%, 100%, and 93% of data lie within the error bands
of + 5%, using Egs. (7), (8), and (9), respectively. This
indicates that the proposed models for predicting the static
elastic modulus of RCA- and BA-based concrete agree
with the experimental results and can be applied in the
design and construction of concrete buildings prepared
with any combination of RCA and BA.

Conclusions

In this study, the conventional concrete has been rede-
signed by partial and total replacement of natural crushed
rock (i.e., coarse aggregate) with RCA and natural river-
bed sand (i.e., fine aggregate) with coal BA to examine
the mechanical properties of concrete containing different
percentages of RCA, BA, and RCA + BA at 28 and 90 days
of curing. Keeping in view the experimental research, the
following inferences have been drawn:

e The experimentally obtained strengths (compressive
and spilt tensile) and modulus of elasticity of concrete
containing RCA and BA are comparable to that of con-
ventional concrete. Thus, the partial or total replace-
ment of natural coarse and fine aggregate with RCA,
BA, and their combination can be used to construct
sustainable concrete.

e [t has been observed that the strengths and modulus
of elasticity of 100% RCA at 90 days are similar to
the 28 days of conventional concrete properties. The
experimental findings are also well supported by SEM
analysis. Thus, from laboratory results, the optimum
mix is M3 among all concrete mixtures evaluated in
this study.

e The proposed age-dependent empirical models based
on 28-day compressive strength, UPV, and RHN val-
ues used to predict the compressive strength, splitting
tensile strength, and modulus of elasticity of RCA, BA,
and RCA + BA concrete are found in good agreement
with the test results.

e The proposed models can predict the strengths and

Fig. 11 Comparison between measured and predicted static modulus
of elasticity of concrete mixtures evaluated in this study: a prediction
using 28-day compressive strength; b prediction using UPV; and ¢
prediction using RHN

(9) and the measured laboratory results for the concrete
mixtures evaluated in this study is shown in Fig. 11a—c,
respectively. Using these models, an error band of + 5%
has also been plotted in the figures. These figures show

modulus of elasticity of existing concrete structures
prepared with RCA, BA, or RCA + BA at any age with-
out knowing the laboratory test results.

The present study will be helpful for designers and
practicing engineers for fixing preliminary dimen-
sions of reinforced and pre-stressed concrete members
made with RCA, BA, or RCA + BA concrete mixes.
Moreover, the suggested models will benefit the health
assessment of RCA and BA concrete buildings.
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e The present study will also be helpful in controlling the
use of natural resources such as crushed rock aggregate
in concrete construction and resolving the disposal and
environmental issues associated with construction and
demolition wastes and industrial by-product wastes
such as coal bottom ash.

e Further investigations are required on the structural
behavior of reinforced concrete containing RCA, BA,
or their combination.
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