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Abstract

There is an increasing tendency to use recycled aggregate to produce concrete due to diminishing sources of natural aggre-
gate. The properties of recycled aggregate concrete (RAC) are inferior to that of normal aggregate concrete. Several strate-
gies including the use of supplementary cementitious materials (SCMs) are adopted to improve the properties of RAC. The
two-stage mixing approach (TSMA) is also used as an improvement strategy. The present study was aimed to examine the
individual and combined effects of using SCMs and TSMA on the fresh and hardened properties of RAC. Three SCMs,
namely, fly ash, ground granulated blast furnace slag, and silica fume were used with and without TSMA. The experimental
data indicated the beneficial effect of SCMs and TSMA on workability, strength, shrinkage, and durability of RAC. Further,
the cost per unit strength of the RAC with SCMs and TSMA was less than that of RAC without any treatment. The use of
developed RAC will lead to technical, economic, and environmental benefits.

Keywords Mineral additives - Supplementary cementitious materials - Two-stage mixing approach - Recycled aggregate -

Concrete - Mechanical properties - Durability

Introduction

Coarse aggregate is one of the ingredients that is used in
highest amount for producing normal concrete mixtures.
However, the depleting natural sources of coarse aggre-
gates necessitates to find alternative sources [1, 2]. At the
same time, the disposal of construction and demolition waste
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is often costly and hazardous for the environment [3]. To
address these issues, several studies have been carried out
towards utilizing coarse aggregates extracted from the con-
struction and demolition wastes in producing concrete. The
coarse aggregate extracted from the construction and demo-
lition wastes to produce new concrete is commonly termed
as recycled aggregate (RA) [4-7]. The studies conducted
to evaluate the performance of recycled aggregate concrete
(RAC) [8-12] indicated that the quality of RAC is inferior to
that of natural aggregate concrete (NAC), mainly due to the
weak interfacial transition zone (ITZ) between the old mor-
tar on the surface of the RA and the new mortar. The main
reason behind a weak ITZ is the pesence of microcracks
and pores in the old mortar adhering on the surface of RA.
Notwithstanding this trait, efforts have to be made to identify
methods that can improve the properties of RAC at least
on par or above that of NAC. Research is being carried out
globally to develop strategies to improve the performance
of RAC [13-19].

The strategies for improving the quality of RAC can be
broadly categorized as: (i) grading or proportioning, (ii)
mixing, (iii) improvement of RA, and (iv) improvement of
concrete matrix (mortar). A brief review of the strategies
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used to improve the quality of RAC is presented in the fol-
lowing paragraphs.

Bui et al. [20] used a proportioning technique that
improved the mechanical properties of RAC by replacing
larger size particles of natural aggregate (NA) with RA. By
adopting this strategy, replacement of NA with RA could
be increased up to 50% from the conventional replacement
limit of 30%. Pradhan et al. [21] used a grading technique
known as particle-packing method to lessen the voids of
concrete which eventually yielded significant improvements
of resulting RAC.

Tam et al. [22] developed a two-stage mixing approach
(TSMA) to improve the properties of RAC. In the TSMA,
coarse aggregates are first mixed with cement mortar for
sealing the cracks on the RA surface as well as for improv-
ing the bond between RA and new cement mortar [23]. The
TSMA approach helps in shifting the ITZ outwards and
helps in sealing the cracks on the surface of RA [23]. Two
other mixing approaches, namely, mortar mixing approach
(MMA) and sand enveloped mixing approach (SEMA) were
also reported in the literature to enhance the mechanical
properties of RAC [24, 25]. However, the TSMA is regarded
as better than other mixing approaches due to its cost effec-
tiveness as well as its simple implementation [24].

Several researchers focused on the improvements of RA
itself through primarily coating RA with slurries to improve
the qualities of RAC. Junak and Sicakova [26] used geo-
polymer slurry to coat the RA to produce good quality
RAC. They reported that coating during mixing produces
better RAC than that with pre-coated RA. Some research-
ers [27] used nano-slurry to improve the surface of RA. In
another instance, a combination of normal Portland cement
and nano-slurry was employed to improve the quality of
RA [28]. Shi et al. [29] used slurries of three different sup-
plementary cementitious materials (SCMs): fly ash, silica
fume and natural pozzolan, and CO, treatment to modify
the RA. They reported that silica fume slurry treatment
was better than other treatments. Similarly, Kou et al. [30]
used CO, treatment to modify the properties of RA. RAC
produced using CO,-treated RA exhibited good durability
and mechanical properties. The performance of RAC can
be further enhanced by combining limewater treatment with
CO, treatment, as it will result in extra calcium in the mortar
pores that increases the quality of RA [31].

A number of reported studies concentrated on the con-
crete matrix (mortar) to improve the performance of RAC.
The matrix improvement was primarily initiated by replac-
ing part of Portland cement with different SCMs (fly ash,
silica fume, and natural pozzolan) while preparing fresh
RAC. The inclusion of ground-granulated blast-furnace
slag (GGBFS) and silica fume in RAC through mixing was
reported to improve the microstructural properties of RAC,
thereby improving the durability and mechanical properties
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significantly [32-37]. Use of fly ash in RAC is also reported
to be beneficial in the long run [38, 39]. Akter and Sar-
mabh [40] used silicon-rich char instead of SCMs and found
significant performance enhancement of RAC. Senaratne
et al. [41] used 0.6% steel fiber with 30% RA to improve
the quality of RAC. Some researchers used crumb rubber
[42] or a combination of crumb rubber and silica fume [43]
along with steel fibers to improve the compressive and the
flexural properties of RAC. A combination of 10% silica
fume and 5% crumb rubber was recommended for steel fiber
reinforced RAC [43].

Recently, a trend of combining one or more of the above-
mentioned strategies has been adopted to further enhance
the performance of RAC. Rajhans et al. [44, 45] combined
the TSMA with concrete matrix improvement techniques, by
adding silica fume and fly ash in the concrete mixture and
obtained RAC of higher compressive strength than the with
individual application of improvement strategies. Similarly,
Pradhan et al. [21] used particle-packing method along with
the conventional TSMA and was able to produce satisfac-
tory RAC with 100% RA. Most recently, the use of bio-
materials, such as calcium precipitating bacteria, are being
investigated to enhance the performance of RAC [46, 47].
Although bacterial treatment has shown promising results,
further research is required for its practical applications [48].

Although some studies, as summarized earlier, have
been conducted to improve the properties of RAC, most of
them require pre-treatment of RA. The pre-treatment of RA
often requires additional setup and time, which makes them
inconvenient for practical applications. On the other hand,
the use of SCMs is convenient as it does not require addi-
tional setup. The use of TSMA approach is reported to have
good effect on the improvements of RAC and, additionally,
it does not require extra materials. A few studies reported in
the literature considered use of both mineral additives and
TSMA together for improving the quality of RAC [44, 45].
Further, there is lack of detailed information regarding the
effect of the treatment of RA on the durability of RAC mix-
tures. Some researchers considered the durability aspects;
however, they focused only on some indirect durability indi-
ces without considering the direct evaluation of the resist-
ance of RAC mixtures (prepared using mineral additives and
TSMA) against corrosion of steel reinforcement. In the pre-
sent study, the effect of mineral additives (fly ash, GGBFS,
and silica fume) used as SCMs and the application of TSMA
on the mechanical properties, durability characteristics, and
drying shrinkage behavior of RAC were evaluated, followed
by comparative cost analysis of the developed RAC mix-
tures. Specifically, this study features indirect assessment
of durability of RAC, through water absorption and chloride
permeability, and a direct assessment of qualitative corro-
sion behavior through monitoring corrosion potentials of
steel rebars embedded in the developed RAC mixtures.
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Experimental work

For the experimental investigation, four sets of concrete
mixtures were prepared where each set had two identical
concrete mixtures, one prepared using the normal mixing
approach (NMA) and the other using two-stage mixing
approach (TSMA). In this research, twenty groups of three
replica specimens each—10 groups of 100 mm cubes, 8
groups of cylinders having 75 mm diameter and 150 mm
height, and 2 groups of prisms having 50 mm square cross
section and 250 mm length—were prepared for each set.
Thus, for the four sets of test specimens, a total of eighty
groups of three replica specimens were used. The speci-
men preparation procedure along with the fundamental
characteristics of the used materials is described below.

Materials

The natural aggregate (NA) was crushed limestone,
sourced from a local quarry. The recycled aggregate (RA)
was prepared from concrete members of an old demol-
ished building. The local desert dune sand was used as fine
aggregate (sand). The water absorption and specific grav-
ity of sand, NA, and RA were determined as per relevant
ASTM standards. Those physical properties of aggregates
are presented in Table 1, while their particle size distribu-
tion is shown in Fig. 1. Both RA and NA were sieved and
blended to produce the same particle size distribution, as
done in the study reported by Li et al. [23].

Potable water was used for mixing and curing the con-
crete specimens. A liquid proprietary sulphonated naph-
thalene polymer superplasticizer (SP), conforming to
ASTM C494, was used to achieve the targeted workability.

The ordinary Portland cement (OPC) used in this study
was ASTM Type I cement. Three different SCMs, namely,
a Type F fly ash (FA), ground-granulated blast-furnace
slag (GGBEFS), and silica fume (SF), were used to partially
replace the OPC. The key oxide composition and physical
properties of all the cementitious materials used in this
study are presented in Table 2.

Table 1 Water absorption and specific gravity of aggregates

Type Water absorp- Specific gravity
tion (%)

Fine aggregate (sand) 0.6 2.50

Natural coarse aggregate (NA) 1.1 2.60

Recycled coarse aggregate (RA) 6.1 2.62

—e—NAand RA  —— Sand
100

60

40 1

Cummulative passing (%)

0 T —eo—ro T
0.01 0.1 1 10 100
Sieve size (mm)

Fig.1 Particle size distribution of aggregate

Strategies for improving quality of RAC
Two-stage mixing approach (TSMA)

The TSMA is a strategy that does not require any extra mate-
rials for the improvement of the quality of RAC. Instead of
the normal procedure of mixing coarse and fine aggregate
together with cement paste, this method involves mixing
coarse aggregate with cement paste prior to adding fine
aggregate. This causes inclusion of the cement paste in the
micro-cracks and pores on the surface of RA, which in turn
acts to fill the cracks and pores and improves the quality of
the ITZ between RA and new mortar [23]. A number of vari-
ations of TSMA are reported in the literature. In the present
study, a simple TSMA was used. A schematic presentation
of TSMA used in the present work, is presented in Fig. 2a.
The normal mixing approach (NMA) is presented in Fig. 2b.
The word “MCA” represents a mixture of NA and RA in
Fig. 2b.

Use of supplementary cementitious materials (SCMs)

SCMs are commonly used to improve the microstructure
of concrete that influences both strength and durability of
concrete. There are different types of SCMs, namely silica
fume, natural pozzolan, fly ash, ground-granulated blast-
furnace slag etc. that are used for this purpose. In the present
study, ASTM Type I cement was partially replaced with the

Table2 Oxide composition and physical properties of the binders

Item OPC FA GGBFS SF

Silicon dioxide (SiO,) % 20 53 33 91

Aluminum oxide (Al,03) % 6 34 14 1

Ferric oxide (Fe,03) % 4 4 1 0.25

Calcium oxide (CaO) % 65 4 43 0.20

Specific gravity 3.15 225 290 2.08

Surface area, m2/kg 365 300 600 20,200-21,200
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selected SCMs that included silica fume (7%), fly ash (20%),
and GGBFS (20%).

Mixture proportions

Considering different combinations of the treatment strate-
gies, four sets of concrete mixtures in NMA-TSMA pairs
were prepared, as stated earlier. The cementitious material
content, water to cementitious materials ratio, and coarse to
total aggregate ratio were kept invariant at 375 kg/m>, 0.4
(by mass), and 0.6 (by mass), respectively, in all the concrete
mixtures. The levels of these key parameters were chosen to
produce high strength RAC mixtures. The replacement of
NA with RA was kept at an optimal level (in terms of both
mechanical and durability characteristics) of 40% (by mass),
as suggested by Zaben [49]. Additionally, a concrete mixture
was prepared with 0% RA and 100% OPC while maintaining
the same cementitious materials content, water to cemen-
titious materials ratio, and coarse to total aggregate ratio
of abovementioned RAC mixtures. This additional mixture
was only used as a slump control mixture for the purpose

of comparing the workability of RAC and NAC prepared
with normal mixing approach. The weights of ingredients
calculated using the absolute volume method for producing
1 cubic meter of the RAC and NAC are presented in Table 3.

Casting and curing

The RAC and NAC mixtures were prepared in a tilting
drum-type mixer. The freshly mixed concrete was poured
in molds and consolidated on a laboratory vibrating table.
The specimens were demolded after 24 h of casting and sub-
sequently kept in a water tank for curing until the time of
testing. The temperature of the water in the curing tank was
maintained at 23 +2 °C.

Evaluation of hardened properties of concrete
mixtures

To assess the net enhancement in the key material properties
of different RAC mixtures due to techniques applied to treat
the RA in this research, the hardened properties of concrete

Table3 Quantities of ingredients for producing 1 m* of the RAC and NAC mixtures

Set no Mixture description Mixing approach  Gross Cementitious mate- Sand (kg) NA (kgy RA(kg) SP(kg)
water rials (kg)
(ke)* OPC  Mineral
additives
1 100% OPC* NMA' 189 375 0 750 675 450 53
TSMA
2 20% FA-80% OPC NMA 189 300 75 740 666 444 4.7
TSMA
3 20% GGBFS-80% OPC ~ NMA 189 300 75 748 673 449 4.7
TSMA
4 7% SF-93% OPC NMA 189 349 26 745 671 447 4.7
TSMA
Additional ~ 100% OPC-0% RA NMA 167 375 0 748 1122 0 53

*QGross water includes the effective water and water absorbed by the aggregates
T100%0OPC-NMA (i.e., without mineral admixture and TSMA) is the control RAC mixture
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mixtures were determined by testing the specimens after cur-
ing for specific durations. Mechanical properties of concrete
mixtures were evaluated in terms of their compressive and
tensile strengths. While the compressive strength is the cen-
tral mechanical property of any concrete, the tensile strength
is also important as it gives direct indication of the quality
of ITZ. As emphasized earlier, improving the quality of ITZ
around RA particles is the main target of RA improvement
strategies, especially the application of TSMA. In addition,
previous studies indicate that RAC exhibits lower tensile
strength, especially for high strength RAC [21] considered
in the present research, further highlighting the need to study
the tensile properties of the RAC mixtures. In this study,
the compressive strength was measured after 3, 7, 14, 28,
and 90 days of curing, while the splitting tensile strength
was measured after curing for 28 days. For the type of RA
used in this research, the reduction of elastic modulus in
RAC:s incorporating the raw 40% RA was only about 10%
compared to NAC, as reported by Zaben [49]. However, the
positive effect of the supplementary cementitious materials
(SCMs) on enhancing the elastic modulus as well as com-
pressive strength of various RAC is well reported in the
existing literature [33, 38]. On this ground, the improved
version of the RAC was projected to produce elastic modu-
lus greater than the RAC without treatment. Therefore, elas-
tic modulus was not investigated for the improved version of
RAC considered in this research.

In addition to mechanical properties, durability proper-
ties of RAC are of interest [24]. The main characterization
parameters to evaluate the performance of concrete from the
perspective of durability are permeability and deformation
[24, 50-52]. In this study, the permeability characteristics
of RAC were assessed in terms of water absorption, rapid
chloride permeability, and reinforcement corrosion poten-
tials. Water absorption and chloride permeability were
directly measured after 28 days of curing. Corrosion of steel

Table4 Summary of tests conducted on the RAC mixtures

reinforcements embedded in concrete is one of the major
concerns for which permeability properties of concrete are
studied as indirect indications of physical protections offered
by concrete to steel rebars. This study features a direct
assessment of qualitative corrosion behavior by monitoring
the corrosion potentials of steel rebars embedded in the stud-
ied concrete mixtures. The specimens used for the corrosion
potential testing were first moist-cured for 28 days and then
partially immersed in 5% NaCl solution. This was followed
by the measurements of corrosion potentials, via saturated
calomel electrode (SCE), at different intervals of time up to
140 days. The drying shrinkage of moist-cured specimens
of RAC mixtures were measured for about 100 days. Details
of all the tests conducted on the RAC mixtures are presented
in Table 4.

Results and discussion
Workability

As mentioned earlier, the workability of the RAC mixtures
was evaluated by measuring the slump. The slump of RAC
and NAC mixtures is summarized in Table 5. The work-
ability of RAC was more than that of NAC at the same
dosage of the SP. The increased workability of RAC may
be attributed to addition of extra water to the mixture to
compensate for the absorption of the RA [32]. The extra
water in RAC mixture remains available on the surface of
the aggregate for some time before being absorbed by RA
and this leads to a decrease in inter-particle friction thereby
increasing the workability. However, the workability of RAC
with TSMA decreased in all cases. This observation is con-
sistent with the given explanation along with the fact that
the adopted TSMA required 20% longer time than the NMA.

Property Test standard ~ Shape and size of the test specimen Testing time

Workability ASTM C143  Freshly mixed RAC Immediately after mixing and before initial setting
time

Compressive strength ASTM C39 100 mm cube After 3, 7, 14, 28, and 90 days of water curing

Splitting tensile strength  ASTM C496

height

Water absorption ASTM C642 Cylinder having 75 mm diameter and 150 mm
height

Chloride permeability =~ ASTM C1202 Cylinder having 75 mm diameter and 150 mm
height

Drying shrinkage ASTM C157 50%50%250 mm prism

Corrosion Potential ASTM C876  Cylinder having 75 mm diameter and 150 mm

height

Cylinder having 75 mm diameter and 150 mm

After 28 days of water curing
After 28 days of water curing
After 28 days of water curing
Up to 98 days of air exposure after 28 days of

water curing

Up to 140 days of chloride solution exposure after
28 days of water curing

@ Springer
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Table5 Slump of RAC produced using selected strategies

Mixture description SP dosages (% of Slump (mm)
cementitious materi-
als)
100% OPC-NMA (control 1.40 100
RAC)
100% OPC-TSMA 88
100% OPC-0% RA 75
20% FA-80% OPC-NMA 1.26 106
20% FA-80% OPC-TSMA 94
20% GGBFS-80% OPC-NMA 125
20% GGBFS-80% OPC-TSMA 100
7% SF-93% OPC-NMA 100
7% SF-93% OPC-TSMA 81

Nevertheless, the workability of the TSMA mixtures was
more than that of NAC.

The addition of SCMs to RAC increased the workability,
even at a low dosage of SP. This can be attributed to the
lubricating effect or ball bearing effect, texture, and shape
[53] of the added SCMs. The increase in workability in case
of RAC containing SF was slightly less than that containing
FA and GGBFS due to the high surface area of SF com-
pared to that of FA and GGBFS. However, the workability
of all RAC mixtures (with and without SCMs) decreased
when TSMA was adopted instead of NMA. This reduction in
workability when RAC mixtures were prepared using TSMA
can be attributed to the fact that the mixing was carried out
for a longer period in case of TSMA. The extra mixing time
allows more water absorption by the aggregates, thus reduc-
ing the lubricating effect and decreasing the workability
[54]. Although there is a reduction in the workability due to
preparation of the RAC mixtures by TSMA, the net effect of
the use of SCMs and TSMA on the workability is beneficial.
The workability of all RACs at a significantly lower SP dos-
age was higher compared to the workability of NAC.

Compressive strength

Figure 3 depicts the compressive strength of RAC mixtures
with 100% OPC (without SCM), prepared separately using
the NMA and TSMA. The beneficial effect of TSMA on
compressive strength of RAC at all ages is evident from the
data in Fig. 3. The positive effect of TSMA is due to the
improvement in the bond between RA and the fresh mortar.
The RA particles bear partial/full coating of the old mortar
that consists of pores and cracks, which weaken the bond
between the RA and fresh mortar, i.e., a weak ITZ in the
RAC mixture. The TSMA improves the quality of the ITZ
by sealing the cracks and pores on the surface of the RA
particles [23]. This is also termed as ‘shifting of ITZ’ that
provides a better bond between the fresh mortar and RA,

@ Springer
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Fig.3 Effect of TSMA on the compressive strength of RAC

thereby resulting in a densified microstructure of the RAC
prepared using TSMA. The RAC mixture with denser micro-
structure helps in achieving better mechanical properties and
durability characteristics [22, 55].

The morphology of RAC specimens prepared using NMA
and TSMA (100% OPC-NMA and 100% OPC-TSMA) was
evaluated using a scanning electron microscope (SEM) to
examine the improvement in the ITZ due to TSMA. The
SEM micrographs for RAC (100% OPC-NMA and 100%
OPC-TSMA) are shown in Fig. 4, which indicated that the
ITZ between old mortar and new mortar contained cracks
and pores when the RAC was mixed using NMA (Fig. 4a).
However, the ITZ between old mortar and new mortar
became dense when TSMA was adopted for mixing the
RAC (Fig. 4b). The improved interfaces between the old
mortar on the surface of the RA particles contributed to the
enhanced strength in RAC prepared using TSMA.

The effect of incorporating FA and application of TSMA
on the compressive strength of RAC is depicted in Fig. 5.
The initial strength development (before 28 days of curing)
of RAC containing FA is notably lower compared to that of
control RAC (100% OPC-NMA). The lower early strength of
RAC with FA may be attributed to a decrease in the quantity
of silica and high water to binder ratio. The silica in FA takes
time to react with the calcium hydroxide (liberated from
the primary hydration of the OPC). However, the formation
of secondary calcium silicate hydrate gel contributes to the
strength gain at later stage of hydration [56] as is evident
from the higher strength of RAC mixture containing FA
after 90 days of curing. It matched the strength of control
mixture after around 28 days curing and surpassed it signifi-
cantly at 90 days of curing. The combined effect of adding
FA and mixing using TSMA increased the 28 and 90 day
compressive strength as compared to that of control RAC.

The effect of GGBFS, silica fume, and TSMA on com-
pressive strength of RAC is shown in Figs. 6, 7. Unlike the
case of FA, the early strength was not affected by the addi-
tion of GGBFS and SF, rather their presence in the RAC
improved the early strength compared to the control RAC
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Fig.5 Effect of FA and TSMA on the compressive strength of RAC

(100% OPC-NMA). The early strength gain due to the addi-
tion of GGBFS may be attributed to the presence of enough
lime and silica that makes the hydration of GGBFS simi-
lar to that of OPC. The addition of a small amount of SF

Curing age of RAC (days)

Fig.6 Effect of GGBFS and TSMA on the compressive strength of
RAC
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Fig.7 Effect of SF and TSMA on the compressive strength of RAC

(7% only) resulted in a higher compressive strength of RAC
containing SF even at early ages due to its pore-filling abil-
ity by virtue of its very fine particle size. Similar findings
pertaining to the concrete mixtures containing GGBFS and
SF are reported in the literature [57]. The use of TSMA in
presence of GGBFS and SF (20% GGBFS-80% OPC-TSMA
and 7% SF-93% OPC-TSMA) further improved the com-
pressive strength at all ages due to denser ITZs compared
to normal mixing.

A summary of the combined effect of addition of mineral
additives (SCMs) and TSMA on the 28-day compressive
strength of RAC is presented in Fig. 8. It can be observed
that the combined effect of SCM and TSMA has resulted
in a significant increase in the 28-day compressive strength
compared to the control RAC mixture (100% OPC-NMA).
While the increase in the 28-day strength of RAC (20%
GGBFS-80% OPC-TSMA and 7% SF-93% OPC-TSMA)
was 20% and 24%, respectively, it was only 6% in the RAC
mixture containing FA (20% FA-80% OPC-NMA) due to
slow hydration in presence of FA.

Splitting tensile strength

Figure 9 depicts the effect of treatment strategies on
the 28-day splitting tensile strength of RAC. It can be
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observed from the data presented in Fig. 9 that the TSMA
resulted in a significant increase in the splitting tensile
strength of all the RAC mixtures including the control
mixture. Similarly, the addition of GGBFS and SF also
increased the splitting tensile strength significantly in
line with the results reported in the literature [58, 59].
However, the addition of FA did not increase the splitting
tensile strength due to the slow formation of secondary
C-S-H. The splitting tensile strength increased in mix-
tures incorporating SCMs and prepared with TSMA (8,
17 and 29% in the RAC mixtures with 20% FA-80% OPC-
TSMA, 20% GGBFS-80% OPC-TSMA and 7% SF-93%
OPC-TSMA, respectively) because of the combined posi-
tive effects of the addition of SCMs and the use of TSMA.
Modification of hydration process due to SCMs results
in densification of ITZ [60]. TSMA is also responsible

for producing densified ITZ of RA as a result of sealing
microcracks and voids in the mixing process [23]. The
tensile strength of concrete primarily depends on the bond
between the concrete matrix and aggregate. Densified ITZ
contributes to develop good bonding between the concrete
matrix and aggregate [61]. As a result, the improvements
of ITZ due to SCMs and TSMA primarily play role in
enhancing the splitting tensile strength. The mechanism
of improved ITZ in enhancing the splitting tensile strength
is depicted in Fig. 10. The improved ITZ is represented by
red border. The improved ITZ requires larger separating
(tensile) forces to separate RA from cement matrix, lead-
ing to a higher splitting tensile strengths [61].

Water absorption

The effect of different treatment strategies on the 28-day
water absorption of RAC is presented in Fig. 11. The
28-day water absorption in the RAC with SCMs decreased
by 2-8%, compared to the control RAC mixture. The
reduction in the water absorption in the presence of SCMs
may be attributed to the development of a dense micro-
structure due to two effects [62, 63]. The first one is the
filling of the pores with SCM, while the second one is
the chemical contribution by the formation of additional
C-S—H gel that decreases the porosity of concrete. In addi-
tion, the use of TSMA further decreased the water absorp-
tion of RAC with SCMs. The sealing of cracks and pores
in the old mortar on the surface of RA due to TSMA has
probably contributed to a reduction in the water absorption
of the RAC. The lowering of water absorption due to use
of TSMA and addition of SCMs indicate that the durability
of the resulting RAC improved significantly.
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Fig. 10 Mechanism of enhance-
ment of splitting tensile strength
due to TSMA
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Rapid chloride permeability

The rapid chloride permeability of RAC prepared using dif-
ferent treatment strategies is shown in Fig. 12. A significant
reduction in the rapid chloride permeability (in the range of
13%-53%) was noted in RAC with SCMs compared to the
control RAC (100% OPC-NMA). With a 13% reduction in
the rapid chloride permeability, GGBFS was the least effec-
tive, whereas, SF was the most effective causing 53% reduc-
tion in the rapid chloride permeability. Similar effects of the
SCMs on the chloride permeability was reported in the liter-
ature [64—66]. The efficiency of SCMs against chloride per-
meability depends on their effect on the electrical resistivity

20 % 20 % 7 % SF 7 % SF
-80% OPC -80% OPC  GGBFS GGBFS -93% OPC -93% OPC
-NM -TSMA  -80% OPC -80% OPC -NM -TSMA

-NM -TSMA

of concrete in two different ways. First, an increase in the
electrical resistivity due to pore-filling effect and second,
decrease in the electrical resistivity due to a decrease in the
free chloride ions because of chemical reaction between
chloride ions and tri-calcium aluminate. The highest reduc-
tion in the chloride permeability in case of SF addition is
mostly due to pore-filling effect of SF owing to its very small
particle size compared to that of OPC, FA, and GGBFS. The
decrease in the chloride permeability (29%) of RAC with FA
compared to that in GGBFS (13%) may be attributed to the
fact that the FA with high alumina content can bind more
chloride ions thereby increasing the electrical resistivity of
concrete more than that in case of the GGBFS. Furthermore,
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the plots in Fig. 12 clearly indicate the beneficial effects of
TSMA on the chloride permeability of RAC. The reduc-
tion in the chloride permeability due to the combined effect
of SCMs and TSMA ranged from 19 to 59%. The positive
effect of TSMA may be attributed to the sealing of pores and
cracks in the old mortar that decreases the porosity of the
RAC. The reduction of the rapid chloride permeability due
to use of TSMA and addition of SCMs indirectly indicates
that resulting RAC has higher resistance against the incur-
sion of harmful ingredients like chloride in the concrete,
hence better durability is expected from the modified RAC.

Drying shrinkage

The drying shrinkage of RAC mixture with TSMA but with-
out SCM (100% OPC), is depicted in Fig. 13a. The mixing
of RAC ingredients using TSMA caused a significant reduc-
tion in the dying shrinkage after 28 days of exposure to air.
The positive effect of TSMA may be attributed to the sealing
of cracks and pores on the surface of RA leading to refine-
ment of the pores at ITZ [67].

The data in Fig. 13b, ¢, d show the individual effect of
the SCMs as well as the combined effect of the SCMs plus
TSMA. The addition of FA has caused a very significant
reduction in the drying shrinkage particularly after 28 days
of exposure to the air, as shown in Fig. 13b. The addition
of other SCM (SF) has also caused a reduction in the dry-
ing shrinkage after 28 days of exposure to air, as depicted
in Fig. 13d, but not to the extent of FA addition. Unlike the
incorporation of FA and SF, the addition of GGBFS has
not caused any noticeable reduction in the drying shrink-
age, rather the shrinkage is higher in the early stages of the
exposure to air, as can be noted from the data in Fig. 13c.
The reduction in the drying shrinkage due to addition of
SCMs (FA and SF) may be attributed to the lower chemical
shrinkage in presence of pozzolanic additives because of the

@ Springer

formation of the extra C—S—H gel that enables refinement of
the pores [64, 68—74]. Although both the SCMs decreased
the drying shrinkage significantly, FA showed more pro-
nounced reduction in the drying shrinkage compared to SF.
This may be attributed to the fact that the addition of SF
causes autogenous shrinkage due to its very fine size, par-
ticularly at a low water to cementitious materials ratio. This
additional shrinkage in the presence of SF causes a reduction
in the ability of the SF to offer resistance against shrinkage
compared to FA [68]. Further, the inability of GGBFS to
resist the drying shrinkage [59, 75] is due to its hydration
almost similar to that of the OPC resulting in the formation
of almost similar quantity of C—S—H gel causing pore refine-
ment at almost similar level. Unlike the effect of addition
of SCMs on the reduction of drying shrinkage, adoption of
TSMA did not exhibit any significant improvement, except
in case of RAC with SF. The reduction of drying shrink-
age due to improvement techniques used here is liable to
enhance the durability of resulting RAC [24].

Corrosion potential

The plots of corrosion potential versus exposure duration for
RAC without addition of any SCM (100% OPC), as shown
in Fig. 14a, clearly indicate the beneficial effect of using
TSMA instead of using NMA. The initiation of reinforce-
ment corrosion has occurred in case of RAC with NMA
prior to that in RAC with TSMA due to a reduction in the
porosity of concrete with latter treatment.

The data in Fig. 14b showing the individual effect of
addition of FA as well as combined effect of FA and TSMA
on the corrosion potential indicates that the FA and TSMA
are jointly more effective in improving the corrosion resist-
ance of RAC compared to RAC with FA only. While addi-
tion of FA alone increased the time to corrosion initiation by
a few days, the use of TSMA along with FA suppressed the
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Fig. 13 Effects of two-stage mixing and SCMs on the dry shrinkage

reinforcement corrosion to be in a stable passive state (i.e.,
the corrosion potential is more positive than the threshold
corrosion potential of -270 mV SCE). This highly beneficial
effect of the TSMA against reinforcement corrosion may
be attributed to the reduction of the porosity and pore con-
nectivity due to sealing of pores and cracks at ITZs due to
the TSMA.

The beneficial effect of GGBFS and SF (without and with
TSMA) on reinforcement corrosion is shown in Figs. 14c
and d, respectively. It can be observed that the addition of
GGBFS as well as SF resulted in a stable passive state of
reinforcement corrosion, whether mixed using NMA or
TSMA. The insignificant effect of TSMA on resistance
against reinforcement corrosion of RAC mixtures containing
GGBFS and SF may be attributed to the fact that the GGBFS
with a higher lime content and SF with very high pore-filling
ability compared to the FA, have a higher resistance against
reinforcement corrosion even without using TSMA [12, 76,
77]. As corrosion potential is an electrochemical tool to
monitor the corrosion of steel bars embedded in concrete,
the delayed initiation of the reinforcement corrosion because
of using TSMA and addition of SCMs indicates reduction in
the permeability of the resulting RAC, hence better durabil-
ity of improved RAC is expected [78].
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Cost analysis

To estimate the cost for producing 1 cubic meter of each of
the RAC mixtures considered in the present work, the unit
costs of all the ingredients were collected including unit
cost of energy required for mixing using NMA and TSMA.
The cost of mixing is considered as the cost of energy
consumed while mixing to include the cost variation in the
normal mixing approach (NMA) and the two-stage mixing
approach (TSMA). The cost per cubic meter, estimated for
producing all the RAC mixtures, is presented in Table 6.
The cost per unit strength of each RAC mixture, as shown
in Table 6, was calculated as the ratio of cost per cubic
meter of RAC divided by the 28-day compressive strength.
Compared to the cost per unit strength of the control
RAC mixture, a significant reduction in the cost per unit
strength is observed when the SCMs were added (a reduc-
tion of 6.5, 10.6, and 17.1%, in the case of FA, GGBFS,
and SF, respectively). The cost per unit strength of the
RAC mixtures was reduced further by adopting TSMA.
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Fig. 14 Effects of two-stage mixing and SCMs on the corrosion potentials of steel in RAC

Table 6 Cost comparison of different RAC mixtures

Ttem Unit cost$/  100% 100% 20% 20% 20% 20% 7% SF-93% 7% SF-93%
ton OPC-NMA  OPC- FA-80% FA-80% GGBFS-80% GGBFS— OPC-NMA OPC-TSMA
(control) TSMA  OPC-NMA OPC-TSMA OPC-NMA  80% OPC-
TSMA

OPC 48.5 18.2 18.2 14.6 14.6 14.6 14.6 16.9 16.9
FLA 33.0 0.0 0.0 2.5 2.5 0.0 0.0 0.0 0.0
GGBFS 65.0 0.0 0.0 0.0 0.0 4.9 4.9 0.0 0.0
SF 97.5 0.0 0.0 0.0 0.0 0.0 0.0 2.5 2.5
Sand 12.2 9.2 9.2 9.0 9.0 9.1 9.1 9.1 9.1
NA 10.5 7.1 7.1 7.0 7.0 7.1 7.1 7.0 7.0
RA 39 1.8 1.8 1.7 1.7 1.8 1.8 1.7 1.7
*SP($/1t) 37 19.5 19.5 17.5 17.5 17.4 17.5 17.5 17.5
Water 1.3 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Energy for 0.09 0.20 0.28 0.20 0.28 0.20 0.28 0.20 0.28

mixing ($/

kWh)
Total ($)/m? - 56.1 56.2 52.8 52.8 552 55.4 553 55.4
Cost ($) / - 1.23 1.19 1.15 1.09 1.10 1.01 1.02 0.98

MPa

(28 day)
% Reduction - - 33 6.5 114 10.6 17.9 17.1 20.3

in cost/MPa

(28 days)
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Conclusions

Following conclusions can be drawn based on the results
of the present experimental investigation conducted with
the main objective of exploring the possibility of improv-
ing the quality of RAC (40% recycled coarse aggregate
and 60% natural coarse aggregate) through a combined
strategy that consisted of the addition of three selected
SCMs (FA, GGBFS, and SF) and use of TSMA:

1. The workability of RAC mixture was more than that
of NAC at the same dosage of the SP due to the addi-
tion of extra amount of water to the mixture to compen-
sate the water absorption by the RA. The extra water in
RAC mixture remains available on the surface of the
aggregate for some time before being absorbed that
enables in decreasing friction and, therefore, in increas-
ing the workability. The workability of RAC mixtures
was higher due to the addition of SCMs even at a lower
dosage of the SP. The TSMA caused a reduction in the
workability; however, the workability of RAC with
TSMA was more than that of concrete mixture without
RA.

2. The addition of the SCMs resulted in densifying the
microstructure with more binding capacity and the use
of TSMA improved the quality of the interfacial zones
between the old mortar on the surface of the RA and the
new mortar, as is evident in the SEM micrographs. This
combined strategy caused a significant improvement in
the strength of RAC.

3. The drying shrinkage was significantly reduced due to
the addition of FA and SF to RAC prepared with or with-
out TSMA. The drying shrinkage of RAC with GGBFS
was initially more than that of control RAC. However,
its overall shrinkage in the long-run was similar to that
of control RAC mixture.

4. The water absorption and chloride permeability of RAC
mixtures decreased and corrosion resistance increased
due to the addition of the SCMs and the use of TSMA.
The densification of the concrete microstructure due
to pozzolanic and pore-filling action of the SCMs and
improvement in the quality of ITZs due to TSMA con-
tributed to the enhancement of the durability of the RAC
mixtures.

5. The production cost per unit strength of the RAC mix-
tures (incorporating SCMs and prepared using TSMA)
was less than that of the control RAC mixture due to the
positive effect of the SCMs and TSMA on the compres-
sive strength.

6. RAC prepared with the addition of SCMs and use of
TSMA increased workability at a lower dosage of SP.
This joint strategy improved strength and durability,

lowered shrinkage, reduced consumption of OPC due to
the use of the SCMs, and lowered cost per unit strength.
The RAC mixtures with these advantages may be con-
sidered as environment friendly (due to lower OPC con-
sumption with lower CO, emission), sustainable (due to
resource conservation using recycled coarse aggregate
and waste materials as SCMs), and cost effective (due
to improvements in the quality of RAC).

Acknowledgements The authors acknowledge the financial support
provided by the Royal Commission for Jubail, Saudi Arabia, and the
technical support provided by King Fahd University of Petroleum and
Minerals, Dhahran, Saudi Arabia.

References

10.

11.

12.

13.

14.

Ismail S, Hoe KW, Ramli M (2013) Sustainable aggregates: the
potential and challenge for natural resources conservation. Pro-
cedia Soc Behav Sci 101:100-109

Pandurangan K, Dayanithy A, Om Prakash S (2016) Influence
of treatment methods on the bond strength of recycled aggregate
concrete. Constr Build Mater 120:212-221

Mei Mah C, Fujiwara T, Siong Ho C (2018) Environmen-
tal impacts of construction and demolition waste management
alternatives. Environ Impacts Constr Demolition Waste Manage
Altern. 63:343-348

Etxeberria M, Mari AR, Vizquez E (2007) Recycled aggregate
concrete as structural material. Mater Struct 40(5):529-541
Corinaldesi V (2010) Mechanical and elastic behaviour of con-
cretes made of recycled-concrete coarse aggregates. Constr Build
Mater 24(9):1616-1620

Silva RV, de Brito J, Dhir RK (2015) Tensile strength behaviour
of recycled aggregate concrete. Constr Build Mater 83:108-118
Qasrawi H, Marie I, Tantawi H (2012) Use of recycled concrete
rubbles as coarse aggregate in concrete. In: Proc. 5th Jordanian
Int. Civ. Eng. Conf

Katz A (2003) Properties of concrete made with recycled aggre-
gate from partially hydrated old concrete. Cem Concr Res
33(5):703-711

Butler L, West JS, Tighe SL (2011) The effect of recycled concrete
aggregate properties on the bond strength between RCA concrete
and steel reinforcement. Cem Concr Res 41(10):1037-1049
Yang C, Hs C, Ashour AF (2008) Influence of type and replace-
ment level of recycled aggregates on concrete properties. ACI
Mater J 105(3):289-296

Silva RV, de Brito J, Dhir RK (2016) Establishing a relationship
between modulus of elasticity and compressive strength of recy-
cled aggregate concrete. J Clean Prod 112:2171-2186

Medina C, Zhu W, Howind T, Sanchez de Rojas MI, Frias M
(2014) Influence of mixed recycled aggregate on the physi-
cal—mechanical properties of recycled concrete. J Clean Prod
68:216-225

Kim Y, Hanif A, Kazmi SMS, Munir MJ, Park C (2018) Properties
enhancement of recycled aggregate concrete through pretreatment
of coarse aggregates—comparative assessment of assorted tech-
niques. J Clean Prod 191:339-349

Kim H-S, Kim B, Kim K-S, Kim J-M (2017) Quality improvement
of recycled aggregates using the acid treatment method and the
strength characteristics of the resulting mortar. J] Mater Cycles
Waste Manag 19(2):968-976

@ Springer



1600

Journal of Material Cycles and Waste Management (2020) 22:1587-1601

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Matias D, de Brito J, Rosa A, Pedro D (2013) Mechanical prop-
erties of concrete produced with recycled coarse aggregates—
Influence of the use of superplasticizers. Constr Build Mater
44:101-109

Bui NK, Satomi T, Takahashi H (2018) Mechanical properties
of concrete containing 100% treated coarse recycled concrete
aggregate. Constr Build Mater 163:496-507

Zhao Z, Wang S, Lu L, Gong C (2013) Evaluation of pre-coated
recycled aggregate for concrete and mortar. Constr Build Mater
43:191-196

Kareem Al, Nikraz H, Asadi H (2018) Evaluation of the double
coated recycled concrete aggregates for hot mix asphalt. Constr
Build Mater 172:544-552

Kumar SG, Minocha AK (2018) Studies on thermo-chemical
treatment of recycled concrete fine aggregates for use in con-
crete. ] Mater Cycles Waste Manag 20(1):469-480

Bui NK, Satomi T, Takahashi H (2017) Improvement of
mechanical properties of recycled aggregate concrete basing
on a new combination method between recycled aggregate and
natural aggregate. Constr Build Mater 148:376-385

Pradhan S, Kumar S, Barai SV (2017) Recycled aggregate con-
crete: particle packing method (PPM) of mix design approach.
Constr Build Mater 152:269-284

Tam VWY, Gao XF, Tam CM (2005) Microstructural analysis
of recycled aggregate concrete produced from two-stage mixing
approach. Cem Concr Res 35(6):1195-1203

Li W, Xiao J, Sun Z, Kawashima S, Shah SP (2012) Interfacial
transition zones in recycled aggregate concrete with different
mixing approaches. Constr Build Mater 35:1045-1055

Kisku N, Joshi H, Ansari M, Panda SK, Nayak S, Dutta SC
(2017) A critical review and assessment for usage of recycled
aggregate as sustainable construction material. Constr Build
Mater 131:721-740

Liang Y, Ye Z, Vernerey F, Xi Y (2015) Development of pro-
cessing methods to improve strength of concrete with 100%
recycled coarse aggregate. J] Mater Civ Eng 27(5):04014163
Junak J, Sicakova A (2017) Effect of surface modifications of
recycled concrete aggregate on concrete properties. Buildings
8(1):2

Nuaklong P, Sata V, Wongsa A, Srinavin K, Chindaprasirt P
(2018) Recycled aggregate high calcium fly ash geopolymer
concrete with inclusion of OPC and nano-SiO2. Constr Build
Mater 174:244-252

Zhang H, Zhao Y, Meng T, Shah SP (2016) Surface treatment
on recycled coarse aggregates with nanomaterials. J Mater Civ
Eng 28(2):04015094

Shi C, Wu Z, Cao Z, Ling TC, Zheng J (2018) Performance of
mortar prepared with recycled concrete aggregate enhanced by
CO, and pozzolan slurry. Cem Concr Compos 86:130-138
Kou SC, Zhan B, Poon CS (2014) Use of a CO, curing step
to improve the properties of concrete prepared with recycled
aggregates. Cem Concr Compos 45:22-28

Zhan BJ, Xuan DX, Poon CS (2018) Enhancement of recycled
aggregate properties by accelerated CO, curing coupled with
limewater soaking process. Cem Concr Compos 89:230-237
Kou S, Poon C, Agrela F (2011) Comparisons of natural and
recycled aggregate concretes prepared with the addition of dif-
ferent mineral admixtures. Cem Concr Compos 33(8):788-795
Pedro D, de Brito J, Evangelista L (2017) Mechanical charac-
terization of high performance concrete prepared with recycled
aggregates and silica fume from precast industry. J Clean Prod
164:939-949

Cakir O (2014) Experimental analysis of properties of recycled
coarse aggregate (RCA) concrete with mineral additives. Constr
Build Mater 68:17-25

@ Springer

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Maier PL, Durham SA (2012) Beneficial use of recycled materials
in concrete mixtures. Constr Build Mater 29:428-437

Majhi RK, Nayak AN (2019) Bond, durability and microstructural
characteristics of ground granulated blast furnace slag based recy-
cled aggregate concrete. Constr Build Mater 212:578-595

Ann KY, Moon HY, Kim YB, Ryou J (2008) Durability of recy-
cled aggregate concrete using pozzolanic materials. Waste Manag
28(6):993-999

Kou SC, Poon C-S (2013) Long-term mechanical and durabil-
ity properties of recycled aggregate concrete prepared with the
incorporation of fly ash. Cem Concr Compos 37:12-19

Berndt ML (2009) Properties of sustainable concrete containing
fly ash, slag and recycled concrete aggregate. Constr Build Mater
23(7):2606-2613

Akhtar A, Sarmah AK (2018) Strength improvement of recycled
aggregate concrete through silicon rich char derived from organic
waste. J Clean Prod 196:411-423

Senaratne S, Gerace D, Mirza O, Tam VWY, Kang W-H (2016)
The costs and benefits of combining recycled aggregate with
steel fibres as a sustainable, structural material. J Clean Prod
112:2318-2327

Xie J, Guo Y, Liu L, Xie Z (2015) Compressive and flexural
behaviours of a new steel-fibre-reinforced recycled aggregate
concrete with crumb rubber. Constr Build Mater 79:263-272
Xie J, Fang C, Lu Z, Li Z, Li L (2018) Effects of the addition of
silica fume and rubber particles on the compressive behaviour
of recycled aggregate concrete with steel fibres. J Clean Prod
197:656-667

Rajhans P, Panda SK, Nayak S (2018) Sustainable self compact-
ing concrete from C&D waste by improving the microstructures
of concrete ITZ. Constr Build Mater 163:557-570

Rajhans P, Panda SK, Nayak S (2018) Sustainability on durabil-
ity of self compacting concrete from C&D waste by improving
porosity and hydrated compounds: a microstructural investigation.
Constr Build Mater 174:559-575

Singh LP, Bisht V, Aswathy MS, Chaurasia L, Gupta S (2018)
Studies on performance enhancement of recycled aggregate
by incorporating bio and nano materials. Constr Build Mater
181:217-226

Wang J, Vandevyvere B, Vanhessche S, Schoon J, Boon N, De
Belie N (2017) Microbial carbonate precipitation for the improve-
ment of quality of recycled aggregates. J Clean Prod 156:355-366
Grabiec AM, Klama J, Zawal D, Krupa D (2012) Modification of
recycled concrete aggregate by calcium carbonate biodeposition.
Constr Build Mater 34:145-150

Zaben AH (2017) Mechanical properties of green recycled aggre-
gate concrete using construction and demolition waste in Saudi
Arabia. M.S. thesis, King Fahd University of Petrolium and Min-
erals, Dhahran

Ragab Mohamed A, Hansen W (1999) Micromechanical modeling
of crack-aggregate interaction in concrete materials. Cem Concr
Compos 21(5-6):349-359

Zakaria M, Cabrera JG (1996) Performance and durability of
concrete made with demolition waste and artificial fly ash-clay
aggregates. Waste Manag 16(1-3):151-158

Oh BH, Cha SW, Jang BS, Jang SY (2002) Development of high-
performance concrete having high resistance to chloride penetra-
tion. Nucl Eng Des 212(1-3):221-231

Choi MS, Park SB, Kang S-T (2015) Effect of the mineral admix-
tures on pipe flow of pumped concrete. ] Adv Concr Technol
13(11):489-499

J Afsar (2012) “Effect of mixing time on concrete workability |
effect on slump | conclusion | engineering intro,” 2012. [Online].
Available: https://www.engineeringintro.com/concrete/workabilit
y/effect-of-mixing-time-on-workability-of-concrete-effect-on-
slump-conclusion/. Accessed 26 Feb 2019


http://www.engineeringintro.com/concrete/workability/effect-of-mixing-time-on-workability-of-concrete-effect-on-slump-conclusion/
http://www.engineeringintro.com/concrete/workability/effect-of-mixing-time-on-workability-of-concrete-effect-on-slump-conclusion/
http://www.engineeringintro.com/concrete/workability/effect-of-mixing-time-on-workability-of-concrete-effect-on-slump-conclusion/

Journal of Material Cycles and Waste Management (2020) 22:1587-1601

1601

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Li G, Xie H, Xiong G (2001) Transition zone studies of new-
to-old concrete with different binders. Cem Concr Compos
23(4-5):381-387

Thomas M (2007) Optimizing the use of fly ash in concrete, vol
5420. Portland cement association, Skokie

Khan SU, Nuruddin MF, Ayub T, Shafiq N (2014) Effects of dif-
ferent mineral admixtures on the properties of fresh concrete. Sci
World J 2014:1-11

Zhang M-H, Malhotra VM (1996) High-performance concrete
incorporating rice husk ash as a supplementary cementing mate-
rial. ACI Mater J 93:629-636

Newman J, Choo B (2003) Advanced concrete technology: pro-
cesses, 3rd edn. Butterworth-Heinemann, Oxford

Ollivier JP, Maso JC, Bourdette B (1995) Interfacial transition
zone in concrete. Adv Cem Based Mater 2(1):30-38

Reinhardt HW (2013) Factors affecting the tensile properties of
concrete. Understanding the tensile properties of concrete. Else-
vier, Amsterdam, pp 19-51

Pavia S, Condren E (2008) A study of the durability of OPC vs.
GGBS concrete on exposure to silage effluent. ] Mater Civ Eng
20(4):313-320

Cakir O, Sofyanli OO (2015) Influence of silica fume on mechani-
cal and physical properties of recycled aggregate concrete. HBRC
J11(2):157-166

Nath P, Sarker P (2011) Effect of fly ash on the durability proper-
ties of high strength concrete. Procedia Eng 14:1149-1156
Ramezanianpour AA, Malhotra VM (1995) Effect of curing on the
compressive strength, resistance to chloride-ion penetration and
porosity of concretes incorporating slag, fly ash or silica fume.
Cem Concr Compos 17(2):125-133

Hooton P, Pun RD, Kojundic P, Fidjestol T (1997) Influence of
silica fume on chloride resistance of concrete. In: International
Symposium of High Performance Concrete. pp. 245-249

Tam VWY, Tam CM (2007) Assessment of durability of recy-
cled aggregate concrete produced by two-stage mixing approach.
J Mater Sci 42(10):3592-3602

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

Sarkar S, Halder A, Bishnoi S (2013) Shrinkage in Concretes
Containing Fly Ash. In: UKIERI Concrete Congress

Collins F, Sanjayan J (2000) Effect of pore size distribution on
drying shrinking of alkali-activated slag concrete. Cem Concr Res
30(9):1401-1406

Ayub T, Khan SU, Memon FA (2014) Mechanical characteristics
of hardened concrete with different mineral admixtures: a review.
Sci World J 2014:875082

Ghosh RS, Timusk J (1981) Creep of fly ash concrete. ACIJ Proc
78(5):351-357

Almusallam TH (1995) Effect of fly ash on the mechanical prop-
erties of concrete. In: 4th Saudi Engineering Conference. pp.
187-192

Mazloom M, Ramezanianpour AA, Brooks JJ (2004) Effect of
silica fume on mechanical properties of high-strength concrete.
Cem Concr Compos 26(4):347-357

Chung DDLL (2002) Review: Improving cement-based materials
by using silica fume. J Mater Sci 37(4):673-682

Neville AM (2011) Concretes with particular properties. In: Prop-
erties of Concrete, 5th ed., Harlow. p. 666

Khan M1, Siddique R (2011) Utilization of silica fume in concrete:
review of durability properties. Resour Conserv Recycl 57:30-35
Sun W, Zhang Y, Liu S, Zhang Y (2004) The influence of mineral
admixtures on resistance to corrosion of steel bars in green high-
performance concrete. Cem Concr Res 34(10):1781-1785
Medeiros MHF, Rocha FC, Medeiros-JUNIOR RA, Helene P
(2017) Corrosion potential: influence of moisture, water-cement
ratio, chloride content and concrete cover. Rev IBRACON Estru-
turas e Mater 10(4):864—-885

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Effect of mineral additives and two-stage mixing on the performance of recycled aggregate concrete
	Abstract
	Introduction
	Experimental work
	Materials
	Strategies for improving quality of RAC​
	Two-stage mixing approach (TSMA)
	Use of supplementary cementitious materials (SCMs)

	Mixture proportions
	Casting and curing
	Evaluation of hardened properties of concrete mixtures

	Results and discussion
	Workability
	Compressive strength
	Splitting tensile strength
	Water absorption
	Rapid chloride permeability
	Drying shrinkage
	Corrosion potential

	Cost analysis
	Conclusions
	Acknowledgements 
	References




