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Abstract: This paper studies the effects of using 20, 40 and 60% vol. of either expanded polystyrene
(EPS) or olive stones as additives in the manufacture of handmade bricks. The bricks were made
using clayey earth from Viznar (Spain) and were fired at 950 °C. The effects of the additives on the
mineralogical, textural and physical properties of the fired bricks were analysed, focusing mainly
on possible changes in their pore system, thermal insulation, compressive strength, colour and salt
crystallisation resistance. From a mineralogical point of view, the bricks made with olive stones
had a lighter red colour due to their lower hematite content. As expected, the samples made with
these additives had greater porosity and better thermal insulation. However, they also had lower
compressive strength to the point that the only samples that met the recommended criteria for general
construction work were those with 20% vol. EPS, while those with 40% vol. EPS met the criteria
to be used as lightweight bricks. Both additives improved the resistance of the bricks to decay by
salt crystallisation.
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1. Introduction

There are several review papers [1-3] and research studies [4] dealing with the use of
organic and inorganic waste products as additives in brick manufacture. Al-Fakih et al. [1]
specified that waste products could partially or totally replace the clayey material in brick
production as long as they reach the required standards. Murmu and Patel [2] noted that
the use of agricultural and municipal wastes brings some advantages, such as a reduction
in the firing temperature, which is helpful in saving energy. Zhang [3] categorised the
bricks produced with wastes according to their elaboration method by firing, cementing
and geopolymerisation and emphasising the importance of immobilising contaminants
that may be present in the waste. Sutcu et al. [4] determined that the use of marble powder
increases the sample porosity and the thermal insulation of the resulting bricks. The use of
waste materials as additives for brick production has two main objectives: on the one hand,
it reduces the amount of clayey earth necessary for the manufacture of bricks, and on the
other, it helps to recycle the waste materials. The first factor is of the utmost importance, as
clay is a non-renewable resource, and its overexploitation could lead to future shortages
and negative impacts on the environment [5]. For its part, waste recycling is vital if we
want to achieve the important social objective of a circular economy, in which the current
huge amounts of waste produced must be reduced to a minimum. Research into the
possible use of other waste products as additives in brick production has shown that these
additives sometimes bring about specific changes in the mineralogy and physical properties
of the bricks. For example, the addition of volcanic ash has been shown to make bricks
more resistant to decay [6], while the addition of waste glass increases their mechanical

Materials 2023, 16, 1330. https:/ /doi.org/10.3390/mal6041330

https:/ /www.mdpi.com/journal /materials


https://doi.org/10.3390/ma16041330
https://doi.org/10.3390/ma16041330
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0001-9503-3312
https://doi.org/10.3390/ma16041330
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma16041330?type=check_update&version=1

Materials 2023, 16, 1330

20f19

resistance [7]. Furthermore, the addition of organic matter, such as rice husk and paper
pulp, generally increases the porosity of the final products [8,9].

The waste products used in this paper, namely expanded polystyrene (EPS) and
olive stones, vanished during the firing process, so increasing the porosity of the bricks.
This improves the thermal insulation of the bricks and makes them considerably lighter.
Potential benefits include reduced fossil fuel consumption for heating buildings and easier
transportation of bricks.

EPS is commonly used as packaging material and for thermal insulation in construc-
tion. At the end of its useful life, it can be mechanically recycled, fired to produce energy [10]
or chemically treated to recover its constituent monomers [11]. However, we are still a long
way from recycling all the EPS produced. In fact, the Association for European Manufac-
turers of Expanded Polystyrene (EUMEPS) has pledged to increase EPS recycling rates to
46% by 2025 [12]. To this end, research is being conducted into the possible use of EPS as
an additive in the production of construction materials such as lightweight mortars [13]
or bricks. Although little research has yet been conducted on the use of EPS, promising
results have been obtained in various studies in which samples were produced using
varying amounts of additive and different firing temperatures [14], different percentages
and sizes [15] or by mixing EPS with other materials [16].

For their part, olive stones are one of the waste materials produced during olive oil
production. Another olive oil waste, pomace, has been studied a little more extensively
as an additive in the production of lightweight bricks [17]. Several other papers have
been published about the use of other wastes, such as olive leaves and olive branches [18],
wastewater from olive oil extraction [19], olive stones [20,21] and pomace ashes [22,23].
Spain is the world’s leading producer of olive oil, and the region with the largest cultivated
area is Andalusia. Andalusian olive stones and pomace are currently being used as a source
of energy through their combustion; however, due to the vast amount of waste generated
(515,705 tonnes/ year [24]), not all of them are being used.

The papers mentioned above focus on the properties of these bricks as thermal and
acoustic insulators. However, they did not perform an exhaustive characterisation of the
porous system using hydric tests, nor did they test the durability of the new bricks over
time or the colour changes after firing. The aim of this study is to compare the effects of the
addition of olive stone and EPS in the mineralogy, texture, porosity, thermal conductivity,
colour and mechanical resistance of handmade bricks. This paper also discusses the effects
of these additives on the durability of the resulting bricks.

2. Materials and Methods
2.1. Making the Brick Samples

The raw material used to make the bricks comes from clayey Pleistocene levels that
outcrop 3 km from Viznar in the Granada Basin (Andalusia, Spain). They are quarried for
use in a local factory that makes bricks and other ceramic products. The Granada Basin is
located over the contact area between the internal and external zones of the Baetic Cordillera
and started as a marine basin in the Burdigalian before becoming continental during the
Latest Tortonian—Earliest Messinian. This continentalisation led to the formation of
lacustrine and fluvial deposits containing, above all, conglomerates, silts and clay [25].
The dendritic material that filled this basin came from the surrounding mountains, such
as Sierra Nevada and Sierra Arana, which played a special role in the formation of the
north-eastern deposits [26,27]. The sediments from Sierra Arana may explain the presence
of carbonates in Viznar’s clayey earth.

The EPS was obtained from packaging material and reduced to a size of about 1 mm in
diameter. The olive stones were obtained from a supplier that sells them as domestic heating
fuel. They were milled in the laboratory down to fragments with a maximum diameter of
1.5 mm. The bricks were handmade using a wooden mould, measuring 16 x 12 x 4 cm,
instead of an extruder. The clayey earth was kneaded with water, and the resulting paste
was placed in the mould and then pressed down by hand. Once the mould was full, the
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surface was levelled off using a ruler. The unfired bricks were then demoulded and cut to
produce smaller samples of 4 x 4 x 4 cm. Seven types of bricks were manufactured. One
of them was made without additives as a control sample (labelled as R). The others were
manufactured with the addition of 20%, 40% and 60% volume of either EPS (labelled as
P2, P4 and P6, respectively) or olive stones (labelled as H2, H4 and H6). For comparative
purposes, Table 1 shows the mass percentage corresponding to the volume of additive
added and the amount of water used in the manufacture of the bricks. Note that, due to the
density difference (700 kg/m3 for olive stones and 20 kg/m3 for EPS), the mass percentage
of olive stones was higher than the mass percentage of EPS, even though the same volume
percentage was used in both additives. After a drying period of 3 weeks, all the brick
samples were fired at 950 °C in a Hobersal JM 22/16 electric oven. This temperature was
chosen because it is commonly used in brick manufacture. The bricks were initially fired
at 100 °C for one hour to remove any remaining moisture. After that, the temperature in
the oven was increased by 3 °C/min until the selected temperature of 950 °C was reached.
During firing, a burning smell was noticed in the samples that contained olive stones. After
3 h at 950 °C, the oven was switched off, although the bricks were not taken out of the oven
until the next day. This allowed them to cool slowly, preventing the development of cracks
due to - quartz transition at 573 °C [28]. The whole process took 24 h.

Table 1. Sample abbreviations, percentage of additive used (by volume and by mass with respect to
samples with no additive), and amount of water used during the moulding process in each brick.

Water Used Sample

Temperature Additive %o Volume %o Mass (mL) Name
Without additive - - 500 R
20 0.3 500 P2
o ol E:ﬁ) alrelisc(lEPS) 40 0.7 475 P4
950°C polyethy 60 11 450 P6
20 13.2 400 H2
Olive stones 40 25.6 350 H4
60 38.5 325 Hé6

During the brick manufacturing process, the higher the amount of additive used, the
lower the level of water consumption (Table 1). This is an important advantage given that
water is a vital and scarce natural resource. After firing, samples were immersed in water to
avoid “lime blowing” [29], a phenomenon that can lead to the formation of fractures in fired
bricks due to the hydration of the lime grains. This process occurs in bricks manufactured
with clay that contains carbonates, such as the clay from Viznar. In macroscopic terms, the
bricks with additives had more porous and irregular surfaces, and the samples with olive
stones had a less reddish colour. The samples with additives appeared to be lighter than
the control samples. Figure 1 illustrates the elaboration process of bricks.

2.2. Analytical Techniques
2.2.1. Chemical Properties, Mineralogy and Texture

The chemical composition of the clayey material and the fired bricks was studied by
X-ray fluorescence (XRF) using a PANalytical Zetium compact spectrometer. This technique
was used to measure the weight percentage of the major oxides and the loss on ignition
(LOI). The samples were milled using an agate mortar prior to the analysis.
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Figure 1. Elaboration of the brick samples: (a) unfired cut samples; (b) fired samples in the electric
oven; (c) samples immersed in water to avoid “lime blowing” phenomenon.

The mineral composition of the samples was determined using X-ray diffraction (XRD)
on disoriented powders, using a PANalytical X'Pert diffractometer under the following
working conditions: CuKo (A = 1.5405 A) radiation, 45 kA voltage, 40 mA current, 4 to 70°
20 exploration range and 0.01° 26 /s goniometer speed. The samples were milled with an
agate mortar prior to the analysis. The diffractograms were interpreted using the HighScore
v.4.8. software (Malvern Panalytical, Malvern, UK) and the PDF2 database. In order to
identify the clay minerals in more detail, oriented aggregate samples were prepared and
treated with ethylene glycol.

To characterise the texture of the samples, a thin section of each brick was prepared and
observed under a CarlZeiss Jenapol-U polarised optical microscope. In addition, carbon-
coated fragments of the samples were observed and analysed at higher magnification
through an FEI Quanta 400 Environmental Scanning Electron Microscope (ESEM), which
was coupled with an xFlash 6/30 detector for Energy Dispersive X-ray (EDS) microanalysis.

2.2.2. Study of the Porous System

The porous system of the brick samples was studied by means of free and forced
water absorption [30] and drying tests [31]. These tests allowed us to calculate the drying
index (D;); the saturation coefficient (S); the apparent (p,) and real densities (p;); the open
porosity (P,), according to RILEM [32] and EN 772-4 [33] standards; and the degree of pore
connection (A, [34]).

Mercury intrusion porosimetry (MIP) was used to complete the information about
the porous system of the bricks and determine their pore size distribution. For this test,
pores within a range of 0.002-200 um were studied using a Micromeritics Autopore V 9620
porosimeter. The test was performed on one fragment per brick sample. Prior to the test,
the samples were dried in an oven at 60 °C for a week.

2.2.3. Compactness, Colour and Thermal Conductivity

To evaluate the compactness of the samples, an ultrasound test was performed fol-
lowing the ASTM D2845-08 [35] standard. A Controls 58-E4800 UPV tester was used to
measure the P-wave velocity (Vp) through cubic samples in the three orthogonal directions.

The uniaxial compression test was carried out to determine the mechanical strength
of the bricks. For this purpose, an Instron 3345 press was used. Due to the small number
of samples, the test was performed on 5 samples instead of the 6 suggested in the EN
1926 [36] standard. In order to obtain plane and parallel surfaces, they were smoothed with
a cutting disk.

In order to quantify the colour of the bricks and how the type and amount of additive
can influence colour change, the samples were measured by means of a Minolta CM-700d
spectrometer using an illuminant D65. The results were presented in the CIE L*a*b* system,
where L* is the value for lightness, and a* and b* are the chromatic coordinates. In order
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to determine the colour differences between the samples with and without additives, the
following equation was used [37]:

AE* = \/ (AL)? 4 (Aa*)? + (Ab*)? 1)

The degree of thermal insulation of the bricks was determined using infrared (IR)
thermography with a Flir T440 thermographic camera. The samples were placed on a hot
plate at 50 °C for 30 min, and IR photographs were taken every 30 s.

2.2.4. Durability by Salt Crystallisation

In order to evaluate the durability of the bricks, a salt crystallisation test was performed
according to the UNE-EN 12370 [38] standard using a 14% NaySO, x 10H,O solution. Once
the 15 cycles test was over, the samples were washed several times in deionised water to
remove all the remaining salts from the pores and fissures and to determine how much
weight the bricks had lost during the test.

3. Results
3.1. Chemical Properties, Mineralogy and Texture

The results of the XRF analysis are presented in Table 2. The concentration of major
oxides is not affected by the presence of additives in the fired bricks. This is because EPS is
almost totally composed of air, while the olive stone is mainly composed of C and O, being
both consumed during firing. The clayey earth has a higher LOI than the fired bricks. This
may be due to the dihydroxylation of phyllosilicates, the CO; released from the carbonates
and organic matter combustion. Logically, after firing at 950 °C, the LOI falls significantly
and is slightly lower in bricks without additives (R). The fired bricks are rich in silica (53%)
and have high concentrations of alumina (17%) and calcium (11%).

Table 2. Chemical analysis of the major oxides (in wt.%) in the raw material from Viznar and the
fired bricks. LOI stands for loss of ignition. Sample abbreviations as in Table 1.

Sample SIOZ A1203 Fe203 MnO MgO CaO NazO Kzo Ti02 P205 LOI

Viznar 48.25 15.77 5.69 0.08 2.88 10.10 0.79 2.82 0.74 0.13 12.02
R 53.30 17.66 6.30 0.09 3.23 11.68 0.88 3.12 0.82 0.15 1.32
P2 53.65 17.64 6.23 0.08 3.28 11.72 0.87 3.11 0.85 0.14 1.82
P4 53.59 17.67 6.25 0.09 3.27 11.71 0.92 3.15 0.85 0.15 1.72
Pé6 53.33 17.65 6.22 0.08 3.23 11.65 0.87 3.11 0.85 0.14 1.76
H2 53.44 17.69 6.21 0.09 3.33 11.70 0.89 3.19 0.83 0.15 1.63
H4 53.87 17.75 6.34 0.09 3.23 11.26 0.92 3.25 0.84 0.15 1.53
Hé6 53.37 17.53 6.22 0.08 3.25 11.36 0.86 3.26 0.84 0.15 1.44

Regarding the mineralogy of the clayey earth (Figure 2), quartz, phyllosilicates (il-
lite, paragonite, chlorite and kaolinite), plagioclase, gypsum and carbonates (calcite and
dolomite) were identified. The high percentages of SiO, and Al,Os3 identified through XRF
are mainly due to the presence of quartz and phyllosilicates that are abundant in the clayey
earth. Carbonates are a characteristic component of the clay from Viznar [29], and, along
with the gypsum, they are the main explanation for the calcium percentage obtained in XRF.
This raw material does not normally contain gypsum, and its presence here is probably
due to slight contamination with another clayey earth (from a nearby quarry in Jun) that
contains this sulphate [39] and is also used in the factory that supplied the raw material.
The presence of smectites was detected in a detailed analysis of the clay fraction through
the aggregate-oriented samples and their treatment with ethylene glycol.
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Figure 2. X-ray diffraction patterns of the clayey earth from Viznar. Ilt: illite; pg: paragonite; chl:
chlorite; kln: kaolinite; qz: quartz; pl: plagioclase; cal: calcite; dol: dolomite; gp: gypsum; sme:
smectites. Abbreviations suggested by Warr [40]. In the inset: an oriented aggregate sample of the
clay fraction without treatment (OA) and after treatment with ethylene glycol (EG).

Regarding the mineralogy of the bricks (Figure 3), after firing at 950 °C, carbonates
and phyllosilicates can no longer be detected. The only exception is illite, which remains
in a dehydroxylated phase. Quartz can be found in the same quantities, and new phases
such as gehlenite, diopside, hematite and anorthite also appear. The formation of gehlenite
(CapAl;Si0y) is due to the decomposition of calcite from the raw material and its reaction
with phyllosilicates to form this sorosilicate at temperatures of over 800 °C [29]. Similarly,
the decomposition of dolomite into Ca and Mg ions and their reaction with quartz leads to
the formation of diopside (CaMgSi;Og) [29]. The decomposition of chlorite and illite results
in the crystallisation of hematite [41], while the presence of anorthite can be explained by
the gradual enrichment of the calcium of the plagioclases in the clayey earth [42].

The diffractograms of the samples made with added EPS show that these bricks have
the same mineralogical composition as the control sample. However, the addition of olive
stones results in a decrease in hematite content. Considering that the samples have the
same amount of Fe, the only possible explanation is that the firing of the organic matter,
which was more abundant in the samples with olive stones, consumed a higher amount of
oxygen in the oven, thus preventing part of the hematite from forming (Figure 3). This also
explains why these samples are not as red as the control samples (see Section 2.1 making
the brick samples), as the red colour in bricks is linked to the formation of hematite in an
oxidising atmosphere [43].
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Figure 3. X-ray diffraction patterns of fired bricks without waste (R), with EPS (P2, P4 and P6) and
with olive stones (H2, H4, and H6). Ilt: illite; qz: quartz; an: anorthite; gh: gehlenite; hem: hematite;
di: diopside. Abbreviations suggested by Warr [40].

As can be observed through the polarised optical microscope, all the samples had a
brownish, low birefringent matrix. The temper of the bricks was made up of gneiss frag-
ments (Figure 4a), quartz grains with an angular morphology and undulatory extinction,
and fragments of K-feldspar (Figure 4b). Muscovite crystals with up to a second-order blue
interference colour appear as isolated grains or as a component of the gneiss fragments
together with quartz. Some decomposed brownish-coloured carbonate grains (Figure 4c)
and anhydrite fragments (Figure 4d) can also be observed. The anhydrite formed due to the
dehydration of the gypsum crystals contained in the raw material. Regarding the texture of
the fired bricks, the sample without additives contains elongated pores (Figure 4e), while
those made with additives had larger, more abundant pores with a more rounded shape
(Figure 4f). This last characteristic was more noticeable in the bricks in which EPS was used
as an additive.
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500_pm

Figure 4. Polarised optical microscope images of the following: (a) gneiss fragments and small

quartz grains in a brownish matrix (R, PPX); (b) feldspar grain and larger rounded pores (P6;
PPX); (c) decomposed carbonate grain with angular morphology (P2; PPL); (d) elongated anhydrite
fragment with high interference colour (P6; PPX); (e) general view of the porosity of control sample (R,
PPL); (f) shape of the pores in a brick made with EPS (P6, PPL). Abbreviation: PPL = plane-polarised
light; PPX = cross-polarised light.

Figure 5 shows various microtexture features of the bricks made with and without
additives as viewed through ESEM. Rounded grains identified as Mg oxides could also
be observed (Figure 5a). Note the presence of very small pores on the surface of the
grain. Rodriguez-Navarro et al. [44] indicated that during dolomite firing, an aggregate of
anhedral MgO and CaO nanocrystals appeared on the surface of the former carbonate grain,
which gave it its porous appearance. In addition, the decomposition of dolomite fragments
during firing leads to the incorporation of Ca ions into the gehlenite lattice, while Mg
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remains in the grain due to the fact that it is less mobile [45]. The brick matrix is partially
vitrified, causing smooth surfaces to develop and pores to coalesce, assuming ellipsoidal
morphology (Figure 5b). Some gehlenite crystals were observed covering the surface of
large pores (Figure 5c). Figure 5d suggests the formation of acicular gypsum crystals after
rehydration of the anhydrite. As mentioned above, anhydrite is formed during firing, but
the sample’s later immersion in water to prevent “lime blowing” (see Section 2.1 making
the brick samples) may have led to the partial rehydration of anhydrite grains and the
development of gypsum crystals [46]. Similarly, during immersion, secondary calcite with
dogtooth morphology also formed (Figure 5e). Figure 5f shows a compositional map of
sample P2 where gypsum/anhydrite crystals are identified (green, upper left corner) as
well as Mg oxides (yellow, centre), phyllosilicates (pink) and gehlenite crystals (purple,
covering a pore).

20 ym

Figure 5. ESEM secondary electron images of fired bricks: (a) rounded Mg oxide from a former

dolomite grain with the presence of nanocrystals on the surface (P2); (b) view of partially vitrified
matrix in which smooth surfaces and rounded pores can be seen (H2); (c) micrometric gehlenite
crystals covering a pore surface (P2); (d) development of secondary gypsum crystals on anhydrite
grains (H2); (e) growth of secondary calcite crystals with scalenohedral habit (H6); (f) compositional
map of a section close to a sample pore (P2).
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3.2. Study of the Porous System

The porous system was analysed using hydric tests and MIP. The results of this analysis
are summarised in Figure 6 and Table 3.
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Figure 6. Free water absorption (1), forced water absorption (2) and drying (3) of bricks made without
additives (R), with the addition of EPS (P2, P4 and P6) or olive stones (H2, H4 and H6). Weight
variation (AM/M) against time (in hours). Each curve represents the mean of three measurements.
Brick abbreviations are indicated in Table 1.
Table 3. Hydric parameters and MIP results for bricks with no additives (R), with EPS (P2, P4 and
P6) and olive stones (H2, H4 and H6). Ab: free water absorption (%); Af: forced water absorption (%);
Ax: interconnection between pores (%); Di: drying index (%); S: saturation coefficient (%); Po: open
porosity (%); pa: apparent density (g/ cm®); p;: real density (g/ cmd); Povip): open porosity obtained
through MIP (%); paavrp): apparent density obtained through MIP (g/ cm?); provrp): Teal density
obtained through MIP (g/cm3).
R P2 P4 Pe6 H2 H4 Hé6
Ay 23.54 25.01 26.47 28.10 28.51 40.27 58.90
Ag 24.21 27.84 33.19 48.64 39.30 62.54 90.60
Ax 2.78 10.13 20.16 42.23 27.45 35.60 34.98
D; 0.89 0.87 0.86 0.83 0.84 0.80 0.77
S 84.26 84.64 76.52 55.58 68.23 58.54 61.16
P, 37.94 38.12 40.71 52.91 48.46 61.44 69.28
Pa 1.57 1.37 1.23 1.09 1.23 0.98 0.76
Pr 2.53 2.21 2.07 2.31 2.39 2.55 2.49
Poomirp) 40.43 44.67 46.35 47.74 44.12 53.66 58.89
Pa(MIP) 1.48 1.43 1.29 1.22 1.34 1.08 0.90
Pr(MIP) 2.49 2.59 2.42 2.34 2.40 2.33 2.20

Samples with added EPS or added olive stones absorb more water under free and

forced absorption (Ab and Af, respectively, Table 3 and Figure 6) compared to the bricks
without additives. The bricks with additives also show lower pore interconnectivity (higher
Ax, Table 3), which leads to lower water saturation (S, Table 3). In addition, the samples with
additives dry faster (D;, Table 3) despite having lower pore interconnectivity values (Ax).
This can be explained by the roughness of the faces of the samples made with additives,
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which increases the surface exposure to the air, favouring a quicker dry [47]. According to
Hall and Hoff [47], the drying process consists of two stages. The first (constant drying rate)
is not related to the porosity of the material and is dependent on external conditions. By the
end of the drying test, samples H4 and H6 weighed less than at the beginning (Figure 6).
This indicates that the samples containing olive stones are more prone to losing fragments
during contact with water.

As expected [14,17], the addition of both additives increased the open porosity of the
samples (P, Table 3) and decreased their apparent density (pa, Table 3). However, the real
density (p;, Table 3) of each sample is unrelated to its porosity and depends exclusively on
the mineralogy.

The MIP results confirm those obtained in the hydric tests. The addition of the two
waste materials increases the porosity of the bricks (Pynrp), Table 3), especially with the
addition of olive stones, and decreases their apparent density (p,mp), Table 3). In addition,
the pore size distribution and cumulative mercury intrusion curves (Figure 7) reveal that
the sample without additives has a unimodal distribution, with a maximum peak at around
1 um (R, Figure 7). On the other hand, the presence of additives favours the creation of
new pore families to the right of the curve (i.e., pores with a higher radius). Specifically, the
addition of EPS leads to the formation of new families with a radius of 3, 10 and 100 um
(P2, P4 and P6, Figure 7), while the addition of olive stones generates new families with a
radius of 10, 50 and 100 um (H2, H4 and H6, Figure 7). It is evident that the size of these
new pore families increases as the percentage of additives augments, especially for the
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Figure 7. Cumulative mercury intrusion (red) and pore size distribution (blue) curves for the samples
without additives (R) and for those with added EPS (P) and olive stones (H).

3.3. Compactness, Colour and Thermal Conductivity

The P-wave velocity is mainly related to the mineralogy of the samples, their orienta-
tion, pores and fissures [48]. As mentioned earlier, there are no significant mineralogical
differences between the samples, which means that the ultrasound results will depend
exclusively on the porosity. In fact, P-wave velocity (Vp) is lower in samples with a higher
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percentage of additive due to their higher porosity (see Py, Table 3). Consequently, there
is an inverse relationship between additive content and Vp. Figure 8 compares the open
porosity (P,) obtained from the hydric tests with the Vp from the ultrasound test, resulting
in a linear trend with a high correlation coefficient (R? = 0.9313). The control samples were
more compact than the bricks made with additives. The compactness of the brick samples
declined as the amount of additive increased. If we compare the samples made with the
two different additives, the ones with olive stones had the lowest compactness values.

P-wave velocity vs. Porosity

N

N

o

o
o/N

~
~
A"

R?=0.9313

30 40 50 60 70 80
P, (%)

Figure 8. Comparison between the open porosity of the samples (P,) and the P-wave velocity (Vp).
This figure shows control samples (blue square), samples with EPS (green) and samples with olive
stones (red) at 20% (circle), 40% (triangle) and 60% (diamond).

Regarding mechanical strength, the bricks without additives are the most resistant,
reaching 29.75 MPa, followed by the samples with EPS and those with olive stones (Figure 9).
The higher the proportion of additives, the lower the resistance of the bricks. The least
resistant brick was H6 with 1.11 MPa (Figure 9). According to Spanish Building Industry
Standard RL-88 [49], 10 MPa is the minimum compressive resistance value recommended
for construction work with bricks. The only bricks to exceed this value were the control
sample (R) and the sample with 20% EPS (P2, 13.74 MPa) (Figure 9). However, in the
standard governing lightweight ceramics [50], the minimum required falls to 5 MPa. This
minimum threshold was achieved by the samples with 40% of EPS (P4, 9.19 MPa), while
those made with 20% of olive stones almost reached it (H2, 4.84 MPa). Figure 9 compares
the results for open porosity (P,) obtained from the hydric tests with those from the
uniaxial compression test (Rc). An exponential trendline can be drawn for the samples
with additives. The associated equation is defined by the Ryshkewitch formula [51], which
relates the compressive strength (o) of the sample with its porosity (p):

o= ope *P (2)

where 0y is the compressive strength value of an ideal sample with no pores. The ¢y value
is related to the tensile fracture strength of mullite, which is between 150 and 220 MPa [52]
(in our case 0y is 198.22), and k is an empirical constant between 6 and 9 (in our case 7.33).
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Figure 9. Relationship between the uniaxial compression resistance (Rc, in MPa) and the open
porosity (P,, per unit) obtained by the hydric tests. This figure represents control samples (blue
square), samples with EPS (green) and samples with olive stones (red) at 20% (circle), 40% (triangle)
and 60% (diamond). The trendline is calculated for the samples with additives.

All the samples with additives conform to the trendline defined by the previous
formula. However, the control sample does not conform to this trendline because of its
smaller pore size [53].

In terms of colour, the samples with no additives and those with EPS show the same
lightness and chromatic parameters, despite having different porosity (Table 4). By contrast,
the bricks manufactured with olive stones are lighter (higher L*, Table 4) and less red-
coloured (lower a*, Table 4). They also had a lower chroma (C*) and a higher hue (h°),
which also indicate their less reddish colour. The colour difference (AE) between the
samples with additives and the control samples is always higher for H samples. This is
mainly due to the smaller amounts of hematite detected in these samples by XRD and the
fact that they have larger pores, which alter the visual appearance of the surface [54]. In
fact, H samples have a AE value of over 5, which means that a standard observer could
notice the difference in colour between them and the control samples [55]. By contrast, the
P samples showed AE values between 1 and 2, which means that any colour difference
between them and the control samples could only be observed by experts.

Table 4. Lightness (L*), chromatic values (a* and b*), chroma (C*), hue angle (h°) and the colour
difference (AE) between the control samples (R) and those with additives (P and H).

L* a* b* Cc* h° AE*
R 54.51 21.60 28.82 36.02 53.14 -
P2 54.64 21.13 27.90 35.00 52.85 1.04
P4 55.23 20.53 27.95 34.68 53.69 1.55
Pé6 55.03 20.92 28.27 35.17 53.49 1.02
H2 58.55 18.20 28.21 33.66 57.47 5.32
H4 59.13 14.07 25.70 29.34 61.26 9.37
Ho6 59.95 13.77 26.08 29.50 62.11 9.92

Heat transfer within construction materials depends mainly on their porosity, miner-
alogical composition, and the fluids contained in their pores [56]. Given that all the bricks
have almost the same mineralogical composition and that the measurements were taken
on dried samples, porosity is the main factor affecting the infrared thermography results.
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Figure 10 shows the thermographic images obtained 5 min (Figure 10a,c) and half an hour
(Figure 10b,d) after the beginning of the test. These show that after the first 5 min, the
isotherms were at the same height in all the samples. As the test progressed, the height
of the isotherm in the control sample increased more quickly than in the samples with
additives. There is, therefore, an inverse relationship between additive content and thermal
conductivity due to the presence of pores which slow down the transmission of heat inside
the bricks, thus improving their thermal insulation [57].

Figure 10. Thermographic images of the control samples (on the left in each image), the samples with
EPS (centre) and the samples with olive stones (right), using 20% volume of additive (a,b) and 60%
(c,d). Images were taken after 5 min (a,c) and 30 min (b,d) of heating.

3.4. Durability by Salt Crystallisation

Figure 11 shows the durability of bricks to salt crystallisation during the 15 test cycles.
At the beginning of the test, all the samples gain weight due to the crystallisation of
sodium sulphate in their pore system. The samples without additives (R) underwent the
greatest increase in weight and the greatest oscillation, while the samples with olive stones
registered the smallest increase. This is because the R samples have better interconnectivity
between the pores (see Ax, Table 3), which means that the solution can easily reach the
deeper pores in these samples.

If we analyse this graph in detail, after the initial increase, the samples with additive
began losing weight from cycle 5, while the weight of the R samples continued increasing
until cycle 8. The weight of the R samples fluctuates considerably, with a high standard
deviation (Figure 11). The fluctuations in weight observed during this ageing test can
be explained as follows: (1) sodium sulphate starts occupying the pore system of bricks,
causing the weight of the samples to increase; (2) the dissolution and recrystallisation of salt
in confined spaces (pores and fissures) causes the development of fractures [58], the loss of
fragments and a decrease in weight; (3) the appearance of new pores and fissures allows
new brick material to be exposed to the saline solution, causing an increase in weight, and
the process repeats itself. In addition, although the loss of fragments in the R samples was
less frequent than in the rest of the samples when it occurred, larger fragments were lost.
In fact, while P and H samples suffered powdering, R samples suffered crumbling.
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Figure 11. Weight variation in the bricks without additives (R), with EPS (P) and with olive stones
(H) over 15 cycles of the salt crystallisation decay test. Each cycle represents 24 h, and each curve
is a mean of 3 measurements. The error bars represent the standard deviation. The bar chart above
shows the weight loss in the samples at the end of the test.

At the end of the test, the samples were washed to remove the remaining salts and
study the weight loss that took place during the test. The R bricks suffered the highest
weight loss. According to Benavente et al. [59], the resistance of the samples to salt decay is
directly related to their compressive strength and P-wave velocity, which means that the R
samples should have been the most durable bricks in this test. The fact that they suffered
the greatest weight loss may be due to their smaller pore size compared to the bricks with
additives. This is because large pores allow salts to crystallise inside them but prevent
them from exerting pressure on the pore walls and breaking them [60]. This is why rocks
with large pores, such as travertines, are more resistant to salt crystallisation because their
large empty spaces act as sinkholes, reducing the concentration of the solution in the rock
pores [61]. Regarding the samples with additives, the weight loss was similar in all of them
except for H6. The high weight loss registered in H6 is related to its brittleness, as observed
at the end of the drying test (see Figure 6).

Finally, the addition of both wastes has some advantages in the resulting bricks, such
as the increase in thermal insulation and in salt crystallisation resistance, but also bares
some drawbacks, for example, the decrease in compressive resistance. Table 5 summarises
the main mineralogical, physical and mechanical results obtained in this research.
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Table 5. Mineralogical and physical-mechanical differences and similarities between the bricks
made with added expanded polystyrene (P), added olive stones (H) and the control samples with no
additives. An upward arrow indicates that the sample had a higher value for this parameter than the
control sample. A downward arrow indicates that the sample had a lower value for this parameter
than the control sample. The number of arrows indicates the relative variation with regard to the
control sample.

P2 P4 P6 H2 H4 He
Mineralogical changes NO NO NO YES YES YES
Porosity T ™ Mt T ™ ™Mt

Pore size distribution 1, 3,10 and 1,3,10 and 1, 3,10 and 1, 10,50 1,10, 50 1, 10,50

100 um 100 pm 100 um and 100 um and 100 um and 100 um

Tortuosity T ™ ™Mt T ™ ™t
Drying speed 1 1t 11 1 1t 11
Apparent density ! i W ! i W
P-wave velocity 1 H L 1 H He
Compressive strength 4 I W 1 s A
Colour change NO NO NO YES YES YES

4. Conclusions

In this paper, we studied the effects of the addition of expanded polystyrene (EPS)
and olive stones to handmade bricks. To this end, we compared the mineralogical, textural
and physical properties of these bricks with those of the control samples made with the
same clayey material and fired at the same temperature but without additives.

The addition of both additive products (expanded polystyrene and olive stone) in-
creased the porosity of the fired bricks and their thermal insulation and decreased their
apparent density. The addition of olive stone diminishes the reddish colour of the bricks
because a smaller amount of hematite is developed in these samples.

Regarding the resistance of the bricks to the uniaxial compression test and decay test,
samples with a high percentage of additives showed better resistance to salt crystallisation
and less compressive resistance. In fact, only the R and P2 samples exceeded the limits
recommended for construction work with bricks (10 MPa). For its part, the minimum
compressive resistance for lightweight bricks (5 MPa) was also achieved by the P4 sample
and almost achieved by the H2 sample. Despite having similar open porosity values as
samples with 20% EPS, the samples without additives had higher compressive strength
due to their smaller pore size (as verified by the MIP results). Consequently, the compres-
sive resistance of the bricks manufactured with additives could perhaps be improved by
grinding them more finely, reducing their pore size, before mixing them with the clayey
earth. However, the pore size explains the better durability of the samples with additives,
as it is more difficult for the salts to exert pressure and cause damage in the confined spaces
of large pores.

The use of these additives in brick production offers several advantages, such as the
light weight of the bricks and their good thermal insulation. However, the fact that they
have lower compressive strength is an important drawback. This could perhaps be solved
or minimised by grinding the waste products more finely so as to reduce their pore size
before mixing them with the clay. Further research needs to be conducted to verify this
possibility, especially in the case of olive stones.
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