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Abstract: The incorporation of wastes in new materials and products is an emerging trend, reducing
virgin materials’ consumption and landfill deposition and the associated environmental impacts.
Cement-based mortars can encapsulate some wastes, with the benefits stated above. In three previous
researches, it was found that forest biomass bottom ashes (up to 15% by volume of cement), powder
of sanitary ware (up to 20% by volume of sand) and sanitary ware particles above 2 mm (100%
by volume of sand) can be incorporated in rendering mortars, replacing cement or sand. Several
tests were performed, and it was found that each waste’s incorporation presents advantages and
limitations, when compared with a reference mortar. In this research, the aim was to take advantage of
the best features of each waste, combining them in order to optimize the new mortars’ characteristics.
Therefore, mortars with one, two and three wastes were analysed in this research. The ternary mix
mortar had a volume of wastes equal to 83%, resulting in a mortar with 15% less cement (by volume)
and without any natural aggregate (all replaced with the sanitary ware wastes). The fresh, water and
mechanical behaviour of the mortars with and without wastes are presented in this research. It was
concluded that it is possible to take advantage of the best features of each waste and achieve mortars
simultaneously with high volume of wastes and a better performance than the reference mortar
(without wastes).
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1. Introduction

In 2016, the total weight of wastes generated by the EU-28 amounted to 2538 million tonnes [1].
Construction and demolition waste represented 36% of the total wastes generated [1] and was still the
most pollutant sector. It was also responsible for producing materials that have great impacts on the
environment, such as cement. According to the European Cement Association, one tonne of CEM II
produced releases 738 kg of CO2 into the atmosphere [2].

According to the European Commission [3], the long-term goal of Europe is to become a recycling
society, avoiding waste production and using wastes (the ones that are unavoidable) as raw materials
whenever possible, thus minimizing the extraction of additional natural resources. In order to achieve
the aims proposed, Directive 2008/98/CE of the EU set up a minimum rate of reuse, recycling or other
material recovery [4], 70% (by weight) for construction and demolition waste.

The encapsulation of wastes in hydraulic materials, such as cement-based mortars, is a possible
solution for the wastes’ management [5–21].

The incorporation of wastes, replacing the original constituents of the mortars (natural aggregate
or cement), can improve some characteristics of the mortars, and consequently improve their technical
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performance. The authors of this research, as well as others [6,14–20,22–26], have been studying
the incorporation of wastes in cement-based mortars, namely render mortars and found that the
incorporation of wastes is responsible for modifying some properties of the mortars, improving some
properties and compromising others.

In three previous researches [5,6,14] from the authors of this research, the incorporation of three
wastes in rendering mortars was analysed: forest biomass ashes, sanitary ware waste powder and
sanitary ware waste fine aggregates. The main advantages and limitations of each waste are summed
up next.

The incorporation of forest biomass bottom ashes (FBA) in mortars significantly improves
the environmental benefits of the mortars [27], since it reduces the volume of cement content.
The encapsulation of biomass ashes in cement-based mortars also reduces the environmental impacts
of landfill, since the cement matrix is responsible for a reduction of release of elements such as
arsenic (As), chromium (Cr) and molybdenum (Mo), when compared with the release of pure biomass
ashes [28]. In a previous research, it was found that the replacement of CEM II/B-L 32.5 N at 15% (by
volume) with forest biomass bottom ashes resulted in mortars with lower CO2 emissions, by about 13%,
when compared with a reference mortar [27]. Technically, it was found that the replacement of cement
with FBA produced weaker and slightly more water-absorbent mortars, but also more deformable and
ductile [14], which are considered advantages in rendering mortars. A decrease of mechanical strength
was also found by other researchers [29,30].

In another research [6], it was found by the authors that the incorporation of sanitary ware powder
(SWP) waste in rendering mortars resulted in stronger and less permeable mortars, which agrees
with the findings of other researchers [31]. The mortars presented high flexural and compressive
strengths [6,31]. The increments of strength at 28 days were 250% and 227%, respectively, for flexural
and compressive strength [6], relative to the reference (REF) mortar. The water permeability (by
capillarity) was reduced in the first minutes by 30%, relative to the EF [6]. However, the incorporation
of this type of waste (as powder) was noticed to be detrimental to the mortars’ deformability, which
led to higher susceptibility to micro-cracking [6]. This was responsible for a reduction of strength over
time. At 90 days, the flexural strength was reduced by about 48% and the compressive strength by
about 36% [6]. In render applications, susceptibility to cracking is a huge disadvantage because it is
responsible for a degradation of the aesthetical global appearance of the surfaces [32], an increment of
water permeability and potentially the appearance of other anomalies such as bio-colonization.

On the other hand, it was also noticed in other research [5] that sanitary ware fines (SWF) waste can
be incorporated in mortars, replacing with equal size particles natural aggregate at 100%, and present
a good technical performance [5]. The angular shape of SW resulted in stronger mortars, with higher
flexural strengths. Other researchers also found higher compressive strengths [33,34]. The increment of
this strength at 90 days was almost 30%, relative to a reference mortar [5]. The modulus of elasticity was
reduced by the incorporation of the waste (by 28%, at 90 days), which indicates better deformability,
relative to a reference mortar [5]. The main disadvantage of the incorporation of this waste was an
increase of water absorption. The use of SWF waste instead of natural aggregate also resulted in more
permeable mortars [5].

Thus, the incorporation of FBA, SWP or SWF in rendering mortars presents some advantages and
limitations, relative to a reference mortar. In previous researches, these trends were identified [5,6,14].
In order to fine-tune the global performance of the mortars for current use, the authors combined
these wastes in mortars in order to take advantage of the best features of each one, maximising the
advantages and limiting the disadvantages, simultaneously increasing the global volume of wastes
incorporated. The benefits of high volume of wastes incorporated in terms of environmental impacts,
were evaluated in a previous research [27] by a life cycle assessment (cradle-to-gate). It was noticed
that the combination of FBA, SWP and SWF resulted in a mortar with less impact in terms of global
warming potential, abiotic depletion potential, acidification potential and eutrophication potential.
The reduction of CO2 emissions was 14%, when compared with the reference mortar.
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In this research, the wastes were combined first two-by-two and then all together. The combination
of the three wastes represented a volume of wastes of 83%.

2. Materials, Methodology and Methods

2.1. Materials

Silica sand was used as natural aggregate and Portland cement CEM II/B-L 32.5 N (from Secil
manufacturer, Portugal) was used as a binder. Three wastes were also incorporated in the mortars:
sanitary ware powder (SWP), sanitary ware fines (SWF) and forest biomass ashes (FBA). SWP replaced
sand at 20%, SWF replaced sand at 100% and FBA replaced CEM II at 15%, all by volume.

The sanitary ware was provided by a Portuguese producer of sanitary ware pieces. These ceramics
include toilets, washbasins and bidet pieces. The sanitary ware waste was provided in sizes up to
10 cm. Therefore, the waste had to go through a treatment process before its application in mortars.
The wastes were crushed in a jaw crusher and a roll mill to reduce their size. Only particles lower than
149 µm were used as powder waste (SWP). The SWF particles were lower than 2 mm.

The forest biomass bottom ashes were provided by a Portuguese power generation station that
produces energy by burning forest residues. The wastes already came as ashes and did not go through
a treatment process before their application in mortars.

Seven mortars were analysed in this research: a reference mortar (without wastes), three mortars
with one waste only (SWP, SWF or FBA waste), two mortars with a combination of two wastes,
SWF+FBA (83% of wastes incorporated) and SWP+FBA (19% of wastes incorporated) and a mortar
with all wastes SWF+SWP+FBA (83% of wastes incorporated). All mortars had a volumetric ratio of
binder to aggregates of 1:4.

2.2. Methodology and Methods

The technical performance of the mortars was analysed through their fresh, water and
mechanical behaviour.

The fresh behaviour of the mortars was analysed according to their workability and bulk density.
Workability is one of the most important fresh-state characteristics of rendering mortars. Without
a proper workability, mortars cannot be applied on a vertical façade, covering the irregularities of
the substrate. Workability was measured by the consistency through the flow table test performed
according to the European Standard EN 1015-3 [35], for which three samples per mortar were tested.
The consistency was maintained at 165 ± 11 mm for all mortars, guaranteeing they all had a similar
workability. The water/binder (w/b) ratio was made to depend on the consistency table value. The bulk
density was evaluated according to the French Standard Cahier 2669-4 [36], for which three samples
per mortar were tested.

The water behaviour of the mortars was evaluated through their capillarity-water absorption and
drying curves. The velocity of water absorption and the volume of absorbed water are indicative of the
water behaviour of the mortars. The water absorption by capillarity test was performed according to
the European Standard EN 1015-18 [37]. After absorbing a given volume of water, a mortar should be
able to release it whenever the climate conditions allow. Thus, in order to complement knowledge on
the water behaviour of the mortars, their drying curves were also analysed in this research. The drying
test was performed according to the European Standard EN 16322 [38]. In both tests, three samples per
mortar were used.

The mechanical behaviour of the mortars was analysed through their deformability and flexural
and compressive strengths. Rendering mortars in general are more often subjected to tensile stresses,
namely due to thermal or humidity variations, movements of the substrate or the formation of ice and
salts crystallization in their pores. Tensile strength was evaluated through the flexural strength test,
performed according to the European Standard 1015-11 [39]. Compressive strength gives an overall
idea about the mechanical strength of the renders and, in this sense, was also evaluated. Compressive
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strength was evaluated according to the European Standard 1015-11 [39]. In the flexural strength test,
three prismatic specimens per mortar were used except for the FBA mortar for which six prismatic
specimens were used and, in the compressive strength test, six (or twelve in the case of the FBA mortars)
semi-prismatic specimens, resulting from the previous ones, were tested. The deformability of the
mortars was analysed through the modulus of elasticity by frequency of resonance test, performed
according to the European Standard 14146 [40]. Three samples per mortar were analysed.

3. Results and Discussion

3.1. Fresh Behaviour

It was noticed that the incorporation of sanitary ware waste as a filler improved the workability
of the resulting mortar (SWP mortar), allowing a decrease of the w/b ratio from 1.3 to 0.9 for similar
consistency, when compared with the REF mortar (Table 1). The SWP waste filled the voids between the
particles of sand, thus decreasing the water needs of the mortars [6]. On the contrary, the SWF and FBA
wastes were responsible for a slight reduction of the mortars’ workability. These mortars presented a
w/b ratio of 1.4, which corresponded to an increase of 8% in comparison with REF’s [5] [14]. In relation
to the SWF mortar, the increment of water needs was related to their angular shape. This shape is
responsible for an increase of specific surface area, in comparison with the more spherical particles of
sand and, consequently, for a higher volume of water needed to lubricate the particles.

Table 1. Fresh state tests results.

MORTARS
REF SWF SWP FBA SWF +FBA SWP+FBA SWF+SWP+FBA

Consistency (mm) 161.2 ± 1.8 174.5 ± 6.4 175.5 ± 0.7 167.2 ± 3.1 158.2 ± 2.3 161.3 ± 0.8 169.2 ± 0.8
W/b ratio 1.3 1.4 0.9 1.4 1.5 1.1 1.2
Bulk density (kg/m3) 1975 ± 7 1780 ± 25 2064 ± 9 2045 ± 17 1794 ± 8 2042 ± 4 1886 ± 8
Reference - [5] [6] [14] - - -

When SWF and FBA were combined in a single mortar (SWF+FBA), the negative effects of both
wastes on workability were combined, resulting in a w/b ratio of 1.5, which was higher than REF’s
by 15%. When SWP was combined with FBA in the SWP+FBA mortar, a reduction of w/b ratio was
possible (meaning an improvement of workability), in comparison with the REF mortar. Similarly,
when SWP was combined with SWF and FBA in the SWF+SWP+FBA mortar, the negative effects of
SWF and FBA on workability were offset by the benefits of SWP and the SWF+SWP+FBA mortar
presented a better workability than that of the REF mortar. The mortar presented a w/b ratio 8% lower
than that of the REF mortar, for similar consistency.

In conclusion, SWP+FBA and SWF+SWP+FBA mortars presented improvements in workability,
which was due to the SWP waste, i.e., the filler was able to compensate for the negative effects of SWF
or FBA on this fresh-state property.

Concerning bulk density, the incorporation of sanitary ware as an aggregate (SWF) or as a filler
(SWP) led to a completely different behaviour. Filler incorporation, due to a filler effect, increased the
bulk density of the mortars. Aggregate incorporation, on the other hand, was responsible for a reduction
of bulk density. The FBA waste also increased the bulk density of the mortars. The combination of
these wastes in a single mortar (SWF+SWP+FBA) resulted in a lower bulk density, 5% lower than
REF’s. The value obtained was an intermediate value between the ones presented by the SWF and
SWP mortars. Nevertheless, the differences between bulk densities were noticed to be slight, all the
mortars presenting in fact similar values, not compromising this fresh-state characteristic.

3.2. Water Behaviour

The water absorption curves of the mortars under analysis at 28 days and 365 days are presented
in Figure 1. The initial water absorption rate was analysed through the slope of the first straight
line segment of the water absorption curve. This slope corresponds to the capillary coefficient that
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was measured for all mortars and it is presented in Table 2. Of all the mortars presented, the ones
that contained SWP waste were the ones with lower slope and therefore lower capillary coefficients
(Table 2). On the contrary, the SWF waste was responsible for an increase of this coefficient.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 11 

The water absorption curves of the mortars under analysis at 28 days and 365 days are presented 

in Figure 1. The initial water absorption rate was analysed through the slope of the first straight line 

segment of the water absorption curve. This slope corresponds to the capillary coefficient that was 

measured for all mortars and it is presented in Table 2. Of all the mortars presented, the ones that 

contained SWP waste were the ones with lower slope and therefore lower capillary coefficients (Table 

2). On the contrary, the SWF waste was responsible for an increase of this coefficient. 

  

Figure 1. Water absorption curves at 28 days (a) and 365 days (b). 

The SWP+FBA mortar presented a capillary coefficient of 0.89 and 1.11 kg/(m2.min0.5), respec-

tively, at 28 and 90 days, which correspond to a reduction of this coefficient by about 39% and 28%, 

relative to the REF mortar. 

Table 2. Water absorption and open porosity test results. 

TEST Days 

MORTARS 

REF SWF SWP FBA SWF+FBA SWP+FBA 
SWF+SWP+F

BA 

Capillary 

coefficient 

(kg/(m2.min0

.5)) 

28 1.45 ± 0.03 1.58 ± 0.10 0.78 ± 0.01 1.50 ± 0.10 2.03 ± 0.10 0.89 ± 0.12 1.25 ± 0.07 

365 1.55 ± 0.07 - - 1.70 ± 0.01 1.90 ± 0.09 1.11 ± 0.05 1.33 ± 0.05 

Total water 

absorption 

(kg/m2) 

28 
17.31 ± 

0.13 

21.14 ± 

0.77 

24.07 ± 

0.44 
17.65 ± 0.48 23.94 ± 0.52 16.14 ± 0.54 19.57 ± 0.23 

365 
17.47 ± 

0.31 
- - 18.00 ± 0.28 23.53 ± 0.80 16.79 ± 0.36 19.87 ± 0.22 

Open poros-

ity (%) 

28 24.3 ± 0.3 29.7 ± 0.5 19.3±0.3 23.5 ± 0.5 30.6 ± 0.2 20.9 ± 0.5 25.7 ± 0.2 

365 23.6 ± 0.3 - - 24.0 ± 0.2 29.3 ± 0.4 21.2 ± 0.3 26.5 ± 0.4 

Drying rate 

First phase 

(kg/(m2.h)) 

28 0.10 0.14 0.17 0.18 0.07 0.09 0.18 

365 0.22 - - 0.09 0.15 0.13 0.26 

Drying rate 

Second 

phase 

(kg/(m2.h0.5)) 

28 0.76 2.03 0.96 0.92 1.13 0.73 0.54 

365 1.42 - - 1.33 1.75 1.11 1.25 

Drying rate 

Third phase 

(kg/(m2.h0.5)) 

28 0.24 0.26 0.13 0.32 0.22 0.17 0.16 

365 0.19 - - 0.21 0.22 0.18 0.21 

Drying in-

dex 

28 0.25 0.28 0.34 0.16 0.22 0.33 0.53 

365 0.09 - - 0.09 0.08 0.10 0.23 

(a) (b) 

Figure 1. Water absorption curves at 28 days (a) and 365 days (b).

The SWP+FBA mortar presented a capillary coefficient of 0.89 and 1.11 kg/(m2.min0.5), respectively,
at 28 and 90 days, which correspond to a reduction of this coefficient by about 39% and 28%, relative to
the REF mortar.

When SWF and FBA were combined, the capillary coefficient achieved a value of about
2 kg/(m2.min0.5), which is considered high for this coefficient, corresponding to twice the value
of the SWP + FBA mortar. The addition of SWP to SWF+FBA, which results in the SWF+SWP+FBA
mortar, was responsible for a decrease in the capillary coefficient. The value obtained was 1.25 and
1.33 kg/(m2.min0.5), at 28 days and 365 days, respectively. These values were lower than the ones
presented by the REF mortar, by about 14%. Thus, the SWF+SWP+FBA mortar absorbed less water
in the first minutes of the test, meaning that this mortar absorbs water slower than REF’s. In a real
application, the mortar would take more time to absorb water than REF’s.

Concerning total absorption, only the SWP+FBA mortar showed an absorption lower than REF’s.
SWF+FBA and the SWF+SWP+FBA presented higher increments of water. The SWF+SWP+FBA
mortar presented an absorption higher than the one presented by the REF mortar, by about 13%.
The mortar took longer to absorb water but over time it absorbed a greater amount of water than REF’s.
The incorporation of SWP into the SWF+FBA mortar reduced the volume of water absorbed, but not
enough to be smaller than REF’s. Thus, the negative effects of SWF and FBA were predominant over
the benefits of the SWP waste.

The mechanism of the SWF+SWP+FBA mortar’s absorption is explained by its porosity.
This mortar has a larger volume of pores within the capillary range, and that is why it absorbs
a greater amount of water. However, the diameter of these pores is probably smaller than REF’s, which
explains the slower absorption of water. In order to evaluate the porosity of the mortars, the open
porosity test was performed (Table 2). The open porosity test showed that SWF+SWP+FBA presented
a porosity higher than REF’s from 28 days until 365 days. The open porosity of SWF+SWP+FBA was
about 26% while that of the REF mortar was between 24% and 25%, depending on age.

The porosity of the mortars influenced not only their water absorption behaviour but also their
drying behaviour. Water drying was analysed over time from the loss of water curves.

In Figure 2, the drying curves of the mortars at 28 days and 365 days are presented. From the curves
three different drying phases were identified, which correspond to the mechanism of water transport
(liquid, vapour or mixed transport) until achieving the surface of the specimens and evaporating.
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Table 2. Water absorption and open porosity test results.

TEST Days
MORTARS
REF SWF SWP FBA SWF+FBA SWP+FBA SWF+SWP+FBA

Capillary coefficient (kg/(m2
·min0.5))

28 1.45 ± 0.03 1.58 ± 0.10 0.78 ± 0.01 1.50 ± 0.10 2.03 ± 0.10 0.89 ± 0.12 1.25 ± 0.07
365 1.55 ± 0.07 - - 1.70 ± 0.01 1.90 ± 0.09 1.11 ± 0.05 1.33 ± 0.05

Total water absorption (kg/m2)
28 17.31 ± 0.13 21.14 ± 0.77 24.07 ± 0.44 17.65 ± 0.48 23.94 ± 0.52 16.14 ± 0.54 19.57 ± 0.23
365 17.47 ± 0.31 - - 18.00 ± 0.28 23.53 ± 0.80 16.79 ± 0.36 19.87 ± 0.22

Open porosity (%) 28 24.3 ± 0.3 29.7 ± 0.5 19.3±0.3 23.5 ± 0.5 30.6 ± 0.2 20.9 ± 0.5 25.7 ± 0.2
365 23.6 ± 0.3 - - 24.0 ± 0.2 29.3 ± 0.4 21.2 ± 0.3 26.5 ± 0.4

Drying rate
First phase (kg/(m2

·h))
28 0.10 0.14 0.17 0.18 0.07 0.09 0.18
365 0.22 - - 0.09 0.15 0.13 0.26

Drying rate
Second phase (kg/(m2

·h0.5))
28 0.76 2.03 0.96 0.92 1.13 0.73 0.54
365 1.42 - - 1.33 1.75 1.11 1.25

Drying rate
Third phase (kg/(m2

·h0.5))
28 0.24 0.26 0.13 0.32 0.22 0.17 0.16
365 0.19 - - 0.21 0.22 0.18 0.21

Drying index
28 0.25 0.28 0.34 0.16 0.22 0.33 0.53
365 0.09 - - 0.09 0.08 0.10 0.23

Reference - [5] [6] [14] - - -
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Figure 2 shows that the drying behaviour differed from 28 to 365 days. At early ages, a major
difference between the mortars was noticed. At 365 days, the behaviour was similar for all the mortars.

At 28 days, the ternary mix mortar (SWF+SWP+FBA) present the worst drying behaviour. It was
noticed that the mortar presented a higher drying rate in the first phase (liquid transport) and lower
drying rates in the remaining phases (mixed transport—predominantly liquid or predominantly in
vapour). From the drying index, which gives a general idea about the drying behaviour, the mortar had
more difficulty in drying than the REF mortar, at both ages analysed (Table 2). The incorporation of SWP
waste in the SWF+FBA mortar was responsible for a reduction of the pores’ diameter, which resulted
in slower water absorption, which is favourable in rendering mortars. However, whenever this mortar
absorbs a considerable volume of water it has more difficulty in releasing that same amount than a
render mortar without wastes (REF mortar). Nevertheless, from 28 days to 365 days, an improvement
of the drying behaviour was noticed.

SWF+FBA, of the combined wastes’ mortars, was the most absorbent one, but it was also the
one that dried more easily. SWP+FBA and SWF+SWP+FBA presented lower capillary coefficients,
absorbing water slower than REF, but at 28 days they had more difficulty in drying. However,
at 365 days, this negative effect was eliminated, and the mortars presented a similar behaviour to the
REF mortar. This change of behaviour can be due to a modification of the pore structure of the mortars
over time. The cementitious matrix of the mortars presents shrinkage over time, which is responsible
for an increment of the volume of the large pores of the mortars [41] and consequently increments
water absorption and improves water drying.

3.3. Mechanical Behaviour

The mechanical behaviour of the mortars was analysed through their deformability and
mechanical strengths.

The deformability of the mortars was evaluated through the modulus of elasticity test and the
results are presented in Table 3.
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Table 3. Modulus of elasticity, flexural strength and compressive strength test results.

TEST Days MORTARS
REF SWF SWP FBA SWF+FBA SWP+FBA SWF+SWP+FBA

Modulus of elasticity (GPa)

28 10.2 ± 0.7 8.2 ± 0.4 18.6 ± 0.3 8.1 ± 0.5 5.8 ± 0.4 14.4 ± 0.2 12.4 ± 0.4
90 8.0 ± 0.3 8.1 ± 0.2 17.3 ± 0.3 7.4 ± 0.4 4.9 ± 0.7 12.6 ± 0.2 10.0 ± 0.4
180 8.7 ± 0.9 - - 5.7 ± 0.5 4.6 ± 0.1 12.1 ± 0.6 8.9 ± 0.3
365 9.7 ± 0.3 - - 6.6 ± 0.2 5.2 ± 0.4 11.8 ± 0.4 9.4 ± 0.2

Flexural strength (MPa)

28 2.10 ± 0.32 1.41 ± 0.10 4.39 ± 0.24 1.37 ± 0.14 1.10 ± 0.11 2.62 ± 0.05 2.71 ± 0.17
90 1.54 ± 0.19 1.83 ± 0.19 2.27 ± 0.27 1.49 ± 0.19 1.59 ± 0.25 2.65 ± 0.37 3.01 ± 0.28
180 1.79 ± 0.16 - - 1.35 ± 0.16 0.96 ± 0.15 2.72 ± 0.34 3.00 ± 0.68
365 1.94 ± 0.17 - - 1.38 ± 0.14 1.27 ± 0.13 2.83 ± 0.29 2.85 ± 0.11

Compressive strength (MPa)

28 5.19 ± 0.45 5.85 ± 0.49 14.92 ± 0.29 4.30 ± 0.52 3.37 ± 0.19 9.42 ± 0.58 9.21 ± 0.33
90 3.58 ± 0.22 3.90 ± 0.43 9.55 ± 0.49 3.82 ± 0.38 3.53 ± 0.39 10.38 ± 0.71 9.47 ± 0.57
120 - 3.47 ± 0.19 7.77 ± 0.29 - - - -
180 3.96 ± 0.42 - - 2.92 ± 0.41 3.05 ± 0.19 9.69 ± 0.95 7.92 ± 0.42
365 5.86 ± 0.58 - - 2.87 ± 0.51 2.86 ± 0.07 8.21 ± 0.37 8.53 ± 0.24

Reference - [5] [6] [14] - - -
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It was noticed that the SWF+FBA presented a low modulus of elasticity (around 5 GPa), which
was expected, and is in accordance with the results of water absorption and open porosity tests.
Contrarily, the SWP+FBA mortar presented a modulus of elasticity between 12 and 14 GPa, which is
an intermediate value between the SWP (around 17–19 GPa) and the FBA mortars (around 6–8 GPa).
FBA was able to reduce the modulus of elasticity of the SWP mortar (in SWP+BBA), but it is still too
high when compared with the one of REF (around 8–10 GPa). Concerning the SWF+SWP+FBA mortar,
its modulus of elasticity was higher than REF’s until 90 days. For later ages, it decreased and became
similar to or less than REF’s. The decrease of modulus of elasticity over time could have indicated
internal micro-cracking of the specimens. This micro-cracking was also noticed in the SWP mortar [6].

The flexural and compressive strength tests results are presented in Table 3 and Figures 3 and 4.
They are in accordance with those of the modulus of elasticity. SWF+FBA presented strengths lower
than REF’s. SWP+FBA, on the contrary, was noticed to be stronger than the REF mortar, as well as
SWF+SWP+FBA. The ternary mix mortar (SWF+SWP+FBA) presented a flexural strength between
2.7 and 3.0 MPa, between 28 and 365 days. The REF mortar presented, on the other hand, flexural
strength between 1.5 and 2.1 MPa, at the same ages. In fact, the SWF+SWP+FBA mortar presented
a large increment of flexural strength when compared to the REF mortar. This large increment was
mainly due to the SWP waste [6]. Nevertheless, comparing the SWP+FBA and SWF+SWP+FBA
mortars, it was concluded that when SWF was added in the ternary mix of wastes the strengths
improved when compared with SWP+FBA. So, the SWF waste was also responsible for the increment
of strength. It is concluded that a good symbiosis between the wastes was achieved, improving the
mechanical strength of the mortar.
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In the compressive strength test (results presented in Table 3 and Figure 4), it was found that
the SWF+SWP+FBA mortar presented a strength that varied between 7.9 and 9.2 MPa, at 28 days.
These values are considerably higher than the ones of the REF mortar (between 3.6 and 5.9 MPa). In this
test, it is also clear that the waste that was responsible for this increment of strength was SWP. Contrary
to flexural strength, the addition of SWF to the SWP+FBA mortar was not favourable for compressive
strength, since it presented slightly higher values for SWF+FBA than the SWF+SWP+FBA mortar
in most curing ages. The angular particles of SW were more favourable in flexural strength than in
compressive strength. In the compressive strength test results, a slight decrease over time was noticed.
This had already been noticed in the SWP mortar and micro-cracking had been identified as the reason.
Susceptibility to micro-cracking seems to also affect the SWF+SWP+FBA mortar. Micro-cracking is
also responsible for the results obtained in the modulus of elasticity test, water absorption and water
drying: a lower modulus of elasticity, a higher absorption and a faster drying behaviour over time
were noticed. However, the reduction of strength was slight and is not comparable with the one
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presented by the SWP mortar, meaning that the SWF and the FBA wastes decreased this susceptibility;
although they were not able to completely eliminate it, they were responsible for a minimization of
this disadvantage of the mortar.
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4. Conclusions

The aim of this research was to fine-tune three mortars that have been already studied and
contained wastes in their formulation, replacing cement or sand. The first one contained forest biomass
ashes (replacing cement at 15% by volume), the second one contained powder of sanitary ware waste
(replacing sand at 20% by volume) and the third mortar contained sanitary ware waste fine aggregates
(replacing sand at 100%). The modified mortars improved some properties of the render mortars,
when compared with a reference mortar, but they worsened others. In order to improve these modified
mortars, the wastes were combined two-by-two and then the three of them were combined.

Several tests were performed in order to evaluate the fresh-state, water and mechanical behaviour
of the mortars in order to evaluate their technical performance. The main conclusions obtained from
this research were:

• The incorporation of some wastes in rendering mortars is viable and is a solution to
reduce landfilling;

• The industrial wastes studied in this research (FBA, SWP and SWF) can reduce the amount of
natural resources extracted used in mortars (as sand and cement), replacing them and producing
technically viable mortars;

• It is possible to achieve mortars simultaneously with 83% of wastes and better technical
performance than a conventional mortar;

• It is possible to combine wastes and take advantage of the best features of each one, maximising
their advantages and minimising their limitations;

• The mortars that presented better technical performance were SWP+FBA and SWF+SWP+FBA,
with respectively 19% and 83% of recycled volume;

• The SWP+FBA and SWF+SWP+FBA mortars presented better fresh-state behaviour, better water
behaviour, characterized by lower water absorption, and higher mechanical strengths than the
ones presented by the REF mortar.

This research contributed to the scientific knowledge on rendering mortars and the incorporation
of wastes in hydraulic materials. The incorporation of the wastes in mortars reduces the environmental
impacts, not only of the new materials, but also the ones that the wastes would be responsible for if
they were sent to landfill, and simultaneously improves the technical performance of the mortars.
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