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Most of the steel mills in Bangladesh use induction furnace which produces large quantities of slags that have very little use except
land filling.,erefore, feasibility of using this slag is examined in concrete with recycled aggregate, which is another waste product
that is generated due to removal of old structures. Concrete with three target strengths, 17.23, 20.68, and 24.13MPa, was prepared
using recycled concrete acquired from a recently demolished building in Dhaka, Bangladesh. Recycled coarse aggregate was
replaced with induction furnace slag by 0%, 25%, 50%, 75%, and 100% for each target strength. Samples prepared from these
concretes were tested for workability, compressive strength, splitting tensile strength, modulus of elasticity, and durability
properties e.g., porosity, absorption, and rapid chloride penetration. Review of test results suggests that workability of concrete
was not adversely affected by incorporation of induction furnace slag. For up to 50% of induction furnace slag replacement, both
compressive strength and splitting tensile strength increased in recycled aggregate concrete. Further, for all ratios of induction
furnace slag replacement, modulus of elasticity increased compared to 100% recycled aggregate concrete. Porosity and absorption
also decreased in concrete where up to 50% of recycled aggregate was replaced by induction furnace slag. Considering these, it is
concluded that 50% of recycled aggregate can be replaced by induction furnace slag that will result in superior mechanical and
durability properties in recycled aggregate concrete.

1. Introduction

Bangladesh has been experiencing a rapid boom in con-
struction sector in recent years backed by high economic
growth rate. As concrete is the primary material of con-
struction, this is putting strain on limited resources, par-
ticularly aggregate, the main component of concrete. One
way of alleviating high demand on aggregate may come
through by using demolished concrete from old and or
unserviceable buildings as recycled aggregate (RA). ,e
global concrete and masonry rubble production due to
demolition of old structure is estimated to be one billion tons
annually [1]. In recent years, demolition of structures has
become a commonplace event in Bangladesh as many old
buildings have to make way for new high-rise structures.
,is process is generating a large quantity of demolished

concrete which may be used as aggregate for new concrete
production. ,is will also alleviate disposal problem of this
waste product. A number of studies have been reported in
the available literature regarding the use of demolished
concrete as aggregate [2–13]. However, many of those
studies have found degradation in mechanical and durability
properties when natural aggregate (NA) was replaced by
decreased compressive strength, indirect shear strength, and
modulus of elasticity in recycled aggregate concrete (RAC)
observed by Rahal [3]. Tabsh and Albdefatah [4] have re-
ported that strength of RAC can be 10–25% lower than that
of conventional concrete made with NA. Increased de-
formations by creep of 51% and by shrinkage of 70% were
also observed in RAC compared to natural aggregate con-
crete (NAC) [6, 7]. Butler et al. [8] showed that bond
strength between concrete reinforcing bar is 9 to 19% lower
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in RAC compared to NAC. Xu et al. [9] found that re-
placement rates up to 3%, 30%, and 50% for recycled power,
recycled fine aggregate, and recycled coarse aggregate, re-
spectively, could be applied in concrete mixture design
without deteriorating concrete strength. Jin et al. [10] in-
vestigated concrete produced from recycled redbrick and
demolished concrete and suggested “prewetting” method to
improve the mechanical properties of recycled aggregate
concrete.,e poor performance of the RAC is associated with
the cracks and fissures, which are formed in RA during
processing, thereby rendering the aggregate susceptible to
permeation, diffusion, and absorption of fluids [11]. Many
researchers have also worked on improving the quality of
RAC using different approaches. For example, Dimitriou et al.
[12] suggested treatment method and admixtures to improve
the quality of RAC. Whereas, Xuan et al. [13] examined
improved durability performance of carbonated recycled
concrete aggregate. In this work, investigation was carried out
to check whether mechanical and durability properties of
RAC can be enhanced by partially replacing it with induction
furnace slag (IFS) which is a steel industry waste product.

Bangladesh has an annual consumption of about four
million tons of steel that is met by around four hundred steel
mills. Except one, almost all mills use relatively old system of
induction furnace for melting steel scrap instead of modern
electric arc furnace. As by-product of this melting process, a
large amount of slag is produced which is termed as IFS. ,e
American Society for Testing and Materials (ASTM) define
steel slag as a nonmetallic product, consisting essentially of
calcium silicates and ferrites combined with fused oxides of
iron, aluminium, manganese, calcium, and magnesium that
are developed simultaneously with steel in basic oxygen,
electric arc, or open-hearth furnaces [14]. ,ere is no official
data on the amount of slag that is produced per annum in
Bangladesh. Nonetheless, about 11 to 15 kg slags are gen-
erated from per ton production of steel in induction furnace
[15]. Considering this, the annual slag production in Ban-
gladesh is estimated to be about 60000 ton. Until now, except
land filling, there is no alternative use of this large quantity of
slag. But land filling option is gradually reduced as available
land to fill is becoming scarce. Hence, disposal of this slag is a
big concern for steel industries. Any viable use of this slag,
for instance, as construction material, will not only alleviate
disposal problem but will also benefit the construction
sector. A number of studies have been reported in the lit-
erature regarding IFS-incorporated concrete. Qurishee et al.
[16] studied strength of concrete using IFS as a replacement
for coarse aggregates and compared it with NAC. ,ey
found that the compressive and tensile strength increased
when up to 40% NAC was replaced by IFS. John and John
[17] replaced fine aggregate by crushed IFS. ,ey found that
the compressive strength of mortar and concrete containing
IFS up to 30 percent as fine aggregate is comparable with the
strength of concrete with 100% sand. Andrews et al. [18]
discussed the application of IFS and cupola furnace slag
from different industries in Ghana as aggregate in concrete
and as road bed material.

A few attempts have also been reported in the available
literature regarding the use of IFS as replacement in concrete

produced from alternative coarse aggregate. Mohammed
et al. [19] examinedmechanical properties of brick aggregate
concrete with partial IFS and have found compressive
strength and modulus of elasticity of concrete to be similar
or better than 100% brick aggregate concrete. However, IFS-
incorporated RAC, which has not been examined elsewhere,
may provide an alternative and useful way of utilising both
RA and IFS. For this, concrete of three target strengths
i.e., 17.23MPa (2500 psi), 20.68MPa (3000 psi), and
24.13MPa (3500 psi) was produced where RA was replaced
by IFS by 0%, 25%, 75%, and 100% for each of the target
strength. Several mechanical and durability properties of
fresh and hardened concrete were measured that included
slump value, compressive strength, splitting tensile strength,
modulus of elasticity, porosity, void ratio, and rapid chloride
penetration value to examine the effect of IFS addition.
,rough review of these test results, recommendations were
devised regarding appropriate mixing ratio that may act as
guideline for effective use of these two waste products.

2. Materials Used and Methods

2.1. Cement. Ordinary Portland cement (type I of ASTM
C150 [20]) was used for preparation of all concrete samples.
,us, cement properties remained constant and had uni-
form effects on strength and durability of concrete samples
prepared by varying IFS and RA.

2.2. Fine Aggregate. A single type of natural coarse sand as
fine aggregate was used throughout the experimental work so
as to keep the fine aggregate parameter constant. Sieve
analysis was carried out in accordance with ASTM C136 [21].
,e results of this analysis showed that the sand used fitted
within the limits set out in ASTM C33 [22]. Unit weight of
fine aggregate was also determined in accordance with ASTM
C29 [23], whereas water absorption and specific gravity of fine
aggregate were found in accordance with ASTM C128 [24].
From these testing procedures, fineness modulus, unit weight,
water absorption, and specific gravity of fine aggregate were
found as 2.50, 1584 kg/m3, 1.87%, and 2.61, respectively.

2.3. RecycledAggregate. In this work, recycled aggregate was
acquired from a recently demolished building in Dhaka,
Bangladesh (Figure 1). Concrete chunks collected from this
site were broken into pieces using a hammer. ,ese broken
pieces were segregated using standard sieve of size 25mm or
less. ,ose were then mixed together again (Figure 2) in a
way so that particle size distribution of RA remained within
the limits set out in ASTM C33 [22]. Size distribution and
gradation of RA are shown in Figure 3 from which fineness
modulus (FM) was found to be 7.52. Additionally, water
absorption for saturated surface dry (SSD) condition, unit
weight, specific gravity, and moisture content of recycled
aggregate were measured and are reported in Table 1.

2.4. Induction Furnace Slag (IFS). IFS used in this work was
collected from a large steel manufacturing industry located
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at Chittagong, Bangladesh (Figure 4). Slag particles were �rst
separated according to standard sieve size of 25mm and
smaller (Figure 5). IFS aggregate of di�erent sizes was then
mixed together in a way so that particle size distribution
remained within the limits set out in ASTM C33 [22].
Figure 3 shows grading curve for IFS aggregate along with

the upper and lower limits speci�ed in ASTM C33 [22].
From the gradation curve and size distribution, �neness
modulus (FM) of IFS aggregate was found to be 7.19. Before
casting of concrete with this slag aggregate, unit weight,
speci�c gravity, absorption, and moisture content were
measured as per relevant standards and are reported in
Table 1. As can be seen from this table, both density and
speci�c gravity of IFS are higher than RA; however, ab-
sorption capacity for SSD condition is much lower in IFS
than RA.

�e chemical composition of IFS slag was analysed by
X-ray �uorescence (XRF) analysis. XRF results (Table 2)
show that major components of IFS used in the present
study are SiO2 and Fe2O3. Apart from these, signi�cant
amounts of Al2O3, MnO, and CaO are also present.

2.5. Mix Design and Mixing Method. In this research work,
for mix designing of concrete, the ACI mix design method
was used [27]. In that method, indicative w/c ratio diagram
for concrete having di�erent target strengths is provided.
Using that diagram, w/c ratio for the target strength of 17.23,
20.68, and 24.13MPa was 0.75, 0.69, and 0.63, respectively,
for slump between 25 and 50mm. Higher w/c ratios were
maintained in this work compared to values like 0.4 to
prevent workability problem which normally is mitigated by
adding plasticizers in concrete. Addition of such plasticizer
or admixture would have changed other properties of
concrete. So, to �nd true variation of concrete properties for
di�erent IFS content, w/c ratio was high in this work, and no
admixture was added to concrete.

For each target strength, samples were prepared by
replacing RA with IFS by 0%, 25%, 50%, 75%, and 100%.

Figure 2: Stack of recycled aggregate to be used in fresh concrete.
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Figure 3: Gradation curve of recycled and IFS aggregate.

Table 1: Material properties of coarse aggregate.

Properties Test standard
Materials
RA IFS

Bulk density (kg/m3) ASTM C29 [23] 1406 1462
Speci�c gravity (SSD) ASTM C127 [25] 2.46 2.75
Absorption capacity (%) (SSD) ASTM C127 [25] 4.43 1.5
Field moisture content (%) ASTM C566 [26] 6.26 3.9

Figure 1: Demolition of existing building. Figure 4: Stack of Induction Furnace slag.

Figure 5: Sieving of IF slag using standard sieves.
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For cases where both RA and IFS were present, weighted
average value of unit weight and moisture content was
considered in the process of mix design. Mix ratios evaluated
from ACI 211 method [27] were converted to equivalent
weight for 1m3 of concrete and are shown in Table 3. Both
RA and IFS were soaked in water for 48 h and added to the
concrete mixture in a saturated surface dry (SSD) condition.
Otherwise, a large part of water from mix design calculation
would be soaked by the aggregate and would not be available
to react with cement, changing the water-cement ratio.
Water absorbed in the aggregate was in addition to the water
requirement from mix design calculation as shown in Ta-
ble 3. Fine aggregate was spread out by adding water for 48 h
for making it SSD condition so that it did not absorb water
which was added to concrete mix. ,e aggregates, cement,
and water were then combined and mixed in a machine
mixer as per ASTM C 192 [28]. ,e slump value was im-
mediately checked for each concrete composition as per
ASTM C143 [29]. For every set of concrete with a particular
target strength, eighteen 200mm× 100mm cylinders and
three 100mm× 100mm × 100mm cube samples were
prepared. Cylinder specimens were subjected to compressive
strength test as per ASTM C39 [30], tensile strength test as
per ASTM C496 [31], and modulus of elastic test as per
ASTM C469 [32]. Cube specimens were used to measure
water absorption and porosity in hardened concrete as per
ASTM C642 [33]. Samples prepared from cylinder speci-
mens were subjected to rapid chloride penetration test
(RCPT) as per ASTM C1202 [34].

2.6. Strength and Modulus of Elasticity of Concrete.
Cylinder specimens with 100mm diameter and 200mm
length were prepared for compressive and splitting tensile
strength test. Cylinders were demolded after 24 h of casting
and were kept in a submerged condition to meet the curing
requirement as per ASTM C192 [28]. ,e specimens were
brought out of water for compressive strength test at the age
of 7, 28, and 90 days. Whereas, splitting tensile strength and
modulus of elasticity were measured at the age of 28 days.
,e specimens were tested in a compression machine in the
concrete laboratory with a loading rate of 3.0 kN/sec for
compressive and tensile strength measurement. For mod-
ulus of elasticity measurement, much lower loading rate of
0.25 kN/sec was maintained as per code requirement [32].
Figure 6 shows failure surface of a RAC cylinder that
contains IFS after compression test, whereas Figure 7 shows
longitudinal strain being measured for a concrete cylinder
under compressive load for determining modulus of
elasticity.

2.7. Rapid Chloride Penetration Test. ASTM C1202 [34]
was used to measure chloride penetration value of concrete.

For this, 100mm diameter and 50mm thick disc shape core
samples were cut out from cylinder specimens after 28 days.
,ose samples were epoxy coated over the curved surface
and vacuum saturated before being placed in testing
chamber (Figure 8). ,e vacuum process was carried out to
remove the air voids and to fill those voids with water to
make the concrete sample conductive to electrons. A voltage
of 60V DC was maintained across the ends of these samples
for 6 hours (Figure 9). Readings were taken at every 30min
interval. At the end of the 6th hour, the sample was removed
from the cell, and the amount of coulombs (C) passed
through the specimen was calculated. Correlated value of
chloride ion penetrability of concrete was evaluated from
total charge measured in coulomb that passed through the
sample.

3. Results and Discussion

3.1. Slump and Workability. Table 4 shows average slump
value of concrete for three different target strengths with
different IFS proportions. As can be seen, slump value
remained with 25mm to 50mm as per mix design con-
sideration. Hence, considering workability, the ACI mix
design method [27] is applicable for IFS-incorporated
concrete as well. Also, no segregation tendency was ob-
served for IFS while mixing.

3.2. Water Absorption and Porosity of Hardened Concrete.
Porosity and water absorptions are indication of pores or
voids in concrete through which water or other liquids can
permeate. ,erefore, increase in these parameters results in
corresponding increase in water permeability [35, 36].
Consequently, porosity and water absorption are good in-
dicators of durability characteristics of concrete. Porosity
and water absorption of all RAC samples with or without
different proportions of IFS are reported in Figures 10
and 11, respectively. As can be seen from these figures,
both porosity and water absorption decreased as IFS re-
placement ratio was increased up to 50%. For higher re-
placement ratio, both water absorption and porosity
increased for all target strength. For 100% IFS aggregate
concrete, porosity and water absorption values were the
highest for any particular target strength, even higher than
100% RAC. For 50% IFS replacement, porosity and water
absorption was found to be lowest among all replacement
ratios. ,is signifies that equal proportions of IFS and RA
make the internal structure of concrete more uniform
throughout its volume with less pores. ,erefore, consid-
ering porosity and water absorption, 50% is the optimum
proportion of RA that may be replaced by IFS.

3.3. Compressive Strength of Concrete. Compressive strength
(fc) of concrete with different IFS ratio for three different
target strengths i.e., 17.23, 20.68, and 24.13MPa is shown in
from Figures 12–14, respectively, for age up to 90 days.
Review of these figures show that for 100% RAC, 28-day
target strength could only be achieved for 17.23MPa con-
crete. For 20.68 and 24.13MPa target strength, 28 days

Table 2: Chemical composition of IFS (%).

SiO2 Fe2O3 Al2O3 MnO CaO
40.59 20.05 13.54 11.68 7.12
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strength was found to be 5.3% and 12.6% lower, respectively,
than target strength. ,is is due to the fact that RA usually
contains microcracks and hence more porous and softerFigure 7: Test setup to determine modulus of elasticity.

Table 3: Concrete mix design (quantity for 1m3of concrete).

Target strength (MPa)
Coarse aggregate ratio Cement Sand RA IFS Water
RA (%) IFS (%) (kg) (kg) (kg) (kg) (kg)

17.23

100 0 237.35 893.87 955.73 0 178.22
75 25 237.35 968.43 682.78 227.59 178.22
50 50 237.35 984.18 456.37 456.37 178.22
25 75 237.35 993.52 227.62 682.85 178.22
0 100 237.35 990.53 0 966.16 178.22

20.68

100 0 259.51 875.57 955.73 0 178.22
75 25 259.51 950.13 682.78 227.59 178.22
50 50 259.51 965.88 456.37 456.37 178.22
25 75 259.51 975.23 227.62 682.85 178.22
0 100 259.51 972.23 0 966.16 178.22

24.13

100 0 283.75 855.57 955.73 0 178.22
75 25 283.75 930.13 682.78 227.59 178.22
50 50 283.75 945.88 456.37 456.37 178.22
25 75 283.75 955.22 227.62 682.85 178.22
0 100 283.75 952.23 0 966.16 178.22

Figure 6: Failure surface of a recycled aggregate cylinder that
contains IFS.

Figure 8: Specimens prepared for RCPT test.

Figure 9: RCPT test being conducted.
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than virgin natural aggregate [11]. For this, many previous
researchers failed to achieve respective target strength of
concrete using RA [11, 37–39]. Compressive strength was

found to increase even after 28th day. At 90th day fc of all
samples with 100% RA exceeded respective design target
strength.

As RA was increasingly replaced by IFS from 25% to
100%, compressive strength behavior was found to vary. For
up to 50% IFS replacement, fc was found to increase with
increasing replacement ratio. For 25% and 50% IFS re-
placement, all three target strengths (17.23, 20.68, and
24.13MPa) could be achieved at 28th day. Highest fc,
however, could be achieved for 50% IFS-replaced concrete.
For this replacement ratio, fc was higher than that of re-
spective 0% and 25% IFS-replaced concrete by 14.2% to
28.6% at 28th day for the three target strength examined.�is
di�erence is greater in concrete with higher target strength.
Compressive strength with 50% IFS-replaced concrete was
also found to be highest at 90th day.

As IFS replacement was increased from 50% to 75% and
100%, compressive strength was found to decrease with
increasing replacement ratio. For these two replacement
ratios (i.e., 75% and 100%), design compressive strength
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Figure 10: Porosity with respect to di�erent IFS replacement ratio.

Table 4: Slump value for concrete with di�erent IFS ratio.

Sl. no. IFS (%) Strength (MPa) Practical slump value in mm
1 0 17.23 45
2 0 20.68 46
3 0 24.13 48
4 25 17.23 39
5 25 20.68 30
6 25 24.13 41
7 50 17.23 32
8 50 20.68 32
9 50 24.13 34
10 75 17.23 35
11 75 24.13 31
12 75 3500 30
13 100 17.23 30
14 100 20.68 32
15 100 24.13 34
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24.13 MPa
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Figure 11: Absorption with respect to di�erent IFS replacement
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could not be achieved at 28th day. At 90th day, fc increased
but was lower than the target strength of 24.13MPa. From
these discussions, it is evident that, up to 50% of RA may be
replaced by IFS considering compressive strength behavior.
Higher than 50% of IFS would eventually reduce the
compressive strength of RAC. In a similar way, Qurishee
et al. [16] observed that up to 40% natural aggregate may be
replaced by IFS without a�ecting its compressive strength.
Likewise, Muhammed et al. [19] suggested 40% steel slag
replacement for brick aggregate concrete. One of the main
reasons behind highest compressive strength of RAC con-
taining 50% IFS is that, for this mix ratio, porosity was found
to be the lowest (Figure 10) among all target strengths. Equal
proportions of IFS and RA formed a compact mix in
concrete matrix which is evident from lowest pore spaces. It
has been reported previously that opposite relationship
exists between concrete porosity and compressive strength
of concrete [40]. Hence, concrete compressive strength was
found to be highest for 50% IFS replacement.

Next, compressive strength of concrete for three dif-
ferent target strengths and with di�erent IFS ratio was
proportioned to compressive strength of corresponding
100% RAC. �is was then plotted against IFS replacement
ratio (Figure 15). From this �gure, trend of change of
compressive strength with change in IFS replacement ratio
can easily be comprehended. It is again evident from the
plotted trend line that for 50% IFS replacement ratio,
compressive strength increase was highest compared to
100% RAC. Two trend equations are also proposed, one each
for below and above 50% IFS replacement ratio, and are
shown in Figure 15. In these equations, “x” denotes IFS
replacement ratio and “y” denotes the factor by which
compressive strength would increase compared to 100%
RAC for that amount of IFS replacement. Using these
equations, compressive strength of RAC for any amount of
IFS replacement ratio can be predicted.

3.4. Splitting Tensile Strength of Concrete. Figure 16 shows
splitting tensile strength (ft) of concrete at 28th day for

di�erent target strengths with di�erent IFS ratios. With
increase in target compressive strength, ft was also found to
increase. Again, as RA was replaced by IFS, ft was found to
vary from 100% RAC. For 25% IFS replacement, splitting
tensile strength was found to be lower than concrete with
100% RA for all three target strengths. For 50% IFS re-
placement, splitting tensile strength was higher than con-
crete with both 0% and 25% IFS. For 75% RA replacement,
splitting tensile strength decreased. Splitting tensile strength
of 100% IFS concrete was, however, higher than 75% IFS-
replaced concrete but lower than 100% RAC. Like fc, ft was
found to be highest for RAC with 50% IFS replacement for
all three target strengths.

Increase or decrease in tensile strength of RAC for
di�erent IFS replacement ratio was essentially due to in-
crease or decrease in compressive strength of corresponding
concrete as proportional relationship exists between com-
pressive and tensile strength of concrete. �e rate at which
tensile strength varied with respect to compressive strength
for di�erent IFS replacement ratio is examined next. Fig-
ure 17 shows relationship between compressive strength
(fc) and tensile-compressive strength ratio (ft/fc) at 28

th

day for di�erent IFS proportion. As evident from this �gure,

For IFS < 50%:
y = 0.5446x2 + 0.1463x + 1

R2 = 0.8607

For IFS > 50%:
y = 1.3845x2 – 2.4749x + 2.1007

R2 = 0.6515
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ft/fc ratio decreased with the increase in fc for all concrete
samples. Clearly, ft/fc ratio was highest for 100% RAC, and
its value ranged from 0.094 to 0.099, i.e., tensile strength, ft
was 9.4 to 9.9% of fc in 100% RAC. For 100% IFS concrete,
ft/fc ratio was found to be close to 100% RAC (0.086 to
0.096). However, as RA was partially replaced by IFS, ft/fc
ratio was found to decrease. For 25%, 50%, and 75% IFS
replacement, ft/fc value ranged from 0.075 to 0.082. Lowest
ft/fc ratio of 0.075 was observed for 24.13MPa concrete
where 50% RA was replaced by IFS. From this, it is con-
cluded that increase in tensile strength with respect to in-
crease in compressive strength is lower in IFS-replaced RAC
compared to 100% RAC.

3.5. Modulus of Elasticity of Concrete. Modulus of elasticity
(MoE) of RAC with di�erent IFS proportions was calculated
using following equation as per ASTM C469 [32] from
respective stress-strain relationship:

EC �
σ2 − σ1

ε2 − 0.00005
, (1)

where, σ2 is the stress corresponding to the 40% of the peak
load, σ1 is the stress corresponding to strain of 0.00005, and
ε2 is the strain at the stress level σ2.

Figures 18–22 show stress-strain relationship of 0%,
25%, 50%, 75%, and 100% IFS-replaced RAC, respectively,
for three di�erent target strengths. As may be seen from
these �gures, IFS-incorporated RAC essentially has similar
shape, nature, and peak strain behavior as in 100% RAC.
However, for most of the cases, slightly steeper slope could
be observed at initial part of stress-strain relationship of
concrete containing IFS than that in 100% RAC. �is is
re�ected in the MoE values shown in Figure 23. As evident
from this �gure, MoE was higher in every case of RAC
containing IFS compared to 100% RAC. MoE was found to
be highest for 100% IFS concrete for all three strengths.
Increase inMoE with increasing IFS replacement ratio is due
to the fact that aggregate type has major in�uence onMoE of
concrete [41]. It has been observed by previous researchers

that MoE of concrete containing softer aggregate was much
lower [42, 43]. Recycled aggregate used in this work was
much softer than IFS as evident from their respective bulk
density and speci�c gravity [Table 1]. As RA was replaced by
IFS, average bulk density and speci�c gravity of combined
aggregate enhanced, and, with this, MoE of concrete also
increased. �is was the main reason for increasing MoE of
RAC with increasing IFS replacement. Similar increasing
tendency of MoE was also observed by Mohammad et al.
[19] in concrete where brick aggregate was replaced by steel
slag. �erefore, it is concluded that incorporation of IFS
increases MoE of recycled aggregate concrete.
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3.6. RapidChloride PenetrationValue. �e RCPT test results
for concrete with di�erent target strengths and for di�erent
IFS ratios are shown in Figure 24. As per ASTM C1202 (34),
if coulomb reading for any concrete sample is more than
4000, it is characterized as “high chloride permeable”.
Concrete for which coulomb reading is between 2000 and
4000, is termed as “moderate chloride permeable.” As can be
seen from Figure 24, both concrete with target strength of
17.23MPa and 20.68MPa have more than 4000 coulomb
reading and hence may be categorized as high chloride
permeable concrete. It is also apparent from Figure 24 that
up to 50% addition of IFS as replacement for RA improves
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Figure 20: Longitudinal stress-strain diagram RAC with 50% IFS.
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the overall chloride permeability characteristics of RAC. For
concrete with 50% IFS, chloride penetration value was found
to be the lowest for any target strength. ,is is consistent
with other parameters as concrete with 50% IFS resulted in
highest compressive strength as well as lowest porosity and
water absorption. Coulomb reading was found to increase
with increase in IFS replacement ratio beyond 50%. For all
target strengths, 100% IFS concrete was found to give highest
coulomb reading.

4. Conclusion

In this work, an extensive experimental program was
conducted to examine the effect of incorporating IFS in RAC
through partial and full replacement. Mechanical and du-
rability properties of fresh and hardened concrete are ex-
amined through these testing programs. Following
conclusions can be drawn based on experimental outcome
from this work:

(i) Slump value of IFS-incorporated RAC remained
within the target value as per the ACI mix design
method [27]. No segregation tendency for IFS was
observed during concrete mixing.

(ii) Porosity and water absorption were found to de-
crease for up to 50% RA replaced by IFS. For higher
replacement ratio, both porosity and water ab-
sorption increased. ,is signifies that equal pro-
portions of IFS and RA make the internal structure
of concrete more uniform throughout its volume
with less pores. For any target strength, highest
porosity and water absorption were observed for
100% IFS concrete.

(iii) For up to 50% replacement of RA with IFS, com-
pressive strength in RAC was found to increase. For
more than 50% IFS replacement, compressive
strength decreased. Equal proportions of IFS and
RA formed a compact mix in concrete matrix that
was uniform in nature throughout the concrete
volume which is evident from lowest pore spaces.
,is was the main reason for the increase in
compressive strength for 50% IFS replacement in
RAC. Two equations to predict compressive
strength of RAC for any IFS replacement ratio is
also proposed.

(iv) Among all concrete cases examined in this work,
splitting tensile strength was found to be highest for
concrete with 50% IFS. For partial IFS replacement
(25%, 50%, and 75%), tensile strength ratio with
respect to its compressive strength was found to be
lower than 100% RAC and 100% IFS concrete.

(v) MoE of concrete increased for all ratios of IFS re-
placement compared to 100% RAC. For any target
strength, highest MoE was observed for 100% IFS
concrete. As RA was replaced by IFS, average bulk
density and specific gravity of combined aggregate
enhanced, which was one of the reasons for the
increase inMoE of RACwhen RA is replaced by IFS.

(vi) RCPT test results also suggest that for any target
strength, chloride penetration value of RAC may be
reduced by replacing 50% RA with IFS. Chloride
penetration value was higher in concrete where
more than 50% RA was replaced by IFS.

Considering all these, it is concluded that up to 50% of RA
may be replaced by IFS that will improve the strength,
elasticity, and durability properties of concrete. ,e me-
chanical properties except MoE and durability properties
were found to decrease in concrete where IFS replacement
ratio was more than 50%. Based on the current research
findings, future research endeavors will focus on investigating
the flexural, shear, and deformation behavior of reinforced
concrete members like beams and columns made from IFS-
incorporated RAC. Long-term deformation characteristics of
such reinforced concrete member will also be investigated.
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