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Abstract: Clay brick and granite waste are part of the waste generated by construction and demolition
activities. The amount of these wastes generated is enormous, but on the one hand, they can be used as
a raw material for cement mixtures; thus, it is important to find ways to utilize them efficiently. In this
study, clay brick and granite waste were crushed and screened into two size fractions (0.15–2.36 mm
for sand replacement and smaller than 0.15 mm for cement replacement), and a total of four different
forms of recycled materials were obtained (recycled brick aggregate, recycled brick powder, recycled
granite aggregate and recycled granite powder) and used in cement mortar. Various properties
(workability, mechanical strength and drying shrinkage) of the mortars were assessed according to
standardized test methods. The results showed that the various material forms had different effects
on the various properties of cement mortar. At replacement ratios of 10% and 20%, recycled granite
showed better workability when used as powder, whereas recycled brick used as aggregate had
higher workability. In common, using recycled brick and recycled granite in the form of aggregate
was advantageous for the strength development of mortar, while using them in the form of powder
helped to mitigate drying shrinkage.

Keywords: recycled brick; recycled granite; cement; recycled aggregate; recycled powder

1. Introduction

Concrete has made a major contribution to industrial development and economic
growth, such as the construction of road networks and urban skyscrapers. However, the
enormous consumption of concrete, which is mainly made of cement, sand and aggregate,
places a considerable burden on the environment and ecosystem. Cement is produced at
a high temperature of about 1400 ◦C, and CO2 is generated from burning fossil fuels to
heat a kiln to the temperature required for this calcination process. Moreover, during the
calcination reaction, limestone (CaCO3), the main raw material of cement, is decomposed
to produce lime (CaO) and additional CO2. The cement industry is known to account for
about 7% of human-generated CO2 and is the second-largest emission source after power
generation [1]. Furthermore, the excessive use of natural sand threatens the ecosystem.
Pascal [2] mentioned that the amount of sand consumed is greater than the amount of sand
that is naturally deposited, and the UN Environment Programme (UNEP) [3] noted that
sand, which plays a role in ecosystem services, biodiversity maintenance, and economic
development support, should be recognized as a strategic resource.

In order to reduce dependence on sand and cement, there have been studies using
construction and demolition (C&D) waste as raw materials for concrete. It has often been
reported that the main component of C&D waste is concrete, and accordingly, extensive
research has been conducted on the recycling of concrete waste. Followed by concrete
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waste, several studies have shown that bricks are one of the largest types of C&D waste in
various regions [4–7]. Ding and Xiao [8] reported that in 2012, bricks and blocks accounted
for 38% of construction waste and 63% of demolition waste in Shanghai, China. Granite
waste belongs to the category of waste due to its non-biodegradable nature, and it can
also be generated by cutting and grinding stones, as well as by damage, demolition and
aging of stone products. In particular, Singh et al. [9] stated that the amount of granite
waste generated during the production stage is nearly 65% of the total granite production.
Therefore, some studies have been conducted using brick waste and granite waste as
replacements for cement and sand in cement composites.

Bektas et al. [10] used brick waste as fine aggregate and reported that there were no
significant differences in the compressive strength of mortar at 20% replacement. In a
study by He et al. [11], they investigated the applicability of brick waste as partial cement
replacement, and the optimal replacement level of waste brick was suggested to be 5–15%,
considering the performance degradation caused by the increase in waste brick powder. For
granite waste, it has been reported that the angular and rough texture of granite particles
reduced the workability of cement mixtures but increased the flexural and compressive
strengths at a 20% sand replacement ratio [12]. Asadi et al. [13] and Taji et al. [14] reported
that 10% replacement of Portland cement by waste granite powder significantly improved
microstructure, achieving a mechanical strength comparable to or greater than that of
concrete with 100% Portland cement.

With respect to effective recycling methods for waste, Kim et al. [15] reported that the
influence differs depending on how recycled materials are used, even if they are obtained
from a single source of waste. In the study, concrete waste was crushed to different sizes
and used as recycled coarse aggregate (RCA), recycled fine aggregate (RFA) and recycled
powder (RP) in concrete, respectively. The results showed that the compressive strength of
concrete with 10% and 20% replacement of cement with RP was only 1% and 7% lower than
that of concrete without recycled material, but 30% replacement reduced the compressive
strength by 29%. This was 17% lower than concrete with 100% RFA and 12% lower than
concrete with 100% RCA and RFA simultaneously. These results suggest the need for an
in-depth investigation of what form will be most advantageous to achieve the enhanced
properties of cementitious materials, which must also be matched with an appropriate
method of waste recycling for their preparation.

To the best of our knowledge, the majority of published articles, as mentioned above,
have used single waste as a supplementary cementitious material or as a replacement for
aggregate. Recycling waste in a single form (e.g., using brick waste as either brick aggregate
or brick powder) can provide information about the potential of a certain type of waste, but
recycling in various forms can further provide information about the effective recycling of
waste. However, few studies have compared and analyzed the effects of using brick and
granite wastes as fine aggregate and cement replacements, respectively. Therefore, in this
study, waste brick and waste granite were crushed, collected by size, and recycled as fine
aggregate for sand and powder for cement replacement in cement mortar, respectively. For
the prepared mortar, fluidity, compressive and flexural strength, ultrasonic pulse velocity
(UPV) and drying shrinkage were investigated.

The novelty of this study is to use a single type of waste (in this study, clay brick
and granite wastes) for both forms of fine aggregate and cement replacements in cement
mortar. The significance of this study is to provide knowledge about which form of waste
recycling (aggregate or powder) is more beneficial to the performance of cement mortar by
comparing and analyzing the influences of different forms of demolished waste clay brick
and waste granite on the properties of cementitious materials. This study can contribute to
the conservation of the environment and ecosystems by reducing the consumption of sand
and cement.
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2. Materials and Methods
2.1. Materials

The main cementitious binder used to prepare mortar mixtures was ordinary Portland
cement (OPC), which has a specific gravity of 3.15. The physical properties of OPC are
shown in Table 1.

Table 1. Physical properties of ordinary Portland cement.

Specific Gravity 28 d Compressive
Strength, MPa Setting Time, min Loss of Ignition, %

Initial final
3.15 51.8 220 305 2.2

For fine aggregate, silica river sand with a specific gravity of 2.59 and water absorption
of 1.48% was used.

Two types of waste, clay brick and granite block, were obtained from a building
demolition in Korea. These two wastes were washed with tap water to remove impurities,
then dried and crushed in a ball mill [16]. Afterward, recycled brick (RB) and recycled
granite (RG) with two different particle sizes, ranging from 150 µm to 2.36 mm and smaller
than 150 µm, were collected, respectively. RG and RB with particle sizes from 150 µm to
2.36 mm were named recycled granite aggregate (GA) and recycled brick aggregate (BA)
and were used as partial replacements for fine aggregates in mortar mixtures. RG and RB
with particle sizes smaller than 150 µm were denominated as recycled granite powder (GP)
and recycled brick powder (BP) and used as partial replacements for cement (Figure 1).
The particle size distribution curves of the four prepared recycled materials are provided in
Figure 2.
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The physical characteristics of RB and RG are given in Table 2. The chemical and
mineralogical composition was investigated using XRF and XRD techniques, and the results
are shown in Table 3 and Figure 3. For RB, the percentage of SiO2 + Al2O3 + Fe2O3 is greater
than 70%, complying with the chemical composition requirements of pozzolanic materials
according to ASTM C618 [17], whereas GB does not. The main minerals constituting
RB were quartz (SiO2), mullite (3Al2O3·2SiO2), and hematite (Fe2O3). For RG, the main
minerals were quartz, microcline (KAlSi3O8) and albite (NaAlSi3O8).

Table 2. Physical characteristics of recycled brick and recycled granite aggregates.

BA GA

Water absorption, % 7.70 0.58
Specific gravity 2.26 2.62

Table 3. Chemical composition of recycled brick and recycled granite powders by percentage.

SiO2 Al2O3 Fe2O3 K2O CaO TiO2 MgO ZrO2 SO3

OPC 13.11 2.84 4.62 1.48 73.39 0.28 1.05 - 2.82
BP 64.22 18.98 7.57 5.10 1.75 1.21 0.77 0.12 0.11
GP 52.48 10.62 3.03 5.54 26.17 0.31 0.37 0.07 1.12
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2.2. Mix Proportion and Specimen Preparation

The mix proportion was determined according to ASTM C109 [18]. The material ratios
of water, cementitious binders (cement, BP and GP) and fine aggregates (river sand, BA and
GA) for all mortars produced were 0.485:1:2.75 by weight. Each recycled material replaced
cement and sand, respectively, at 10%, 20% and 30% by weight. Detailed proportions are
presented in Table 4. The materials were mixed using an automatic mixer programmed
with the mixing procedure provided in ASTM C305 [19].

Table 4. Mix proportion of recycled mortar.

No. ID Water Cement BP GP Sand BA GA

1 Reference 0.485 1 0 0 2.75 0 0
2 BP10 0.485 0.9 0.1 0 2.75 0 0
3 BP20 0.485 0.8 0.2 0 2.75 0 0
4 BP30 0.485 0.7 0.3 0 2.75 0 0
5 BA10 0.485 1 0 0 2.475 0.275 0
6 BA20 0.485 1 0 0 2.2 0.55 0
7 BA30 0.485 1 0 0 1.925 0.825 0
8 GP10 0.485 0.9 0 0.1 2.75 0 0
9 GP20 0.485 0.8 0 0.2 2.75 0 0

10 GP30 0.485 0.7 0 0.3 2.75 0 0
11 GA10 0.485 1 0 0 2.475 0 0.275
12 GA20 0.485 1 0 0 2.2 0 0.55
13 GA30 0.485 1 0 0 1.925 0 0.825

2.3. Test Methods

Fluidity, compressive and flexural strength, UPV and drying shrinkage tests were
conducted on the prepared mortar.

A flow table test was carried out to determine the fluidity of each mortar mixture in
accordance with ASTM C1437 [20].

For the mechanical strength, a hydraulic universal testing machine (WJ-100S, Woojin,
Republic of Korea) was utilized. The compressive strength test was carried out as per
ASTM C109 [18]. A load of 100 kN/min was applied to three 50-mm cube specimens per
mortar mixture.

Flexural strength was performed according to ASTM C348 [21]. At 28 days of age, a
load of 2.5 kN/min was applied to three prism specimens with a size of
40 mm × 40 mm × 160 mm.

Drying shrinkage was performed based on ASTM C596 [22], and the length change
was measured for four 25 mm × 25 mm × 285 mm bar specimens for each mortar. After
24 h of moisture curing, the specimens were cured in lime-saturated water for 48 h. The
initial length (L0) of the specimen and the reading at a length comparator (Li) were taken,
and the specimens were stored in a chamber maintained at 23 ± 2 ◦C and 60 ± 4% relative
humidity. The length change of the specimens was recorded to the nearest 0.001 mm at 4,
11, 18 and 25 days of storage in the chamber (Ld). The length change was calculated by the
following Formula (1):

Length change, % =
Ld − Li

L0
(1)

The UPV can provide predictable information about concrete quality. Using a portable
device (Pundit-Plus, CNS Farnell Ltd., Hertfordshire, UK), consisting of a pair of receivers
and transmitters, the UPV was measured on the longitudinal ends of three prism specimens
cured for 28 days. The results were calculated as the path length divided by the time it
takes for an ultrasonic pulse to travel from the transmitter to the receiver.
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3. Results and Discussion
3.1. Flow

The flow table test results of mortars in which cement and sand were partially replaced
by RG and RB are shown in Figure 4a. It is worth mentioning that the water-to-binder
ratio was kept constant to evaluate only the influence of RG and RB in the mortar. As
shown in Figure 4a, the increase in the replacement ratios of RG and RB (both powders
and aggregates) decreased the fluidity of the mortar. The flow of the reference mortar,
which does not contain any recycled materials, was 159 mm, and the GP10, GP20 and BA10
achieved a similar flow to that of the reference mortar. The flow of mortars, except for
these three series, was in the range of 68–95% of that of the reference mortar. It has been
reported that this decrease is associated with the irregular surface texture and angular
shape of RG and RB and the high water absorption of RB [23–25]. Nevertheless, there
was no significant difference between the flow values of GA-based mortars and BA-based
mortars. Although mortars with BA would be expected to have a poorer consistency due
to its greater absorption, the rough and irregular surface of GA due to the crushing process
is likely to have a comparable effect on consistency.
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Figure 4b shows the relative flow of the prepared mortars, in which the flow of the
reference mortar is represented as a benchmark (i.e., the flow of the reference mortar is
indicated by 1). For the mortars that replaced fine aggregates with GA and BA, gradual
decreases in fluidity were observed with increasing replacement ratios. When the replace-
ment ratios were increased to 10%, 20% and 30%, the flow of GA-based mortar decreased
by 5%, 10% and 15% compared to the reference mortar, and the flow of BA-based mortar
decreased by 0%, 10% and 16% at the given replacement ratios. Mortars containing BP
changed their flow value minimally when the replacement ratio was increased from 10% to
30%; the flow change was from 1% to 3%. However, the consistency of mortars with GP
was noticeably reduced by 33% at 30% replacement.

It is worth noting that the material forms of RG and RB are different for better fluidity.
At the 10% and 20% replacement ratios, it is favorable to use RG as powder rather than fine
aggregate, while RB is recommended as a substitute for fine aggregate. At a 30% replace-
ment ratio, mixtures may require the aid of plasticizers to achieve adequate workability,
particularly for GP.

3.2. Compressive Strength

The 28-day compressive strength test results for various mortars are shown in Figure 5.
Figure 5a clearly shows that the material forms of RG and RB had different effects on the
compressive strength, and also that the proper use of RG and RB can achieve compressive
strength exceeding that of the reference mortar.
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Figure 5. Compressive strength (a) and relative compressive strength (b) of mortars made with
recycled brick and recycled granite.

The compressive strengths of mortars in which sand was replaced by GA and BA
ranged from 95–120% and 118–126% of that of the reference mortar, respectively, and
all the GA- and BA-based mortars exceeded the compressive strength of the reference
mortar, except for GA30, which was 5.4% (1.6 MPa) lower. This increase in strength can
be explained by several reasons. For the GA-based mortars, it has been reported that the
rough, angular grain shape of GA can increase strength by improving the bonds between
the aggregates and binder [26]. As it seems, the benefit is more prevalent at 10% and 20%
replacement of sand; however, at the 30% replacement ratio, a greater reduction in strength
has been noted. The difference in intrinsic strength between the natural silica sand and the
GA can be considered a factor influencing the strength of mortar, and the GA may contain
microcracks and other damages during its lifetime, including the crushing for recycling [27].
For the BA-based mortars, the effective water-to-cement (w/c) ratio and internal curing
caused by the high porosity of BA need to be considered. The porous BA absorbs a large
amount of water during the mixing process. Since the same w/b ratio (=0.485) was applied
to all mixtures in this study, the effective w/c ratio for the actual hydration reaction is lower
than 0.485, specifically, the effective w/c ratios of 0.464 for BA10, 0.443 for BA20 and 0.422
for BA30. Consequently, the lowered w/c ratio may have contributed to the improved
strength of the BA-based mortars. Moreover, the water absorbed into BA during the mixing
process acts as a moisture source, causing an internal curing effect. As presented in previous
studies [28,29], clay bricks are known to absorb mixing water during the mixing process of
cement-based materials in proportion to their absorption capacity. This absorbed water
acts as an internal curing agent that internally supplies the water needed for hydration in
the later stages of curing, increasing the density and reducing cracking in mortar.

At the given replacement ratios, the compressive strength of the GP-based mortar was
65–101% of that of the reference mortar, and that of the BP-based mortar was 95–102%.
According to ASTM C618 [17], the compressive strength of mortars containing pozzolanic
materials should achieve a minimum of 75% of that of mortar made with 100% OPC.
Namely, the GP- and BP-based mortars, except for GP30, meet the strength requirements.
However, as the replacement ratios increase, the decrease in strength of the GP-based
mortar is more pronounced than that of the BP-based mortar. This may be because the BP,
which met the chemical composition requirements as a pozzolanic material, contributed
to the development of compressive strength, whereas the GP, which did not satisfy the
chemical requirements, did not have a noticeable effect on the strength development [30].
The pozzolanic reactions are generally greater when the particle size is smaller. Therefore,
when RB is used in powder form, the pozzolanic reaction is more active, forming CSH gels
that contribute to the enhancement of strength [31]. In fact, the compressive strength of the
BP-based mortars ranged from 95% to 102% of that of the reference mortar, showing that
the use of BP as a cement substitute did not cause a noticeable loss of compressive strength
within a certain replacement range.
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From an environmental point of view, 10% replacement of GP and replacement within
30% of BP show no detrimental effect on the compressive strength of mortar. Therefore,
GP and BP can be considered eco-friendly supplementary cementitious materials that
can reduce the large amount of CO2-generated in the cement industry. However, from
a performance-based perspective, under the same replacement ratios, the compressive
strengths of the GP- and BP-based mortars decreased by 19% and 29% compared to the GA-
and BA-based mortars (Figure 5b). This is related to a decrease in the hydration product of
the cement mortar due to the ‘dilution effect’ occurring when a large amount of cement is
replaced with GP and BP [32]. Thus, to improve the compressive strength, it is desirable to
use RG and RB as substitutes for fine aggregates.

Table 5 shows some examples of the practical utilization of each mortar prepared in
this study based on the compressive strength required by various standards. In practice,
the specific strength class required for a given structure is prescribed by the designer based
on the type of construction and the applied loads. The mortars tested meet the strength
criteria and the relevant classification as shown in Table 5. For example, according to
EN998-1 [33], which specifies the requirements for mortars for plastering and rendering
of building elements such as walls, ceilings, columns and internal partitions, all mortars
in this study can be used for these purposes, meeting a strength level of at least 6 MPa.
According to EN13813 [34], regarding mortar for floor screeds, the required compressive
strength varies depending on the degree of load applied to the floor; thus, the forms and
replacement ratios of recycled materials need to be selected in consideration of the design
load. For example, for members where high loads are expected, RG and RB should be
used in the form of aggregate, and the recommended replacement ratios can be 20% and
30%, respectively. For elements with low applied loads, RG and RB can be used as powder
forms, meeting the requirements.

3.3. Flexural Strength

The flexural strength test results for mortars containing RG and RB at various replace-
ment ratios are presented in Figure 6a,b. The 28-day flexural strength of all the prepared
mortar mixtures was lower than that of the reference mortar, 7.88 MPa. The material forms
had a different effect on the flexural strength properties. Whether RG was recycled as
aggregate or powder, the flexural strength was the highest at a replacement rate of 20%,
whereas RB decreased in flexural strength as the replacement ratio increased.

Buildings 2023, 13, x FOR PEER REVIEW  9  of  15 
 

GP10 

BP10 

BP20 

C35 (≥35 MPa) 

GA10 

GA20 

BA10 

BA20 

BA30 

floors with high load 

Note: the above classification and application remarks refer to the actual parameter only. For a com‐

prehensive assessment of  the suitability of  the mixture  for  the purpose stated, all  the criteria re‐

quired by the standard must be fulfilled. 

3.3. Flexural Strength 

The  flexural strength  test results  for mortars containing RG and RB at various re‐

placement ratios are presented in Figure 6a,b. The 28‐day flexural strength of all the pre‐

pared mortar mixtures was lower than that of the reference mortar, 7.88 MPa. The material 

forms had a different effect on the flexural strength properties. Whether RG was recycled 

as aggregate or powder, the flexural strength was the highest at a replacement rate of 20%, 

whereas RB decreased in flexural strength as the replacement ratio increased. 

Within a 30% replacement ratio, the flexural strength loss of the GA‐based mortar 

was only 3% of that of the reference mortar, indicating that the effect of GA on the flexural 

strength was considered negligible. Donza et al. [36] concluded that the effect of crushed 

sand type on strength was insignificant when the volume of cement paste was the same 

and the flexural strength did not differ significantly at various replacement ratios. There‐

fore, GA can be used as an attractive partial substitute for natural sand in terms of flexural 

strength  performance  and  eco‐friendliness.  For  the  BA‐based  mortars,  the  flexural 

strength  was  progressively  decreased  with  increasing  replacement  ratios,  with  the 

strength losses ranging from 8.0% to 11.7%. This is due to the low intrinsic strength and 

porosity of BA [31]. 
Compared to the reference mortar, the flexural strength of the GP‐based mortar at 

10%, 20% and 30% replacement ratios was 9%, 3.6% and 20.1% lower, respectively. Simi‐

larly, the strength loss of the BP‐based mortars was 4.5%, 9.1% and 26.8%. As expected, 

the lowest flexural strengths were observed in GP30 and BP30. In particular, the 30% re‐

placement  of  cement  by  both GP  and BP dramatically dropped  the  flexural  strength, 

which is due to the dilution effect caused by the OPC reduction, and this result is con‐

sistent with the trend observed for the compressive strength. 

As shown in Figure 6b, when RG was used as a substitute for sand, higher flexural 

strength was achieved than when RG was used as a cement replacement. On the contrary, 

recycling RB as powder rather  than aggregate at 10% and 20% replacement ratios was 

more favorable for the development of flexural strength. 

 

Figure 6. Flexural strength (a) and relative flexural strength (b) of mortars made with recycled brick
and recycled granite.



Buildings 2023, 13, 165 9 of 14

Table 5. Classification of mortar mixtures for selected practical applications according to compres-
sive strength.

Application Grade Group Mix Remarks

EN 998-1 [33]

CS IV (≥6 MPa)

upper level of the classification ranking,
meets more demanding strength criteria

All mortars in
this study

Mortars for rendering and plastering of
construction elements, such as walls, ceilings,

columns and internal partition walls

EN 998-2 [35]

M20 (≥20 MPa)

upper level of the classification ranking,
meets more demanding strength criteria

All mortars in
this study

Masonry mortars for brick work (base,
bonding and grouting), for bricklaying of

walls, columns and internal partition walls,
load-bearing and non-load-bearing structures

EN 13813 [34]

C20 (≥20 MPa) GP30

Levelling of the substrate in the interior, a base
layer under the final surface treatment (PVC,

carpets, floating floors and wooden floors) for:
floors with light load

C25 (≥25 MPa)
GP20
GA30
BP30

floors with medium load

C30 (≥30 MPa)

Reference
GP10
BP10
BP20

C35 (≥35 MPa)

GA10
GA20
BA10
BA20
BA30

floors with high load

Note: the above classification and application remarks refer to the actual parameter only. For a comprehensive
assessment of the suitability of the mixture for the purpose stated, all the criteria required by the standard must
be fulfilled.

Within a 30% replacement ratio, the flexural strength loss of the GA-based mortar
was only 3% of that of the reference mortar, indicating that the effect of GA on the flexural
strength was considered negligible. Donza et al. [36] concluded that the effect of crushed
sand type on strength was insignificant when the volume of cement paste was the same and
the flexural strength did not differ significantly at various replacement ratios. Therefore,
GA can be used as an attractive partial substitute for natural sand in terms of flexural
strength performance and eco-friendliness. For the BA-based mortars, the flexural strength
was progressively decreased with increasing replacement ratios, with the strength losses
ranging from 8.0% to 11.7%. This is due to the low intrinsic strength and porosity of BA [31].

Compared to the reference mortar, the flexural strength of the GP-based mortar at 10%,
20% and 30% replacement ratios was 9%, 3.6% and 20.1% lower, respectively. Similarly, the
strength loss of the BP-based mortars was 4.5%, 9.1% and 26.8%. As expected, the lowest
flexural strengths were observed in GP30 and BP30. In particular, the 30% replacement of
cement by both GP and BP dramatically dropped the flexural strength, which is due to the
dilution effect caused by the OPC reduction, and this result is consistent with the trend
observed for the compressive strength.

As shown in Figure 6b, when RG was used as a substitute for sand, higher flexural
strength was achieved than when RG was used as a cement replacement. On the contrary,
recycling RB as powder rather than aggregate at 10% and 20% replacement ratios was more
favorable for the development of flexural strength.

In practice, values of flexural strength are specified (e.g., for floor mortars), and Table 6
provides a classification of the tested mixtures.
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Table 6. Classification of mortar mixtures for selected practical applications according to flexu-
ral strength.

Application Grade Group Mix Remarks

EN 13813 [34]

F5 (≥5 MPa) BP30

Levelling of the substrate in the
interior, a base layer under the final

surface treatment (PVC, carpets,
floating floors and wooden floors) for

light levels of loading

F6 (≥6 MPa) GP30
BA30

F7 (≥7 MPa)

Reference
GP10
GP20
GA10
GA20
GA30
BP10
BP20
BA10
BA20

3.4. Ultrasonic Pulse Velocity

The UPV values for various mortars are presented in Figure 7a,b. Regardless of the
material types, the replacement of natural sand and cement by recycled aggregates and
recycled powders showed that the UPV values decreased with increasing replacement
ratios; however, the UPV of six series out of a total of 12 mortars (i.e., GA10, BP10, BP20,
BA10, BA20 and BA30) showed higher values than that of the reference mortar of 4018 m/s.
The UPV of cementitious materials is proportional to the volume fraction of the solid phase
and inversely proportional to the porosity as ultrasonic pulses are transmitted through the
solid phase [37]. Therefore, the UPV results in this study indicate that the use of appropriate
amounts of RG and RB can make the pore structure of cement composite denser compared
to that made with natural sand and cement. According to the quality classification of mortar
by the UPV value presented by Estévez et al. [38], the quality can be considered “excellent”
when the UPV exceeds 3800 m/s and “good” when the UPV is between 3500 m/s and
3800 m/s. The lowest UPV of the prepared mortars was 3774 m/s for the GP30, indicating
“good” quality, while the mortars other than the GP30 showed “excellent” quality, ranging
from 3947 m/s to 4200 m/s.
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Within the replacement ratios of 30%, the UPV values of the GA-based mortars were
in the range of 99.5–102.2% of those of the reference mortar, indicating no significant
difference. Unexpectedly, the BA-based mortars, which are generally considered to have
porous structures, showed the highest UPV values (103.2–104.5%). According to a previous
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study [39], the water absorbed into BA during the mixing process due to its high water
absorption acts as a self-curing agent in the cement-based materials in later stages, and the
absorbed internal water not used for hydration fills the pores to make the BA denser. In
fact, Rao [40] reported higher UPV values when brick and stone replaced river sand at 30%.

At the given replacement ratios, the UPV of the GP- and BP-based mortar ranged from
93.9–98.3% and 98.8-102.1% of the reference concrete, respectively. As shown in Figure 7b,
the UPV values tend to be higher in the mortars containing recycled aggregate (i.e., GA
and BA series) than in the mortars containing recycled powder (i.e., GP and BP series). The
UPV results are in good agreement with the trend observed in the compressive strength
tests of the corresponding mortars.

Figure 8 shows the correlation between compressive strength and UPV for the mortars
prepared in this study. A linear relationship between the two parameters was observed,
and the R2 coefficient of determination was 0.87, indicating that there is very high relia-
bility in predicting the dependent variable. Thus, the UPV technique can be useful for
estimating the compressive strength of cement composites containing RG and RB as sand
and cement replacements.
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3.5. Drying Shrinkage

The length changes due to drying shrinkage of the mortar containing RG and RB are
plotted in Figure 9a,b, respectively. The drying shrinkage of all mortars increased over
time, but the change in length was not as large as that of the reference mortar.
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Since GA and BA used in this study are finer than sand, drying shrinkage may have
been reduced due to improved pore structure and reduced evaporation of water through
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capillary pores. These results have been frequently reported in studies using RB and RG as
partial substitutes for fine aggregates [41–43].

In addition, in both the GP and BP series, the replacement of cement was more effective
in mitigating drying shrinkage than the replacement of sand. The 28-day drying shrinkage
of the GP-based mortars ranged from 0.06% to 0.063%, and that of the GA-based mortars
was from 0.07% to 0.073%. For RB, no marked difference in shrinkage was observed. For
example, the BP-based mortars showed 28-day drying shrinkage of 0.062% to 0.064%, and
the BA-based mortars showed shrinkage of 0.066% and 0.067%. Dang et al. [44] found
that there was no remarkable difference in drying shrinkage at 50% replacement of sand
by BA. The authors concluded that this was due to the combined beneficial effects of the
pozzolanic reaction and internal curing. The lowest drying shrinkage was for GP30 and
BP30, in which 30% of the cement was replaced by GP and BP, which had about 15–18%
less shrinkage than the reference mortar. This is related to the fact that one parameter that
causes drying shrinkage is the cement content [45]. One of the causes of drying shrinkage
is due to the evaporation of the moisture from the cement matrix, and there is a positive
correlation between cement content and moisture loss. Therefore, the drying shrinkage
deformation of mortar with low cement content is relatively small, and when RG and RB
are recycled as a substitute for cement rather than as a substitute for sand, drying shrinkage
can be suppressed by 9–14% and 4–5%, respectively. This trend is in line with previous
studies [46,47].

4. Conclusions

In this study, the effects of different forms of recycled materials, waste clay brick and
waste granite, both in aggregate and powdery forms, were investigated. Based on the
experimental results, the following conclusions can be drawn:

• The effect of the application of RG and RB on cement mortar depends on the material
forms in which the wastes are processed. With optimal forms and mix proportions,
even better properties of cementitious mixtures can be achieved with recycled materials
than with standard ingredients.

• At replacement ratios of 10% and 20%, it is favorable for RG to be recycled as a cement
replacement, while RB needs to be recycled as a replacement for sand to obtain a more
workable mixture.

• In terms of strength development, RG and RB are advantageous for recycling as
alternatives to sand. At the same replacement ratio, the compressive strength of GA
was 19% to 45% higher than that of GP, and BA showed approximately 23% higher
compressive strength than BP.

• The flexural strength of mortars containing RB decreased with the increase in replace-
ment ratios, whereas that of mortars containing RG was highest at 20% replacement
(i.e., GA20 and GP20). Moreover, the replacement of natural sand by GA within 30%
resulted in only a 3% loss of flexural strength compared to the reference mortar.

• The UPV values showed an appropriate correlation with the compressive strength (R2

= 0.87), indicating that the UPV technique could be utilized to estimate the compressive
strength of mortar containing RB and RG.

• Both forms of RG and RB contributed to a reduction in shrinkage and an improvement
in the quality of mortars, with more favorable results in the powder form. Recycled
powder contributed to drying shrinkage mitigation by reducing the cement content in
cement composites. The lowest shrinkage was observed in GP30 and BP30, where 30%
of the cement was replaced by RG and RB.

During the production of recycled materials from waste, residues, mainly of fine size,
are inevitably generated. Moreover, the advanced technologies of the present time make
it possible to turn waste into recycled materials with the desired sizes. Therefore, further
research needs to be conducted on various recycling approaches that can achieve better
performance with less energy consumption.
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