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Abstract
In this study, fresh and hardened aspects of mortars being produced from RFAs (recycled 
fine aggregates) obtained from concretes, w/c (water/cement) ratio of which varies in the 
range of 0.47–0.55 have been examined. On the mortars experiments such as those relating 
with workability, mechanical properties, drying shrinkage, sorptivity, and apparent poros-
ity have been conducted. As flow diameters of mortars are kept at the value of 16 ± 2 cm, as 
a/c (aggregate/cement) ratio increased, w/c ratios of mortars also increased. As paste vol-
ume of mortars decreased, their mechanical properties got diminished. Increase in a/c ratio 
has impacted flexural strength negatively. In a mortar with a/c ratio of 5 and RFA ratio of 
%75, compressive strength of nearly 12 MPa has been obtained. As a/c ratio and compres-
sive and flexural strengths of mortars increased, drying shrinkage values got reduced. Dry-
ing shrinkage value of mortars having a/c ratio of 7 and RFA ratio of %100 on 56th day has 
fallen below 1000 µm. By means of high grains below 75 µm within body of RFA, water 
penetration depth values of mortars have reduced. However, in mortars being produced 
by using RFA, attention should be paid to a/c ratio with regard to capillarity. Due to older 
cement paste situated on RFA surface, as RFA content increases, apparent porosity values 
of mortars have increased. As a conclusion, it has been determined that RFA will be used 
in production of mortar and plaster and it will be recycled and hence, sustainable building 
material could be obtained.
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1  Introduction

Due to urbanization and rapid industrial growth, increasing amount of construction and 
urban transformation wastes and disposal of these wastes, has become a strategic subject 
in construction sector. The situation where these wastes cannot be disposed, creates seri-
ous ecological and environmental problems. For this reason, it has become important to 
intervene this situation by finding other solutions (Lee, 2009; Santha Kumar, 2019). By 
using urban transformation wastes in the construction sector instead of accumulating them 
in storage sites, can cause for contribution to be made with regard to waste management 
(Martín-Morales et al., 2011). Disposal of urban transformation wastes also makes signif-
icant amount of contribution for sustainable development (Geng & Sun, 2013). In each 
passing year, very big amount of construction and urban transformation wastes come out 
in the construction sector (Vieira et  al., 2016). In European Union, 923 million tons of 
construction and urban transformation wastes have come out in year 2016 (Eurostat, 2018). 
Various studies have been realized in Europe in relation to recycling of these wastes and 
waste disposal with a rate of 90% could be achieved in year 2016 (Gloria M. Cuenca-Moy-
ano et  al., 2020; Eurostat, 2018). While World Bank anticipates that nearly 2.59 billion 
tons of construction and urban transformation wastes will come out until year 2030, it is 
predicted that this figure will reach to 3.40 billion tons until year 2050 (H. Guo et al., 2018; 
Kaza et al., 2018). It is known that total aggregate consumption in the world is quite high. 
Annual consumption of 37.400 mt in year 2010 has risen to nearly 50 billion mt in year 
2019 (Rodrigues et  al., 2013; Santha Kumar, 2019). Consumption of natural aggregates 
at such a high level creates big negativities on the surrounding ecosystems (de Brito & 
Saikia, 2013; Evangelista et al., 2015). The idea to produce concrete from RAs which are 
obtained from construction and urban transformation wastes has gained significant impor-
tance in the last 20  years (K. Zhang & Xiao, 2018). In recent times, lack of quality in 
aggregates and protection of natural resources have enabled for alternative usage of RAs. 
For this reason, usage of construction wastes as RA gets gradually widespread throughout 
the world. However, due to the reason that RA quality is low and quite variable, its being 
produced in concrete production has been seriously limited in many countries (Vivian W.Y. 
Tam et  al., 2005; Xiao et  al., 2012). As the usage of RAs reduces energy consumption 
besides enabling for protection of natural resources, it also reduces total construction costs 
(Olorunsogo & Padayachee, 2002). There are two basic reasons for using RA in concrete 
production. (Vivian W.Y. Tam et al., 2009). RAs that are obtained from construction and 
urban transformation wastes are used in concrete and mortar production both as fine and 
coarse aggregates, and hence, they contribute for sustainability (Santha Kumar, 2019).

RA (recycled aggregate) is obtained from construction and urban transformation wastes 
by means of breaking with the machines. For this reason, RA has a structure with sharp 
edges and old cement paste on its surface. There are cracks and pores on the old cement 
paste. Therefore, RAs have higher water retention capacity when compared with normal 
aggregate. For the concrete produced with RA, more amount of water is required for work-
ability with respect to normal cement. This situation can cause for the new concrete being 
produced to be more porous. It has been stated that in the concretes being produced with 
RA, old cement paste situated between new cement paste and RA causes to weaken the 
interfacial transition zone (ITZ) (Etxeberria et  al., 2007; Kou et  al., 2012; Kwan et  al., 
2012; Padmini et  al., 2009; Rahal, 2007). In some studies, it has been stated that water 
retention values of RFAs vary in the interval of 6–13% (Evangelista & de Brito, 2007; Fan 
et al., 2016).
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Lopez has conducted workability tests for RFAs and he has stated that with the increas-
ing RFA content, workability of mortars got reduced (Carro-López et al., 2015). Further-
more, due to water retention capacity, W/c impact ratio will be much lower than the normal 
mixture (Quattrone et al., 2016). When the morphology of RFA is examined, it is deter-
mined that the grains were angular and irregular (Evangelista et al., 2015; Geng & Sun, 
2013). In the literature, there are studies revealing that RFA usage, mechanical properties, 
drying shrinkage, and strength of mortars and concretes are negatively impacted (Neno 
et al., 2014; Raeis Samiei et al., 2015; Zhao et al., 2015). These negative results obtained 
from the studies being conducted, was linked to the fact that RFA has a complex compo-
sition (Braga et al., 2012; Y. Guo et al., 2013; Kou & Poon, 2009; Sagoe-Crentsil et al., 
2001). In the study conducted by Katz and Kulisch, it has been reported that RFA would be 
used in the mixtures with the appropriate w/c ratio. Besides, it was also stated that in case 
of RFA usage, setting periods were prolonged (Katz & Kulisch, 2017).

Usage of mortar and plaster bears importance in construction sector. For this reason, 
there is an increase in consumption of natural aggregate in each passing day. As it permits 
for usage of many types of standard cements in low ratios in the production of mortar, 
their strength levels can generally be low (< 10 MPa) (Martínez et al., 2018). In the litera-
ture, there are studies relating with RA usage in masonry mortars being used in structures 
(Fernández-Ledesma et al., 2016; Jiménez et al., 2013). RILEM has published various pro-
posals in relation to RA usage in the production of new concrete (RILEM TC 121, 1994). 
Similar proposals are also specified in EN 206 standard (EN 206–1, 2000). In the literature, 
there are also studies relating with durability aspects of RAs. Rodrigues et al. stated that 
particles having size less than 0.063 mm contained harmful materials such as gypsum and 
clay and that due to this reason, in order for RFA to have good quality, it was required for 
these grains to be eliminated (Rodrigues et al., 2013). Lovato et al. stated that carbonation 
depth increased as being proportionate to the amount of RFA and size (Lovato et al., 2012). 
Evangelista and Brito obtained similar results in the study they conducted (Evangelista & 
de Brito, 2010). In the literature, there are other studies revealing that RFA usage has nega-
tive impact on durability (Kirthika & Singh, 2020; Pereira et al., 2012; Vieira et al., 2016). 
Even though it is mentioned about negative durability properties in cement-based com-
posites with RA usage, there are many studies stating that RFA can be used in concrete 
production with an optimum ratio and a good curing (Geng & Sun, 2013; Salahuddin et al., 
2020; Sim & Park, 2011; Zega & Di Maio, 2011).

In this study, fresh and hardened aspects of mortars being produced from RFAs obtained 
from concretes, w/c ratio of which varies in the range of 0.47–0.55 have been examined. 
Since the w/c ratio of masonry mortars is high, RFA’s were obtained from old concretes 
produced with lower w/c. On the mortars experiments such as those relating with worka-
bility, mechanical properties, drying shrinkage, sorptivity, and apparent porosity have been 
conducted.

2 � Materials

2.1 � Cement

In the production of mortars, CEM I 42,5 R type of cement (Ordinary Portland Cement) in 
conformity with EN 197–1 standard has been used as binder. Chemical and physical prop-
erties relating with CEM I 42,5 R type of cement are given in Table 1. 
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2.2 � Aggregate

In the production of mortars, two different types of fine aggregates, namely river sand 
and recycled fine aggregate (RFA), have been used. Strength classes of concrete obtained 
from fine RAs are 25–35 MPa, and their w/c ratios are in the range of 0.47–0.55. Con-
crete strength classes have been selected by taking structure block constructed in Turkey as 
basis. In Fig. 1, aggregates used in experimental study are shown. In Fig. 2, sieve analysis 
results of RA and river sand are given. 

Fineness module of river sand is 3.45 and fineness module of RA is 4.53. According to 
fineness module values, it is seen that RA has a structure with bigger grains. Specific grav-
ity of river sand is 2.62 and specific gravity of RA is 2.53. Water adsorption values of river 
sand and RA are found to be 2.5% and 3.4%, respectively.

Table 1   Chemical and physical properties relating with CEM I 42,5 R (OPC) type of cement

Oxide CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O K2O LOI

(%) 64,08 19,03 4,15 3,56 1,04 3,01 0,45 0,71 3,55
Specific Gravity 3,13 Specific surface area (cm2/g) 3230 Setting time (Initial/

Final) (Min.)
210/270

Fig. 1   General appearance of 
RFA and river sand
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Fig. 2   Sieve analysis of aggregates
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3 � Experimental design

3.1 � Mixture composition

In the preparation of mixtures, a/c and RFA ratios have been determined as variables. Lev-
els relating with variables are given in Table 2.

As given in Table 2, 15 different mixtures have been produced within scope of exper-
imental study, whereas there are five different RA ratios and three different A/C ratios. 
Material quantities relating with mortar mixtures are given in Table 3. Material amounts 
have been determined for a mold having approximate sizes of 40*40*160 mm (three gang 
mould).

3.2 � Preparation of mortars and curing

In preparation of mortars, RFA being obtained from 10 and 15 cm arris cube samples has 
been used. RFAs have been classified in a 0–4 mm sieve opening after breaking with a 
crusher. The reason why grain size of RAs has not been diminished further is because great 

Table 2   Variables relating with 
mortar mixtures

Level 1 Level 2 Level 3 Level 4 Level 5

RFA (%) 0 25 50 75 100
A/C 5 6 7

Table 3   Mixture ratios and amounts relating with materials

*w/c ratio determined according to consistency (flow diameter = 16 ± 2 cm)

Mix No Mix ID Mix Ratios Material Quantities (g)

w/c* RFA (%) A/C Cement Water River S RFA

1 A5R0 1 0 5 300 300 1500 0
2 A5R25 25 300 300 1125 375
3 A5R50 50 300 300 750 750
4 A5R75 75 300 300 375 1125
5 A5R100 100 300 300 0 1500
6 A6R0 1,2 0 6 300 360 1800 0
7 A6R25 25 300 360 1350 450
8 A6R50 50 300 360 900 900
9 A6R75 75 300 360 450 1350
10 A6R100 100 300 360 0 1800
11 A7R0 1,4 0 7 300 420 2100 0
12 A7R25 25 300 420 1575 525
13 A7R50 50 300 420 1050 1050
14 A7R75 75 300 420 525 1575
15 A7R100 100 300 420 0 2100
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energy is needed during the process of crushing. Since it is taken as basis that an envi-
ronmentally sensitive material will be developed, breaking process has been realized at 
optimum level. River sand has been obtained from the stream beds located in the city of 
Kastamonu.

In the preparation of mortars, Hobart type of laboratory mixer has been used. Mixing 
process has been realized as per the rules specified in EN 196–1 standard. RFA added mor-
tars which are prepared with Hobart mixer have been placed in the molds with the help of a 
vibrating table. The mortars stored in the room conditions for 24 h have been removed from 
their molds, and they have been subjected to water cure until the day of the experiment.

3.3 � Properties of fresh mortar

Flow diameters of the mortars were measured as fresh state properties (ASTM C 1437). 
Flow diameters of mortars being prepared as per the material quantities specified in 
Table 3 have been measured in X and Y directions, and an average value has been deter-
mined. Flow diameters of mortars have been fixed at the value of 16 ± 2 cm, and w/c ratios 
were determined accordingly.

3.4 � Fresh and hardened bulk density (BD) of mortars

Fresh and hardened BDs of mortars have been obtained with arris cube samples having 
sizes of 50*50*50 cm (ASTM C 138). Mortars have been placed in the molds in two layers 
with the help of vibrating table. BD of hardened mortars have been determined after dry-
ing for 3 days at 50o C in the oven. Sizes of mortars have been measured with the help of 
a caliper, and their volumes have been determined approximately. BD of fresh mortars has 
been determined by taking ASTM C 138 standard as basis.

3.5 � Mechanical properties of mortars

Compressive and flexural strengths have been determined as mechanical properties of mor-
tars (Fig. 3). Compressive and flexural strengths have been determined with prism samples 
having sizes of 40*40*160 mm. Mechanical properties of mortars have been determined 
as per ASTM C 348 and 349 standard. First of all, flexural strength of mortars (with 3 

Fig. 3   Compressive and flexural strength tests which are applied to mortars
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points) has been determined, and afterward, compressive strength test has been applied on 
the samples.

3.6 � Drying shrinkage properties of mortars

Drying shrinkage properties of mortars have been determined with mortar bars having 
sizes of 25*25*285 mm. Drying shrinkage has been determined especially in accordance 
with ASTM C 596 standard. Drying shrinkage behavior has been determined by being 
measures in each 7th day until 56th day. Seven-day pre-curing process has been realize for 
mortars, and afterward, they were made subject to natural drying by being kept in clean 
air. Drying shrinkages of mortars have been measured with digital compressor as shown in 
Fig. 4.

3.7 � Capillarity properties of mortars

Capillarity properties of RFA-based mortars have been determined with arris cube sam-
ples having sizes of 50*50*50 mm. Capillarity properties have been realized as per ASTM 
C 1585 standard. According to this standard, time-dependent water penetration depths of 
mortars have been determined. Lateral water absorption is prevented by applying 0.5 cm 
high water impermeability material to the base of the mortars. In this way, the water is 
provided to enter the mortar only by sorptivity way. In Fig. 5, the sorptivity test applied on 
the mortars is shown.

3.8 � Apparent porosity properties of mortars

Porosity properties of mortars have been determined with arris cube samples having 
sizes of 50*50*50 mm. Porosity of mortars has been determined as per ASTM C 642 
standard. In this scope, Archimedes method has been used. Standards on sample sizes 

Fig. 4   Measurement of drying 
shrinkage of mortars
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relating with tests that have been applied to mortars having fine RA or no RA at all are 
given in Table 4.

4 � Results and discussion

4.1 � Workability properties of mortars

As flow diameters of mortars are kept fixed, w/c ratios show variations depending on a/c 
ratios. W/C ratios of mortars having a/c ratios of 5, 6 and 7 have been determined to be 1, 
1.2 and 1.4, respectively. It is observed that as a/c ratio increases, w/c ratio also increases. 
The reason for this is because as the paste volume gets reduced, workability is negatively 
affected.

As shown in Fig.  6, flow diameters of mortars are kept constant at the value of 
16 ± 2 cm. In the experimental tests being done, it is seen that increase in paste volume 
within the concrete structure creates a lubrication effect and it increases workability. In 
this way, amount of energy required to compress the concrete gets reduced (Chandara 

Fig. 5   Sorptivity test of mortars

Table 4   Experimental details

Properties Standard Shape and Size (mm)

Workability ASTM C 1437 –
Bulk density (Hardened Mortar) ASTM C 138 50*50*50
Mechanical properties ASTM C 348/349 40*40*160
Drying shrinkage ASTM C 596 25*25*285
Sorptivity ASTMC 1585 50*50*50
Apparent porosity ASTM C 642 50*50*50
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et  al., 2010; Ravina, 1997; Zeyad et  al., 2018). As a/c ratio increases, paste volume 
decreases and due to this reason w/c ratio of mortars increases. Besides, in the concretes 
produced with RFAs, w/ceff. ratio is reduced. For this reason workability of mixtures 
gets reduced as well (Quattrone et al., 2016). It is recommended for RAs that are used 
in concrete to be in saturated dry surface condition or to be made subject to prelim-
inary moistening. However, there are various different methods being recommended, 
it is difficult to evaluate water saturation condition of RFAs in a correct way (Rueda 
et al., 2015; You et al., 2009). There are some disadvantages to pre-saturating the aggre-
gates in the paste. One of the most important disadvantages is that water saturated RFAs 
retains water in the paste structure and cause for bleeding. As a result of this situa-
tion, with the increasing w/c ratio, properties of hardened concrete also get impacted 
negatively (De Oliveira & Vazquez, 1996; C. S. Poon et al., 2004; Zhao et al., 2015). 
It has been emphasized that it would be a more correct method to add the water that 
will be absorbed by RFAs within 24  h, in the form of additional water. Furthermore, 
water absorption process which is done 24 h beforehand requires additional work load 
and equipment which shows this method negatively (Corinaldesi & Moriconi, 2009; Fan 
et al., 2016; Jiménez et al., 2013; M. B. Leite et al., 2013; J. Silva et al., 2010).

In this study, consistencies of mortars with regard to RFA usage, where no pre-
moistening process is applied, have been kept constant. While variation of RA content 
does not have a significant impact on workability, increase in a/c ratio has increased 
w/c ratio. This originates from the fact that fineness module of RA containing aggre-
gate stack is high. For this reason, increasing RA content has not affected workability 
very negatively. Furthermore, abundance of material below 75 µm within RFA structure 
(> %3) has contributed positively for workability (> %3). Grains that were lower than 
75  µm have become part of paste content and they have increased paste volume and 
have reduced loss of workability.

Fig. 6   Images of mortars on flow table
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4.2 � Bulk density (BD) properties of mortars

As shown in Fig. 7, as the a/c ratio of the mixture increases, BD values get reduced. While 
BD values of fresh mortars vary in the range of 2086–2335 kg/m3, BD values of hardened 
mortars vary in the interval of 2013–2108 kg/m3. Since specific weight of RFAs is rela-
tively lower with respect to river sand, as RFA ratio increases, BD gets generally reduced. 
BD values have decreased depending on the reduction in paste volume together with the 
increase in a/c ratio.

While BD values of hardened mortars, a/c ratio of which is 5 vary in the interval of 
2108–2042 kg/m3, difference between BD values remain at maximum ratio of 3%. While 
hardened BD values vary in the interval of 2070–2013 kg/m3 when a/c ratio is 7, differ-
ence between BD values remains maximum at the ratio of 2.8%. RFA that is used in mortar 

(a) BD values of fresh mortars

(b) BD values of hardened mortars

Fig. 7   BD properties of mortars having different a/c and RFA ratios
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production, does not significantly impact BD values. As a result of increase in a/c ratio, dif-
ference between BD values vary in the interval of 3–5%. It is seen that BD values of hard-
ened mortars generally remain below the value of 2100 kg/m3. It has also been determined 
that when a/c ratio is 7, BD values converge quite close to 2000 kg/m3. With 100% RFA 
usage, BDs get reduced by nearly 2% with respect to river sand. With the usage of RFA in 
masonry plaster and mortar, apparent differences have not been observed between BDs.

In the experimental study conducted by Yong and Teo, BD values of RA were found 
to be 9.8% lower than natural aggregates (P.C. and D.C.L, 2009). This situation has been 
explained with high porosity of paste that was present on RA surface. Safiuddin has 
reported that BD of natural aggregates varied in the interval of 1450–1750 kg/m3 and that 
BD of RAs varied in the interval of 1200–1425 kg/m3 (Safiuddin et al., 2013). In the study 
conducted by Ferreira et al., it was found out that with RA usage, BD of fresh mortars got 
reduced. Especially with 100% RA usage, BD of fresh mortars fell below the value of BD 
1500 kg/m3.

It is easier to apply as the amount of mass that can be carried for the same volume 
decreases in lightweight mortars. This impact makes positive contribution to the efficiency 
of lightweight mortars. However, since the porosity of lightweight mortars is high, their 
resistance to external weather conditions and aggressive environments decreases. (Saiz 
Martínez et al., 2016). In the study conducted by Cuenca-Moyano et al., RA replacement 
with the ratio of 50% has increased BD values of mortars for a certain quantity. This influ-
ence can be explained with higher uniformity coefficient of RA and higher gap filling 
aspect of fine grains. With the reduction in porosity values of mortars, a denser structure 
has been obtained. Usage of more number of fine grained aggregates for the same volume 
of mortar has increased BDs (G. M. Cuenca-Moyano et al., 2014).

4.3 � Mechanical properties of mortars

As shown in Fig.  8, in all a/c ratios usage of RA has increased 7-day compressive 
strengths. Especially when a/c ratio was 5 and RFA ratio was 75%, compressive strength 
has increased with a ratio of 173% with respect to river sand. When a/c ratio is 6 and RFA 
ratio is 75%, this ratio becomes 240%. Seven-day compressive strengths vary in the inter-
val of 0.31–8.20  MPa. In all a/c ratios, in case RFA ratio was 75% and 100, compres-
sive strengths revealed an apparent increase. However in all mortar mixtures, with increas-
ing a/c, compressive strengths have decreased. The reason why compressive strength got 
reduced with increasing a/c was due to the insufficiency of paste volume.

Twenty-eight-day compressive strengths of mortars vary in the interval of 
1.15–12.37 MPa values. It was observed that usage of 100% river sand reduced compres-
sive strengths. Besides just like the case with seven-day compressive strengths, the increase 
in a/c ratio also reduces compressive strengths. The highest compressive strengths have 
been observed in 75% and 100 RFA usage. In case a/c ratio was 5, usage of 75% RFA has 
increased compressive strength with a ratio of 88% with respect to river sand. When a/c 
ratio was 7, this ratio was found to be 357%.

As a result of increase in a/c ratio, higher losses of strength are observed in mortars 
being produced from river sand. In the usage of 100% river sand, if a/c ratio is 6, compres-
sive strength gets reduced with a ratio of 55% and when a/c ratio is 7, compressive strength 
gets reduced with ratio of 82.5%. However, in 100% RFA usage if a/c ratio is 6, compres-
sive strength decreases with a ratio of 29.4% and when a/c ratio is 7, it gets reduced with a 
ratio of 37.5%. Reason why loss of strength gets reduced in RA based mortars originates 
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from the high fineness module (4,54) and due to abundance of grains below 75 µm. Grains 
below 75 µm were included in the paste and they have increased paste volume and they 
have contributed positively to workability even if a little bit. Besides, these grains have 
closed the gaps within the structure of mortar and have reduced porosity. As a result of 
compressive strength test, importance of filler material content within RFA structure has 
been seen more clearly.

It has been reported that as a result of RA usage, compressive strength got reduced with 
a ratio of 5–10% with respect to reference concretes in general (Safiuddin et  al., 2013). 
However, if w/c ratio of old concrete being produced with RA is lower than w/c ratio of 
newly produced concrete, its compressive strength can increase with respect to reference 
concrete (Padmini et  al., 2009). In the study conducted by M. leito, also found similar 

(a) 7 days

(b) 28 days

Fig. 8   Compressive strengths of mortars having different a/c and RFA ratios
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results and he has observed that there was increase in strength of RAs obtained from con-
cretes having low w/c ratio (< 0.47) (M. Leite, 2001). In the study conducted by Ahmet, 
with RA usage up to the ratio of 50%, increases were observed in tensile and flexural 
strengths (Ahmed, 2014). Cuenca-Moyano et al. have increased compressive strength by 
realizing pre-moistening process on RAs in masonry mortars. It has been stated that this 
effect occurred with the improvement of interface between RA and new cement with pre-
moistening. (G. M. Cuenca-Moyano et  al., 2014). In the study they conducted, Kirthika 
and Singh have obtained increases in mechanical properties of mortars with RFA usage up 
to the ratio of 30% (Kirthika & Singh, 2020). In the study they conducted, Cuenca-Moyano 
et  al. stated that it could be possible to use RA with ratio of 100% in the production of 
masonry mortar (Gloria M. Cuenca-Moyano et al., 2020). Compressive strengths of con-
cretes produced with 20% and 30% 30 RFA have shown similar features with respect to 
concretes produced with 100% natural fine aggregate. This impact can be explained with 
the particular that RA based concretes have a lower w/ceff. ratio with respect to reference 
concrete (Zega & Di Maio, 2011). In the studies being conducted, mechanical properties of 
aggregates come to the forefront rather than strength of cement matrix in the mortars (R. V. 
Silva et al., 2014). In the study conducted by Hu et al., RA usage up to 75% has increased 
compressive strengths. With RA usage, 60 MPa and higher level of compressive strengths 
have been obtained (Hu et al., 2013).

Figure 9 shows that usage of RFA with ratio of 25% in mortars having a/c ratio of 5, 
reduced the flexure strength by 30%. But if RFA is used by 50% and more, an increase 
was seen in flexural strengths. In mortars with a/c ratio of 6, increase in RFA ratio has 
increased seven-day flexural strengths. Especially with RFA usage of 50% and more, flex-
ural strength has a value above 1 MPa. In case a/c ratio was 7, with the usage of 100% river 
sand flexural strength could not be obtained. However, with the increasing RFA content, 
increases were observed in flexural strength. Seven-day flexural strengths vary in the inter-
val of 0–2.13 MPa. As a result of increase in a/c ratio, flexural strengths get reduced.

When 28-day flexural strengths are examined, it is seen that the strengths vary between 
values of 0.14–3.12  MPa. Especially usage of RFA with ratio of 50% and above have 
caused for flexural strengths to go higher than 2 MPa. If a/c ratio was 5, with usage of 100% 
RFA, flexural strength has increased with the ratio of 35%. If a/c ratio is 7 and RFA ratio is 
100%, flexural strength has increased by 1270%. Increase in a/c ratio has affected mechani-
cal properties negatively by reducing paste volume. This change in a/c ratio has impacted 
flexural strength more. Increase in RFA ratio has generally increased flexural strength. It is 
seen that aggregate content is more important with respect to flexural strength.

In the study conducted by Ferreira et  al., usage of RA with the ratio of 25% had 
increased flexural strength for a certain amount. Fine material amount within RA struc-
ture fulfills a filling task, and it enables for a more durable structure to be obtained by 
reducing the gaps within mortar structure (Ferreira et al., 2019). Flexural strength is an 
important particular regarding mortars because flexural strength is an aspect which is 
related with shrinkage and adherence of plaster mortars (R. V. Silva et al., 2016). Due 
to the water accumulating between aggregate and cement paste within mortar structure 
(internal bleeding), interface gets weakened, as a result of which flexural strength gets 
reduced. RA usage and its proportional change affects flexural strength more (Behera 
et al., 2019). Reason for increase in flexural strength relating with RA usage has been 
linked to denser C–S–H gels present in the paste within RA structure (Evangelista & de 
Brito, 2007; Fan et al., 2016; Chi Sun Poon & Chan, 2007). In the study conducted by 
Salahuddin et al., RA usage up to the ratio of 50% has increased flexural strength (Sala-
huddin et al., 2020). According to Silva et al., self-binding characteristic of RA and the 
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presence of cement grains that have not been subject to hydration, increases mechanical 
properties. Furthermore, as adherence is better in RAs having rough surfaces, increase 
in strength is also observed (R. V. Silva et al., 2014). In the literature, there are other 
studies showing that flexural strength increases with RA usage (Andreu & Miren, 2014; 
Liu et al., 2011).

In Fig. 10, the relationship between 28-day mortar strengths and BD of hardened mor-
tars can be seen. With the increase in a/c ratio, it is seen that BD values and compressive 
strengths of mortars get reduced. The compressive strength of mortars with a/c ratio of 7 is 
generally below 5 MPa. In mortars having a/c ratio that is equal to 5, compressive strength 
is generally 7 MPa and higher. It was seen that there wasn’t a powerful regression between 
compressive strength and BDs of mortars.

(a) 7 days

(b) 28 days

Fig. 9   Flexural strengths of mortars having different a/c and RFA ratios
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As shown in Fig. 11a, a powerful regression (R2 = 0.95) has been obtained between 7- 
and 28-day compressive strengths. In this way, with 7-day compressive strengths predic-
tion of nearly 28-day compressive strength can be made. As shown in Fig. 11b, a powerful 
regression (R2 = 0.91) has also been obtained between compressive strength and flexural 
strength. Increases in compressive strength have caused to increase flexural strength. It 
is seen that when compressive strength exceeds the value of 10  MPa, flexural strengths 
exceed the value of 3 MPa.

4.4 � Drying shrinkage properties of mortars

As shown in Fig. 12a, drying shrinkage of mixtures having a/c ratio of 5 has values that 
vary in the interval of 1710–2456 µm. In case of using 25% RFA, drying shrinkage on 56th 
day has been measured as 2456 µm. Besides, in case of using 100% river sand and 50% 
RFA, value of drying shrinkage has been determined to be nearly 2200 µm. If 75% and 
100 RFA are used, it was fallen below the value of 2000 µm. 100% RFA usage in mortars 
has reduced drying shrinkage on 56th day by the ratio of nearly 18.3%. Drying shrinkage 
behavior of mortars containing RFA is generally fixed from the 14th day. However, drying 
shrinkage of mortars with 100% river sand content have increased in time.

Drying shrinkage values of mixtures having a/c ratio of 6, vary in the interval of 
1055–2100 µm (Fig. 12b). Drying shrinkage values of mortars, apart from the mortars with 
25% RFA, have fallen below the value of 2000 µm. The reason for this has been explained 
with increasing aggregate volume or reducing paste volume. Mortars having 100% river 
sand and 50% RFA, have revealed similar features as the case with mortars having a/c ratio 
of 5. In case the a/c ratio is 6 and 100% RFA is used, drying shrinkage on 56th day has 
decreased by the ratio of 40%. If RFA is used with the ratio of 75 and 100%, value of dry-
ing shrinkage was measured as nearly 1000 µm. Drying shrinkage behavior of mortars was 
generally fixed was initiated from 28th day onward. Usage of RFA with a ratio of more 
than 50% has reduced drying shrinkage of mortars.

As it is seen in Fig. 12c, when a/c ratio was 7, drying shrinkage values of mortars have 
fallen below the value of 1500 µm. With the increase in aggregate volume, drying shrink-
age properties of mortars have improved. Drying shrinkage behaviors of mortars having 

Fig. 10   BD-compressive strength (28 days) relationship of mortars having different a/c ratio
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100% river sand and 25% RFA have revealed similar features and the approximate value 
of 1250 µm was obtained on 56th day. In case of using 100% RFA, drying shrinkage value 
has decreased by the ratio of 33.3% on 56th day. If RFA with a ratio of 50% or more was 
used, drying shrinkage values were measured as nearly 1000 µm.

When 100% RFA was used, if a/c ratio was increased from 5 to 7, drying shrinkage 
has decreased by the ratio of 50.7%. This ratio was determined to be 39.6% when 100% 
river sand was used. Increase in a/c ratio reduces drying shrinkage of mortars. Besides, 
with RFA usage, drying shrinkage that occur in mortars can be reduced further. Impor-
tance of increasing aggregate volume and aggregate quality can be seen in reducing drying 
shrinkage.

With the usage of RFA having excess water absorption properties, drying shrinkage 
behavior of mortars is significantly impacted. Especially in drying shrinkage of SCCs, high 
paste volume is an important particular for endurance (Cartuxo et al., 2015; Evangelista & 

(a) Relationship of 7-28 day compressive strengths

(b) Relationship of flexural-compressive strength

Fig. 11   Regression curves relating with mechanical properties of mortars
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(a) A/C=5 

(b) A/C=6

(c) A/C=7

Fig. 12   Time-dependent drying shrinkage behaviors of mortars
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de Brito, 2007). Drying shrinkage can be controlled with coarse and fine aggregate vol-
ume (W. Zhang et al., 2013). In the study conducted by Behera et al., it was determined 
that as compressive strength increased, drying shrinkage got reduced (Behera et al., 2019). 
In the study conducted by Domingo-Cabo et  al., as a result of using RA with the ratio 
of 20%, same drying shrinkage behavior was obtained with respect to traditional concrete 
(Domingo-Cabo et al., 2009). By using different mixture methods, drying shrinkage of RA 
added mortars and concretes can be reduced (Vivian W.Y. Tam & Tam, 2007). In the study 
conducted by Zega and Maio with the usage of 20% RA, same drying shrinkage values 
were obtained with respect to traditional concrete. In case of using 30% RA, as a result of 
decrease in w/ceff. ratio, drying shrinkage values (for 180 days) have decreased a little with 
respect to traditional concrete (Zega & Di Maio, 2011). In the study conducted by Cong 
Kou et  al., it has been stated that as a result of increase in compressive strength in RA 
based mixtures, drying shrinkage has decreased (Kou et al., 2008). Furthermore, in a study 
conducted by Howells et al., it was reached to the conclusion that compressive strength was 
one of the most effective two parameters that affected drying shrinkage of concrete (How-
ells et al., 2005). In a study conducted by Hu et al., usage of RFA within SCC has reduced 
drying shrinkage while increasing compressive strengths (Hu et al., 2013). According to 
Selamu et al., with RA usage both autogenous and drying shrinkage values of mortars have 
decreased (Abate et al., 2018). Miranda has stated that with respect to the drying shrink-
age behavior of mixtures, pore size distribution which formed due to high amount of fine 
grains had a more important impact with respect to w/ceff. ratio (Miranda & Selmo, 2006). 
This situation is observed quite a lot in mortars where RA is used (Mesbah & Buyle-Bodin, 
1999).

As shown in Fig. 13a, as compressive strength increases with different a/c ratios, drying 
shrinkage values generally get reduced. Similar situation is also valid for flexural strength. 
As a conclusion it is seen that compressive and flexural strengths are effective on drying 
shrinkage (Fig. 13b). In cases where a/c ratio is low (a/c = 5), if compressive strength was 
higher than 10 MPa, drying shrinkage has fallen below the value of 2000 µm.

4.5 � Sorptivity properties of mortars

As shown in Fig. 14a, water penetration depths of mortars with a/c ratio of 5 on 28th day 
vary in the interval of 3.71–5.75 mm. If 100% river sand was used, water penetration depth 
of mortars was measured to be 5.75  mm. However, with RFA usage, water penetration 
depths have decreased. Especially usage of 100% RFA has reduced water penetration 
depths of mortars by the ratio of 20.2%. Usage of 75 and 100% RFA gas reduced water 
penetration depths of mortars below the value of 5 mm. Properties of mortars with 25 and 
50% RA show similarities with respect to their water penetration depths.

In case a/c ratio is 6, water penetration depths of mortars on 28th day vary between 
3.80 and 7.34 mm. With respect to water penetration depth, 100% river sand, 25 and 50% 
RFA added mortars have shown similar features. It was found that water penetration depth 
of 100% river sand and 50% RFA added mortars was higher than 7 mm. In case of using 
100% RFA, water penetration depth had decreased by the ratio of 48.2%. In the mortars 
where RFA with ratio of 75% was used, water penetration depth has decreased below the 
value of 5 mm.

In mortars having a/c ratio that is equal to 7, water penetration depth vary in the interval 
of 8.70–15.51 mm. Especially water penetration depths of 100% river sand and 25% RFA 
added mortars on 28th day are higher than 15 mm. In mortars where 100% RFA has been 
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used, water penetration depth has decreased by the ratio of 43.9%. Mortars in which 50 and 
75% RFA are used, reveal similar features and they have approximate water penetration 
depth of 13 mm.

With the increase in a/c ratio, water penetration depths of mortars get increased. Espe-
cially usage of RFA with ratios of 75 and 100% reduce water penetration depths of mor-
tars. The reason for this originates from the presence of filler material within RFA struc-
ture. Usage of RFA with a low ratio such as 25% has not been very effective in reducing 
water penetration depth. Besides, it was observed that mortars with high drying shrinkage 
values, had higher water penetration depth values. It has been determined that mortars with 
75 and 100% RFA having low values of water penetration depths also had high compres-
sive strength.

Zega and Maio have stated that in the sorptivity tests of concretes with RFA, values 
close to traditional concrete were obtained. It has especially been stated that sorptivity per-
meability coefficient obtained with RFA added concretes was in conformity with Argentina 

(a) Drying shrinkage-compressive strength 

(b) Drying shrinkage-flexural strength 

Fig. 13   Relationship of drying shrinkage with mechanical properties
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(a) A/C=5

(b) A/C=6

(c) A/C=7

Fig. 14   Time-dependent water penetration depths of mortars
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Regulations (Zega & Di Maio, 2011). In certain studies being made, it was observed that 
dense C–S–H gel structure coated micro pores better and that sorptivity was reduced as a 
result of this (Evangelista & de Brito, 2007; Khatib, 2005; Chi Sun Poon & Chan, 2007). 
According to Tam and Lee, absorption properties of cement paste are more with respect to 
aggregate. The more the cement paste content that RA has, the lower their densities are and 
the higher their water absorption and porosity are (Tam & Le, 2008). In a study conducted 
by Abdel-Hay, sorptivity permeability coefficients of concretes where RA was used and 
that were made subject to air curing, got reduced. Concretes with RA to which water cur-
ing was applied, showed features similar to traditional concrete (Abdel-Hay, 2017). In the 
study conducted by Jaskulski et al., sorptivity properties of concretes being produced by 
using RA showed similarity to concretes being produced with normal aggregate (Jaskulski 
et al., 2016).

As shown in Fig. 15a, increase in a/c ratio increases the sorptivity. The reason for this 
can be explained with decreasing paste volume or increasing aggregate volume. Increase in 
compressive strength reduces the sorptivity. It has been observed that compressive strength 

(a) Sorptivity coefficients of mortars 

(b) Relationship of sorptivity-compressive strength

Fig. 15   Sorptivity properties of mortars
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is important in water absorption through sorptivity means (Fig. 15b). Usage of RFA with 
ratios of 75 and 100% in mortars with a/c ratio that is equal to 5, has caused for sorptivity 
value to fall below 0.003 mm/san0.5. If a/c ratio is 7 in the usage of 100% RFA, this causes 
for sorptivity value to increase by nearly 93%. For this reason in RFA added mortars, more 
attention should be paid to a/c ratio. Because in mortars with compressive strength in the 
interval of 2–4 MPa, it is seen that sorptivity value is below 0.005 mm/san0.5.

4.6 � Apparent porosity Property of mortars

As shown in Fig. 16, apparent porosity values of mortars vary between 18.98 and 25.93%. 
It is generally observed that as a/c ratio in mortar structure increases, apparent porosity val-
ues also increase. The reason for this can be explained with increasing aggregate volume. 
In particular, the porosity of cement paste surrounding RFA causes for apparent porosity 
value to increase because absorptivity of cement paste is higher with respect to aggregate. 
Increase in apparent porosity with the increase in RFA content could be explained in this 
way. 100% RFA usage in mortars with a/c ratio that is equal to 5, apparent porosity value 
has increased by the ratio of 33.6%. But when a/c ratio is 7 and 100% RFA is used, this 
has caused for porosity value to increase by 8%. This situation can be explained with the 
decrease in paste volume as a result of increase in a/c ratio. With the decrease in paste vol-
ume, differences between apparent porosity values of mortars also decrease. With regard 
to apparent porosity values, it is seen that mortars where 75 and 100% RFA are used have 
shown similar features. With regard to mortars where 100% river sand was used, nearest 
apparent porosity values were obtained in 25% RFA added mortars. Generally, the increase 
in a/c an RFA ratio increase apparent porosity values. Besides as w/c ratio also increases as 
being parallel to a/c ratio, apparent porosity value has shown an increase. However, grains 
below 75 µm that were within RFA structure have relatively reduced this impact.

In the study conducted by Contreras et al., concretes having different features were pro-
duced with construction and urban transformation wastes. While apparent porosity values 
of concretes vary between 26.03% and 32.97%, their compressive strengths vary in the 
interval of 4.12–7.73  MPa (Contreras et  al., 2016). In the study conducted by Amorim 
Júnior et  al., freeze–thaw properties of RA-added concretes have been examined. In the 
study being conducted, with the increase in RA ratio used within the concrete, apparent 

Fig. 16   Apparent porosity values of mortars having different a/c and RFA ratios
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porosity values of concretes have increased. The reason for this has been explained with 
the presence of mortar having an approximate ratio of 44% that surrounded RA (Amorim 
Júnior et al., 2018). According to Etxeberria et al., porosity of old paste/mortar on the sur-
face of RA is very high. As a conclusion, the higher the replacement of natural aggregate 
with RA, the more the total porosity of mixture will be (Etxeberria et  al., 2006). In the 
study conducted by Lima et al., it was seen that as a result of RA usage, apparent poros-
ity values varied in the interval of 20.3–30.8%. As porosity value increases, compressive 
strengths generally decrease (Lima & Leite, 2012). In the study conducted by Kirthika and 
Singh, RA usage up to the ratio of 50% has reduced porosity values (Kirthika & Singh, 
2020). Similar results were also observed in the study conducted by Ren et al. (Ren et al., 
2020).

Figure  17a shows that the relationship between porosity and water penetration depth 
is weak (R2 = 0.20). But generally, the increase in porosity also increases water penetra-
tion depth. It is especially seen that mortars having water penetration depth that is higher 
than 12 mm, also have porosity values that are higher than 24%. No correlation could be 

(a) Water penetration depth-Porosity

(b) Compressive strength (28 days)-Porosity

Fig. 17   Regression features relating with porosity values of mortars
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obtained between porosity and compressive strength. It is known that in traditional con-
crete, as porosity decreases, compressive strength increases. However in this study, such 
a relationship could not be obtained between compressive strength and apparent porosity. 
While porosity value of 75% added mortar with compressive strength of 12.4  MPa was 
23.56%, compressive strength of mortar with 100% river sand having porosity value of 
18.98% was found to be 6.6 MPa. This situation has occurred due to the porous mortar 
around RFA. Besides the production of aggregates that were selected as RFA with a low 
w/c ratio at the beginning has also been effective. In the current study being made w/c 
ratios of mortars vary in the range of 1.0–1.4. Furthermore, since RFAs have a rougher 
surface with respect to river sand, their adherence with cement is more and this causes for 
compressive strength to increase. The fact that RFAs are obtained from limestone aggre-
gate at the beginning and that these aggregates have a higher strength with respect to river 
sands also constitutes an important factor. More abundance of grains lower than the size of 
75 micron in RFA with respect to river sand is another factor that increases the strength. 
Because these grains increase compressive strength by both providing micro filler impact 
and pozzolanic reaction. Porosity of paste surrounding RFA increases apparent porosity of 
mortars but cement/water ratio of old paste, surface roughness, fineness module of aggre-
gate, aggregate root and similar factors contribute to compressive strength.

Nakataki and Tem stated that old mortar on RA surface would negatively impact 
the adherence between aggregate and new paste. Because a new interface region forms 
between old and new paste, which negatively affects adherence (Nagataki et al., 2004; Viv-
ian W.Y. Tam et al., 2005). On the other hand, old cement paste, RA and new cement paste 
enable additional hydration at interface region and as a result of this, adherence between 
aggregate and cement matrix increases (Khalaf & DeVenny, 2004). In the studies con-
ducted by Chen and Wang and Zimbelmann, it has been asserted that adherence between 
aggregate and mortar matrix depended on three different factors. These are namely occur-
rence of mechanical keying by cement hydration products on rough aggregate surface, 
epitaxial growth of hydration products on some of the aggregate surfaces, and formation 
of physicochemical bond between hydrated cement paste and aggregate (Zhi Yuan & Jian 
Guo, 1987; Zimbelmann, 1985). In the study conducted by Seo and Choi, it is seen that 
sufficient amount of old paste on RA surface increases adherence. Besides, adherence ratio 
of old mortar can show variations depending on the size of RA (Seo & Choi, 2014).

Wastes forming in urban transformation can be classified as coarse or RFA and filler 
RA. In particular, the number of researches relating with fine and filler RA is quite limited. 
25 to 30% of wastes that form are released as filler RA (Kasai, 2004). Filler RAs have 
a mixed mineral composition consisting of quartz, calcite, ethyngitis, unhydrated cement 
grains, calcium silicate hydrate and calcium aluminate hydrated. (Rakhimova & Rakhimov, 
2015). Unhydrated cement grains within filler RA make positive contribution for hydra-
tion with nucleation effect and increase compressive strength (Thomas et al., 2009). Beix-
ing et al. have stated that crushed stones obtained from rocks had a rougher surface with 
respect to river sands. Crushed limestone aggregates contain more number of grains having 
size smaller than 75 microns, due to the breaking process with respect to river sands. Due 
to the high level of surface roughness that crushed limestone aggregates have, increases 
were seen in compressive and flexural strengths (Li et  al., 2011). Results obtained for 
crushed limestone aggregate can also be valid for RA.

Another reason for increase in compressive strength with the usage of fine RA has 
been shown as contribution that is made for internal curing. The presence of water being 
absorbed within the pores at the beginning during hydration stage of cement materials can 
increase compressive strength. Besides, unhydrated cement grains within structure of RAs 
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that also take part in pozzolanic reactions also increase the strength (Evangelista & de 
Brito, 2007; Khatib, 2005).

5 � Conclusions

RFA-added and non-added mortars have been produced by considering value of 
16 ± 2 cm as basis for flow diameters. For this reason, as a/c ratio of mortars increase, 
w/c ratios also increase. Reduction in paste volume has decreased workability of mor-
tars and for this reason an increase was seen in w/c ratio. Increase in RFA content has 
been very effective on workability. As a/c and w/c ratios increase, both fresh and hard-
ened BDs of mortars get reduced. The reason for this can be explained with usage of 
RFA which has a relatively lower specific weight with respect to river sand.

RFA usage in the production of mortars has increased 7- and 28-day compressive 
strengths. Usage of RFA up to the ratio of 75% increases compressive strengths. As a 
result of 100% RFA usage, compressive strength has decreased with respect to mor-
tars having 75% RFA but high values were again obtained from reference mortar. Addi-
tion of RFA with regard to 7- and 28-day flexural strengths generally enable increase 
in strength. Surface roughness of RFAs and low w/c ratio have also made positive 
contribution to flexural strength. With the increase in a/c ratio, flexural and compres-
sive strengths decrease. Decrease in paste volume has negatively impacted mechanical 
properties.

As the a/c ratio of the mortars increases until the 56th day, the drying shrinkage 
decreases. As a result of decrease in paste volume, drying shrinkage values have decreased. 
Besides in case RFA content is 50% or more, drying shrinkage values decrease. Drying 
shrinkage behavior of 100% river sand and 25% RFA added mortars generally reveal simi-
lar features. It has been observed that mortars with high level of compressive strength gave 
rise to lower drying shrinkage.

As a/c ratio of mortars, sorptivity properties of which are examined increase, water pen-
etration depth shows an increase. Because as paste volume decreases, porosity within mor-
tar structure increases and water penetration depth also shows an increase. If RFA ratio is 
75 and 100%, water penetration depths generally decrease.

Apparent porosity of mortars increase as a/c ratio increases. Porosity increases depend-
ing on the decrease in paste volume. Besides as RFA ratio increases, porosity increase that 
can be neglected occurs. The reason for this is because old mortar on RFA surface has high 
porosity.

As a conclusion, RFA usage has made positive contribution to the properties of mortars. 
High heterogeneity of RFAs restricts its use in structural concrete production. However, in 
applications such as mortar and plaster that are not structural, it can be easier to dispose 
RFAs. Today, it will be possible to use urban transformation wastes in mortar and plaster 
applications in order to protect natural resources in concrete production. In addition, mor-
tars containing RFA can be used in the production of ready-mixed plaster.
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