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Abstract: In this research, the mechanical behavior of masonry mortars made with partial substi-
tution of sand by recycled fine aggregates (RFAs) of mortar (MT) and recycled clay brick (RCB)
was compared. Mortar specimens were built in two groups (MT and RCB) considering different
replacement proportions by dry weight. To reduce the water absorption of RFAs during mortar
making, the prewetting method was utilized. All the mixtures were assembled with a volumetric
cement-to-aggregate ratio of 1:4 and a consistency of 175 ± 5 mm. The properties in the fresh and
hardening state of mortars were analyzed separately. The experimental results showed that the
properties of mortars in a fresh state (bulk density and air content) were affected if RFA was added
to the mixture; however, mortars assembled with up to 40% and 50% of MT and RCB, respectively,
accomplished a compressive strength value of reference for new mixtures. Both mortar groups
showed good results in adhesive strength values, with the RCB mortars standing up as they achieved
greater adherence than the control mortar with substitution percentages of up to 30%. Therefore, the
reutilization of both RFAs is feasible, notably in rendering and bonding functions.

Keywords: construction and demolition waste; recycled aggregates; sustainable construction; mortars;
red clay brick waste

1. Introduction

In recent years, the sustainable engineering of construction development has increased;
therefore, several researchers have doubled their efforts toward projects where the mean
objective is to analyze the feasibility of recycling construction and demolition waste (CDW)
as new building materials, focusing on mechanical behavior, durability, and environmental
impact [1–6]. One way these residues can be used is as partial substitutes for natural
aggregates (NAs) in concrete and mortar mixes, such as recycled coarse aggregates (RCAs)
and recycled fine aggregates (RFAs) [7].

Due to many countries having restrictive construction laws regarding recycled ag-
gregates (RAs), the use of RA is mainly focused on nonstructural purposes; therefore, its
recycling as a partial natural aggregate replacement in masonry mortar mixtures represents
a feasible option [8–10]. In this way, one obstacle to RFA recycling has been the characteris-
tics of the material itself: high porosity and high-water absorption [11–13]. Consequently, in
recent years, investigations have been developed about how these materials can be used as
new aggregates if they are processed following appropriate deconstruction procedures and
if they are properly pretreated. Deconstruction strategies or selective demolition strategies
allow obtaining a good-quality RFA with a reduced quantity of contaminants [4,14–18].
Coelho et al. [19] and Kumbhar et al. [20] described some selective demolition strategies.
With regard to RFA pretreatment, prewetting the aggregate is a process that improves
behavior; it is easy to implement, it is cheap, and it is environmentally friendly [21–23].
Various researchers have proven that the prewetting process of RAs reduces the amount
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of water needed to create a mortar mixture, improving the workability and compression
resistance of concrete [22,24,25] and mortar [23,26,27] samples. Cuenca-Moyano et al. [28],
Cabral et al. [29], Zhao et al. [30], and Etxeberria et al. [31] recommended prewetting the
RA to 80% of its entire absorption capacity for best performance.

The RFAs from concrete debris have been deeply analyzed, and several researchers
have proven their usefulness in masonry mortar elaboration with up to 25% content [32–35].
In the last few decades, the recycling of other types of materials as a partial substitute
for NA in mortar mixtures has stolen the attention of researchers. Silva et al. [36] con-
cluded that preparing mortar with 10% crushed ceramic improved the mortar properties.
Oliveira et al. [37] built mortars with a partial substitution for NA using different percent-
ages (25%, 50%, 75%, and 100%) of ceramic recycled aggregate (CRA). They observed that
mortars with CRA showed less compressive strength and higher adhesive strength values
in comparison with conventional mortar. Martínez et al. [38] and Rubio de Hita et al. [39]
reached similar conclusions.

A material that is part of CDW and is not adequately recycled is that originating from
red clay brick. Debieb and Kenai [40] utilized fine and coarse aggregates of crushed bricks
to create new mortar mixes, and they concluded the suitability of 25% and 50% as the
maximum percentages of exploitation for thick aggregate and fine aggregate, respectively.
Bektas et al. [41] used recycled clay brick as fine aggregate in mortar mixtures, with
substitution percentages of 10% and 20% dry weight. These researchers reported no
negative effects due to the substitution percentages used, along with a minor influence on
the mortar shrinkage. Silva et al. [42] studied the most favorable substitution percentages
of RFA from red clay bricks instead of NA, with 20% identified as the most acceptable value.
Corinaldesi [43] utilized fine crushed red brick in the production of mortars and concluded
that, even when the fine aggregate shows inferior mechanical properties, it enhances mortar
adherence. Zhi et al. [44] concluded that resistance to drying shrinkage improved with
the increase in prewetted fine clay brick, as a result of the release of prestored water in the
aggregate.

A poorly studied material is the RFA from mortar debris. This is because, when compared
with other RFAs, it shows lower quality. However, researchers such as Jiménez et al. [45]
observed that using RFA composed of ceramic and mortar as a fine aggregate in new mortar
mixes, with a 40% maximum substitution percentage, did not considerably affect the mortar
properties, except for its density and workability. Mora-Ortiz et al. [46] demonstrated
that, if the aggregate is obtained through a well-planned demolition strategy while using
commercial plasticizers, it can be successfully reutilized in mortar mixes with a maximum
percentage substitution of 40%.

The aim of this paper was to separately analyze the mechanical behavior of mortar
mixes created with RFAs from mortar debris and red clay bricks, as a partial substitution of
NA. The expectation was that, using a selective demolition and prewetting process, both
RFA types could be used as NA partial substitutes in mortar mixes.

2. Materials and Methods
2.1. Recycled Fine Aggregates

The RFAs used in this investigation were obtained from a demolition site localized
in the city of Cunduacán, Tabasco, México. The demolished structure was a single-family
home with one level of construction. It had some interior walls built with red clay bricks
and others with mortar blocks. As part of the strategy to take advantage of the debris, while
reducing as much as possible the risk of contaminating the aggregates on the site, a decon-
struction procedure was followed. This procedure was detailed in Mora-Ortiz et al. [47]
and consisted of removing the maximum amount of painting or any wall covering that
could contaminate the debris (wood, metal, plastics, etc.); subsequently, the structural
elements of the house were demolished, and the debris was carefully stored in a clean
and adequate place for this purpose. This deconstruction procedure was executed on
structural elements with red clay brick and mortar blocks, classified by origin, into two
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different storage containers. After debris collection, all the recycled material was crushed
and separated using a Los Angeles abrasion machine before screening. According to the
above procedure, recycled fines aggregates (RFAs) were obtained from red clay brick (RCB)
and mortar (MT) (Figure 1).
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Figure 1. Recycled fines aggregates of (A) mortar and (B) red clay brick.

2.2. Characterization of the Materials

Figure 2 and Table 1 show the granulometric curves and characteristics of the studied
aggregates in this research. The natural aggregate (NA) was river sand from Samaria’s bank,
in the city of Cunduacán, Tabasco, México. As shown in Table 1, the sulfate and chloride
composition of the aggregates were as expected, despite the RCB showing relatively higher
content due to the primary element of this sample, i.e., clay.
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Table 1. Main characteristics of aggregates.

Property Standard Limit Value NA MT RCB

Fine content (%) EN 933-1 [48] ≤30 4.5 5.2 6.0
Sand equivalent (%) EN 933-8 [49] No limit 94 82 84

Dry sample density (g/cm3) EN 1097-6 [50] No limit 2.66 2.47 2.31
Water absorption (%) EN 1097-6 [50] No limit 1.25 7.46 10.74

Acid soluble sulfates (% SO3) EN 1744-1 [51] ≤0.8 <0.010 0.0053 0.0061
Water-soluble chlorides (% Cl) EN 1744-1 [51] ≤0.06 <0.010 0.030 0.038

Total sulfurs (% SO3) EN 1744-1 [51] ≤1 <0.010 0.0057 0.0068

Both recycled aggregates had better water absorption than NA. This is because both
materials had greater porosity and more interfacial transition zones (ITZs) between the
fine aggregate and original cement paste [52]. These characteristics also resulted in a lower
particle density of RAs than NA (Table 1). Figure 3 shows two scanning electron microscope
(SEM) images at a scale of 50 µm, taken using a JEOL JSM6010LA electronic microscope
(Boston, MA, USA), which correspond to recycled mortar aggregate and recycled red clay
brick aggregate. Both cases show the high level of porosity and the increased presence of
ITZs.
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Figure 3. SEM photomicrograph of (A) recycled mortar aggregate and (B) recycled red clay brick aggregate.

To identify the mineralogical characteristics of aggregates, an X-ray diffraction analysis
was executed over pulverized aggregate samples, using Cu-Kα (λ = 0.154 nm) radiation, a
10◦–60◦ scanning range with a 0.02◦ step size, and 0.3 s of transition time. Figure 4 shows
the X-ray diffraction patterns for the cement and aggregates.

The different structural phases found were quartz (PDF 00-046-1045), calcite (PDF
04-008-0198), albite (PDF 00-010-0393), calcium oxide silicate (PDF 04-018-9701), calcium
aluminum silicate (PDF 00-052-1344), calcium magnesium iron carbonate (PDF 04-023-8806),
rubidium bismuth molybdenum oxide (PDF 05-001-0380), aluminum sulfate hydrate known
as alunogen (PDF 00-022-0022), and amorphous silica. Red clay brick was a combination of
quartz, the feldspar albite, and a small trace of alunogen; quartz was the dominant material
due to the thermal treatment applied in its cooking process. Likewise, the recycled mortar
aggregate mainly constituted quartz and calcite. The cement utilized was CEMEX PPC 30R
type, commercialized in México [53,54], with a specific gravity of 3.15 kg/m3. Its chemical
composition is shown in Table 2.
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Table 2. Chemical composition of cement used.

Composition CaO SiO2 Al2O3 Fe2O3 MgO K2O Na2O SO3

% 63 22 6 2.5 2.6 0.6 0.3 2.0

2.3. RFA Prewetting Method

As mentioned above, one of the drawbacks of using CDW in mortar mixture pro-
duction is its high water absorption. To reduce this absorption, the prewetting technique
described by Cuenca Moyano et al. [23] was applied. Briefly, in a standard mixer, the RAs
and distilled water were mixed at low speed for 5 min; subsequently, the RAs were left to
rest submerged for 10 min, after which they were removed from the water and allowed to
drain before use. During this procedure, the RFAs were prewetted with up to 67% of their
absorption capacity (WA24h), which considerably reduced the amount of water taken from
the cement paste for the recycled fine aggregate.

2.4. Mixes

The dosage for a regular masonry mortar (cement + sand + water) was designed
using a 1:4 cement–sand ratio as a control mixture. With reference to the control mixture
dosage, two mortar mixtures were created using recycled mortar aggregate (MT) or red
clay recycled aggregate (RCB) as a partial substitute for NA. The mixtures were classified
according to their substitution percentages: 10%, 20%, 30%, 40%, 50%, 60%, 80%, and 100%
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according to dry weight [23,28,45,55]. The project consistency used in all mixtures was
175 ± 5 mm. Table 3 shows the nomenclature and proportions used for the mortars.

Table 3. Mortar mixture proportions.

Mortar
Type Aggregate Type NA/RA

(%) NA (g) RA (g) CEM (g) Prewetting
Water (g)

Mixing
Water (g)

Total
Water (g)

Consistency
Index (mm) W/C

Control Natural
aggregate 100/0 2200 0 495 0 480 480 174 0.970

MT-10

Mortar

90/10 1980 220 495 11 480 491 179 0.992
MT-20 80/20 1760 440 495 22 480 502 171 1.014
MT-30 70/30 1540 660 495 33 480 513 178 1.036
MT-40 60/40 1320 880 495 44 480 524 172 1.059
MT-50 50/50 1100 1100 495 55 480 535 180 1.081
MT-60 40/60 880 1320 495 66 480 546 173 1.103
MT-80 20/80 440 1760 495 88 480 568 170 1.147
MT-100 0/100 0 2200 495 110 480 590 177 1.192

RCB-10

Red clay brick

90/10 1980 220 495 16 480 496 179 1.002
RCB-20 80/20 1760 440 495 32 480 512 175 1.034
RCB-30 70/30 1540 660 495 47 480 527 172 1.066
RCB-40 60/40 1320 880 495 63 480 543 174 1.098
RCB-50 50/50 1100 1100 495 79 480 559 173 1.130
RCB-60 40/60 880 1320 495 95 480 575 176 1.162
RCB-80 20/80 440 1760 495 127 480 607 176 1.226

RCB-100 0/100 0 2200 495 158 480 638 171 1.290

W/C: water/cement radio; CEM: cement.

2.5. Rehearsal Program

To evaluate the mechanical behavior of the mortars in this investigation, the mortar
mixtures were analyzed in fresh and hardened states. Table 4 shows the standards of
reference for the analyzed properties. The curing conditions were as follows: in the first
2 days, the mortar samples were introduced in a chamber at a temperature of 20 ± 2 ◦C
and a relative humidity of 95% ± 5%. Subsequently, they were demolded and maintained
under the same temperature and humidity conditions. After 7 days, the relative humidity
was reduced to 65% ± 5% until testing.

Table 4. Standards of reference utilized.

Test Standard Specimens and Dimensions Curing Time (Days)

Fresh mortar

Bulk density of the fresh mortar UNE-EN 1015-6 [56] 3 ---
Entrained air UNE-EN 1015-7 [57] 3 ---

Hardened mortar

Dry bulk density UNE-EN 1015-10 [58] 3 (40 × 40 × 160 mm) 28
Compressive strength UNE-EN 1015-11 [59] 3 (40 × 40 × 80 mm) 28

Adhesive strength UNE-EN 1015-12 [60] 3 (50 mm diameter, 10 mm thick) 28
Water absorption coefficient due to

capillary action UNE-EN 1015-18 [61] 3 (40 × 40 × 80 mm) 28

Susceptibility to cracking --- 2 (layer of mortar 2 cm thick
in a brick) 120

3. Results and Discussion
3.1. Fresh Mortar
3.1.1. Bulk Density

As can be seen in Figure 5, with the increase in RFA substitution percentage for natural
sand, the bulk density decreased, whereby mortars with a lower density had a higher
substitution percentage. This behavior was repeated in both recycled mortar groups (MT
and RCB), with RCB mortars suffering the largest decrease in density. For example, with
a 10% substitution ratio, the mortar mixture created using recycled mortar aggregates
(MT-10) showed a density decrease of around 2.34% with respect to the control mortar,
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whereas mortars made using red clay brick recycled aggregate (RCB-10) showed a bigger
loss of density (4.42%). This decrease in density was due to two factors: the high water
absorption of RFAs and the low density of particles [13,42,62]. Figure 6 shows the good
correlation between bulk density and water/cement ratio (W/C).
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3.1.2. Air Content

There is currently no reference standard for air content limit values; hence, in this
investigation, the criteria proposed by Cuenca-Moyano et al. [23,28] were adapted. These
criteria suggest that the optimum air content is between 5% and 20%.

Figure 7 shows that, in both mortar groups, the air content increased with the RFA
content. Comparing RCB mortars with their counterpart MT mortars, the former remark-
ably reached higher air content values at all substitution proportions. due to the greater
water absorption of the recycled red clay brick (RCB) aggregate (Table 1).
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Mortars of the MT group manufactured with substitution percentages ≤40% satisfied
the criteria established in this investigation. On the other hand, only RCB mortars with
substitution percentages ≤20% accomplish the criteria.

Figure 8 shows the relationship between air content and water/cement ratio.
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Following the characterization of the fresh state mortars, a close affinity was observed
between the mortar properties and the water/cement ratio; an increase in W/C ratio led to
an increase in air content but a decrease in density of the fresh state mortars. This behavior
followed the trend found by other researchers using several types of RFA in concrete [3,63]
and mortar [37,45,64].

3.2. Hardened Mortar
3.2.1. Dry Bulk Density

The changes in dry bulk density with the increment in W/C ratio for both groups of
mortars are shown in Figure 9. It can be observed that the dry bulk density in all mortars
decreased with the increment in RFA. As previously mentioned, this was due to the porosity
and high water absorption of the RFAs. These observations matched those of researchers
using RFAs obtained from ceramics [45,65] and concrete [30,33,66].
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Comparing the densities achieved by the mortars of both groups, it can be observed
that those made using red clay brick (RCB) developed lower densities due to their lower
specific density and higher water absorption.

Figures 10 and 11 show the relationship between air content and densities, revealing a
decrease in densities with the increase in air content for both materials.
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3.2.2. Adhesive Strength

The adhesive strength of each mortar is shown in Figure 12. In general, all mortars
presented a similar behavior, whereby adherence decreased with the increases in RFA
content and W/C ratio. However, it was observed that, except for mortars with 100%
substitution, the adherence of RCB mortars was the greatest. This is interesting as RCB
mortars have so far exhibited the most unfavorable values in the properties analyzed.
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Contrasting the mortars made using RFA with the control mortar (reference value),
those of the MT group with 10% and 20% substitution values exhibited equal or superior
adherence, whereas the mortars of the RCB group with 10%, 20%, and 30% substitution
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values exhibited equal or superior values. This behavior was previously observed by
researchers using RFAs from concrete [33,67] and ceramics [37,45]. Additionally, it was
observed that the RCB mortar with 40% substitution reached values very close to the
control mortar, indicating that this substitution percentage did not considerably influence
the adhesive strength of the mortar.

To explain this behavior, it is necessary to remember that RFAs have high porosity and
increased interfacial transition zones (ITZs) by nature (Figure 3), resulting in high water
absorption and low density (Table 1). During the grinding process, the surface of the RFAs
is irregular and rough, featuring many edges [37,68]. These characteristics are detrimental
to some mortar properties but useful in improving adhesive strength, whereby cement
pastes exhibit greater adherence with the aggregate while infiltrating the pores and the
ITZ, acting as an anchor [69,70]. Silva et al. [42], Oliveira et al. [37], Martínez et al. [71],
Corinaldesi [43], and Jiménez et al. [72] reported this behavior in mortar made using
ceramic material.

3.2.3. Compressive Strength

The compressive strengths developed by all mortars are shown in Figure 13. A similar
trend to that in previous sections was observed, revealing a correspondence between
the strength and RFA content. As the substitution percentage increased, the W/C ratio
increased while the strength decreased. These results match those observed in other
investigations [21,28,37,65].
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To analyze the resistance of the mortars, the compressive strength of class M5 mortar
was used as a reference. The mortars of the MT group with up to 50% substitution no
longer reached the reference resistance, whereas the mortars of the RCB group with up to
60% substitution no longer reached the reference resistance. Comparing the corresponding
mortars of both groups, it can be seen that the RCB mortars developed a higher compressive
strength. For example, the RCB-50 mortar exhibited 15.22% more toughness than its MT-50
counterpart. On the other hand, the RCB-10 mortar exhibited a resistance very similar to
the reference mortar (control), indicating that substitution percentage did not influence this
property.

It should be noted that the highest resistance across both groups of mortars was
achieved by the RCB mortars due to the penetration of the cement paste into the pores
and the ITZ, as well as its better adhesion to the aggregate surface. Researchers such as
Vegas et al. [32] and Farinha et al. [73] have previously pointed out the possibility of the
small RFA particles exerting a slight pozzolanic effect [74,75].

3.2.4. Water Absorption Due to Capillary Action of Hardened Mortar

In Figure 14, it can be observed that the water absorption via capillary action increased
with the substitution percentage of RFA in both groups of mortars. Accordingly, mortars
with the highest absorption were those with 100% substitution. Comparing the mortars of
both groups, it can be noted that the RCB mortars showed higher values of water absorption
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via capillary action than their MT counterparts due to their higher W/C ratio [28,45]. The
relationship between water absorption via capillary action and changes in W/C ratio are
shown in Figure 15.
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This property is one of the main indicators of the durability of mortars [23,67]. This
is because high absorption values correspond to more developed pore networks and,
consequently, a greater possibility of contaminants flowing into the interior of the mortar;
therefore, high absorption values correspond to low durability.

3.2.5. Susceptibility to Cracking

This test was performed according to the procedure described by Oliveira et al. [76],
Farinha et al. [73], and Sara et al. [77]. It consisted of the application of a 2 cm thick
mortar layer to a ceramic brick. Three specimens of each mortar were utilized and visually
evaluated for 120 days to evaluate the occurrence of cracking.

As a result, only mortars with 80% and 100% substitution showed visible cracks in
both cases (Figure 16). The prewetting process utilized in this paper contributed to a
reduction in water absorption of the RFA, hydrating it and reducing the transfer of water
between the RFA and cement paste [23,28], thus helping to prevent cracks.

Farinha et al. [73], Oliveira et al. [76], and Braga et al. [78] analyzed the behavior of
mortars made using 10%, 15%, and 20% substitution percentages of RFAs, and found that
none of the mortars showed visible cracks. Thus, prewetting contributes to a reduction in
cracking at low and medium replacement levels.
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4. Conclusions

The gradual incorporation of MT and RCB RFAs into mortars resulted in an increase
in W/C ratio, thus influencing properties such as density. The increase in water content
is a natural effect of the RFAs due to their greater porosity than NA, in addition to the
development of an ITZ between the cement paste and the original aggregate. As the RCB
aggregate had a higher water absorption than the MT aggregate, it exhibited the most
unfavorable values with regard to the aforementioned properties.

Nevertheless, except for those with 100% replacement of sand by RFA, all RCB mortars
showed the highest adhesion values across both groups of mortars. Even those with up
to 30% substitution exceeded the adhesion value of the control mortar, due to the greater
porosity and the increased presence of ITZs. These characteristics simultaneously impaired
the air content, bulk density, and dry bulk density of the mortars.

Regarding the compressive strength, both groups of mortars showed good perfor-
mance up to 40% replacement, exceeding the reference resistance. The water absorption
values due to capillary action in both groups of mortars were higher than those shown by
the control mortar, particularly for RCB mortars. However, in the susceptibility to cracking
test, no visible cracks were observed for mortars of both groups with up to 80% substitution.
This was due to the prewetting process used in the RFA.

Taken altogether, we can conclude that, using the processes described in this research,
it may be feasible to recycle RFAs from MT and RCB as partial substitutes for sand (20% and
30%, respectively) in masonry mortars for indoor functions, i.e., rendering and bonding.
For outdoor functions, it is necessary to carry out more detailed durability studies.
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