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ABSTRACT: This study investigated the physical-mechanical effects of cement-lime mortars containing recy-
cled aggregate of construction and demolition waste (CDW). The natural aggregate (NA) was replaced by vol-
ume at 25%, 50%, 75% and 100% by mixed recycled aggregate (MRA) obtained from the CDW crushing. Five 
types of mortars were prepared with a volumetric ratio of 1:1:6 (cement, lime and aggregate) and water/binder 
ratio based on the fixed consistency of 260 mm. The effects of MRA on fresh and hardened mortars’ properties 
were analyzed. The results were analyzed using a one-way ANOVA. MRA incorporation improved most of the 
physical-mechanical properties of mortars tested, except for hardened bulk density, water absorption and poros-
ity. In the long-run, mechanical strengths significantly increased in all compositions, especially those with higher 
percentages of MRA. The results obtained showed that the use of MRA in masonry mortars is an alternative to 
reduce the generation of waste and consumption of natural resources.
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RESUMEN: Evaluación de las propiedades físico-mecánicas de morteros de albañilería producidos en base de 
cemento y cal con áridos reciclados mixtos. Este estudio investigó los efectos físico-mecánicos de los morteros 
de cemento y cal con áridos reciclados de residuos de construcción y demolición (RCD). El árido natural (AN) 
se reemplazó en volumen al 25%, 50%, 75% y 100% por el árido reciclado mixto (ARM) obtenido de la tritu-
ración de RCD. Se prepararon cinco tipos de morteros con una relación volumétrica de 1: 1: 6 (cemento, cal 
y áridos) y una relación de agua / aglomerante en función de la consistencia fija de 260 mm. Se analizaron los 
efectos del ARM en las propiedades de los morteros frescos y endurecidos. Los resultados se analizaron utili-
zando un ANOVA-simple. La incorporación de ARM mejoró la mayoría de las propiedades físico-mecánicas 
de los morteros, excepto la densidad aparente endurecida, la absorción de agua y la porosidad. A largo plazo, 
las resistencias mecánicas aumentaron significativamente en todas las composiciones, especialmente en aquellas 
con porcentajes más altos de ARM. Los resultados obtenidos mostraron que el uso de ARM en morteros de 
albañilería es una alternativa para reducir la generación de residuos y el consumo de recursos naturales.

PALABRAS CLAVE: Mortero; Propiedades mecánicas; Propiedades físicas; Resistencia a compresión; Tratamiento 
de residuos.
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1. INTRODUCTION

The construction industry has increased the 
consumption of  natural resources, including water 
and energy, as well as the emission of  gaseous pol-
lutants and waste generation. It has become clear 
that construction can be considered one of  the 
industries that most contributes to changing the 
environment (1-3).

The large and complex production chain of the 
construction industry is responsible for consuming 
more raw materials (around 3000 Mt/year) than any 
other economic activity, which emphasizes its unsus-
tainable character (4). It is also estimated that the 
construction sector is responsible for the consump-
tion of about 40% of all natural resources available 
on the planet (5) and that 1/3 of these resources 
are converted to cement-based products (6). As an 
example, global aggregate production almost dou-
bled from 21 billion tons in 2007 to 40 billion tons 
in 2014 (7).

Thereby, the recycling and reuse of construction 
and demolition waste (RCD) in engineering works 
are highlighted, mainly due to the high levels of gen-
eration of this waste and the consequent irregular 
destination. In Brazil, although there are laws on 
recycling, the production of CDW is estimated at 
over 70 Mt (8, 9). Currently, only 6.14% of this vol-
ume is recycled (7) and the upper part is destined for 
landfills inert or illegally by other means, as such as 
abandoned land and roadsides. As a consequence, 
the environment is affected by the siltation of rivers 
and lakes, obstruction of urban drainage systems 
(causing flooding), degradation of urban land-
scapes, the proliferation of vectors that are harmful 
to human health, etc.(10, 11).

The use of recycled aggregates (RA) derived 
from the crushing CDW as substitutes for natural 
aggregates (NA) to produce new building products 
arises with the most efficient alternative to add value 
to these materials. Although undesirable materials 
(asphalt, plastic, wood, rubber, glass, gypsum, etc.) 
can be found, the RA of CDW for the production 
of cement materials can be divided into Recycled 
Concrete Aggregates (RCA), Recycled Masonry 
Aggregate (RMA) e Mixed Recycled Aggregates 
(MRA) (12). The Brazilian standard (NBR 15116, 
2004) establishes that RA should be composed of 
less than 90%, by mass, of Portland cement-based 
fragments and NA. 

Researchers have proven that the incorporation 
of RA in mortars may enhance the performance (2, 
13-23), mainly because they are materials that do 
not perform structural function and their mechani-
cal requirements are less rigorous – their behaviour 
depends much more of adhesion between the sub-
strate and mortar than of the intrinsic mechanical 
properties of the mortar (24). It is also worth not-
ing the interest in using RA in mortars, the fact that 

the fine fraction (particles smaller than 4.8 mm) is 
unintentionally produced and usually not used (13), 
which represents a large amount of the weight of 
the processed CDW which, in general, corresponds 
to about 40 to 50% (8, 25, 26). 

However, the use of  the recycled aggregate 
obtained from recycling plants (i.e., the MRA) 
for the production of  building materials has been 
studied to a lesser extent. Previous research inves-
tigated the use of  a single type of  CDW of  RA 
(RCA and RMA, for example), limiting com-
parisons on the effect of  the recycled aggregate 
with different compositions. The reasons seem to 
be evident since the aggregates have a high water 
absorption and susceptible to the presence of  con-
taminants (25), thus affecting directly the proper-
ties of  concrete (27-31) and mortars (16, 32-34). 
As a result, the recycling of  mixed CDW occurs 
slowly, contributing even more to the problems 
involved in the generation and destination of 
these wastes due to a large amount of  MRA that 
is stored in recycling plants without alternatives 
that potentiate their recovery.

Andrade et al. (13) compared the use of ceramic 
recycled aggregate (CRA) and MRA in the mechan-
ical properties of mortars produced with different 
RA contents replacing the NA (25%, 50%, 75% and 
100%). The results showed that the mortars with 
MRA presented worse performance when compared 
to mortars produced with CRA. However, MRA 
mortars have a greater potential for capturing CO2 
from the atmosphere, especially at high replacement 
rates (> 50%), which is beneficial from the environ-
mental point of view. 

Muñoz-Ruiperez et al. (2) studied the influence 
of  the addition of  MRA and RCA on lightweight 
masonry mortars produced with two types of 
expanded clay. In general, its ware observed that 
the performance of  the mortars containing RA 
is slightly bottom to the mortars with NA, espe-
cially when the MRA ware used due to the higher 
water/binder ratio (w/b) of  these compositions.

Restuccia et al. (20) investigated the incorpora-
tion of MRA (in dry and washed condition) in mor-
tars and concluded that regardless of the condition 
of the RA, its incorporation caused a decrease in the 
mechanical strength of the mortars. However, mor-
tars with 50% MRA in washed condition, together 
with the superplasticizer additive, presented better 
results. Similar to the research proposal of these last 
authors, Cuenca-Moyano et al. (15) evaluated the 
effects of pre-soaked of the MRA on the proper-
ties of masonry mortars. The results indicated that 
although the mortars with MRA presented inferior 
performance to that of mortars with NA, the pre-
soaked method was beneficial for the improvement 
of the properties in the fresh state (bulk density and 
air content incorporated) and hardened (mechani-
cal strength).
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Note also that the number of researches that 
investigates the use of the RA in cement-lime based 
mortars are limited, although previous studies have 
shown the beneficial effect of using lime as a pri-
mary or secondary binder in compaction of mortars 
and, consequently, in their physical and mechanical 
properties (19, 22, 35). 

Corinaldesi (35) investigated the use of mor-
tars with the incorporation of RA for the repair 
of historical buildings. For this purpose, cement 
and hydraulic lime mortars by weight ratio of 1: 3 
(binder and aggregate) and 100% replacement of 
the NA by the RA obtained from ceramic bricks 
were produced. The authors observed that the types 
of binders and aggregates appear to influence the 
microstructure of mortars, especially when using 
hydraulic lime and RA of fine size.

Martínez et al. (19) compared the properties of 
mortars based on cement and hydrated lime pro-
duced with three types of  RA (concrete, ceramics 
and masonry residues). The authors have shown 
that the use of  RA and any filler material (hydrated 
lime, limestone filler or slag) improves the proper-
ties of  mortars compared to mortars produced 
with NA.

Samiei et al. (22) studied the influence of the 
incorporation of RA produced from high-quality 
concrete residues in cement and hydraulic mortars 
(cement and hydraulic lime), with the mass ratio 
of 1:3 and 1:1:6, respectively. As expected, cement 
mortars presented superior mechanical perfor-
mance than cement-lime mortars. However, cement 
mortars presented a decrease in mechanical strength 
when the NA was replaced by the RA. On the other 
hand, for mixed mortars, the incorporation of RA 
resulted in improvement of mechanical properties 
by up to 60%.

For these reasons, the use of  fillers as such 
as lime in the composition of  cement mortars 
becomes important, both viewpoint technically 
and environmentally. It is possible to improve the 
properties of  mortars (workability, water reten-
tion, absorbing deformations, etc.) and reduce the 
consumption of  cement, minimizing the environ-
mental impacts resulting from the production of 
clinker.

This study investigated the effect of  replacement 
of  NA by RA obtained from mixed CDW crush-
ing on the physical and mechanical properties of 
cement-lime mortars. Thus, this study aimed to 
contribute to a database on the subject, in order 
to encourage the use of  the MRA in construction 
materials and, consequently, to promote the sus-
tainable development of  the construction indus-
try. In this sense, the incorporation of  aggregates 
produced in CDW recycling plants into masonry 
mortars suggests a path for the construction 
industry, which is compatible with the sustainable 
connotation.

2. MATERIALS AND METHODS

2.1. Materials

In this study, the Brazilian Pozzolanic Portland 
cement (CEM) (similar to ASTM C 595 Portland 
Pozzolanic) was used, with a density of 3.15 g/cm³, a 
bulk density of 1.04 kg/dm³, a specific surface BET 
of 3.28 m²/g, 27.7 μm and compressive strength of 
30 MPa at 28 days. As a complimentary binder was 
used hydrated lime (HL) of type CH-I (similar to 
ASTM C207-6) with a density of 2.30 g/cm³, bulk 
density of 0.42 kg/dm³, specific surface BET of 6.74 
m²/g and the average diameter of the particles of 
2.77 μm. The use of hydrated lime is justified by its 
beneficial effect on the properties of mortars and 
the reduction of cement consumption, as mentioned 
previously.

Two different aggregates were used in this study: 
river siliceous sand as the NA and recycled sand pro-
duced in a CDW recycling plant located in São José 
do Mipibú (RN, Brazil) as the MRA. The MRA 
was collected from piles stored in the recycling 
plant (Figure 1) and after sieved in the laboratory 
to remove particles larger than 4 mm. The mortar 
and concrete (74.43%), aggregates with a small or 
no amount of mortar adhered (17.64%) and ceramic 
materials (9.32%) were the main constituents of the 
MRA, determined from the manual separation of 
grains retained in the 2.36 mm sieve. Other minor 
components were also present, such as gypsum par-
ticles (0.55%) and other materials (0.05%, styro-
foam, wood, paper, etc.).

Table 1 shows the physical characteristics of 
the studied aggregates. In comparison to the NA, 
the MRA showed a greater fine content (<75 μm), 
greater fineness modulus, greater friability coeffi-
cient, greater water absorption, less apparent spe-
cific gravity and less bulk density. These results are 
similar to those obtained in other studies on the 
characteristics of fine recycled sands from CDW 
(13, 18, 36) and, in general, meet the limits estab-
lished by Standard Brazilian (NBR 15116, 2004) 
and European (UNE-EN 13139:2002).

Figure 1.  Pile of recycled aggregates in a recycling plant. 
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Figure 2 shows the particle size distribution 
of  the studied aggregates, determined according 
to the Brazilian standard NBR NM 248 (2003) 
(Corresponding to UNE-EN 933-1:2006) and the 
influence of  NA replacement by MRA in the sand 
curves. 

The incorporation of the MRA improved the 
grain size distribution of the mixtures due to the 
better distribution of the MRA particle size, which 
justifies the higher uniformity coefficient (Table 1) 
of this aggregate when compared to NA. Similar 
results were obtained in other researches (19, 21), in 
which it was observed that the studied RA presented 
a more adequate particle size distribution than NA.

Figure 3 shows the mineralogical composition 
determined by X-Ray diffraction (XRD) using a 
Shimadzu XRD-6000 instrument with CuKα radia-
tion. The main crystalline phase in both cases was 
quartz (SiO2). 

Calcite (CaCO3) was present only in the MRA. 
Other phases as such as muscovite [KAl2(AlSi3O10)
(F,OH)2], gypsum [CaSO4(H2O)2], kaolinite 
[Al2Si2O5(OH)4], microcline (KAlSi3O8) and albite 
(NaAlSi3O8) were identified at lower intensities in 
the MRA. The identification of  gypsum in MRA 
coincides with the composition of  the RCD, previ-
ously mentioned. RA contaminated with gypsum in 
cementitious materials may degradee the cementi-
tious matrix, due to the formation of  secondary 
ettringite (34). The presence of  quartz and calcite 
in the MRA was also observed by other authors 
(8, 20, 32, 36) and reinforce the results obtained by 
Saiz Martínez et al. (21), where these authors iden-
tified that for the three types of  RA analyzed (con-
crete, ceramic and mixed) the presence of  quartz 
and calcite was preponderant. 

The chemical analyzes of the aggregates were 
performed by X-ray fluorescence (XRF) in the 

TABLE 1.  Physical characterization of the analyzed aggregates.

Characteristic Brazilian standard NA MRA
Limit set by NBR  

15116, (2004)*
Limit set by  

UNE-EN 13139**

Fine content (%) NBR NM 46 (2003) 2.0 8.3 ≤ 20 ≤ 8

Oven-dry particles density (kg/dm3) NBR NM 52 (2009) 2.64 2.52 No limit No limit

Bulk density (kg/dm3) NBR NM 45 (2006) 1.50 1.30 No limit No limit

Fineness modulus NBR NM 248 (2003) 1.37 2.54 No limit No limit

Maximum size (mm) NBR NM 248 (2003) 0.60 4.75 No limit No limit

Water absorption (%) NBR NM 30 (2001) 1.34 6.09 ≤ 17 No limit

Friability coefficient (%) NBR 7218 (2010) 0.23 1.82 2.0 No limit

Bulking coefficient NBR 6467 (2009) 1.33 1.19 - -

Uniformity coefficient (Cu) - 2.60 3.60 - -

* Requirements for MRA used in non-structural concrete.
** Requirements for RA used in mortars.

Figure 2.  Particle size distribution of the natural and 
recycled aggregates. Figure 3.  XRD of the aggregates. 
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EDX-720 equipment Shimadzu, using the semi-
quantitative method and under vacuum atmo-
sphere. The Table 2 shows the chemical analysis of 
the aggregates.

The chemical composition of NA was predomi-
nantly silicon oxide (> 95%). For the MRA, the 
highest levels of silicon oxide (SiO2, 40.40%), cal-
cium oxide (CaO, 29.83%) and aluminum oxide 
(Al2O3, 10.18%). Small quantities of sulfuric oxide 
(SO3, 5.03%) were detected in MRA, which coin-
cided with the mineralogy’s characteristics and com-
position of CDW. Angulo et al. (25) commented 
that the origin of different oxides in RA of CDW 
is associated with several types of silicates that are 
derived from the particles of hardened cement paste 
and natural aggregates, natural rocks, red ceramics, 
etc. This diversity of MRA constituents may influ-
ence the mechanical and durability properties of 
mortars (21).

2.2. Production of mortars

The following criteria were established for the 
manufacture of mortar:

•	 The unit trace in 1:1:6 volume (cement: lime: 
wet aggregate) was defined, commonly used in 
civil construction in Brazil. The NA was repla-
ced in volume by MRA at 0%, 25%, 50%, 75% 
and 100%. Finally, the same trace was conver-
ted to mass with the aggregate in dry condition, 
using its respective bulk densities, bulking coe-
fficients and percentages of substitution the NA 
by MRA, according to Eq. [1]:
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× ×
×
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Where: LH is the volume proportion of hydrated 
lime; %NA e %MRA correspond to the replacement 
percentage of NA and MRA, respectively, in rela-
tion to the aggregate volume in moist condition 
(Vh  =  6);δCEM, δLH, δNA e dMRA, correspond respec-
tively to the bulk density of cement, lime hydrated, 
NA and MRA in kg/dm³; BCNA e BCMRA correspond 
to the bulking coefficients of NA and MRA, 
respectively.

•	 Therefore, five mortars were tested: MRA-100/0 
(reference), MRA-75/25, MRA-50/50, MRA-
25/75 e MRA-0/100;

•	 The consistencies of fresh mortars was kept 
constant at 260 mm in all mixes according to 
the Brazilian standard NBR 13276 (2016) (simi-
lar to ASTM C1329/C1329M, 2016). Thus, 
the ideal water content for mixing the mortars 
was set experimentally to ensure the flow value 
specified.

•	 The following formula [Eqs. 2 to 5] were used to 
calculate the dry mass of each component per 
m³ of mortar produced (Table 3):

C
LH NA MRA w c1 /

CEM
mortar

wt wt wt

ρ=
+ + + +

� [2]

TABLE 2.  X-ray fluorescence of the aggregates.

Aggregates

% oxides (by mass)

SiO2 CaO Al2O3 Fe2O3 SO3 K2O SrO ZrO2 TiO2 Others
NA 95.81 - 2.38 - 0.13 - - - 0.94 0.74

MRA 40.40 29.83 10.18 8.91 5.03 1.57 1.13 0.99 0.76 1.20

TABLE 3.  Mortar mixture proportions.

Mortar type NA/MRA (%)

Proportions (kg/m³)
CEM HL NA MRA Water w/c w/c effective

MRA-100/0 100/0 218.14 88.09 1419.35 0 296.35 1.36 1.27

MRA-75/25 75/25 215.29 86.94 1050.61 360.09 300.12 1.39 1.23

MRA-50/50 50/50 211.46 85.40 687.95 707.38 317.74 1.50 1.26

MRA-25/75 75/25 210.29 84.92 342.07 1055.18 324.24 1.54 1.21

MRA-0/100 100/0 207.84 83.93 0 1390.51 339.13 1.63 1.21

NA/RCA - percentage in volume of natural aggregates/percentage of mixed recycled aggregate.
CEM – Cement; HL – Hydrated Lime.
MRA – Mixed Recycled Aggregate.
NA – Natural Aggregate; w/c – water/cement ratio.
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C C LHLH CEM wt= × 	 [3]

C C NANA CEM wt= × 	 [4]

C C MRAMRA CEM wt= × 	 [5]

Where:CCEM,CLH,CAN and CMRA is the consump-
tion of cement, hydrated lime, NA and MRA in 
Kg/m³ of produced mortar, respectively; ρmortar 
is the bulk density of the fresh mortar determined 
in accordance with the Brazilian standard NBR 
13278 (NBR 13278, 2005) in kg/m³ (see Table 5); 
LH NA e MRA,   wt wt wt correspond to the proportion in kg 
/ kg of hydrated lime, NA and MRA, respectively, 
determinate in Eq. (1); w/c is the water/cement ratio 
in kg/kg.

•	 The mortars were mixed in a standard mechani-
cal mixer according to the procedure described 
by Brazilian Standard (NBR 16541, 2016).

The incorporation of the MRA resulted in a 
linear increase in the content of requested water 
to obtain the same consistency due to higher water 
absorption of these aggregates compared to natural 
sand. The irregular shape and texture of the MRA 

also explain the increase in the w/b ratio when 
using MRA instead of NA. Similar behaviors were 
observed in other studies (2, 13, 15, 18, 20, 32, 34, 
37). The consumption of cement and lime decreases 
slightly with an increase in MRA content, consid-
ering the same volume (1 m³). The reason for this 
decrease is the difference between the specific mass 
of the natural and recycled aggregates. 

2.3. Tests on mortar mixes

During the first 48 hours, the surface of the spec-
imens was protected with a glass plate to avoid evap-
oration of the kneading water. After this period, 
demoulding was carried out, keeping the specimens 
exposed to air and at room temperature of 25±5 
ºC until the ages established for each test. Details 
regarding the specimen size and numbers with the 
applicable standards and curing time for these tests 
are listed in Table 4.

2.4. Statistical analysis

The properties studied were analyzed using a 
univariate analysis of variance to determine if  the 
percentage of NA substitution by MRA had a sta-
tistically significant effect. In addition, the Tukey 

TABLE 4.  Tests performed on mortars and their respective methods and standards.

Properties Brazilian Standard Specimens Curing time

Properties of fresh mortar

Bulk density NBR 13278 (2005)1 4 -

Entrained air content NBR 13278 (2005)2 4

Properties of hardened mortar

Dry bulk density NBR 13280 (2005)3 4 28 days

Flexural strength NBR 13279 (2005)4 4 28, 91,150 days

Compressive strength NBR 13279 (2005)5 8 28, 90, 150 days

Water absorption and porosity NBR 9778 (2009)6 4 28 days

Capillary water absorption NBR 15259 (2005)7 4 28 days

1 Equivalent to EN 1015-6 (1998).
2 Equivalent to EN 1015-7 (1998).
3 Equivalent to EN 1015-10 (1999).
4,5 Equivalent to EN 1015-11 (1999) or ASTM C1314 (2016).
6 Equivalent to EN 1936 (2007); 7 Equivalent to EN 1015-18 (2002).

TABLE 5.  The bulk density of fresh mortar.

Mortar Bulk density (kg/m³) SD (kg/m³) Homogeneous groups*

MRA-100/0 2021.93 2.83 a

MRA-75/25 2013.05 3.50 b

MRA-50/50 2009.92 3.20 b

MRA-25/75 2016.71 2.27 ab

MRA-0/100 2021.41 2.02 a
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Evaluation of the physical-mechanical properties of cement-lime based masonry mortars produced with mixed recycled aggregates • 7

Materiales de Construcción 70 (337), January–March 2020, e210. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2020.02819

test was also performed with Statistica 7.0 software 
(StatSoft Co., USA) for multiple comparisons 
(p  <0.05) to determine which substitution levels 
were significantly different from the others, based 
on the results obtained properties in the fresh and 
hardened state. Homogeneous groups were iden-
tified using columns of lower case letters, charac-
terizing the quantity (order of the means) and the 
relation between them.

3. RESULTS AND DISCUSSION

3.1. Properties of fresh mortar

3.1.1. Bulk density of fresh mortar

The incorporation of the MRA resulted in mor-
tars with lower fresh bulk density (Table 5). From 
a statistical standpoint, the p-value of the F-test 
was less than 0.05 (p-value = 0.0003). Thus, the 
bulk density of the fresh mortar was affected by the 
incorporation of fine MRA. Based on the homoge-
neous groups, no statistically significant differences 
were found between the bulk density of fresh ref-
erence mortar (MRA-100/0) and those produced 
with 75% and 100% replacement (MRA-25/75 and 
MRA-0/100, respectively).

It can be seen in Figure 4 that no linear trend 
of reduction of fresh bulk density with the incor-
poration of MRA, as observed in previous studies 
(15, 18, 38). However, mortars with MRA studied 
showed a slightly higher bulk density as MRA con-
tent increased. This could be due to the higher uni-
formity coefficient of the MRA and the filling effect 
of the voids by the fine particles of this RA, result-
ing in mortars that are more compact. Previous 
studies have shown that the largest number of par-
ticles for the same volume of mortar (15), as well 

as filling voids filled with water by smaller particles 
(<0.15 mm) of the MRA (39) increased the density 
of the fresh mortar.

3.1.2. Entrained air content

The incorporation of the MRA resulted in 
mortars with less amount of entrained air con-
tent (Table 6). The higher amount of fines and the 
greater presence of friable grain of the MRA effec-
tively contribute to decreasing voids in the mixture. 
According to Corinaldesi (35) when larger amounts 
of fine particles (<0.063 mm) are used, the number 
of macropores decreases due to the filler effect and, 
consequently, the volume of occluded air decreases. 
Fernández-Ledesma et al. (38) pointed out that the 
included air content this is not a limiting property in 
masonry mortar and, therefore, a maximum replace-
ment ratio of 100% can be used to ensure proper 
performance in terms of entrained air content.

Statistically, the p-value of the F-test was less than 
0.05 (p-value = 0.0000) and indicates that there were 
significant differences between the values found. 
However, the results obtained in the Tukey test indi-
cated that reference mortars (MRA-100/0) and 25% 
substitution (MRA-75/25) do not have statistically 
significant differences for the entrained air content, 
whereas the other replacement percentages differ.

Although the statistical results indicated dif-
ferences, the entrained air content mean values, 
decreased linearly (R2 = 0.98) as the fine MRA 
content increased (Figure 5), corroborating with 
other researches (18, 38) and contrary to the results 
obtained by Cuenca-Moyano et al. (15). The worst 
performance obtained by these authors in terms 
of embedded air can be attributed to the greater 
amount of RA used and therefore the higher w/b 
ratio used in the manufacture of their mortars when 
compared to this study.

3.2. Properties of hardened mortar

3.2.1 Dry bulk density hardened mortar

Figure 6 shows a linear (R2 = 0.94) decrease of the 
mean values of bulk density of hardened mortar, which 
was due to the lower density of MRA. This behaviour 

Figure 4.  Bulk density of fresh mortar vs. replacement ratio. 

TABLE 6.  Occluded air content.

Mortar
Occluded air 

(%)
SD 
(%)

Homogeneous  
groups*

MRA-100/0 6.34 0.52 a

MRA-75/25 5.77 0.65 a

MRA-50/50 4,15 0.60 b

MRA-25/75 2.85 0.43 c

MRA-0/100 1.13 0.23 d
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was also observed in previous studies (13, 15, 18, 38). 
The reason for the lower dry bulk density obtained by 
Andrade et al. (13), Ledesma et al. (18) and Fernández-
Ledesma et al. (38) is the same as that for the decrease 
of the fresh bulk density, that is, the lower density of the 
RA used contributes to the observed decrease. In addi-
tion to the lower density of RA, the results obtained 
by Cuenca-Moyano et al. (15) can be attributed to the 
higher w/b ratios used in the mixes.

The p-value of the F-test was less than 0.05 
(p-value = 0.0001), which indicates that the percent-
age of NA replacement by MRA had a significant 
effect on this property. Table 7 shows that three 
homogeneous groups were identified in the multiple 
range tests. The results showed that there were no 
statistically significant differences between the mean 
values of mixes with replacement ratios below 50%.

3.2.2. Compression strengths and flexural strengths

The compressive and flexural strengths were mea-
sured at various cure times: 28, 91 and 150 days. The 
results can be seen in Table 8 and Figure 7. Figure 7 
shows the evolution over time of the values of the com-
pressive and flexural strengths for all types of mortar 
tested, similar results were also observed by Ledesma 
et al. (18) and Fernández-Ledesma et al. (38). 

According to EN 998-2:2010, masonry mortars 
can be classified according to their compressive 
strength at 28 days, ranging from 1 MPa to 20 MPa 
(i.e., M1, M2.5, M5, M10, M15 and M20). Thus, 
the mortars studied belong to class M5. Comparing 
these results with the compressive strength classes 
proposed in EN 998-1:2010, all mortars with MRA 
belong to the classes CS III and CS IV, which are 
able for most applications. In terms of compressive 
strength, these results demonstrate that is it reason-
ably easy to manufacture masonry mortars contain-
ing RA, as per EN 998-2:2010.

Figure 8 compares the results of the compres-
sive strength at 28 days cure with those obtained 
by Andrade et al. (13), Cuenca-Moyano et al. (15), 
Ledesma et al. (18) and Fernández-Ledesma et al. 
(38). The mechanical strength of the studied mor-
tars increases linearly (R² = 0.86) as the MRA is 
incorporated, being, therefore, contrary to the 
results obtained by these authors. However, in gen-
eral, these results are consistent with previous works 
(22, 39, 40).

Although MRA produced mortars have higher 
water consumption and lower cement consump-
tion, the increase in compressive strength observed 
(Figure 7 and 8) can be explained in three different 
ways: (i) the higher amount of very fine particles 
(<0.075 mm) of MRA and consequently its greater 
specific surface area (10, 15, 34, 40), provides a filler 
effect and makes mortars more compact and there-
fore more resistant; (ii) the higher coefficient of 
uniformity of the MRA gives greater compactness 
to the mixture, also contributing to increasing the 
mechanical strength; and (iii) the various pozzolanic 
reactions between the various phases that constitute 
this type of recycled material or the latent hydrau-
licity of the cementitious particles (32, 41) can also 
explain this behaviour.

Figure 5.  Entrained air content vs. replacement ratio. 

TABLE 7.  Dry bulk density hardened mortar.

Mortar
Dry bulk 

density (kg/m³)
SD  

(kg/m³)
Homogeneous 

groups

MRA-100/0 1823.23 9.6 a

MRA-75/25 1822.21 7.1 a

MRA-50/50 1796.72 19.2 ab

MRA-25/75 1788.54 11.0 bc

MRA-0/100 1766.61 8.6 c

Figure 6.  Dry bulk density vs. replacement ratio.
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In the case of the flexural strength, the same behav-
iour of the compressive strength was observed, that 
is, with the increase of the substitution, the flexural 
strength increases. These results are consistent with 
those obtained by Andrade et al. (13) up to 75% sub-
stitution levels; and contrary to those obtained in other 
studies (15, 18, 38), as can be observed Figure 9. The 
greatest flexural strength obtained in this research are 
due to the better physical adhesion between the matrix 
and the MRA, as well to its angular shape. This behav-
iour is important since the flexural strength may be 
related to the susceptibility to cracking and adhesive 
strength of rendering mortars (34).

Other effects may overlap and justify the increase 
in mechanical strength of mortars produced with 
MRA as such as (i) MRA absorbs free water during 
mixing, resulting in a reduction of the w/c ratio of 
the transition zone (15); (ii) excess water becomes 

available for better cement hydration (10); e (iii) the 
larger specific area of the MRA, as well as its elon-
gated/flattened shape, improve the transition zone 
between the matrix and MRA (10, 14, 15, 34, 40).

From the analysis of the XRD diagrams per-
formed on the hardened mortars (Figure 10), the 
presence of gismondine in mortars with 100% MRA 
was identified due the higher percentage of Al2O3 
oxide and the aluminate phases (muscovite, kaolin-
ite, microcline and albite) present of the MRA. 
These greater amount of aluminates becomes avail-
able in the system to transform calcium hydrox-
ide into gismondine (42). Gismondine (crystalline 
phase of Calcium Aluminosilicate Hydrate, CASH) 
is a type of thermodynamically stable hydration 
product from the pozzolan reaction and it can be 
precipitated at room temperature from the reaction 
of C2S or calcium hydrous silicate (CSH) with AH3 

TABLE 8.  Compressive strength of hardened mortar.

Mortar 28 days (MPa) SD (MPa) 91 days (MPa) SD (MPa) 150 days (MPa) SD (MPa)

Compressive strength

MRA-100/0 6.66 0.27 9.53 0.70 10.77 1.19

MRA-75/25 7.54 0.09 10.55 0.12 11.17 0.40

MRA-50/50 7.60 0.32 10.99 1.63 12.70 1.19

MRA-25/75 7.71 0.21 11.24 1.62 12.99 1.51

MRA-0/100 8.58 0.25 11.46 0.18 15.07 1.90

Flexural strength

MRA-100/0 2.33 0.11 4.44 1.70 6.13 0.29

MRA-75/25 2.40 0.06 6.67 0.56 7.18 0.91

MRA-50/50 2.47 0.28 6.90 0.56 7.32 0.19

MRA-25/75 2.51 0.07 7.24 0.28 7.68 0.10

MRA-0/100 2.73 0.15 7.35 0.38 7.74 0.57

Figure 7.  Compressive and flexural strength of hardened 
mortar over time. 

Figure 8.  Compressive strength of hardened mortar at 28 
days vs. replacement ratio. 
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released or other calcium aluminate in the hydration 
process (43).

The increase of the chain of the compound of 
CASH also contributes to the densification of the 
matrix (44) and, consequently, to the mechani-
cal strength of cementitious composites (45). This, 
therefore, also justifies the increase in the mechani-
cal strength of the mortars with incorporation of 
100% MRA.

These results confirmed that the addition of 
MRA does not have a negative effect on the mechan-
ical strength of mortars. However, it is important 
to highlight that more resistant mortars are more 
prone to the appearance of cracking. The cracks 
may allow the entrance of water and other external 
agents in the masonry wall. This can contribute to 

the occurrence of pathological manifestations, such 
as proliferation of fungi and mold and, in more 
extreme cases, causing detachments (34).

Table 9 shows that the p-value of the F-test indi-
cated that there is a statistically significant difference 
between the mean values of compressive strength (at 
28 and 150 days) and at flexural (at 91 days), from a 
replacement level for the other p-value <0.05.

In relation to the multiple-range test, it was 
observed that- at 28 days- there is no statistically sig-
nificant difference between the compressive strength 
of mortar with 25, 50 and 75% of substitution. For 
flexural strength, all mortars are statistically the 
same regardless of the level of substitution. At 91 
days: there is no statistically significant difference 
between the strengths to compression, regardless of 
the replacement level. On the other hand, for flexural 
strength, the test showed that between substitutions 
of 25 to 75% there are no statistically significant dif-
ferences. At 150 days: there is no difference between 
the values of the compressive strength of the mortar 
with up to 75% of substitution. The flexural strength 
did not present statistically significant differences 
when increasing the substitution of NA by MRA.

3.2.3. Water absorption and porosity

The mortars produced with MRA absorb a 
greater amount of water and, therefore, are more 
porous (Figure 11). These results are in agreement 
with those obtained in previous studies (13, 14, 24) 
and confirm that the high porosity of RA produces 
mortars with higher porosity in the hardened state.

The reason for the higher water absorption and 
porosity of mortars studied by Andrade et al. (13) 

Figure 9.  Flexural strength of hardened mortar at 28 days 
vs. replacement ratio. 

Figure 10.  XRD of the mortars at 28 days of cure. 

TABLE 9.  Homogeneous groups for resistance to 
compression and bending of the mortars by curing time.

Mortar

Homogeneous groups

28 days 91 days 150 days

Compressive strength

MRA-100/0 c a b

MRA-75/25 b a b

MRA-50/50 b a ab

MRA-25/75 b a ab

MRA-0/100 a a a

p-value 0.0000 0.1008 0.0009

Flexural strength

MRA-100/0 a b a

MRA-75/25 a ab a

MRA-50/50 a ab a

MRA-25/75 a ab a

MRA-0/100 a a a

p-value 0.1790 0.0398 0.0692
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is possibly due to the lower hardened bulk den-
sity since usually, a lightweight mortar has higher 
pore volume. Others researches (15, 18, 38) did not 
include this property in their studies. 

Corinaldesi and Moriconi (14) mentioned that 
mortars produced with RA of CDW have higher open 
porosity due to the inherent porosity of these materials. 

For all mortars and for the two analyzed prop-
erties (absorption and porosity), the p-value of the 
F-test was less than 0.05 (p-value = 0.0000). Thus, 
the substitution percentage had a significant effect 
on the water absorption and porosity of the mor-
tars. Table 10 shows the homogeneous groups iden-
tified in a multiple-range test. For water absorption, 
reference mortar (MRA-100/0) and with 25% of 
MRA (MRA-75/25) are statically equals; as well as 
mortars with 50 and 75% MRA (MRA-50/50 and 
MRA-25/75, respectively).

However, for the porosity the test indicated that 
mortars produced with MRA differ from the refer-
ence mortar (MRA-100/0) and those with substitu-
tion percentages of 25, 50 and 75% do not differ 
among them.

3.2.4. Capillary water absorption

Figure 12 shows that MRA produced mortars 
absorbed less water by capillarity as NA is replaced 
by MRA, contrary to the results of other studies (18, 
38) and the results of water absorption by immer-
sion and porosity (Figure 11). The results obtained 
in this study resemble those obtained by Cuenca-
Moyano et al. (15), although a linear decrease (R² = 
0.89) in capillary absorption was not observed as the 
MRA was replaced.

Although it seems contradictory, since the MRA 
has high water absorption, this behaviour is justi-
fied by the greater compaction of the mortars, result 
of the physical effect of micro-filling of the voids 
by the fines of these aggregates. Similar results were 
obtained by other researchers (19, 22, 32, 34, 40). 
It is also verified that other factors may have con-
tributed to this performance as such as (i) limitation 
of water percolation due to the more angular and 
lamellar shape of the MRA; (ii) better hydration of 
the cement due to the release of the water absorbed 
during mixing in the internal structure of the 

Figure 11.  (a) Water absorption by immersion and (b) porosity of hardened mortar. 

TABLE 10.  Water absorption and porosity of hardened mortar.

Mortar
Water  

absorption (%) SD (%)
Homogeneous  

groups Porosity (%) SD (%)
Homogeneous  

groups

MRA-100/0 15.46 0.05 cd 28.13 0.11 c

MRA-75/25 14.94 0.78 d 26.90 1.19 bc

MRA-50/50 16.15 0.64 bc 28.44 0.97 bc

MRA-25/75 16.92 0.06 b 29.55 0.14 b

MRA-0/100 18.34 0.17 a 31.46 0.30 a
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mortars (46) and (iii) the presence of cement with 
a high degree of hydration that possibly has lower 
porosity than the matrix itself  (22). These observa-
tions are important, since capillary absorption is 
indirectly related to the durability of cementitious 
materials (34) and, therefore, a lower water absorp-
tion by capillarity suggests more durable render-
ing mortars when exposed to the action of external 
agents. 

From a statistical standpoint, it was observed 
that the substitution percentage has a significant 
effect on capillary absorption, considering that the 
p-value of the F-test was less than 0.05 (p-value 
= 0.0001). The multiple range tests indicated that 
there are no statistically significant differences 
between mortars with 25% to 100% NA replace-
ment by MRA (Table 11). Fernández-Ledesma et al. 
(38) did not find differences statistically significant 
differences for percentages of substitution inferior 
to 75%. Jiménez et al. (32), in turn, found no major 
differences in this property with replacement rates 
of up to 40%.

4. CONCLUSIONS

The use of mixed recycled aggregate (MRA) of 
construction and demolition waste (CDW) as a 
replacement for the natural aggregate (NA) for the 
production of masonry mortar was investigated in 
this work. Some important aspects of this investiga-
tion can be highlighted: (i) the use of MRA obtained 
from recycling plant; b) RA in natural condition, 
that is, as it is produced in the plant, without any 
previous treatment; c) use of the hydrated lime to 
improve the properties of mortars and decrease 
of cement consumption; d) use of procedures 
similar to those used in civil construction practice. 

The following conclusions can be drawn from this 
research:

•	 Mortar produced with MRA obtained ade-
quate properties and even improved physical and 
mechanical properties compared to mortars made 
with NA. This improvement was due both to the 
adequate distribution of the grain size and to the 
greater content of fines present in the MRA.

•	 The higher content fines and friability particles 
of MRA contributed to the increase in fresh 
density and the reduction of the incorporated 
air content. On the other hand, the hardened 
bulk density decreases linearly as the MRA con-
tent increased due to the lower density of this 
aggregate.

•	 All the mortars studied showed an increase 
in their mechanical resistance over the cure 
time. The mean values ​​of  the compressive and 
flexural strengths increased linearly with the 
increase in MRA content, which confirms 
that the incorporation of  MRA does not 
negatively affected on the mechanical strength 
of  mortars.

•	  The incorporation of the MRA results in the 
production of mortars with greater capacity of 
water absorption and greater porosity. However, 
capillary absorption decreases as the amount of 
MRA increases. 

From the results obtained, it can be observed that 
the use of the mixed fraction of CDW as a fine RA 
in cement-lime mortars is a viable alternative that 
improves most of the physical-mechanical properties 
of mortars. However, it is important to note that these 
conclusions are valid only for mixed recycled aggre-
gates with adequate distribution of particle size and 
for a greater presence of fine particles (<0.15 mm). 
The replacement contributed to reducing the envi-
ronmental impacts of waste generation and of the 
used abusive of natural resources. Therefore, it is 
expected that this research will contribute to the dif-
fusion of the use of aggregates produced in CDW 
recycling plants by the construction industry, and, 
consequently, to reduce environmental impacts and 
achieve sustainable built environments.

Figure. 12.  Water absorption due to capillary of hardened 
mortar at 28 days vs. replacement ratio.

TABLE 11.  Water absorption due to capillary  
of hardened mortar.

Mortar Capillary  
coefficient  

(kg/m².min0.5)

SD  
(kg/m².min0.5)

Homogeneous 
groups

MRA-100/0 1.12 0.07 a

MRA-75/25 0.80 0.05 b

MRA-50/50 0.87 0.04 b

MRA-25/75 0.79 0.06 b

MRA-0/100 0.73 0.12 b
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