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Abstract

In the study, the effect of fine recycled concrete aggregate (FRCA) replaced by natural fine aggregate on some mechanical 

properties of self-compacting concrete (SCC) containing different types and amounts of mineral additives was evaluated. In the 

concretes produced for this purpose, natural fine aggregate was replaced with FRCA at the ratios of 35%, 70% and 100% by weight. 

For comparison, concretes without FRCA were also produced. Three different mineral additives, namely fly ash (FA), metakaolin (MK) 

and silica fume (SF), were used in different ratios. In order to determine the fresh state properties of concretes, unit weight, slump-

flow, T500 time, J-ring and sieve segregation tests were carried out, while compressive strength, splitting tensile strength, flexural 

strength, Böhme abrasion and dynamic elasticity modulus determination tests were carried out on hardened concretes. Based on 

the findings obtained, there is no significant adverse effect on the mechanical properties of concrete with 35% FRCA replacement. 

However, when FRCA is used at higher ratios, the negative effect on mechanical properties becomes evident. In particular, Böhme 

abrasion is quite high at high FRCA replacement ratios. Provided that the conditions in which the research was carried out are valid, 

the negative effects of FRCA substitution on the mechanical properties of concrete can be eliminated by changing the type and 

combination ratios of mineral additives used.
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1 Introduction
In parallel with the increasing population, consumption and 
renovation in the construction sector, as in all other sec-
tors, is increasing rapidly. While on one hand, significant 
increases are observed in the building stock constructed to 
meet people's shelter and living needs, on the other hand, 
it is witnessed that many old buildings are being demol-
ished within the scope of urban transformation. As a result, 
large amounts of debris are generated  [1]. It has been 
reported that the recovery rate of construction and demo-
lition waste (CDW) in the member states of the European 
Union varies greatly from one member to another, and this 
rate is between 10% and 95%. More than 800 million tons 
of CDW are generated each year in the construction sec-
tor in Europe [2]. It is reported that these CDWs constitute 
25–30% of all waste [3]. Large amounts of CDW are being 

stored in certain areas. This situation rapidly reduces stor-
age capacity and as a result, a significant increase in stor-
age costs occurs. In addition, CDW waste causes visually 
undesirable problems in the living environment [4].

Aggregate is the most important constituent of concrete 
as it constitutes about 70% of the concrete by volume [1, 5]. 
Aggregates are widely used in the construction industry, 
primarily in concrete production and asphalt mixtures, 
as ballast and filling materials, in road foundations, dec-
orative applications, filter and drainage environments and 
similar manufacturing processes. In this respect, aggre-
gate is considered a strategic material closely related to 
the development of a country's infrastructure [6]. While it 
was reported that the consumption of natural aggregate in 
the world was approximately 45 billion tons in 2017, it is 
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predicted that the use of natural aggregate in concrete pro-
duction will reach 66 billion tons by 2025 [7].

Owing to significant amounts of carbon dioxide (CO2) 
emissions result from the use of fuel, electricity, and explo-
sives in aggregate production quarries. Additionally, var-
ious environmental issues such as depletion of natural 
resources, soil erosion, noise pollution, degradation of nat-
ural ecosystems, and decreased water quality are also note-
worthy as other significant problems arising from aggre-
gate production and its use in the construction industry [8].

The use of CDW, especially the concrete parts, as aggre-
gate in structural concrete production has become wide-
spread in recent years. As a result of the increasing use 
of recycled concrete aggregate (RCA) in concrete produc-
tion, which is accepted as part of the sustainable develop-
ment approach, some international regulations on concrete 
recommend replacing a portion of the natural aggregate in 
concrete with recycled aggregate [9]. Some important reg-
ulations have been made regarding the use of CDWs. These 
regulations define three waste material groups: broken 
concrete, broken wall and mixed demolition rubble [10].

The idea of substituting CDWs, especially broken con-
crete, obtained from concrete structures that have completed 
their structural life, into aggregate size or breaking up the 
remaining concrete from concrete production and replacing 
natural aggregates in certain proportions in concrete pro-
duction has become widespread in recent years. It has been 
stated in many studies that the main difference between nat-
ural aggregate and RCA obtained in this way is the pres-
ence of old mortar adhering to the RCA surface, which has 
an important effect on the performance of the concrete [11]. 
It has been proven by many experimental studies that substi-
tuting RCA instead of natural aggregate in concrete produc-
tion is suitable in terms of fresh state properties, mechanical 
properties and durability properties of concrete, especially 
for high-performance concretes [11, 12].

In the design of complex structures, there are still con-
cerns about whether the concrete vibration process can be 
carried out properly in densely reinforced structural ele-
ments. In parallel with the advances in concrete technol-
ogy and customer demands, the production of high-perfor-
mance concrete has become an inevitable need. In order to 
meet the demand, researchers have succeeded in designing 
and producing self-compacting concrete (SCC), which can 
be compacted under its own weight, especially in densely 
reinforced structural elements. SCC is a concrete with suf-
ficient viscosity to be placed uniformly in the formwork 

without showing bleeding or segregation under the effect 
of gravity, thanks to its good rheological properties in 
its fresh state. Interest in SCC has increased day by day 
and as a result, its global recognition has increased rap-
idly in recent years. Noise and similar problems frequently 
encountered in conventional concrete due to the placement 
and compression processes are not experienced in SCC. 
In  addition, it is reported that the construction period is 
generally shorter in projects where SCC is used [13–15].

It is reported that when fine natural aggregate is 
replaced by fine RCA at 20%, the compressive strength 
of SCC decreases by 10% [16], increases by 7% when it 
is replaced by 20% [17], and decreases by 26% when it is 
replaced at 100% [18]. Another study indicated that the 
mechanical properties of concretes produced by replac-
ing 30% of natural sand with fine recycled concrete aggre-
gate (FRCA) were adversely affected [19].

RCA has a more porous structure compared to natural 
aggregate due to the cement paste adhering to its surface, 
and therefore has high water absorption and low density. 
For this reason, the usability of RCA in concrete is limited 
because concretes produced with RCA show weaker per-
formance [20]. The presence of old cement paste adhering 
to RCA, together with the old and new interface transition 
zones (ITZ), is considered responsible for the decreased 
performance of the concrete [21].

The aim of this study is to produce SCC by using concrete 
road waste crushed into FRCA instead of natural fine aggre-
gate in certain proportions. In addition, within the scope of 
the study, the relationship between some mechanical prop-
erties of SCC produced in this way and mineral additives 
such as fly ash (FA), metakaolin (MK) and silica fume (SF) 
was investigated. Although there are few studies in the lit-
erature on the use of FRCA in SSC, the number of studies 
using different mineral additives at different ratios together 
with FRCA is also quite limited. The purpose of using dif-
ferent mineral additives in different proportions is to find the 
effective amount on SCCs where different FRCA amounts 
are used. Another originality of this study is to use innova-
tive experimental methods such as the resonance frequency 
testing method and to apply tests for different curing times.

2 Materials, mix proportions and methodology
2.1 Materials used
In the study, a cement named CEM I 42.5 R in TS EN 197-1 
standard [22] was used. The properties of the cement used 
are given in Table 1.
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Kütahya-Seyitömer Thermal Power Plant FA was used 
in the study. According to XRF analysis, FA is F type 
according to the classification made by ASTM C618-22 
standard [23]. MK and SF were supplied from commercial 
companies. The specific gravity of SF is 2.2. The specific 
surface areas obtained from the suppliers for FA, MK and 
SF used in the study are 4890 cm2/g for FA, 17400 cm2/g 
for MK and 196800 cm2/g for SF, respectively. Chemical 
analyses of FA, MK and SF are given in Table 2.

In the study, aggregate with a maximum aggregate size of 
16 mm was used. Crushed stone was used as natural coarse 
aggregate (4 mm – 16 mm) and crushed sand (< 4 mm) was 
used as natural fine aggregate. The FRCA (< 4 mm) used 
in the study was obtained from a concrete road tested in 
the Karadeniz Technical University  (KTU) fast road test 
laboratory. After the tests, this concrete road was broken, 
ground and washed in the concrete plant to obtain FRCA. 
Before crushing the concrete and turning it into aggregate, 
some tests were carried out on the concrete to determine 

the properties of the aggregate to be used as FRCA. For this 
purpose, cores were taken from the concrete and UPV 
(ultrasonic pulse velocity) and compressive strength tests 
were performed out on these cores. An average UPV of 
4.13 km/h and an average compressive strength of 31.9 MPa 
were measured on the cores. It is known that crushed lime-
stone aggregate and crushed sand were used in the con-
struction of this concrete road. Therefore, the FRCA aggre-
gate obtained is a crushed limestone based aggregate and 
consists of old cement paste adhered to its surface. Water 
absorption and specific gravities of natural coarse aggre-
gate, natural fine aggregate and FRCA used in the produc-
tion of SCC are given in Table 3. The natural moisture of 
the aggregates was determined one day before production. 
Saturation water, calculated by taking into account their 
water absorption capacity and natural moisture, was added 
to the mixture before mixing and waited for 10–15 min for 
this water to be absorbed by the aggregate.

Aggregates with almost the same granulometry were 
used in all mixtures. The reason for this is to eliminate 
the possible changes in the properties of the concretes due 
to different granulometry. A polycarboxylic ether-based 
superplasticizer (SP) was used in order to provide the tar-
geted fresh state properties in SCC. The properties of the 
SP used are given in Table 4. Tap water was used as mix-
ing water in the production of concretes.

2.2 Mixture proportions
In the light of the preliminary experiments performed, 
it was decided to take the amount of binder as 550 kg/m3 
and the water to binder ratio as 0.38 for all mixtures. In this 
way, SCCs were produced by replacing fine natural aggre-
gate with FRCA at ratios of 35%, 70% and 100%. Mineral 
additives of different types and combinations were also used 
in the production of concretes. Additionally, productions 

Table 1 Properties of cement

Chemical composition (%) Physical and mechanical properties

SiO2 19.45 Residue on 32 μ sieve (%) 8.77

Al2O3 4.77 Specific surface (Blaine) (cm2/g) 3556

Fe2O3 3.11 Specific gravity 3.10

CaO 63.03 Setting times (Vicat) 
(dmin)

Initial 175

MgO 1.97 Final 220

SO3 3.06 Water demand (%) 30.46

Na2O 0.29 Volume expansion (mm) 1

K2O 0.91
Compressive 

strength (MPa)

2-day 30

Cl− 0.01 7-day 43.7

Loss on ignition 3.75 28-day 53.7

Table 2 Chemical composition of FA, MK and SF (%)

Component FA MK SF

SiO2 49.4 51.4 93.00

Al2O3 19.9 45.2 0.58

Fe2O3 11.3 0.702 2.79

CO2 4.85 – –

CaO 4.35 0.301 0.60

MgO 3.86 – 1.00

K2O 2.50 0.122 0.10

SO3 1.73 – 0.50

V2O5 – 0.282 –

SnO2 – 0.0504 –

P2O5 – 0.0824 –

SrO – 0.0166 –

TiO2 – 1.88 –

Na2O – – 1.00

Table 3 Some physical properties of the aggregates used

Aggregate type Specific gravity Water absorption (%)

Natural fine aggregate 2.66 2.49

Natural coarse aggregate 2.69 1.90

FRCA 2.39 9.30

Table 4 Properties of SP used

Origin of the admixture Polycarboxylic ether based

Appearance Brown-liquid

Specific gravity (at 20 °C) 1.11

pH 6.7

Alkali content (%) ≤ 3.00 (by mass)

Chlorine ion content (%) ≤ 0.10 (by mass)
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without FRCA were also carried out for comparison. In this 
way, four SCC mixtures were prepared and produced 
depending on the mineral additive type and combination.

In this context, the changes in the properties of SCCs 
with different amounts of FRCA substitution in both fresh 
and hardened states were evaluated. Here, concrete mix-
tures containing mineral additives in four different com-
binations respectively as 30%FA, 20%FA+10%MK, 
20%FA+10%SF and 20%FA+5%MK+5%SF were pro-
duced and tested. Cement constitutes 70% of the total 
binder, valid for all mixtures. Concrete mixtures designed 
in this context are given in Table 5. In Table 5, for exam-
ple, the concrete mixture given as 30FA+%0MK+%0SF is 
hereafter designated as 30FA0MK0SF in the text.

2.3 Methodology and tests performed
SCC concretes were produced based on the criteria and 
recommendations given in the EFNARC [24,  25] speci-
fications. Pan type mixer was used in the production of 
concrete. In production, attention was paid to ensuring 
that the fresh state characteristics foreseen for SCCs by 
EFNARC were met. For this purpose, a SP was used in 
required quantities in productions. Unit weight, slump-
flow, T500 time, J-ring and sieve segregation tests were car-
ried out on fresh concretes. Compressive strength, split-
ting tensile strength, flexural strength, Böhme abrasion 
and dynamic modulus of elasticity determination tests 
were also carried out on hardened concretes. Except for the 
Böhme abrasion and dynamic modulus of elasticity deter-
mination tests, all hardened concrete tests were carried 

out on specimens subjected to 28 and 90 days of stan-
dard curing. For the determination of Böhme abrasion and 
dynamic modulus of elasticity tests, only concrete spec-
imens that subjected to standard curing of 28 days were 
used. Compressive strength tests were also performed on 
specimens that subjected to 7 days of standard curing.

Slump-flow and T500 time tests were carried out in 
accordance with the TS EN 12350-8 standard [26] and 
EFNARC [24, 25] specifications. For this test fresh SCC 
was filled into an Abram's cone placed on a metal plate. 
A weighted collar 9 kg is placed on the cone to prevent con-
crete from leaking from the bottom of the cone. The time 
until the concrete reaches a diameter of 500 mm on the 
metal plate was determined as the spreading time (T500 ) 
by the chronometer that was started when the cone was 
pulled upwards. After the spreading was completed, the 
spreading diameter of the concrete was determined as the 
average of two measurements taken perpendicular to each 
other. EFNARC [25] recommends that the slump-flow for 
SCC should be 550–850 mm. 

The J-ring test was carried out in accordance with the 
TS EN 12350-12 standard [27] and EFNARC [24,  25] 
specifications. The test was carried out by measuring the 
concrete heights just inside (h1 ) and just outside (h2 ) the 
J-ring circumference. The height difference determined in 
the test as (h = h2 − h1 ) is specified as a maximum of 10 mm 
in the EFNARC [24] specifications. 

Sieve segregation test was also carried out in accordance 
with TS EN 12350-11 standard [28] and EFNARC  [25] 
specifications. Photos of the slump-flow test, the J-ring test 

Table 5 Mixture proportions for SCC (in kg/m3)

Concrete mixtures FRCA repl. ratio (%) Cement FA MK SF Water Coarse agg. Fine agg. FRCA SP

30FA0MK0SF

0

385

165 0 0

209

619

918 0 7.6

35 597 288 8.0

70 275 577 8.1

100 0 824 8.6

20FA10MK0SF

0

110

55 0 622

922 0 7.9

35 599 290 8.6

70 277 579 8.5

100 0 828 8.7

20FA0MK10SF

0

0 55 618

916 0 10.9

35 595 288 11.4

70 275 575 11.5

100 0 822 11.8

20FA5MK5SF

0

27.5 27.5 620

919 0 9.0

35 597 289 9.6

70 276 577 9.7

100 0 825 9.8
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and the sieve segregation test are given in Fig. 1. Fresh con-
crete unit weights were determined on 15 cm cube speci-
mens in accordance with the TS EN 12350-6 standard [29].

The compressive strength test was carried out in accor-
dance with the TS EN 12390-3 [30] standard and three 
15 cm cube specimens were used for each measurement. 
The test was carried out in a press with a capacity of 
250  tons. Splitting tensile test was carried out in accor-
dance with TS EN 12390-6 [31] standard and two cylin-
drical specimens with a diameter of 10 cm and a height 
of 20  cm were used in the test for each measurement. 
The  flexural test was carried out on prismatic speci-
mens with dimensions of 100 × 100 × 400 mm in accor-
dance with the TS EN 12390-5 [32] standard. In this test, 
two prisms were used for each measurement. Photographs 
of the equipment used in compression test, splitting tensile 
test and flexural tests are given in Fig. 2.

Böhme abrasion test was carried out in accordance with 
the DIN 52108 standard [33] and the equipment used in the 
test is given in Fig. 3. In the Böhme abrasion test, two 70 mm 
cube specimens were used for each measurement.

Dynamic modulus of elasticity was determined by res-
onance frequency technique on prismatic specimens with 
dimensions of 100 × 100 × 400 mm in accordance with BS 
1881: Part 209 standard [34]. The test was performed on 
prisms that were kept in the laboratory for approximately 
5 h after 28 days of standard curing. Two prisms were used 
for each measurement in performing the test. The photo of 
the testing setup is given in Fig. 4.

As seen in Fig. 4, the sound given by the sound gener-
ator at one end of the prismatic specimen, which is placed 
on a support at its middle point, is received by the sound 
receiver at the other end. While the sound generator sends 
vibrations to the specimen at increasing frequencies, the 
sound receiver continuously transmits the changing vibra-
tions and their intensities to the control unit in order to 
determine at which frequency the vibrating specimen res-
onates. After the sample is scanned at certain frequencies, 
the frequency at which the specimen resonates is deter-
mined and reflected on the control unit screen. This entire 
process is carried out automatically by the control unit. 
The dynamic modulus of elasticity of the concrete is calcu-
lated by substituting the obtained resonance frequency into 
the expression given in the BS 1881: Part 209 standard [34].

E LD �
�

4 10
2 2 15� � 	 (1)

In Eq. (1), ED is the dynamic modulus of elasticity of the 
concrete (GN/m2 ), L is the length of the specimen (mm), 
η is the longitudinal resonance frequency of the speci-
men (Hz), and ρ is the unit weight of the concrete (g/cm3 ).

3 Results and discussion
3.1 Properties of fresh SCCs
Fresh state properties of SCC determined in accordance with 
relevant standards and specifications are given in Table 6.

As seen in Table 6, the slump-flows of SCCs vary 
between 650 and 730 mm. Therefore, all concretes meet 
the criteria specified in the EFNARC [25] specification in 
terms of slump-flow. The measured T500 times are greater 
than 2 s for all concretes and the concretes are in the  
VS2/VF1 class as stated in the EFNARC [25] specifica-
tion. J-ring measurements for all concretes meet the 10 mm 

Fig. 2 Equipment used in compression test, splitting tensile test and 
flexural test

Fig. 3 Equipment used in Böhme abrasion test

Fig. 4 Resonance frequency testing setup

Fig. 1 Photos of the slump-flow test, J-ring test and sieve segregation test
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criterion specified in the EFNARC [24] specification. 
Sieve segregation test results are seen to be less than 15% 
for all concretes. Therefore, according to EFNARC  [25] 
specification, all concretes are in SR2 class.

The measured fresh unit weights ranges from 2.19 g/cm3 

to 2.29 g/cm3. Using high dosage binders in production, 
the low specific gravity of mineral additives compared to 
cement and the low unit volume weight of FRCAs com-
pared to natural aggregates caused the unit volume weights 
of the produced concrete to be relatively low. The decrease 
in unit weight shows a significant increase parallel to the 
increase in the fine FRCA substitution ratio. As can be 
seen from the same table, as the FRCA substitution ratio 
increases, the amount of SP used also increases. This is 
because FRCA particles are more angular and rougher 
compared to natural aggregate and their friction with the 
cement paste is stronger. The fact that the structure of the 
aggregate is angular and rough and also has more pores 
naturally increases the need for water for a certain con-
sistency [35]. Naturally, all these factors have an adverse 
effect on the workability of concrete. Considering the min-
eral additive combinations, the amount of SP used in the 
20%FA+10%SF combination, where SF is used at a high 
ratio, is higher than in other combinations for equal slump. 
Since the use of high fineness SF in the mixture adversely 
affects the workability of the concrete, more water or SP is 
required for the target workability [36, 37].

3.2 Compressive strength measurements
Compressive strengths measured on SCCs at the end of 
7 days of standard curing are given in Fig. 5. As can be 
seen from Fig. 5, while no significant change is observed 
in the compressive strengths of concretes with 35% FRCA 
replacement compared to concretes without FRCA, there is 
a decrease in the compressive strengths of concretes with 
70% and 100% FRCA replacement. The decrease in com-
pressive strength of concretes with 100% FRCA replace-
ment compared to those without FRCA is on average 10% 
to 16%. Regardless of the FRCA replacement, the  high-
est strength is provided by concretes containing 10% MK. 
For example; when concretes produced with natural fine 
aggregate are evaluated, it is seen that the compressive 

Table 6 Properties measured on fresh SCCs

Concrete mixtures FRCA replacement 
ratio (%) Slump-flow (mm) T500 (s) J-ring (mm) Sieve 

segregation (%)
Unit weight of fresh 

concrete (g/cm3) SP (%)*

30FA0MK0SF

0 660 2.74 8 2 2.29 1.38

35 730 2.1 9 12 2.29 1.45

70 710 2.02 8 14 2.24 1.48

100 715 2.14 8 14 2.19 1.56

20FA10MK0SF

0 670 2.22 9 1 2.26 1.44

35 680 2.25 8 7 2.27 1.56

70 660 2.18 9 7 2.23 1.54

100 670 2.04 9 7 2.19 1.58

20FA0MK10SF

0 650 2.24 8 1 2.29 1.98

35 690 2.28 8 8 2.25 2.08

70 695 2.43 9 2 2.21 2.09

100 710 2.1 8 2 2.19 2.15

20FA5MK5SF

0 728 2.24 9 7 2.29 1.63

35 670 2.4 9 2 2.23 1.74

70 670 2.4 8 3 2.20 1.76

100 690 2.2 8 4 2.19 1.79
* SP (%) expresses the ratio of the amount of SP to the total amount of binder as a percentage

Fig. 5 Compressive strengths of concretes subjected to 7-day 
standard curing
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strength of concrete containing 10% MK is 15% higher 
than that containing 30% FA, 14% higher than that con-
taining 10% SF and 10% higher compared to the combina-
tion of 5% MK + 5% SF. It can be said that this is due to 
the high Al2O3 content of MK. MK provides an advantage 
over other mineral additives due to its high Al2O3 content, 
which makes a positive contribution to strength at early 
ages [38, 39]. There are studies in the literature indicating 
that Al2O3 makes a significant contribution to compressive 
strength at early ages. In a study where nano Al2O3 was 
used as a 1.5% replacement for cement, a 17% increase 
in compressive strength of concrete specimens subjected 
to standard curing of 7 days was reported [39]. The find-
ings of the current study are consistent with the findings 
obtained from this study.

Compressive strengths measured on SCCs at the end 
of 28 days of standard curing are given in Fig. 6. As can 
be seen from Fig. 6, the compressive strengths of the con-
cretes containing 30% FA show a slight decrease due to the 
increase in FRCA substitution, while there is no significant 
change in the compressive strengths of the other concretes 
in which FRCA is substituted. Compared to concrete with-
out FRCA, the decrease in compressive strength of con-
cretes containing 100% FRCA is 8% in concrete containing 
30% FA, 3% in those containing 10% MK, 1% in those con-
taining 10% SF and 3% in those containing 5% MK+5% 
SF. Even when fine natural aggregate is replaced by FRCA 
at a ratio of 100%, the decrease in compressive strength 
of concretes remains at a very low level. Regardless of 
the FRCA replacement, the highest compressive strength 
is obtained in concretes with a combination of 5% 
MK + 5% SF. The compressive strength of 5% MK+5% SF 
concretes without FRCA is 15% higher than concretes con-
taining 30% FA, 10% higher than those containing 10% 
MK and 6% higher than those containing 10% SF.

In SCCs where MK and SF are used together, a higher 
level of strength is achieved compared to other concretes 
at the end of the 28-day standard curing. Considering the 
compressive strengths obtained at the end of 28 days, it is 
seen that the development of compressive strengths of 
concretes using FA is slower than those using MK and SF. 
Bayraktar et al. [40] reported a 29% decrease in the com-
pressive strength of concretes with 80% FRCA replace-
ment in their study. Similarly, in their study, Gesoglu 
et  al. [41] reported a decrease of 20% in the compres-
sive strength of concretes with 100% FRCA replacement. 
It can be said that the results obtained from the current 
study coincides with the literature in this context, but the 
loss observed in compressive strength remains at a lower 
level. It is thought that the positive effect of the combined 
use of MK and SF on compressive strength may be due 
to the synergetic effect and filler effect of these mineral 
additives, which increases with the extension of the curing 
period from 7 to 28 days. The effect that emerged in this 
way caused the strength to be higher.

Compressive strengths measured on SCCs at the end of 
90 days of standard curing are given in Fig. 7. As can be 
seen from Fig. 7, compressive strengths tend to decrease 
slightly depending on the increase in FRCA replacement. 
Compared to concretes without FRCA, the decrease in 
compressive strength of concretes with 100% FRCA 
replacement is 21% in those containing 30% FA, 15% in 
those containing 10% MK, 14% in those containing 10% 
SF and 7% in those containing 5% MK+5% SF.

The study clearly shows that the decrease in strength 
due to FRCA substitution can be prevented by using dif-
ferent amounts and combinations of mineral additives. 
For  example, as seen in Fig. 6, the 28-day compressive 
strength of the concrete without FRCA and 30% FA is 
55.92 MPa, while the compressive strength of the concrete 

Fig. 6 Compressive strengths of concretes subjected to 28-day 
standard curing

Fig. 7 Compressive strengths of concretes subjected to 90-day 
standard curing
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with 100% FRCA replacement is 51.71 MPa. It is possi-
ble to prevent the 8% decrease in compressive strength by 
reducing the FA by 10% and replacing it with a combina-
tion of 5% MK + 5% SF, and it is possible to obtain up to 
11% higher compressive strength. It may be possible to 
make the use of FRCA sustainable in concrete production 
by eliminating the loss in compressive strength due to the 
use of FRCA in this way. In addition, since the compres-
sive strength of all SCCs is over 50 MPa at the end of the 
28 days of standard curing, these concretes can be consid-
ered as high strength concrete. In addition, while MK has 
a positive effect on early compressive strength (7 days), 
SF is seen to be more effective at later ages (90 days).

While there is no significant change (except for 100% 
FRCA concretes) in 28-day compressive strengths regard-
less of FRCA substitution, there is a slight decrease in 
90-day compressive strengths as the FRCA substitution 
ratio increases. In some studies, increases in the compres-
sive strength of concretes are reported depending on the 
increase in the FRCA replacement. Kou and Poon  [42] 
stated in their study that they found an increase in com-
pressive strength up to 50% FRCA replacement level. 
Similarly, Hu et al. [43] observed a slight increase in the 
28-day compressive strength of SCC up to 75% FRCA 
replacement level in their study.

3.3 Splitting tensile strength measurements
Splitting tensile strengths measured on SCCs at the end 
of 28 days of standard curing are given in Fig. 8. As can 
be seen from Fig. 8, while there is no significant change 
in the splitting tensile strength of concretes with 35% 
FRCA replacement compared to those without FRCA, 
the decrease in the strength of those with higher levels of 
FRCA replacement becomes evident. When natural fine 
aggregate is replaced with 100% FRCA, splitting tensile 
strength decreases by 7% to 17%. Regardless of the FRCA 

replacement, the splitting tensile strengths of concretes 
containing 5% MK+5% SF are higher than those of other 
concretes. The splitting tensile strengths of 5% MK+5% 
SF concretes without FRCA are 18% higher than those 
containing 30% FA, 12% higher than those containing 
10% MK and 7% higher than those containing 10% SF. 
Therefore, it is highly probable that 5% MK+5% SF con-
cretes will yield better results in terms of splitting tensile 
strength rather than concretes containing only 10% MK 
or 10% SF in SCCs. In their study, Bahrami et al. [44] 
observed a 30.7% decrease in splitting tensile strength of 
concretes with 100% FRCA replacement. Zhong et al. [45] 
produced concretes containing 5% MK + 15% FA with 
a  total binder of 410 kg/m3 and stated that the splitting 
tensile strengths of concretes containing 30% FRCA were 
higher than those without FRCA. They also report a 10% 
decrease in splitting tensile strength of concretes contain-
ing 90% FRCA. The findings obtained in the present study 
are consistent with these results. 

Splitting tensile strengths measured on FRCA substi-
tuted SCCs at the end of 90 days of standard curing are 
given in Fig. 9. Compared to concretes without FRCA, the 
splitting tensile strengths of those containing 35% FRCA 
increased by 4%, while there was a significant decrease 
in the strengths of concretes with 70% and 100% FRCA 
replacement. When all of the fine natural aggregate is 
replaced with FRCA, the decrease in splitting tensile 
strength varies between 10% and 24%. This negativity 
observed in mechanical properties is due to the weakness 
of the old and new interfaces in the concrete and the pres-
ence of old cement paste between these interfaces.

As seen in Figs. 8 and 9, regardless of the type and 
combination of mineral additives, the use of 35% FRCA 
does not have any negative effect on the splitting tensile 
strength of concrete. This study has shown that the loss 
in strength due to the use of FRCA can be prevented by 

Fig. 8 Splitting tensile strengths of concretes subjected to 28-day 
standard curing

Fig. 9 Splitting tensile strengths of concretes subjected to 90-day 
standard curing
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using different types and combinations of mineral addi-
tives. For example, as seen in Fig. 8, the splitting tensile 
strength of the concrete with 30% FA content without 
FRCA is 4.56 MPa, while the splitting tensile strength of 
the concrete with 100% FRCA replacement is determined 
as 4.25 MPa. It is seen that the very small decrease in ten-
sile strength at splitting can be compensated by removing 
10% FA from the mixture and adding 5% MK + 5% SF 
combination. While a very slight decrease in 28-day split-
ting tensile strengths is observed due to the increase in 
FRCA replacement ratio, the decrease observed in 90-day 
strengths is more pronounced. While a very small decrease 
in 28-day splitting tensile strengths was observed due to 
the increase in FRCA replacement, the decrease observed 
in 90-day strengths was more pronounced. Among the 
concretes produced with different aggregate combina-
tions, 20FA5MK5SF concrete yielded the highest strength. 
The positive effect of SF is more evident in FRCA-free and 
35% FRCA-containing concretes cured for 90 days.

3.4 Flexural strength measurements
Flexural strengths measured on SCCs at the end of 28 days 
of standard curing are given in Fig. 10. As can be seen 
from Fig.  10, as the FRCA replacement ratio increases, 
there is a slight decrease in the flexural strengths of the 
concretes. The decrease in flexural strength of concretes 
containing 100% FRCA compared to those without FRCA 
is 26% in those containing 30% FA, 24% in those contain-
ing 10% MK, 12% in those containing 10% SF and 16% in 
those containing 5% MK+5% SF. Among the FRCA sub-
stituted concretes, 5% MK+5% SF combination concretes 
provide the highest flexural strength, while those with 
30% FA content provide the lowest strength.

Flexural strengths measured on SCCs at the end of 
90 days of standard curing are given in Fig. 11. As seen 
from Fig. 11, the flexural strength of the concrete decreases 

slightly due to the increase in the FRCA replacement ratio. 
Compared to concretes without FRCA, the decrease in 
flexural strength of concretes with 100% FRCA replace-
ment is 22% in those containing 30% FA, 16% in those 
containing 10% MK, 6% in those containing 10% SF 
and 13% in those containing 5% MK+5% SF. As seen in 
Fig. 11, regardless of the FRCA replacement and valid for 
all concretes, the flexural strengths of concretes with 10% 
MK replacement are higher than the others.

While Gesoglu et al. [41] reported in their study that the 
loss of flexural strength in SCCs with 100% FRCA was around 
26%, Bahrami et al. [44] stated that this loss was around 
28.2% in their study. In this respect, the results obtained in 
the current study are compatible with the literature.

It has been determined by the existing studies that 
the negative effect of FRCA substitution on the flexural 
strength can be eliminated by using different types and 
combinations of mineral additives. For example, as can 
be seen from Fig. 10, the flexural strength of the concrete 
with 30% FA content and no FRCA was determined as 
6.11 MPa, while the flexural strength of the concrete with 
100% FRCA replacement was determined as 4.52 MPa. 
It is clearly seen that the 26% decrease in flexural strength 
can be prevented by using 20% FA instead of 30% FA and 
adding 5% MK+5% SF. A very slight decrease is observed 
in both 28-day and 90-day flexural strengths of concrete 
due to the increase in FRCA substitution ratio.

3.5 Böhme abrasion measurements 
Böhme abrasion measurements obtained on SCCs at the 
end of 28 days of standard curing are given in Fig.  12. 
As can be seen from Fig. 12, there is a significant increase 
in the abrasion of concretes due to the increase in the 
FRCA replacement in SCCs. There are some studies 
in the literature reporting increases in abrasion due to Fig. 10 Flexural strengths of concretes subjected to 28-day 

standard curing

Fig. 11 Flexural strengths of concretes subjected to 90-day 
standard curing
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increased FRCA usage ratios [46, 47]. There are also stud-
ies reporting significant increases in the abrasion of con-
crete as a result of the substitution of FRCA. For example, 
Bayraktar et al. [40] reported in their study that the abra-
sion of concrete with 80% FRCA replacement increased 
by 58%. In the current study, the increases in the abrasion 
of concretes in which the fine natural aggregate used was 
completely replaced with FRCA ranges from 19% to 27%. 
These findings are consistent with the results of some stud-
ies reported in the literature. The significant increase in the 
abrasion resistance of concretes as the FRCA replacement 
ratio increases is due to the porous and cracked structure 
of the old cement paste adhered to the FRCA. Regardless 
of the FRCA replacement, the lowest abrasion is obtained 
for concretes containing 10% SF, and  a  similar result is 
reported in another study [48]. Due  to the high fineness 
of SF and its high pozzolanic properties, it provides better 
filling of the voids in the concrete with a dense structure. 
Abrasion is therefore thought to be lower in concretes con-
taining high levels of SF. After 28 days, the 20FA5MK5SF 
combination concrete yielded the highest compressive 
strength, while the 20FA0MK10SF combination concrete 
showed high abrasion resistance. This indicates that it is 
not always true to expect a concrete with high compres-
sive strength to also have high abrasion resistance. This 
is because compressive strength is highly dependent on 
microstructural properties, while abrasion resistance 
is more closely related to surface characteristics of the 
concrete, such as surface roughness and porosity  [49]. 
Therefore, due to its high specific surface, the 10% SF par-
tially improved the surface characteristics of the concrete.

3.6 Determination of dynamic modulus of elasticity
The dynamic elasticity modulus of concrete was deter-
mined by the resonance frequency technique. The dynamic 

modulus of elasticity of the specimens whose resonance 
frequencies were determined was calculated by means of 
the relation recommended by the relevant standard. In the 
test, 100 × 100 × 400 mm prismatic specimens subjected 
to standard curing for 28 days were used and the dynamic 
modulus of elasticities calculated by means of the rel-
evant relation were given in Fig. 13. As seen in Fig. 13, 
the dynamic modulus of elasticities of concretes decrease 
significantly depending on the increase in the FRCA 
replacement ratio. The dynamic elasticity modulus of con-
cretes in which natural fine aggregate is replaced by 100% 
FRCA decrease by 10% to 13%.

The decrease in the dynamic elasticity modules of con-
cretes as the FRCA replacement ratio increases is due to 
the porous and cracked structure of the old cement paste 
adhered to the FRCA and the porous structure of the old 
cement paste. Tang et al. [50] indicate a 22.2% decrease in 
the dynamic modulus of elasticity of concrete in a  study 
they conducted. It is seen that the findings regarding the 
dynamic modulus of elasticity of concretes within the scope 
of the current study are compatible with the literature.

4 Conclusions
The findings obtained from this study can be summarized 
briefly as follows:

•	 Up to 35% FRCA substitution has no adverse effect on 
splitting tensile and compressive strengths, regard-
less of the curing time. This is particularly important 
for sustainability in the construction industry.

•	 The positive contribution of SF to abrasion wear 
resistance even at high FRCA substitution levels is 
important for durability, especially in applications 
subject to wear.

•	 While MK has a positive effect on early age strength 
development, the MK+SF combination is effective on 
long-term mechanical performance.

Fig. 12 Böhme abrasion measurement of concretes subjected to 28-day 
standard curing

Fig. 13 Dynamic modulus of elasticities of concretes subjected to 28-day 
standard curing
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•	 The disadvantage caused by the high FRCA substi-
tution ratio in terms of mechanical performance can 
be compensated by applying long-term curing and 
appropriate mineral additive strategies, thus ensur-
ing sufficient long-term strength and durability.

•	 The findings from this study support the possibility 
of more sustainable concrete production by promot-
ing the use of recycled aggregate while maintaining 

structural performance and contributes to cyclical 
economy goals in the construction sector.
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