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Abstract: Recycled aggregate concrete (RAC) is an envir-
onmentally friendly material. However, owing to inherent
characteristics of the recycled aggregate (RA), it is diffi-
cult to promote and apply it in structural engineering.
Silica fume (SF) and nano-silica (NS) have different char-
acteristics as additives for RAC. It has been proven that
adding SF only enhances the strength of RAC at a later
stage, and NS can improve the early strength of RAC
owing to its high pozzolanic activity. In this study, to
further improve the properties of RAC, two types of addi-
tives were combined into RAC, which was named SF-NS-
modified RAC (SSRAC). Compression and split tensile
tests were conducted to analyze the mechanical proper-
ties of SSRAC at different curing ages. The results indi-
cated that the combined addition of NS and SF improved
the performance of RAC at early and later curing ages.

Scanning electron microscopy and X-ray diffraction ana-
lyses were performed to explore the NS and SF mechanism.
The results indicated that SF and NS in SSRAC had a good
pozzolanic effect and underwent a secondary hydration
reaction with calcium hydroxide to increase the production
of calcium silicate hydrate, resulting in an increase in the
properties of the interface transition zone. Finally, 6% SF
and 2 or 3%NS are recommended as supplementary cemen-
titious materials for RAC.

Keywords: recycled aggregate concrete, nano-silica, silica
fume, mechanical behavior, microstructure analysis

1 Introduction

In recent years, with the improvement of comprehensive
strength and urbanization speed in China, the number of
constructions, and consequently the consumption of con-
crete, has considerably increased [1–3]. This phenom-
enon leads to an increase in the demand for natural
aggregates (NAs), such as sand and gravel. As NAs are
nonrenewable resources, it is urgent to seek new types of
aggregates [4,5]. In this regard, construction and demoli-
tion (C&D) waste has been considered to be used as aggre-
gate. These C&D wastes can be converted into recycled
aggregates (RAs) after a certain procedure [6]. RAs can
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partially replace NAs in the production of concrete, resulting
in a green construction material called recycled aggregate
concrete (RAC) [7]. The utilization of RA alleviates the
shortage of natural resources [8–11]. However, the surface
of the RA is covered with old mortar, resulting in a signifi-
cant effect on the interface transition zone (ITZ) of the RAC.
In other words, in addition to the ITZ between the NA and
new mortar, there is another ITZ between the new mortar
and old mortar on the surface of the RA [12]. Therefore, it is
accepted that high RA replacement rate is not recommended
in construction engineering. In other words, how to effec-
tively and conveniently improve the mechanical properties
of ITZs and old cement mortar at early and later curing ages
has become the key to develop high-strength RAC and the
wide application of RAC in construction engineering with
high RA replacement rate.

Compared with natural aggregate concrete (NAC),
RAC has higher porosity and more internal microcracks
[13] caused by the recycling process. Therefore, the appli-
cation rate of RAC is not very high, and the replacement
percentage of RA is one of the key factors affecting the
mechanical properties of RAC [14]. Therefore, the repla-
cement rate of RA is relatively low (less than 50%) if
using RAC in construction engineering. Most of the above
research [13,14] focused on the mechanical properties of
RAC with different RA replacement ratio and did not
further study how to improve the performance of RAC.
In other words, if using high RA replacement rate in RAC,
some improving methods should be employed.

To improve the properties of RAC, many scholars
focus on the treatment method of RAs, such as using
physical or chemical activation to improve the perfor-
mance of RA. Saravanakumar et al. [15] pretreated RAs
with acids and observed an increase in the compressive
strength of the RAC produced. Hosseini Zadeh et al. [16]
found that CO2 can react with calcium hydroxide (CH)
and calcium silicate hydrate (C−S−H) existing in the old
mortar on the surface of RAs, and the new compound
product can fill the pores in the mortar, which reduces
the porosity and improves the strength of RAC. Khush-
nood et al. [17] modified the surface of RAC by using
bacteria to deposit calcium carbonate, which signifi-
cantly reduced the water absorption and increased the
compressive strength.

As the strength of adhered mortar in RAs is usually
much lower than that in natural aggregate and new
cement paste, porous ITZ may be the weakest zone in
RAC, which has a significant impact on the performance
of RAC. Therefore, how to improve the properties of ITZs
and old cement mortar has become the key to develop
high-strength RAC and the wide application of RAC in

construction engineering. In addition, the effect of men-
tioned methods [15–17] of activation or modification of
RAs to improve RAC characteristics is limited, because
they have some disadvantages, such as complicated pro-
cedures or introduce some harmful ions (Cl−, −SO4

2 ). Thus,
these methods are difficult to be extensively applied in
construction engineering.

In contrast, the use of supplementary cementitious
materials (SCMs) is a convenient and effective method to
improve mechanical properties of concrete. Commonly
used SCMs mainly include ground blast furnace slag
(GBFS), silica fume (SF), and fly ash (FA) [18,19]; these
materials react with CH formed by cement hydration
and considerably improve the properties of the ITZ [20].
Among them, the pozzolanic activity of SF is higher than
that of FA and GBFS; therefore, lower percentages of SF
are required. Miraldo et al. [21] indicated that SF can
improve the compressive strength of RAC to exceed that
of NAC, thus RAC with SF (SFRAC) can be applied to
structural engineering. Cakir and Sofyanli [22] indicated
that SF mainly participates in the pozzolanic reaction of
concrete, but it does not effectively enhance the mechan-
ical properties of concrete at early curing ages. This phe-
nomenon indicates that the effect of SF mainly occurs in
the later stages of concrete hardening.

Recently, many scholars have focused on the appli-
cation of nanomaterials in concrete [23–26]. The use of
nanomaterials as particulates in addition to conventional
materials increases the mechanical properties of concrete
[27]. Nano-silica (NS) [28] is a nano-sized SCM that
improves the properties of concrete, further refining the
particle size distribution of raw materials and exhibiting
a higher pozzolanic activity than SF. The results obtained
by Fallah and Nematzadeh [29] and Zareei et al. [30]
indicated that NS can be an excellent alternative for redu-
cing cement consumption in the production of high-
strength concrete. Because of its high specific surface
area and high reactivity, NS can promote the hydration
of cement, improve the strength of concrete at an early
age, and reduce the porosity to form a dense microstruc-
ture [31]. Recently, Ying et al. [32] used NS to modify RAC
(NSRAC), and the results indicated that NS was also sui-
table for RAC, resulting in an improvement in the RAC
microstructure.

Among various types of SCMs, although the enhance-
ment effect of SF on RAC is better than FA and GGFS
[18–20], the early-age strength still needs to be improved.
Increasing the early-age strength of concrete can improve
the engineering efficiency, so as to meet the strength
requirements as soon as possible. However, there are
few studies on RAC improvement methods that take
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into account both early and late ages. Different from SF,
because NS has stronger pozzolanic effect than SF, the
enhancement effect of NS on RAC is mainly concentrated
at the early age, but the growth effect of strength is weak
at the later age. In addition, the particle size of NS is
much smaller than that of SF; the internal pores of RAC
can only be filled by the products of pozzolanic reaction
reacted with NS, but not by physical filling together.

According to the characteristics of SF and NS and
their effects on the properties of concrete, some researchers
have studied the combined use of SF and NS in NAC or
cement mortar. Zhang et al. [33] studied cement mortars
modified with SF and NS. They found that SF and NS
consumed a large amount of CH to form a dense C−S−H
gel during the hydration of cement and were also impor-
tant in grading filling in different sizes combined with
other SCMs. Bernal et al. [34] studied NAC with SF and
NS and found that the improvements in workability and
strength were different than those obtained when using
only NS or SF. Although combined using of NS and SF
can effectively improve the mechanical properties of NAC
at early and late ages [33,34], the studies about combined
using of SF and NS on RAC are still lacking. Because of
the different microstructures of NA and RA, it is necessary
to further study the mechanical properties of the SF-NS-
modified RAC (SSRAC) at different curing ages to validate
the feasibility of SSRAC in engineering application.

In this study, considering as test variables replace-
ment percentage of RA (0, 50, and 100%), SF content (0,
3, 6, and 9%), NS content (0, 1, 2, and 3%), and curing
age (3, 7, and 28 days), the effects of SF and NS on
mechanical properties and microstructural performances
of SSRAC are discussed. The purpose of this investigation
is to explore the optimal amount of the SCMs analyzed to
provide a reference for engineering applications of RAC
with high performance.

2 Raw materials and specimen
preparations

2.1 Raw materials

SSRAC is composed of cement, fine aggregate, coarse
aggregate, SCMs, and tap water. Ordinary Portland cement
(P. O. 42.5R), in accordance with the requirements of
Chinese standard GB175-2007 [35], was utilized in all
mixes. The physical properties and chemical composi-
tions of the cement are listed in Table 1. Continuously

graded sand with a fine modulus of 2.62 and a maximum
size of 5 mm was used as the fine aggregate, and the
grading curve is shown in Figure 1(a). Two types of con-
tinuously graded coarse aggregates were used (NA and
RA) with particle sizes of 5–31.5 mm, as shown in Figure
1(b). The physical properties of NA and RA are listed in
Table 2, according to Chinese standards JGJ52-2006 [36]
and GB/T 25177-2010 [37]. SF and NS were used as SCMs
and polycarboxylate superplasticizer was used as an
admixture. The superplasticizer was the polycarboxylate
high-performance water-reducing agent QC-PL2 provided
by Qiangli Construction Materials Co., Ltd., with a water-
reducing efficiency of 25%. The SF and NS used were both
in the form of white powder solids. The physical proper-
ties of the NS and SF are summarized in Table 3. Photo-
graphs of the SF and NS are shown in Figure 2.

2.2 Mix proportion

Because RA has high water absorption, and NS has poor
dispersion and high water absorption, there are some
shortcomings in the preparation process of SSRAC, such
as low slump and difficulty in even mixing. In the mix
proportion design, the dosage of superplasticizer (1.2, 1.5,
2.5, and 3.5% of binder mass) was mainly determined by
the dosage of NS (0, 1, 2, and 3%). With the increase in NS
dosage, the dosage of the superplasticizer increased gra-
dually. In addition, because of the high water absorption
of RA, additional water was added. The RAs replaced NAs
in equal volumes. To explore the effect of SF and NS on
the mechanical properties of RAC, SSRAC, SFRAC, and
NSRAC were prepared. The mix proportions are listed in
Table 4. In the specimen ID, “R” represents the RA repla-
cement rate and “NS” and “SF” represent the NS and SF
contents, respectively. Moreover, control groups were set
to eliminate the influence of the superplasticizer among
the mix proportions analyzed without any NS and SF,
where “J” represents the dosage of superplasticizer.

Table 1: Physical properties and chemical composition of cement

Loss on
ignition
(%)

Blaine-
specific
surface
area
(m2/kg)

Setting
time (min)

Flexural
strength
(MPa)

Compressive
strength (MPa)

Initial Final 3
days

28
days

3
days

28
days

3.05 376 150 230 6.2 8.7 30.9 52.7

SO3 (%) MgO (%) Cl− (%)

2.32 3.15 0.013

Effects of NS and SF on the mechanical behaviors of RAC  821



2.3 Specimens preparation

To produce the SSRAC mixes, coarse aggregate, fine
aggregate, and cement were first poured into a concrete
mixer and mixed for approximately 120 s. As NS has poor
dispersibility and easily agglomerates in water [38], a
high-speed stirring rod was used to stir NS in water for
60 s with a superplasticizer. After premixing, this liquid
containing NS was added into the concrete mixer, and the
mixture was mixed for 150 s. Subsequently, fresh con-
crete was cast into molds, and the workability was eval-
uated. The specimens were demolded after 24 h and
cured under standard conditions (20 ± 2°C, 95% relative
humidity) for the remaining 2, 6, and 27 days (tested at 3,
7, and 28 days, respectively).

3 Experimental arrangements

3.1 Compression test

According to the Chinese standard GB/T 50081-2019 [39],
compression at a loading rate of 0.5 MPa/s was applied to
150-mm cubes, using a universal testing machine (Matest
C088-01, Italy) to determine the cubic compressive strength
(fcu) of the specimens. Three cubes were tested in each

Figure 1: Grading curves of aggregates: (a) fine and (b) coarse aggregates.

Table 2: Physical properties of coarse aggregates

NA (experiment) NA (standard) RA (experiment) RA (standard)

Apparent density (kg/m3) 2,765 — 2,484 —
Sediment content (%) 0.22 ≤1.0 0.88 ≤1.0
Water absorption (%) 0.8 — 2.5 ≤3.0
Elongated Particles (%) 8.9 ≤15 9.3 ≤10
Impurities (%) 0 — 1.0 ≤1.0

Table 3: Physical properties of SF and NS

Specific surface
area (m2/g)

SiO2

content (%)
Average
particle size

SF 21 98.1 0.1–0.3 μm
NS 230 99.8 7–40 nm

Figure 2: Photos of (a) SF and (b) NS.
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group to ensure that the dispersion of data did not exceed
15% (the strength of each specimen was no more than 15%
of the intermediate value), and the average value was cal-
culated. A photograph of the cubic compression test is
shown in Figure 3.

In addition, based on the ASTM standard C469 [40],
four strain gauges were mounted, and two linear variable
differential transformers (LVDTs) were set at the mid-sec-
tions of Ф150 × 300mm cylinders to measure the elastic
properties (Young’s modulus E and Poisson’s ratio υ). As
shown in Figure 4, four strain gauges, arranged as two
diametrically opposite pairs, were used: one pair (10 mm

length) for measurement of axial strain and another
pair (8mm length) for circumferential strain. Two LVDTs
were employed to capture the axial deformation, particu-
larly for the plastic zone under compression. The load-
ing rate was set to 0.18 mm/min, and all signals were
collected by a strain acquisition instrument (JM3841,
Yangzhou Jingming Technology Co., Ltd., China). After
the specimen reached the ultimate load, the compression
stopped when the load decreased to 80% of the ultimate
load. The frequency was set to 1 Hz. Three cylinders
were tested in each group and the average value was
determined.

Table 4: Mix proportions

Series Specimen ID Mix proportion (kg/m3)

Cement SF NS Water RA NA Superplasticizer

RAC R0-NS0-SF0 344 0 0 168 0 1,170 4.13
R50-NS0-SF0 344 0 0 183 526 585 4.13
R100-NS0-SF0 344 0 0 198 1,051 0 4.13

SSRAC R0-NS0-SF6 323.36 20.64 0 168 0 1,170 4.13
R0-NS1-SF6 319.92 20.64 3.44 168 0 1,170 5.17
R0-NS2-SF6 316.48 20.64 6.88 168 0 1,170 8.61
R0-NS3-SF6 313.04 20.64 10.32 168 0 1,170 12.05
R50-NS0-SF6 323.36 20.64 0 183 526 585 4.13
R50-NS1-SF6 319.92 20.64 3.44 183 526 585 5.17
R50-NS2-SF6 316.48 20.64 6.88 183 526 585 8.61
R50-NS3-SF6 313.04 20.64 10.32 183 526 585 12.05
R100-NS0-SF6 323.36 20.64 0 198 1,051 0 4.13
R100-NS1-SF6 319.92 20.64 3.44 198 1,051 0 5.17
R100-NS2-SF6 316.48 20.64 6.88 198 1,051 0 8.61
R100-NS3-SF6 313.04 20.64 10.32 198 1,051 0 12.05

NSRAC R0-NS1-SF0 340.56 0 3.44 168 0 1,170 5.17
R0-NS2-SF0 337.12 0 6.88 168 0 1,170 8.61
R0-NS3-SF0 333.68 0 10.32 168 0 1,170 12.05
R50-NS1-SF0 340.56 0 3.44 183 526 585 5.17
R50-NS2-SF0 337.12 0 6.88 183 526 585 8.61
R50-NS3-SF0 333.68 0 10.32 183 526 585 12.05
R100-NS1-SF0 340.56 0 3.44 198 1,051 0 5.17
R100-NS2-SF0 337.12 0 6.88 198 1,051 0 8.61
R100-NS3-SF0 333.68 0 10.32 198 1,051 0 12.05

SFRAC R0-NS0-SF3 333.68 10.32 0 168 0 1,170 4.13
R0-NS0-SF6 323.36 20.64 0 168 0 1,170 4.13
R0-NS0-SF9 313.04 30.96 0 168 0 1,170 4.13
R50-NS0-SF3 333.68 10.32 0 183 526 585 4.13
R50-NS0-SF6 323.36 20.64 0 183 526 585 4.13
R50-NS0-SF9 313.04 30.96 0 183 526 585 4.13
R100-NS0-SF3 333.68 10.32 0 198 1,051 0 4.13
R100-NS0-SF6 323.36 20.64 0 198 1,051 0 4.13
R100-NS0-SF9 313.04 30.96 0 198 1,051 0 4.13

Control group R100-J0 344 0 0 198 1,051 0 0
R100-J1.5 344 0 0 198 1,051 0 5.17
R100-J2.5 344 0 0 198 1,051 0 8.61
R100-J3.5 344 0 0 198 1,051 0 12.05
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3.2 Split tensile test

Similarly, the split tensile test was based on the Chinese
standard GB 50081-2019 [39], and the customized test
fixture was used in the universal testing machine, as
shown in Figure 5. Compression at a loading rate of
0.05 MPa/s was applied to 150-mm cubes to determine
the split tensile strength (ft) of the specimens. Three
cubes were tested in each group and the average value
was determined.

3.3 Microstructure analysis

The surface morphology of the specimens was observed
using a scanning electron microscope (SEM, S-3400N,
Hitachi, Japan, Figure 6). To improve the conductivity
of the samples, they were sprayed with gold in an ion
sputtering apparatus. The cement mortar region and ITZ
were enlarged and observed [41–43]. In addition, using

the X-ray diffractometer (XRD, D8 Advance, Bruker) tech-
nique [43–45], the diffraction patterns of the specimens
were obtained to analyze the crystal structure.

4 Experimental results

4.1 Effect of superplasticizer

To explore the influence of the polycarboxylate super-
plasticizer on RAC, the workability and cubic compres-
sive strength of the control group without NS and SF at
an early age were tested, and the experimental results
are shown in Table 5. Because the hardening of concrete
is mainly in the early curing age, only the effect of the
superplasticizer content on the early-age strength
was explored. On the one hand, the slump of the RAC
increased when the dosage of superplasticizer increased.
On the other hand, for the ages of 3 and 7 days, the
compressive strength of RAC changed slightly (less than
5%) with an increase in the superplasticizer content. It

Figure 3: Photograph of the cubic compression test.

Figure 4: Photograph and sketch of the uniaxial compression test for elastic properties.

Figure 5: Photograph of the split tensile test.
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can be considered that the superplasticizer had no effect
on the compressive strength of RAC at different curing
ages. Therefore, the influence of the superplasticizer on
the strength of concrete was neglected in the following
analysis.

4.2 Experimental results of cubic
compressive strength

The experimental results of the workability and cubic com-
pressive strength of RAC, NSRAC, SFRAC, and SSRAC are
summarized in Table 6. As shown in Table 5, without any
additives, the slump of RAC with 100% RA replacement
rate was only 33mm, and the fluidity was poor. This was
due to the high water absorption of RAs; the mixing water
was absorbed, resulting in the reduction of free water con-
tent in the mixture. Previous studies have also indicated
that the addition of NS and SF also reduces the fluidity of
concrete [46]. Moreover, the direct addition of NS and SF
into RAC also reduces its fluidity, which is extremely dis-
advantageous to engineering applications of RAC. Based
on the mixing procedures in Subsection 2.3, the slump of
each group of specimens (Table 6) reached a relatively
good value, and the fluidity satisfied the requirements of
engineering application and transportation.

4.2.1 Effect of RA replacement percentage

Figure 7 shows the relationship between fcu and RA repla-
cement percentage at various curing ages, where the con-
trol group is RAC without SF and NS under different RA
replacement percentages. As shown in Figure 7(a), for the
three curing ages (3, 7, and 28 days), fcu of NSRAC
decreased with an increase in the RA replacement rate.
Compared with NSRAC with 0% RA replacement rate, the
average decreases of fcu with 50 and 100% RA replace-
ment were 19 and 33% at 3 days (19 and 36% at 7 days and
20 and 31% at 28 days), respectively. Thus, RA replace-
ment is a key factor in the strength of RAC. In contrast,
under the same RA replacement ratio, the strength of
NSRAC was still higher than that of the control group
(RAC) when the NS content was 3%, particularly at 3
and 7 days. Therefore, NS considerably improved the
early strength of RAC, but had little effect on the later
strength.

Figure 6: Photograph of the SEM.

Table 5: Workability and compressive strength

Specimen ID Slump (mm) fcu (MPa)

3 days 7 days

R100-J0 33 27.65 32.94
R100-J1.5 86 28.44 33.98
R100-J2.5 154 25.86 32.23
R100-J3.5 185 26.04 31.63

Table 6: Experimental results of cubic compressive strength

Series Specimen ID Slump
(mm)

fcu (MPa)

3 days 7 days 28 days

RAC R0-NS0-SF0 155 39.42 48.55 53.72
R50-NS0-SF0 153 34.48 43.16 49.92
R100-NS0-SF0 140 24.94 28.98 40.62

NSRAC R0-NS1-SF0 70 42.89 51.70 57.79
R0-NS2-SF0 94 44.03 55.81 60.34
R0-NS3-SF0 121 42.50 52.89 62.19
R50-NS1-SF0 70 34.06 41.04 44.92
R50-NS2-SF0 95 36.20 44.33 48.95
R50-NS3-SF0 107 34.25 44.82 49.86
R100-NS1-SF0 78 27.78 33.75 41.86
R100-NS2-SF0 45 28.98 35.18 40.10
R100-NS3-SF0 65 31.00 32.96 42.54

SFRAC R0-NS0-SF3 150 39.10 45.71 61.51
R0-NS0-SF6 210 47.56 51.91 67.47
R0-NS0-SF9 155 42.92 55.46 67.99
R50-NS0-SF3 140 31.64 39.84 49.74
R50-NS0-SF6 188 36.80 44.61 56.46
R50-NS0-SF9 145 35.24 42.38 54.00
R100-NS0-SF3 120 22.23 26.61 39.29
R100-NS0-SF6 165 29.64 34.76 45.40
R100-NS0-SF9 145 28.01 34.83 43.48

SSRAC R0-NS1-SF6 145 40.00 51.99 62.58
R0-NS2-SF6 170 42.93 48.51 59.94
R0-NS3-SF6 175 46.32 49.65 68.86
R50-NS1-SF6 168 37.41 41.88 53.98
R50-NS2-SF6 165 37.21 45.52 54.54
R50-NS3-SF6 175 37.55 43.11 50.45
R100-NS1-SF6 150 31.73 37.31 49.32
R100-NS2-SF6 175 33.21 35.99 42.66
R100-NS3-SF6 190 34.25 37.92 46.43
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As shown in Figure 7(b), for the three curing ages
(3, 7, and 28 days), fcu of SFRAC decreased with an increase
in the RA replacement percentage. Compared with SFRAC
with 0% RA replacement, the average decreases of fcu
with 50 and 100% RA replacement percentages were 20
and 39% at 3 days (16 and 38% at 7 days and 19 and 35%
at 28 days), respectively. In contrast, under the same RA
replacement ratio, when the SF content was no less than
6%, the SF clearly increased the strength. The optimal SF
content was 6%, and the strength increased by 15, 10, and
16% at 3, 7, and 28 days, respectively. Therefore, a 6% SF
content was selected for the following analyses.

As shown in Figure 7(c), for the three curing ages
(3, 7, and 28 days), fcu of SSRAC decreased with an increase

in the RA replacement percentage. The reductions in fcu
of SSRAC with RA replacement were considerably smaller
than those of NSRAC and SFRAC. When the RA replace-
ment was 50% (100%), the average decreases of fcu at the
three curing ages were smaller by 7% (13%), 5% (11%),
and 3% (5%), respectively. This phenomenon indicated
that the effect of adding SF and NS on the fcu of RAC was
more evident than that of adding SF or NS alone.

The effects of RA replacement percentages on the com-
pressive strength of RAC were consistent with those of some
studies [13,47]. With an increase in the RA replacement, the
internal microcracks and void ratio also increased, causing
the strength of RAC to be lower than that of NAC. Therefore,
additives must be added to enhance its properties.

Figure 7: Effect of RA replacement percentages on the cubic compressive strength of (a) NSRAC, (b) SFRAC, and (c) SSRAC.
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4.2.2 Effect of SCMs contents

Figure 8 depicts the effect of the SCMs contents on the fcu
of RAC. As shown in Figure 8(a), when the RA replace-
ment percentage was 0%, NS improved the fcu of RAC at
different curing ages. Except for the age of 28 days, the
strength increased with the increase in NS content, and
for other ages, it reached a peak at 2%. When the RA
replacement was 50%, the fcu of RAC decreased with a
low NS content (1%). For a RA replacement of 100%, NS
enhanced the fcu of RAC at early curing ages, but it had
little effect at 28 days. This is because NS mainly pro-
motes the hydration reaction of cement in early curing

ages (less than 3 days), thus improving the fcu of RAC. In
later stages, NS powders only fill internal pores, and the
increase in fcu is not evident.

As shown in Figure 8(b), with an increase in the
content of SF, fcu of SFRC at different ages generally
showed a tendency of first decreasing, then increasing,
and finally decreasing. This means that excessively low
or high SF contents affect SFRC properties. There is an
optimal SF content to achieve the highest fcu. In this
investigation, the SF content of 6% was considered to
be optimal.

As shown in Figure 8(c), under the same SF content
(6%), when the RA replacement percentages were 0 and

Figure 8: Effect of additives on the cubic compressive strength of concretes with (a) NS, (b) SF, and (c) NS and SF combined.
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50%, the fcu of SSRAC did not significantly improve with
the increase in NS content. When the RA replacement was
100%, the fcu of SSRAC improved, particularly for the NS
content of 3% at 3 days.

4.2.3 Effect of curing ages

As shown in Table 7, the growth rates of the three types of
concrete in different ages showed that NS improved the
strength of RAC, particularly the early strength (3 and
7 days). In contrast, with the use of SF, the growth rate
of the strength of RAC was reduced at an early age and
increased at a later age, which was consistent with the
results of Cakir and Sofyanli [22]. The growth rate of SSRAC
was uniform across all ages. As shown in Figure 9, when

Table 7: Averaged growth rate of cubic compressive strength

Series RA
replacement
(%)

Growth rate
(3–7
days) (%)

Growth rate
(7–28
days) (%)

0 23 11
Control group 50 25 15

100 16 20
0 24 13

NSRAC 50 24 10
100 16 22

0 18 29
SFRAC 50 22 26

100 20 34
0 17 28

SSRAC 50 16 22
100 12 24

Figure 9: Effect of curing age on the cubic compressive strength of specimens with (a) 0%, (b) 50%, and (c) 100% RA replacement.
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the RA replacement rate was 50%, the early compressive
strengths of the three types of RAC were similar to that of
the control group (without SF and NS), whereas the fcu of
SFRAC and SSRAC with SF were considerably improved at
a later age. When the RA replacement rate was 100%, the
compressive strength of SSRAC was the highest among the
three age groups. According to the above results, it can be
considered that when the RA replacement rate is more
than 50%, it is recommended to combine NS and SF as
SCMs for RAC.

4.3 Experimental results of split tensile
strength

Because the previous section indicated that 6% is the
optimal SF content, this content was selected to conduct
the split tensile test. The experimental results of the ten-
sile strength of RAC, NSRAC, SFRAC, and SSRAC are sum-
marized in Table 8.

4.3.1 Failure modes

The fracture surfaces of specimens after the split tensile
test are shown in Figure 10. Figure 10(a) shows the ITZ
between the NA and the mortar without RA. Macroscopic
observations showed that the interface was closely bonded.
When the RA replacement was 50%, the internal structure
was complex, exhibiting two ITZ types: one between the NA
and mortar and one between the RA and mortar, as shown
in Figure 10(b). For the RA replacement of 100% (Figure
10(c)), the internal structure was also complex, because
RAs contained different types of materials and impurities
with low strength (bricks, porcelains, etc.). In addition,
harmful microcracks appeared in some RAs and weakened
the properties of the ITZ.

4.3.2 Effect of RA replacement percentages

The relationship between ft and the RA replacement per-
centages for NSRAC and SSRAC is plotted in Figure 11.
With an increase in the RA replacement rate, the ft of the
NSRAC and SSRAC decreased. Similar to the cubic com-
pressive strengths of NSRAC and SSRAC, the addition of
NS and SF compensated for the strength loss caused by
the incorporation of RA.

4.3.3 Effect of SCMs contents

As shown in Figure 12(a), the results indicated that when
the RA replacement percentages were 0 and 100%, the ft of
NSRAC increased gradually with an increase in NS con-
tent, and the increase was more evident when the NS con-
tent was 2%. In contrast, for the RA replacement of 50%,
there was no evident increase in ft with an increase in NS.
As shown in Figure 12(b), when the RA replacement rate
was 0%, with the increase of NS content, the increase of ft
of SSRAC was evident. When the RA replacement percen-
tages were 50 and 100%, the effects of adding NS and SF
combined on SSRAC were minimal at later curing ages.
This is because the promotion of the hydration reaction
of cement by NS mainly occurs at early curing ages.

4.3.4 Effect of curing ages

Figure 13(a)–(c) show the effects of curing ages on ft when
the RA replacement percentages were 0, 50, and 100%,

Table 8: Experimental results of split tensile strength

Specimen ID ft (MPa)

3 days 7 days 28 days

R0-NS0-SF0 3.63 3.61 3.40
R0-NS1-SF0 3.81 4.35 4.19
R0-NS2-SF0 4.27 4.75 4.44
R0-NS3-SF0 4.54 3.98 4.47
R50-NS0-SF0 2.68 3.19 3.50
R50-NS1-SF0 3.73 3.76 3.87
R50-NS2-SF0 3.49 3.43 3.67
R50-NS3-SF0 3.80 3.52 3.35
R100-NS0-SF0 2.63 2.92 2.91
R100-NS1-SF0 2.54 2.88 3.06
R100-NS2-SF0 2.61 3.15 3.57
R100-NS3-SF0 3.61 3.48 3.17
R0-NS0-SF6 3.60 4.89 4.33
R0-NS1-SF6 3.71 3.85 4.71
R0-NS2-SF6 4.19 4.73 4.89
R0-NS3-SF6 3.88 5.48 4.89
R50-NS0-SF6 3.09 4.24 4.08
R50-NS1-SF6 3.68 3.35 3.37
R50-NS2-SF6 3.54 3.88 4.15
R50-NS3-SF6 3.49 3.81 3.93
R100-NS0-SF6 2.80 3.47 3.39
R100-NS1-SF6 2.93 3.37 3.64
R100-NS2-SF6 2.91 3.43 3.38
R100-NS3-SF6 3.04 2.91 3.08
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Figure 10: Failure modes of tensile test specimens: (a) 0%, (b) 50%, and (c) 100% RA replacement.

Figure 11: Effect of RA replacement percentage on the split tensile strength: (a) NSRAC and (b) SSRAC.
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respectively. As shown in Figure 13(a), for 3 days, speci-
mens with NS exhibited a considerable growth rate of ft,
whereas for 7 and 28 days, high growth rates of ft were
obtained for specimens with SF. Generally, the ft of RAC
at a later curing age was clearly improved by adding NS
and SF in combination. As shown in Figure 13(b) and (c),
when the curing age was 3 days, NS had a better promo-
tion effect on ft, whereas SF had a better promotion effect
at 7 and 28 days. Therefore, when the RA replacement
percentage is high, the NS content should also increase.
Moreover, the addition of SF can improve the strength in
later curing ages.

4.4 Experimental results of elastic
properties

After the uniaxial compression test for SSRAC at 28 days,
the experimental results of the stress–strain relationship,
Young’s modulus, and Poisson’s ratio were obtained.

4.4.1 Failure modes

Figure 14 shows photographs of the typical failure modes.
As shown in Figure 14(a) and (b), the specimens with
0% RA replacement exhibited several small microcracks
and large inclined cracks, which are in agreement with
the failure modes of ordinary concrete studied by Feng
et al. [48]. In addition, the specimens with a 100% RA
replacement exhibited evident concrete shedding at the
extremities of the specimens. This was due to the defects

of the RAs, which eased the crushing of the cylinders
under a compressive load. However, as shown in Figure
14(c) and (d), the number of cracks on the surface of
SFRAC and SSRAC was lower than that of RAC, and there
were no evident large cracks. The surface of the speci-
mens was relatively intact, which indicates that SF and
NS could effectively inhibit the development of cracks
when RAC was subjected to compressive loads.

4.4.2 Stress–strain relationship

As shown in Figure 15, when the RA replacement percen-
tages were 0 and 50%, the peak strain of RAC slightly
decreased with the addition of NS and SF. When the
RA replacement was 100%, the peak strain of the RAC
improved by adding NS and SF. Furthermore, for SSRAC
with the same RA replacement percentage, the average
peak strain remained almost unchanged with the increase
in NS content. It can be considered that the NS content had
no effect on the RAC with the same replacement percen-
tage. In other words, the SF content was the main factor
affecting peak strain.

4.4.3 Elastic properties

As shown in Figure 16(a), the Poisson’s ratio of each
group was approximately 0.2, which is similar to that of
NAC. As shown in Figure 16(b), with an increase in the RA
replacement percentage, the Young’s modulus decreased.
Compared with the specimens with 0% RA replacement,

Figure 12: Effect of SCMs contents on the split tensile strength: (a) NSRAC and (b) SSRAC.
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the Young’s modulus with 50 and 100% RA replacement
decreased by 21 and 43% on average, respectively. In
addition, SF powders clearly increased the Young’s mod-
ulus of RAC, but as the RA replacement percentage
increased, this effect of SF gradually decreased. For the
NS content, the change in the elastic modulus of SSRAC
was small. Because of its pozzolanic characteristics, the
addition of SF had a higher effect on the internal interface
of concrete. On the one hand, SF participated in the poz-
zolanic reaction, densifying the microstructure of SSRAC.
On the other hand, it filled the pores in concrete owing to
its small size. Thus, the stiffness of the SSRAC was higher
than that of the RAC.

5 Microstructure analysis

5.1 SEM micromorphology analysis

Some typical fragments of specimens after testing at 28
days were observed by SEM. As shown in Figure 17, the
NS can fill the gap between the RA and mortar. The filling
effect can be divided into physical and chemical filling.
As NS microaggregated, it further enhanced the internal
pore structure of the cement paste and improved the com-
pactness of the RAC. In addition, NS, as an activator,
accelerated the hydration of cement, changed the degree

Figure 13: Effect of curing age on the split tensile strength of specimens with (a) 0%, (b) 50%, and (c) 100% RA replacement.
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of orientation of CH in the ITZ, and reacted with CH to
form a low-density C–S–H gel, which filled the pores to
make the internal structure dense. To further investigate
the internal structure of NSRAC and SSRAC, a larger mag-
nification (×8,000) was used to observe the microcracks,
as shown in Figure 18, where the morphologies of CH and
C–S–H were hexahedron plate-shaped and flocculent,
respectively [49]. Because the particle size of NS was
extremely small even with aggregation, only micropores
were effectively filled. The structure of the remaining CH
crystals was loose and porous, which had a negative
effect on the internal structure of concrete. In contrast,
SF particles were scattered in the cement paste, filling the
internal voids. The generated C–S–H gel connected RA
with mortar, and many ettringite crystals were observed
filling the cracks. It can be considered that the combined
use of NS and SF as SCMs can improve the microstructure
of RAC and, consequently, its mechanical properties.

5.2 XRD phase analysis

XRD tests were conducted on RAC, SSRAC, and SFRAC
specimens at the age of 28 days, and the diffraction pat-
terns obtained are shown in Figure 19. As shown in
Figure 19, the characteristic diffraction peak of silica for

RAC (R100-NS0-SF0) was almost equal to that of NSRAC
(R100-NS3-SF0), which indicates that the crystal struc-
ture of silica was stable. In addition, the characteristic
diffraction peak of C–S–H was enhanced by adding NS
and SF in combination. This phenomenon proved that both
NS and SF had a good pozzolanic effect and underwent a
secondary hydration reaction with CH to increase the pro-
duction of C–S–H. Therefore, the characteristic diffraction
peak of the CH of SSRACwas higher than that of NSRAC and
RAC. In contrast, when only NS was used as SCM, the char-
acteristic diffraction peak of C–S–H for SFRAC was close to
that of RAC and significantly lower than that for SSRAC.
This was one of the reasons for the lower strengths of
NSRAC and RAC compared to that of SSRAC.

6 Conclusions

This study explored the mechanical properties and micro-
structure of RAC mixed with SF and NS (SSRAC); the fol-
lowing conclusions were drawn:
(1) NS and SF significantly reduced the fluidity of RAC.

Thus, to be applied in engineering, the adoption of a
water-reducing agent and high-speed mixing method
to improve are suggested to improve the workability
of SSRAC;

Figure 14: Typical failure modes of uniaxial compression test. (a) R0-NS0-SF0, (b) R100-NS0-SF0, (c) R100-NS0-SF6, and (d) R100-NS2-SF6.
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Figure 15: Stress–strain curves for specimens with different RA replacement percentages. (a) 0% RA, (b) 50% RA, and (c) 100% RA.

Figure 16: Experimental results of elastic properties: (a) Poisson’s ratio and (b) Young’s modulus.
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Figure 17: Comparison of microstructures of RAC and SSRAC. (a) RAC, (b) zoom in (a), (c) SSRAC, and (d) zoom in of (c).

Figure 18: Comparison of microstructures of NSRAC and SSRAC. (a) NSRAC and (b) SSRAC.
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(2) The use of RA reduced the compressive strength and
splitting tensile strength of concrete. However, the
addition of NS and SF resulted in improvements of
these strengths of RAC, particularly at early and later
ages, respectively;

(3) The elastic modulus of the RAC decreased with an
increase in the RA replacement percentage. SF improved
the elastic modulus of RAC, whereas NS had a slight
effect. In addition, RA replacement percentage and SF
and NS contents had no significant effect on Poisson’s
ratio, which was approximately 0.2 for all the combina-
tions tested;

(4) NS and SF had a good pozzolanic effect and underwent
a secondary hydration reaction with CH to increase the
production of C–S–H. The products made the structure
of the ITZ in SSRAC denser and inhibited the develop-
ment of microcracks, thereby improving the loading
capacity of the specimens.

Combining the characteristics of NS and SF, SSRAC
exhibited good mechanical performance, and the percen-
tages of 6% SF and 2 or 3% NS as SCMs are recommended.
SSRAC can replace RAC in engineering applications for
high-performance concrete structures.

7 Future research scopes

(1) There are limited data on the mechanical properties
of SSRACs. One of our future works will be to sum-
marize more experimental data to obtain a predicted

model of strength at various curing ages with dif-
ferent RA replacement percentages and NS and SF
contents;

(2) The durability of SSRAC will be studied to promote its
utilization.
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