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Abstract: Recycled concrete aggregate can be utilized in structural concrete in order to reduce the use of natural resources
and the harmful impacts of waste concrete on the environment. This present research aimed to assess the effectiveness of
using recycled aggregate concrete with the partial replacement of cement by silica fume (SF) to analyze the microstructural
and mechanical properties of recycled aggregate concrete (RAC). In this study, recycled stone was used as coarse aggre-
gate. The main variables of the study included the dosage of silica fume that was employed as a partial replacement of
ordinary Portland cement (OPC) with four different percentages: 4%, 8%, 12%, and 16% by weight. Five different mixes
were prepared, with four mixes created by varying amounts of silica fume, which were designated as RSACSF4,
RSACSF8, RSACSF12, and RSACSF16. The other mix was created as a reference mix without silica fume and designated
RSACSFO0. Slump test was conducted to investigate the workability of concrete mixes. From the test result, a decreasing
trend was found after adding more percentage of SF. Compressive and splitting tensile tests were conducted to analyze the
mechanical properties of RSAC at 7 and 28 days. The results showed that the addition of SF improved the performance of
RSAC at early and later curing ages, and a 12% addition of SF showed the best result. Scanning electron microscopy and
X-ray diffraction analysis were performed to explore SF's microstructural performance and effect on RSAC. The results
showed that silica fume showed a positive pozzolanic impact, and when combined with calcium hydroxide, it underwent
a secondary hydration reaction that boosted the generation of calcium silicate hydrate and improved the parameters of the
interface transition zone. X-ray diffraction analysis showed that silica fume and silica fume have similar pattern intensities.
Finally, 12% SF is recommended as a partial replacement for cement in RSAC.
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1. Introduction

Urbanization growth in developing nations has resulted in large-scale production of construction and demolition waste
(CDW) in recent decades, which has had a detrimental effect on the environment. It should be mentioned that by substituting
recycled aggregate for natural aggregate, the ever-increasing demand for construction can be satisfied without diminishing
natural resources (Kurad et al., 2017). Additionally, adopting RA rather than NA reduces CO; emissions and raw materials
used during the production of structural members (H. He, J. Shi, et al., 2024). The reduction of carbon footprints in the
environment will add extra points and thus enhance the concrete industry. On the other hand, over the past few years, the
volume of waste generated during the construction and demolition phases has significantly increased (Rana et al., 2022; Sobuz
et al., 2023). CDW must be stored, managed, and turned into an expensive recycled aggregate (RA) before it can be used in
construction (Datta et al., 2022; Sobuz, Datta, & Rahman, 2022). New forms of aggregates must be found immediately be-
cause NAs are non-renewable resources.

CDW has been seen in this context as a potential source of aggregate. These leftovers from CDW can be processed into
recycled coarse aggregates (RCAs) after a specific process (Igbal et al., 2020). Many nations have established policies and
procedures for recycling waste materials for use in construction, and many nations have also started turning construction
wastes into RA. Conventional CDW disposal methods, such as piling it up or dumping it in landfills, result in substantial
environmental degradation and increased storage space requirements (Lavado et al., 2020). CDW includes natural stone,
leftover concrete, bricks, and other materials that actually belong to the renewable materials category. Today, recycling con-
struction waste into recycled aggregates for use as concrete, or recycled aggregate concrete (RAC), is regarded as a sustainable
solution that lowers environmental pollution and raw material consumption (Sobuz, Datta, Akid, et al., 2022). Old mortar
covering the RA's surface significantly impacts the RAC's interface transition zone (ITZ). On the surface of the RA, ITZ
exists between the new and old mortar, but it also exists between the NA and new mortar (Lee et al., 2013). As a result, finding
effective and easy ways to enhance the mechanical features of ITZs having old cement mortar at curing ages is crucial to
developing the strength of RAC and utilizing RAC widely in building engineering. Because adherent mortar in RAs is usually
substantially weaker than new cement pastes and natural aggregate and the weakest zone in RAC is the porous ITZ (Huang,
Li, Yuan, et al., 2022; Saravanakumar et al., 2016; Wei et al., 2023). Concrete has been a staple of the construction industry
for more than a century because of its adaptability, simplicity in shaping, and low cost (Huang, Li, Zhang, et al., 2022; Huang,
Yuan, Zhang, & Zhu, 2021; Wei et al., 2023). It is among the most often used building materials.

Cement, fine aggregates (such as sand), and coarse aggregates are mixed with water to create concrete, which eventually
becomes hard (Aditto et al., 2023). The most popular type of cement for making concrete is called Portland cement. Many
types of cement are employed to create concrete with a variety of characteristics and uses. Concrete has been a staple of the
construction industry for more than a century because of its adaptability, simplicity in shaping, and low cost (Pang et al.,
2024; Sobuz, Al, et al., 2024; Sobuz, Joy, et al., 2024). Some varieties of cement include Portland pozzolana cement (PPC),
cement that hardens quickly, cement that is resistant to sulfates, and others. To achieve a certain strength, materials are com-
bined in a specified ratio. The water-cement ratio has a significant impact on a variety of qualities, including strength, work-
ability, and durability. A sufficient water-cement ratio is necessary for the creation of usable concrete. When water and other
ingredients are combined, cement reacts with the water, and the hydration process begins. This reaction aids in forming a
solid matrix that holds the constituent parts together to generate a long-lasting substance that resembles stone.

Only a few factors that affect concrete strength include the caliber of the raw materials, the coarse/fine aggregate ratio, the
water-to-cement ratio, the age of the concrete, the temperature, the level of compaction, the curing process, and the relative
humidity. One of the potential options involves turning CDW into concrete aggregate. CDW has a negative environmental
impact; thus, using recycled aggregate in concrete will assist in lessening that impact. An analysis of statistical data revealed
that China created 15 billion tons of construction debris in 2015 (Hasan et al., 2022). The need for construction aggregate is
also anticipated to increase to up to 47 billion tons yearly. One of the most important things the construction industry does to
help preserve the environment and promote long-term sustainability is to find new uses for the waste it generates. The longer
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these materials last, the less garbage is dumped, and the fewer trees are cut down (Cui et al., 2024). However, the extraction
of natural resources like sand and gravel for construction projects can alter the course of rivers and their beds, raising envi-
ronmental problems (Huang, Yuan, Zhang, & Li, 2021; Zhang et al., 2024). Although the worldwide construction industry
promotes the use of recycled aggregates in the production of concrete, this is mostly done to address the issue of the depletion
of natural aggregates.

However, SF has a greater impact on the compressive behavior of RAC than fly ash and powdered granulated blast furnace
slag (Jin et al., 2024). Metal refining generates a byproduct called smelter's flux (SF) (Corinaldesi et al., 2009). Because of
its pozzolanic impact and micro-filler properties, SF can change the mechanical properties of concrete by strengthening the
link between the cement paste and aggregates in the ITZ (H. He, E. Shuang, et al., 2024; Song et al., 2024). Interestingly,
Sobuz et al. 2022 also concluded that the application of SF might result in a bigger and more significant improvement in the
mechanical qualities of RAC than NCA (Sobuz, Datta, Akid, et al., 2022). This may be associated with the increased interface
transition zones and the higher w/c ratio that results from the high-water absorption rate of the RCA’s ITZ. An analysis of
recycled concrete reveals three distinct interface transition zones: 1) the layer separating the old mortar from the new mortar,
2) the layer separating the aggregates from the old mortar, and (optionally) 3) the layer separating the recycled aggregate from
the new mortar. Given that the transition layer lies at the concrete's weakest structural point. It is possible for resistance to
change, either decreasing or increasing, depending on the RCAs and the needs of the reference concrete in which the recycled
aggregate was employed (Khan et al., 2023; Wu et al., 2024).

Researchers have examined, for instance, how steel fiber and silica fume impact the mechanical properties and impact
behavior of concrete built with two distinct types of recycled coarse aggregates. (Nazarimofrad et al., 2017) found that all
recycled aggregate concrete' split tensile and compressive strengths were significantly impacted by the use of silica fume and
steel fibers at the same time, most likely as a result of the steel fibers' improved adhesion to the silica fume-containing mortar
and the mortar's improved 1TZ with the RCA. Comparing the RAC to conventional samples, Benemaran et al. discovered that
adding glass fibers and silica fume increases the tensile strength of the samples' compressive and splitting strengths (Benema-
ran et al., 2024). There are several impacts of silica fume on the properties of RAC studied in order to increase the effectiveness
of using recycled concrete as an aggregate. Mirza and Saif (2010) conducted an experiment about the replacement rates for
natural aggregate with recycled aggregate, which were 0, 50, and 100% by weight. Silica fume was used to replace cement to
the extent of 5, 10, and 15% also by weight (Rahman Sobuz, Alam, et al., 2023). The findings demonstrated that grade 40/50
MPa recycled aggregate concrete can be produced successfully. As compressive and splitting tensile strength values were
noted at all ages, the best combination for RAC is composed of 100% recycled aggregate content and 5% SF as a partial
replacement. On the other hand, humerous researchers summarized a systematic approach to determine how recycled coarse
aggregate affected RAC's mechanical properties and workability (L. He et al., 2024; Younis et al., 2021; Zhao et al., 2024).

Additionally, the effects of silica fume (SF) in place of cement on RAC performance were examined. Four percentages of
silica fume (5%, 10%, 15% and 20%) were used. Silica fume can be utilized at contents of (10-20%) of cement mass to obtain
mechanical performance for the RAC comparable to the concrete using NCA. (H. Dilbas et al. 2014) conducted an experi-
mental investigation to assess the mechanical and physical characteristics of recycled aggregate concrete (RAC) with and
without silica fume (SF). In this investigation, recycled aggregate (RA) with and without SF is employed in concrete compo-
sitions made from destroyed building rubble. The ideal ratio for RA in concrete mixtures is 30 percent for improved results.
It has been discovered that adding 5% SF to RAC makes it easier to improve its weaker qualities, including compressive
strength. An experimental study was conducted by (Rahman Sobuz, Meraz, et al. (2023) to find out how silica fume (SF) and
particles of rubber could work together to improve the compressive strength of treated steel-fiber recycled aggregate concrete
was also rubberized (Fang et al., 2024; Wei et al., 2024; Xie, Huang, et al., 2018).

The primary test parameters were SF and rubber contents. In order to evaluate RSRAC's carbon emissions, we conducted
a series of axial compression tests to analyze its compressive strength, energy dissipation capacity, elasticity modulus, and
failure cause. The compressive strength of RSRAC is improved by incorporating SF due to the fortification of weak interfacial
connections between the RCA, steel fiber, rubber particles, and cement paste. This strength is affected by the amount of SF
present. It is discovered that RSRAC, having 100% recycled coarse aggregate with 5% rubber and 10% SF, produces the best
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results when compressive characteristics and carbon emissions are taken into account synthetically. The research was con-
ducted to study the mechanical behavior of rubberized steel-fiber recycled aggregate concrete (RSRAC) modified with silica
fume in order to design RSRAC safely and cost-effectively. From the perspective of the synthetic study of mechanical im-
provement and manufacturing costs, the RSRAC with 10% silica fume and 5% rubber for structural elements appear to be
more sustainable than normal concrete. According to Amnon Katz's investigation, the microscopic makeup of recycled mate-
rial is made by smashing old concrete (Katz, 2004). It was found that the recycled aggregate is covered with loose particles,
which can prevent a solid binding between the recycled aggregate and the new cement matrix. The recycled aggregate's
mechanical properties were subpar due to the previous cement paste, which remained on the natural aggregate and was porous
and fractured. The recycled aggregate compressive strength rose by 15% and by 23-33% at ages 7 and 28 days after being
impregnated, respectively, with 10% by weight silica fume treatment. Singh et al. (2019) demonstrated in their study that M30
grade of self-compacting concrete (SCC) having recycled aggregate at various percentages of 0%, 50%, 75%, and 100% and
different percentages of silica fume had good compressive strength, good abrasion resistance, and good chloride penetration
resistance (0%, 5%, 10%, and 15%).

Results were contrasted with SCC, which is typical. It was found that replacing recycled aggregates with 50% and silica
fume with 10%, respectively, led to the greatest gain in compressive strength and durability. In another study, authors de-
scribed the impacts of adding silica fume (SF) to the concrete mix design to raise the caliber of recycled aggregates used in
concrete (Cakir & Sofyanli, 2015). SF was substituted for Portland cement at 0%, 5%, and 10%. According to tests on com-
pressive strength, tensile splitting strength, water absorption, and ultrasonic pulse velocity, using 10% SF as a cement replace-
ment for recycled aggregate concretes increased concrete's hardened and physical properties. Sasanipour et al. provided an
experimental study in which silica fume was employed as a component of cementitious materials in order to enhance the
qualities of self-compacting concrete (SCC), which was manufactured with fine and coarse recycled aggregates (Sasanipour
& Aslani, 2020). Concrete with used, recycled, or demolished coarse material is called recycled aggregate concrete (RAC).
Although using RCA to make RAC is better for the environment and sustainability, its performance is not as good as natural
aggregate concrete (NAC) (Evangelista & De Brito, 2007). RAC contains higher internal microcracks and porosity than NAC
(Pradhan et al., 2020). Due to the low application rate of RAC, one of the key factors affecting its mechanical properties is
the replacement rate of RA (Feng et al., 2022).

The performance of RAC is reportedly worse than that of NAC. Concrete, in both its fresh and hardened states, is affected
by RCA (Younis & Pilakoutas, 2013). Concrete's mechanical qualities and ability to be worked are both reduced by RCA.
Compressive, splitting tensile, and flexural strength of concrete may all be reduced by up to 40%, 25%, and 20%, respectively,
when compared to NAC (Younis et al., 2014). According to various research, recycled concrete aggregates are distinct from
natural aggregates because they are made of two materials. In contrast, natural aggregate is one of two and is coupled with
cement mortar. The sorptivity test results of Hameed et al.'s investigation into the water absorption characteristics of concrete
made with RAC indicated that the compression casting technigque positively affected the water absorption characteristics of
low-grade 100% RAC. Results also indicated that, in comparison to concrete mixes with natural aggregates, RAC mixes had
poorer water absorption qualities (Hameed et al., 2022). The findings of the studies conducted by Silva et al. (2021) indicate
that RCA causes a loss in the SCC's fluidity, flow rate, passing ability, and filling capacity and that high percentages (75%
and 100%) of RCA exhibit the largest reduction in workability.

It has been discovered from an experiment that at recycled aggregate utilization levels of 25-50%, little or no negative
effects were noticed on the strength, workability, or fracture characteristics. It was shown that the compressive and flexural
strengths, as well as the elastic modulus of RAC, dropped in comparison to those of standard concrete as the replacement rate
of recycled aggregate rose (Mills-Beale et al., 2010). The recycled aggregate's high porosity, high water absorption, and low
strength are the main causes of this. The only noticeable consequence was a slight decrease in Young's modulus (Grdic et al.,
2010; Rao et al., 2011). The main determinant was the dose of Nano silica, which included 0%, 1.5 %, and 3 % of cement
content with unit weights of 400 and 450 Kg/m®. The outcomes were contrasted using straightforward concretes. The con-
cretes' mechanical and microstructural characteristics (as determined by a SEM test) were examined. After conducting the
investigation, it was determined that using 100% recycled materials instead of coarse natural aggregates reduced compressive
strength by 15% to 20%. Compressive strengths for Nano silica concrete are higher than those for normal concrete by a factor
of 3%. The lower workability of concrete resulted from the increase in the amount of nano silica and recycled particles. (Tang
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Yunchao et al., 2021) demonstrated that the addition of SF only strengthens RAC later. In contrast, the significant pozzolanic
activity of NS can strengthen RAC earlier, in which compression and splitting tensile tests were conducted to examine the
mechanical properties of RAC having SF-NS induced at different ages after curing.

The mechanical properties of concrete remain largely unaffected by replacement levels of up to 30% of NCA by RCA, as
demonstrated by published research (Jahandari et al., 2021). Furthermore, the surface qualities and characteristics of coarse
aggregates have a significant impact on the microstructure of the interfacial transition zone (1TZ) (Qudoos et al., 2018). The
literature review conducted in the author's prior study (Qudoos et al., 2018) leads one to conclude that ITZ is crucial for
regulating the mechanical and durability-related characteristics of concrete. However, more research is needed to address
durability issues and encourage broader application of this sustainable concrete using RCA to develop viable solutions for
waste management and environmentally friendly building (Sinduja Joseph et al., 2023).

Prior studies primarily looked at substituting natural aggregate content for recycled aggregate and not 100% RAC; very
little research was done on the splitting patterns and microstructure analysis of 100% RAC with SF. In this work, recycled
coarse aggregate made from demolished concrete waste is employed in the concrete compositions along with siliceous sand.
The mechanical characteristics, such as compressive strength and tensile splitting strength, as well as the microstructural
characteristics, such as the ITZ between cement paste and concrete and porosity, have been developed for this purpose using
thirty concrete mixtures divided into five groups. The objective of this research is to examine the observed splitting patterns
from splitting tensile and compressive strength tests, as well as the effects of the mechanical and fresh properties of 100%
RCA concrete with 0%, 4%, 8%, 12%, and 16% replacement percentages of SF. Additionally, this study examines the mi-
crostructure characteristics of RAC at various percentages of silica fume replacement at 7 and 28 days. Our research's novelty
lies in this analysis, which has never been done before with 100% RCA concrete.

2. Materials and methods

Locally available ordinary Portland cement (OPC) was used in this research work. It conforms to the Bangladesh standard
BDS EN 197-1:2003 CEM-I 42.5 N and 52.5 N, European Standard EN 197 type CEM I, and American standard ASTM C
150 Type-I mark. It contains Portland clinker: 95-100% and gypsum: 0-5%. The specific surface area of cement was 388
m?/kg. Table 1 represents the chemical composition of cement. The coarse aggregate used for this study was collected from
available local suppliers. Recycled coarse aggregate obtained from demolished concrete slabs, which were later crushed, with
a maximum particle size of 20 mm, was used in this study. In all test procedures, an ASTM standard sieve size of 10 mm was
retained, and 4.75 mm passing stone chips were used to prepare the mixes. In this study, Sylhet sand was used and collected
from the local market. The physical properties of aggregates, such as fineness modulus, specific gravity, moisture content,
void ratio, and loose and compacted bulk density, were determined according to the standards set out by ASTM C136/C136M-
19, ASTM C127-15, ASTM C566, ASTM C128-15, ASTM C29/ C29M _17a respectively. The values of the property tests
for fire aggregate and coarse recycled stone are shown in Table 1.

Table 1. Physical properties of aggregates.

Parameter Fine aggregate Coarse aggregate
Fineness modulus 2.61 7.31
Specific gravity 2.63 2.78
Moisture content (%) 1.83 2.01
Loose density (kg/m?) 1465 1457
Bulk density (kg/m?3) 1555 1572
Void ratio (%) 40.75 43.33

Silica fume was collected from the ‘NEOTECH construction chemical company Ltd, Dhaka’. An ultrafine powder has
been collected as a byproduct of the manufacture of silicon and ferrosilicon alloys. The chemical compositions of the OPC
and silica fume are shown in Table 2.
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Table 2. Chemical properties of silica fume.

Constituents Weight (%) Weight (%)

OPC silica fume
SiO2 19.01 89.94
Al203 4.58 0.51
Fe203 3.20 0.65
CaO 66.89 0.75
MgO 1.26 1.52
Na.0 1.205 0.21

MnO 0.19 -

K20 2.76 0.47
SOz 0.45 0.09
Loss of ignition (LOI) 1.235 5.26

2.1. Experimental program
2.1.1. Mix proportion

The basic mix composition of the concrete comprised a 1:1.9:2.50 ratio by volume of Ordinary Portland Cement, fine
aggregate, and coarse aggregate. The ratio of water to binder was set as 0.46 in this study. Silica fume was also used as a
mineral admixture. Practically, the mix proportions can change depending on the characteristics of the individual elements
and the desired attributes of the concrete in service. The different concentrations of silica fume used as a cement substitute
led to different concrete mix designations at the rate of 0%, 4%, 8%, and 16%. Five concrete mixes have been done with
respect to the silica fume percentage variation shown in Table 3. The control mix was done with 0% silica fume and identified
as RSACSF-0, and the other mixes were identified as RSACSF-4, RSACSF-8, RSACSF-12, and RSACSF-16. All authorized
concrete mixes were mixed in accordance with ASTM C685 guidelines. The concrete mixes were prepared manually. At first,
cement and sand and the required percentage of silica fume are mixed until they are of the same color. Then, the mixture was
poured down into stones and mixed with a spade. After that, a small pit was dug into the mixture, and water was poured
accordingly. Then, the mixture was mixed from outside to inside until it reached the desired consistency. When mixing man-
ually, 10% extra cement was used.

Table 3. Mix proportion of concrete.

Mix. type Cement Water wi/C Fine aggregate Coarse aggregate Silica
(Kg/md) (silica sand) (recycled stone) fume
(Kg/m?) (Kg/m®) (%)
RSACSF-0 386 185 0.46 762 1006 0
(Reference)
RSACSF-4 371 185 0.46 762 1006 4
RSACSF-8 355 185 0.46 762 1006 8
RSACSF-12 340 185 0.46 762 1006 12
RSACSF-16 325 185 0.46 762 1006 16

2.1.2. Sample preparation and curing

The concrete prepared was poured in steel molds, which were oiled with proper lubricant material. Three equal layers of
newly mixed concrete were poured into the molds, and each layer was tamped 25 times with a 16 mm tamping rod. Excess
concrete was formed on the top of the mold and smoothened without imposing pressure on it. A total number of 60 concrete
mixes were prepared. They consisted of 30-cube specimens and 30-cylinder specimens prepared for overall tests. For the
splitting tensile strength test, the cylinder was prepared sized 152 mm X 304 mm, and for the compressive strength test, the
cube was prepared sized 152 mm X 152 mm X 152 mm. The concrete mix IDs were stated as RSACSF-0, RSACSF-4,
RSACSF-8, RSACSF-12, and RSACSF-16 with silica fume of 0%, 4%, 8%, 12% and 16% of cement weight accordingly.
Afterward, the specimens were put at room temperature for hardening. After 24-36 hours, they were demolded and placed in
a curing tank with lab-supplied tap water. Subsequently, they were cured for 7 and 28 days, and tests were performed accord-
ingly on those days. Figure 1 shows the preparation of the specimens.
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Figure 1. Preparation of the specimens (a) cube (5) cylinder.
2.1.3. Mechanical and microstructural properties testing

ASTM C143 was followed for conducting the Slump test. This test was carried out to ascertain whether freshly mixed
concrete was workable in compliance with the standard. To further understand the impact of substituting silica fume for
cement on the workability of the concrete, slump tests were performed on all of the replacement options. It is found that the
slump value for M30 to M40 concrete can be taken as a minimum of 50 and a maximum of 100.

According to the ASTM C140 standard applied in this investigation, the cubic specimen underwent a compressive strength
test. Equation (1) was used to determine the test results after the calibration of the testing device. The testing device could
support 3000 kN. The plates underwent a thorough cleaning. 20 cubes of 152 x 152 mm were tested for compressive strength
at 7 and 28 days after casting. The compressive testing machine was used to apply the compression load in a single direction.
The load was applied continuously and uninterruptedly with a constant force of 0.25 MPa/s. On the basis of the failure load
readings, compressive strength was determined.

The formula for calculating the compressive strength of a cube is shown in equation (1) below.

¢ =F/y (1)
where, P = load (N), A = area (mm?)

According to the ASTM C496 standard, the cylinder specimen used in this investigation underwent split tensile testing.
The same equipment from the previous test was utilized to evaluate compressive strength. Up until failure, the sample was
subjected to a continuous rate of diametric compressive loading. Figure 2 depicts the test configuration. The sample experi-
ences tensile failure when tensile stress is applied to the plate carrying the imposed load. After 7 and 28 days of curing, 20
cylinders of 304 x 152 mm were removed from the water and tested for tensile strength.

s

Figure 2. Experimental setup (a) slump test (b) compressive strength test (c) splitting tensile strength test.
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The microscopic structure of the recycled aggregate concrete sample with varied amounts of silica fume was examined
using scanning electron microscopy (SEM). The specimen was broken down into small pieces sized around 2 cm for conduct-
ing the test. The test was conducted in JCM-6000PIus versatile benchtop SEM. XRD analyses of those powders were per-
formed using diffractometer with Cu radiation over the range 10-80° and 26, step size of 0.02° and scan speed of 2 degree/min.
Silica fume and cement of about 5gm were given for this test to conduct.

3. Experimental results and analysis
3.1. Rheological properties
3.1.1. Slump test result

The changes in slump values with the addition of silica fume in RSAC are demonstrated in Figure 3. From this graphical
representation, it is seen that the slump values decrease with the increase in silica fume percentages. 26.16%, 20%, 10.77%,
and 7.69% linear declination of slump values were found for RSACSF4, RSACSF8, RSACSF12, and RSACSF16 mixes over
control mix, respectively. Silica fume sticks the ingredients of concrete together because of its cementitious properties, and it
would be the first cause of the reduction of slump value. When recycled aggregate is processed, the surface roughness is also
increased, which tends to lessen the flow characteristics and decrease the slump value. More specifically, resistance mobility
and grain locking in concrete could happen due to the rough texture and uneven shape of RSACSF. The decreasing trends of
slump value with the inclusion of silica fume in concrete have also been observed by findings from some researchers (Duval
& Kadri, 1998; Hosseini et al., 2011; Younis et al., 2021)

It is found by Younis, Alzeebaree et al. (2021) that the addition of up to 20% silica fume content in concrete decreases the
slump value from 110 mm to 55 mm. Hosseini, Rahman Sobuz, Alam, et al. (2023) stated in their study that the addition of
Nano silica in concrete decreases the slump value from 120 mm to 30 mm (Hosseini et al., 2011). Duval et al. showed in their
study that the addition up to 10% silica fume to partial cement replacement has no effect on the workability of concrete (Duval
& Kadri, 1998). Rahman Sobuz, Meraz, et al. (2023) also found that fresh concrete has less workability to a certain point after
the addition of micro-silica. However, the slump value of all the concrete mixes stayed within the desired slump range of 20
mm to 100 mm, which is suggested by (ASTM, 2015).
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Figure 3. Slump value for different % of silica fume.
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3.2 Hardened properties
3.2.1. Effects of silica fume on compressive strength

The findings of the compressive strength test are summarized in Table 4, which includes the standard deviation, mean
strength, coefficient of variation (COV), standard error, and lower and upper bounds at a 95 percent confidence interval.
Notably, three samples of each percentage of silica fume were examined in a lab, and the mean value was determined using
the compressive strength test findings at 7 and 28 days. According to the statistical analysis, the concrete specimens' com-
pressive strengths at all curing ages ranged from 19.63 MPa to 31.39 MPa. When tested after 7 days, the control mix's com-
pressive strength ranged from 19.63 to 19.89 MPa, whereas after 28 days, it tested between 31.20 to 31.39 MPa. The concrete
specimen's standard deviation ranges from 0.112 to 0.087, with a COV of 0.57 t0.28 percent, and the standard error varies
from 0.064 to 0.50. With a 95% confidence interval of 19.63 MPa to 19.89 MPa, RSACSF-0's compressive strength is the
lowest at 19.76 MPa at 7 days, and RSACSF-16 compressive strength is the highest at 21.58 MPa at 7 days, with a 95%
confidence interval of 21.37 MPa to 21.78 MPa. In contrast, the compressive strength of 28-days for RSACSF-0 has the
lowest value of 30.08 MPa with a 95% confidence interval of 29.91 MPa to 30.25 MPa and the highest value of 32.03 MPa
at 28-day specimen with 95% confidence interval of 31.78 MPa to 32.28 MPa. The results of this study show that adding
silica fume with concrete gradually increases its strength. However, a 12% addition of silica fume shows better results than a
further addition of silica fume at 28 days. Bajpai et al. (2020) reported that the inclusion of silica fume in the range of 5 to
25% in concrete increases its compressive strength from 6% to 30%. Also, the highest co-efficient of variance identified from
Table 4 is 0.855% for the RSACSF-12 mix, and the lowest co-efficient of variance is found as 0.136% for the 8 percent
incorporation of SF. The usages of silica fume at different levels have significantly affected the standard deviation of all
RSACSF mixes. However, this may not always be the case due to material properties, environmental conditions, and the
various parameters used in various studies.

Table 4. Regression summary of the compressive strength test result.

Mixes Days Mean strength Standard COV (%) Standard error ~ 95% confidence interval
(MPa) deviation Lower Upper
range range
RSACSF-0 7 19.76 0.112 0.566 0.064 19.63 19.89
28 30.08 0.152 0.505 0.087 29.91 30.25
RSACSF-4 7 20.34 0.078 0.383 0.045 20.25 20.43
28 30.20 0.121 0.469 0.069 30.06 30.33
RSACSF-8 7 20.52 0.028 0.136 0.016 20.48 20.60
28 31.12 0.162 0.513 0.093 30.94 31.30
RSACSF-12 7 21.36 0.176 0.823 0.102 21.16 21.56
28 32.03 0.220 0.855 0.127 31.78 32.28
RSACSF-16 7 21.58 0.182 0.843 0.105 21.37 21.78
28 31.29 0.087 0.278 0.050 31.20 31.39

After curing those specimens for 7 and 28 days, the compressive test was conducted. For the control and RSACSF mix,
Figure 4 shows the variation in mean compressive strength from the data of 3 specimens of each mix. From Table 4, it is
observed that the compressive strength of RSACSF specimens at 7 days is between 59.90 and 62.13% of the strength of
concrete specimens at 28 days. The illustration of Figure 4 shows that the concrete made from recycled stone and silica fume
performed admirably by giving the needed strength, and the highest value was found 32.05 MPa for RSACSF-12 mix, which
consists of 12% silica fume. From Figure 4, it is seen that adding 16% silica fume decreases the strength compared with the
previous one. The study clearly showed that SFRAC had higher compressive strength than control concrete specimens after
7 and 28 days of curing.
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Figure 4. Compressive strength test results of the concrete mixes at 7 and 28 days.

Figure 5 demonstrates that at 28 days, the progressive percentage change in compressive strength of RSACSF relative to
the control mix is greater for silica fume concentrations of more than 12%. The highest ideal silica fume level in this investi-
gation is, therefore, 12%. Yunchao et al. (2021) showed in his study that the strength rose with age for concrete under 28 days
and peaked at 2 percent for children older than that. The compressive strength of RAC was reduced with a low NS concen-
tration of 1% when the RA replacement was 50%. NS improved the compressive strength of RAC at early curing ages for a
100% RA substitution. Compressive strength of SFRC at various ages often shows a tendency of first declining, then increas-
ing, and lastly decreasing with an increase in the amount of SF. This indicates that SFRC characteristics are impacted by
abnormally low or high SF levels. By adding silica fume, the compressive strength is improved by up to 11.23%. After taking
into account the 28-day compressive strength test, the 12% incorporation rate is the one for the SFRAC mixtures that were
determined to be optimal.

. [EEE] Percentage Increase

Increased compressive strength (MPa)

8% 12% 16%
Silica fume (%)

Figure 5. Increase of compressive strength of the concrete mixes.
Figure 6 depicts the failure patterns caused by compression testing of cylindrical control and RSACSF specimens with

varying concentrations of silica fume over a 28-day testing period. Within seconds of the peal stress being reached in the
cubic specimens of RSACSF-4 and RSACSF-8, an angled fracture wedge surface is created. As a result, concrete began to
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spall, which is depicted in Figure 6(b) as the so-called cone and shear failure mode (c). It is evident that the cubic specimens
lose more energy depending on the severity of cracking in this wedge formation. The sample fracture pattern demonstrated
the silica fume's confining impact in conjunction with the crushed recycled stone used as aggregate, which tends to hold the
materials together and has the opposite effect of lateral stress. Again, cone and shear failure were detected by specimens (a)
and (c), having the mix ID of RSACSF-16 and RSACSF-8, as indicated in Figure 6. The smaller aggregates spall out from
the mortar bonding due to cement matrix particles, and this behavior is similar to that of previous experimental studies (Das
et al., 2020). In Figure 6 (d), microcracks were seen in RSACSF-12 after the ultimate load had been implemented.

Cone
Failure

Cone and
Shear Failure
= Microcracks

Figure 6. Observed compressive strength failure patterns of the specimen at 28 days of
(a) RSACSF-16 (b) RSACSF-4 (c) RSACSF-8 and (d) RSACSF-12.

3.2.2 Effects of silica fume on splitting tensile strength

The results of the splitting tensile strength test, which were summarized in Table 5, were examined using a variety of
statistical methods to determine the mean strength, standard deviation, coefficient of variation (COV), standard error, and the
lower and higher range at a 95% confidence interval. It should be mentioned that three samples of each silica fume percentage
were evaluated in a lab setting, and the mean value was determined using the results of the tests for splitting tensile strength
at 7 and 28 days. According to the statistical analysis, the concrete specimens' splitting tensile strength ranged from 1.55 MPa
to 3.14 MPa at all curing ages. At 7 days, the splitting tensile strength of the control mix ranged from 1.55 to 1.60 MPa, while
at 28 days, the strength of the control mix was ranged from 3.09 to 3.14 MPa. The standard deviation of concrete specimens
ranges from 0.019 to 0.025, with the corresponding COV of 1.20% to .80%, and the standard error ranges from 0.010 to 0.83.
The splitting tensile strength has the lowest value of 1.58 MPa at 7-days specimen with 95% confidence interval of 1.55 MPa
to 1.60 MPa and has the highest value of 2.01 MPa at 7-days specimen with 95% confidence interval of 1.84 MPa to 2.17
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MPa. In contrast, the splitting tensile strength of the 28-day specimen has the lowest value of 2.64 MPa with a 95% confidence
interval of 2.57 MPa to 2.61 MPa and the highest value of 3.26 MPa at the 28-day specimen with a 95% confidence interval
of 3.19 MPa to 3.33 MPa. Also, the highest co-efficient of variance identified from Table 4.2 is 4.78% for the RSACSF-12
mixture, and the lowest co-efficient of variance is found as 0.80% for the RSACSF-16 mix. According to the ACI code, the
tensile strength of concrete should be around 10% of the compressive strength, and in this investigation, it was found to be
around 7-8%; however, for low-strength concrete, it can vary up to 11-12% (Brettmann et al., 1986). Due to the characteristics
of the materials, the surrounding environment, and the many criteria utilized in different research, this might not always be
the case.

Table 5. Regression summary of the split tensile strength test result.

Mixes Days Mean Standard COV (%) Standard error 95% confidence
strength deviation interval
(MPa)
Lower Upper
range range
RSACSF-0 7 1.58 0.019 1.20 0.010 1.55 1.60
28 2.64 0.059 2.23 0.034 2.57 2.71
RSACSF-4 7 1.60 0.044 2.75 0.025 1.56 1.65
28 2.78 0.028 1.00 0.093 2.74 2.61
RSACSF-8 7 1.69 0.049 2.89 0.028 1.64 1.64
28 3.01 0.042 1.39 0.014 2.93 3.06
RSACSF-12 7 1.82 0.087 4.78 0.050 1.72 1.72
28 3.26 0.061 1.87 0.020 3.19 3.33
RSACSF-16 7 2.01 0.142 3.06 0.082 1.84 217
28 3.12 0.025 0.80 0.083 3.09 3.14

The concrete cubes were tested after 7 days and 28 days of curing. Figure 7 reflects the variation of mean splitting tensile
strength for control and SFRAC mix from the data of 3 specimens of each mix. It illustrates the results of the splitting tensile
strength test of the concrete mix with and without silica fume. It is found from the study that after 7 and 28 days of curing,
RSACSF-16 showed maximum strength of 2.04 MPa at 7 days and RSACSF-12 showed highest splitting tensile strength of
3.36 MPa at 28 days. From Figure 7, it is also observed that adding more silica fumes tends to decrease splitting tensile
strength.

35 [ |7days
B 28 days

Split tensile strength (MPa)

RSACSF-0 RSACSF-4 RSACSF-8 RSACSF-12 RSACSF-16
Mix ID
Figure 7. Splitting tensile strength of the concrete mixes at 7 and 28 days.

Figure 8 shows that for silica fume concentrations larger than 12 percent, the progressive percentage change in splitting
tensile strength of RSACSF relative to the control mix is greater at 28 days. Therefore, 12% is this inquiry's recommended
silica fume level. The lower value of the split tensile strength is caused by the decreased cohesive force between the RSCA
surfaces and cement matrix, which enhances the lower binding tendency in the concrete mix. This conclusion is consistent
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with the findings of past tests (Khademi et al., 2016). According to Thomas et al., the loss in the concrete's splitting tensile
strength is between 2 percent and 8 percent when RCA is approximately 25% of the total, which is fairly similar to the study
(Das et al., 2020). However, Gonzélez-Fonteboa and Martinez-Abella (2008) observed that the reduction in splitting strength
that occurs when natural aggregate is replaced with recycled aggregate can be minimized by adding nanoparticles of silica
fume to the concrete mix. This increase is, therefore, also applicable to the recommended 12 percent inclusion of silica
fume(Gonzalez-Fonteboa & Martinez-Abella, 2008).
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Figure 8. Increase of splitting tensile Strength of the concrete mixes.

Figure 9 shows the cylindrical specimens splitting tensile testing failure patterns with varying silica fume percentages
caused by replacement of cement in RSAC at 28 days of testing. Failure patterns were taken into consideration for further
research on concrete strength and to comprehend how to use this mix according to protocol. Additionally, the microstructural
morphology can be improved from the crack pattern to improve future properties of this kind of cement replacement in con-
crete. When the crack appeared in the center of the cylinder diameter under uniaxial stress, as illustrated in Figures 9(a) and
(b), it can be seen that the Control and RSACSF mix specimen failed in a less brittle manner. When the major crack first
emerged, the crack pattern was torn apart. If the failure type is further examined, it becomes clear from Figure 4.6 that the
major crack for RSACSF-16 was initially started. However, when strength levels rise, the toughness increases and flattens
off. According to the aggregate type, more energy is needed to fracture an aggregate of a particular size. This is due to the
fact that the fracturing process may be significantly influenced by the strength, stiffness, shape, and surface texture of the
aggregate type. It should be noticed that the primary crack in the concrete specimen's crack pattern was visible when the
specimen split apart. When the primary crack appeared, it divided the crack pattern apart. When looking more closely at the
failure type, it is apparent from Figure 9 (d) that the major crack for RSACSF-16 was started first. As strength levels rise,
however, the toughness increases flatten off. An aggregate's type has a direct relationship with the energy needed to fracture
it at a given size. This is due to the possibility that the strength, stiffness, shape, and surface texture of the aggregate type may
all have a substantial impact on the fracturing process. It should be noticed that the specimen's major crack was where the
concrete specimen's crack pattern could be seen.

According to Feng et al. (2021), the specimens with 0% RA replacement exhibited a large number of large inclined cracks
and numerous microscopic microcracks, which are comparable with the failure patterns of ordinary concrete. It demonstrated
that when RAC was subjected to compressive loads, SF and NS could effectively prevent the development of cracks. In a
different investigation, Xie, Fang, et al. (2018) revealed unmistakably that concrete cylinders containing 10% SF generated
substantial longitudinal macrocracks, whereas concrete cylinders devoid of SF displayed a huge number of smaller longitu-
dinal cracks. These outcomes could be explained by how the rise in silica fume dramatically altered the microstructure of the
calcium silicate hydrate (C-S-H) gel, creating a denser interface between the cement matrix and the PPF or steel fiber, all of
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which increase the brittleness of the concrete while improving bonding performance and preventing crack propagation (Fang
et al., 2024; Jabin et al., 2024). The creation of stronger ITZs as a result of the SF's pozzolanic and filler activities may be the
primary cause of the phenomenon (Dilbas et al., 2014).
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Figure 9. Observed Splitting tensile strength failure patterns of the specimen at 28 d
(a) RSACSF-4 (b) RSACSF-8 (c) RSACSF-12 (d) RSACSF-16.
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3.2.3 Relationship between compressive and splitting tensile strength

As shown in Figure 10, the test results for the split-tensile and compressive strength exhibit a good coefficient of correlation
and regression for the current study. It has been noted that the tensile strength of concrete is between 8% and 10% of its
compressive strength. Additionally, the tensile strength of RCA mixtures significantly improves as compressive strength in-
creases, and these improvements remain almost constant throughout the investigation. However, ACI code "Building code
requirements for structural concrete (ACI 318-08) and commentary"” (2008) exhibits the furthest estimation from the confi-
dence band and prediction band of the experimental outcomes. It is evident that the equation of CEB-FIP (Comite Euro-
International Du, 1993) and AS 3600 (Standard, 2001) are near enough forecasts to the current 95% prediction band of the
specimens. The ACI 363R-92 code (Committee, 1984) covers substantial portions of the prediction zone, and in comparison
to other codes of standards, it demonstrates a good estimate. Due to the inclusion of the ultrafine silica fume in the concrete
mixes, the high splitting tensile strength generates the upward forecast line from the other standards. Moreover, the interlock-
ing action of the aggregates improves the splitting tensile strength characteristics of the concrete mixes.
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Figure 10. Relationship between compressive and splitting tensile strength.

3.2.4 Effects of silica fume on microstructural properties

Figure 11 presents the graphical presentation of the findings from the scanning electron microscopy (SEM) Test. Figure
11 (a) shows the microstructure of RSACSF-0 at 7 days in which micropores are being seen. Those voids were formed because
the old cement mortar of recycled stone aggregates absorbed cement particles on their surface. As a result, these varieties of
concrete have a somewhat higher 1TZ porosity than traditional concrete. Figure 10 (b) depicts the microstructure of RSACSF-
0 specimen without silica fume at 28 days. It can be noticed that there are a lot of crumbs on the surface, as shown in Figure
11 (b). The crumbs range in size from a few microns to several hundred microns and are only loosely connected to the main
aggregate. These debris pieces most likely resulted from the old cement paste and concrete being pulverized (Mueller &
Winkler, 1998). The lower left of Figure 11(b) and the upper left of Figure 11 both show the old cement matrix that encircles
the new aggregate surface from the old concrete (a). Microcracks and damage to the cement matrix generated by tension from
the crushing process are depicted in Figure 11(a). RSACSF-0's degraded and more porous old cement matrix is inferior to
samples (b). The new aggregate surface from the old concrete is surrounded by an old cement matrix, which is visible. Two
elements appear to have a detrimental effect on the quality of the recycled aggregates in addition to the wic ratio of the
previous cement matrix. These include coating aggregates with loose particles and breaking up the original cement matrix,
which reduces the mechanical strength of the recycled aggregate. The bond between the recycled aggregate and the new
cement matrix is weakened. While silica nanoparticles have reduced even very small holes in the transition zone of recycled
concrete, making it denser and more uniform, it is clear from comparing figures 11 (c) and (d) and 11 (e) and (f) that they
have not completely eliminated these holes. This is especially true because nanoparticles perform differently than other ma-
terials. The inner microstructure of the specimen was denser than that of the specimen with 12 percent silica fume, as shown
in Figure 4.8. It follows from these results that the chemical reaction between silica fume and Ca(OH), produced C-S-H gel,
which can fill vacuum spaces (Bui et al., 2018). RSACSF-12 mixes at 28 days show more compactness at the micro level
than RSACSF-12 mixes at 7 days. Physical filling and chemical filling are two different types of the filling effect. The internal
voids of the cement paste and the compactness of the RSAC were both significantly improved by the activation of silica fume.
Furthermore, NS, acting as an activator, accelerated the cement's hydration, changed the degree of CH's orientation in the
ITZ, and reacted with CH to generate a low-density C-S-H gel, which filled the pores and densely filled the interior structure
(Ji, 2005). The main reason for the transition zone's higher uniformity and density is that these particles undergo a pozzolanic
reaction with calcium hydroxide crystals (Ca (OH),) to create dense calcium-silicate-hydrate gelatin. In fact, it can be con-
cluded from the SEM images in Figures 11(c), (d), (e), and (f) that the mortars containing NS powder had fewer pores overall
than the mortars containing no NS powder. The most significant compressive and tensile strength were obtained with 12%
and 16% replacement of SF with cement which occurred due to the dense interior structure of the concrete specimens, as seen
by the SEM analysis. This further proves the benefits of using SF to improve concrete performance. This explanation is
consistent with that of Blanco et al., who found that because silica fume has a smaller particle size, it acts as a filler (Blanco
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et al., 2006). More C-S-H gel is produced by the SF's pozzolanic reaction and expands into the capillary spaces left behind
after the cement in mortar mixes hydrates.

X-ray diffraction test was conducted on cement and silica fume samples, which is illustrated in Figure 12. Peaks resembling
those of tricalcium silicate (CsS), dicalcium silicate (C,S), tricalcium aluminate (CsA), and tetra calcium alumino-ferrite
(C4AF) can be seen in the XRD pattern of OPC. Additionally, it was discovered that the silica fume XRD pattern had generally
amorphous features. From the chemical composition of these materials, the highest peak is obtained for SiO; for silica fume
and CaO for cement. Since there is more periodicity in one direction than the other and some peaks have a high intensity, the
diffraction peak of C-S-H is found to be almost the same for both specimens. Some peaks are tall because of a desired crystal
orientation, while others are short because the crystals are put in an arbitrary order. The intensity of the plane reflected in the
XRD pattern increases with increasing electron density variation.
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Figure 11. Microstructure of specimens from SEM analysis (a) RSACSF-0 (7 days) (b) RSACSF-0 (28 days) (c) RSACSF-12
(7 days) (d) RSACSF-12 (7 days) (e) RSACSF-12 (28 days) (f) RSACSF-12 (28 days).
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Figure 12. (a) XRD pattern of OPC (b) XRD pattern of silica fume.
4. Conclusions and Future Recommendation

In this research work, five concrete mixes with varying percentages of silica fume inclusion were tested to investigate
how silica fume performed as a partial replacement for cement in recycled aggregate. Additionally, an experimental pro-
gram was run to assess the mechanical and microstructural characteristics of recycled aggregate concrete when silica fume
was present. The obtained mechanical and microstructural properties are concluded as follows:

1. The slump values of RSACSF mixes ranged from 65 mm to 82 mm. The higher silica fume percentage in RSAC
also results in mixes with a higher density and lower workability. The surface roughness is also raised during the
processing of recycled aggregate, which tends to reduce the slump value and flow characteristics. Due to its
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cementitious qualities, silica fume binds the components of concrete together and is the primary factor causing
the slump value to decrease.

2. The compressive strength of concretes containing RCA was enhanced by the sequential addition of SF. The com-
pressive strength of recycled aggregate concrete has been strongly influenced by mixtures with varied concentra-
tions of silica fume replacement. However, the recycled aggregate's rough and pointed edges help to increase
interlocking, which results in a strong bond between them. However, from the test, it is found that the compressive
strength increases by 11.23% compared to the control mix. RSACSF12 mixes of 12% silica fume of 28 days show
maximum compressive strength of 32.05 MPa. The control specimen’s low strength may be due to the presence
of loose mortar around the recycled aggregate, which prevents proper bonding between cement paste and aggre-
gate. Silica fume facilitates the C-S-H bond formation between cement and aggregate particles due to its poz-
zolanic properties.

3. Splittensile strength was also found increased about 25.5% compared to reference mix which is greater compared
to compressive strength. SFRAC12 mixes of 12% silica fume of 28 days shows maximum split tensile strength
of 3.36 MPa. Increasing the SF percentage above 12% decreases the strength. Strength declines because SF is
unable to bind free calcium hydroxide with sufficient water in the matrix to produce more calcium silicate hydrate
gels.

4. From SEM analysis, it is found that mixes with silica fume fill the micro pores of the structure and make the
structure more compact than the mix in which silica fume was not used. Compared to the control specimen, the
microstructures of the transition zones in the concrete specimens that produced silica fume were denser. Addi-
tionally, the formation of C-S-H bonds increased with curing age, contributing to an increase in compressive
strength. Concrete surfaces benefited from an extended curing period because fewer pores were observed. The
pores were filled with silica fume, creating a more uniform structure.

5. The denser interface strengthened bonding and stopped crack propagation as SF content rose, but it also made the
concrete more ductile. Therefore, compared to the control, fewer longitudinal cracks were observed at failure
patterns for SF specimens. We can, therefore, conclude that adding silica fume to recycled aggregate concrete
will enhance its performance.

6. It is recommended that, in order to improve the mechanical and durability properties of building materials, the
construction industry investigate the possibility of combining other pozzolanic materials, such as fly ash, marble
powder, and metakaolin, into 100% RAC. To optimize its effectiveness, the ideal percentage of pozzolanic ma-
terials needs to be carefully considered. Machine learning techniques can be employed to determine the optimal
percentage for achieving maximum strength in concrete. Future work focusing on CO; emissions and economic
analysis is also recommended in order to achieve environmentally friendly and sustainable construction.
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