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This paper studies the influence of sawdust on the petrophysical properties of solid bricks. Brick samples
without additives were handmade using a clayey earth that is rich in quartz and phyllosilicates and has
some carbonate content. Similar bricks were made with added sawdust at 2.5%, 5% and 10% weight. The
bricks were fired in an electric kiln at 800 °C, 950 °C and 1100 °C. The addition of sawdust did not change
the mineralogy of the fired bricks. As the firing temperature increased, the quartz content fell and carbon-
ates and phyllosilicates disappeared causing new silicates (gehlenite, wollastonite, anorthite and diop-

ls(gﬁ‘g%rgz"ks side) to develop. There was an increase in the vitrification of bricks, which also became more compact.
Sawdust At high firing temperature, the bricks had a higher water absorption capacity and worse interconnection

between the pores. The high level of vitrification reached at 1100 °C enabled greater transmission of heat
inside the bricks. The most refractory bricks were those fired at 800 °C with a 10% sawdust content. When
subjected to the salt crystallization test, the most resistant bricks were those with the lowest sawdust
content and the highest firing temperature.

Petrophysics
Thermal insulation
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improve the technical quality of bricks [5-8]. The addition of
organic substances usually increases the porosity and thermal
insulation properties of bricks. In most cases, these are one-off
studies which despite promising results have not been applied in
large-scale brick production.

Sawdust is one of the organic waste products being tested in a
bid to produce bricks with enhanced heat insulation properties. If
we bear in mind the volume of trees that are felled every year (over
400 million m? since the year 2000 in the European Union, https://

1. Introduction

The amount of waste produced by industry and households is
increasing all the time, while the Earth’s capacity to decompose
these residues is declining. For this reason, policies encouraging
the reuse of waste products are becoming increasingly popular
so as to avoid the negative impact on the environment and human
health.

A wide variety of research studies have been conducted on the

use of waste products as additives in brick manufacture, most of
which have focussed on waste products of plant origin such as coal
[1], olive pomace [2], mushroom compost waste [3], sugar cane
husk and rice hulls [4]. There are also numerous review articles
(with extensive bibliography) about the use of additives to
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ec.europa.eu/eurostat/) in the production of firewood for fuel,
sawn wood, veneers, pulp and paper, one can imagine the huge
amounts of sawdust generated during sawing. In chemical terms,
sawdust is composed approximately of 60% carbon, 34% oxygen,
5% hydrogen and 1% nitrogen [9]. The organic polymers of which
it is composed are essentially cellulose and lignin. Wood is often
treated with varnishes and resins, both during sawing and storage,
so as to guarantee better conservation. Sawdust from wood treated
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in this way is more difficult to recycle [10]. As well as creating a
problem of storage space, sawdust can pollute land and water. It
normally retains a high moisture content allowing the develop-
ment of different species of fungi which later spread to nearby veg-
etation causing it to rot. This is why the best option is to reuse
sawdust to make other materials [11]. Sawdust typically has vari-
able grain sizes, colours and consistencies depending on the type of
wood being sawn. Only a small amount of sawdust is recycled in
for example the manufacture of chipboard panels, the cleaning of
wet floors and most recently in the production of pellets for use
as fuel in boilers. As regards the addition of sawdust in brick pro-
duction, by itself or mixed with other organic additives, research
has shown that higher quality bricks are obtained at high firing
temperatures because the sintering process increases the resis-
tance of bricks to compression [9,12]. The addition of sawdust to
clay mixtures also seems to reduce the interconnection between
the pores in fired bricks [13]. When different concentrations of
sawdust were tested, the best physical and mechanical results
were obtained with low percentages of waste [14]. Arsenovi¢
et al. [15,16] found that the organic additives tested in the produc-
tion of roof tiles, solid bricks and hollow bricks led to a higher
water absorption capacity and less mechanical resistance and that
the best results with sawdust were obtained when it was used in
the production of solid bricks. In research on other waste products
that could perform similarly to sawdust when added to bricks,
Sena da Fonseca et al. [17] observed that the incorporation of spent
coffee grounds obtained from the brewing process increased ther-
mal insulation (the addition of just 5% of this waste product
increased the thermal insulation of bricks by 30%). However, the
addition of coffee grounds increased the water absorption content
and reduced the compressive strength, so making it more difficult
to use these bricks for construction purposes [18]. Ozturk et al. [19]
observed that the addition of tea waste in quantities of over 10% to
bricks fired at 950°C and 1050 °C reduced their mechanical
strength so that they could only be used for thermal insulation
purposes. In all these studies, the addition of organic wastes pro-
duced more porous bricks, although their durability with a view
to possible use in construction was not assessed.

As can be seen from the literature, the research on sawdust and
its influence on the physical properties of bricks is quite limited.
Therefore, the aim of this research is to evaluate how the addition
of this waste product influences the petrophysical properties of
handmade solid bricks. The use of sawdust as an additive in brick
manufacture could offer an environmentally-friendly alternative
for the production of bricks with specific physical properties. Its
use can generate some economic benefits due to: a) less extraction,
transport and preparation of the required raw material which is
partially replaced by waste; b) reduced need for disposal/landfill-
ing of waste; c) additional indirect social, economic and environ-
mental benefits due to the recycling of such waste material and
the preservation of non-renewable clay resources. One environ-
mental drawback of using sawdust as an additive in brick produc-
tion is increased emission of CO, into the atmosphere when the
sawdust is burnt during firing. This would be in addition to the
CO, already emitted by brick factories due to natural gas combus-
tion and due to the decomposition of the carbonates and the
destruction of the organic matter contained in the clayey materials
[20]. It is important to stress however that additional carbon diox-
ide emissions will be an issue for any alternative for the reuse of
sawdust that involves incineration [17]. In this research a series
of analytical techniques were performed to assess and compare
the technical quality of the bricks made without additives and
those made with differing percentages of added sawdust. Possible
changes in their mineralogy and texture were evaluated by means
of X-ray diffraction and scanning electron microscopy, while their
porous system and density were analysed using hydric tests and

mercury intrusion porosimetry. The relative compactness of the
different samples was assessed using ultrasounds. The samples
were also subjected to the salt crystallization test to study their
durability, and their colour and insulating properties were anal-
ysed using spectrophotometry and IR thermography, respectively,
so as to optimize their performance.

2. Materials and methods
2.1. Preparation of the brick samples

The clayey earth used to make the bricks comes from a quarry in Jun, a village
near Granada in southern Spain. In geological terms, this area falls within the
intramountain basin of the Betic Cordillera and is covered by Neogene and Quater-
nary materials from the depression of Granada. It is occupied by sediments com-
posed of lacustrine series of grey clays, micaceous silts and sands from the
Messinian Age, occasionally interspersed with bands of gypsums and conglomer-
ates [21]. At present, this clayey earth is quarried by a local brick factory (https://
www.ceramicacastillosiles.es/) which manufactures and markets tiles and bricks
using both industrial (by extrusion) and artisanal production methods.

The waste product used as an additive was beechwood sawdust from the car-
pentry workshop in the Faculty of Sciences at the University of Granada (Spain).
This sawdust is the same as that produced in large quantities by industrial manu-
facturers of wood products and amassed in factories. The sawdust was sieved to
remove the larger grains, leaving those of less than 1.5 mm which were then
kneaded in with the clayey earth. The sawdust particles were quite uniform in size
and generally oblong in shape. There is no standard figure for the amount of saw-
dust that should be added to the bricks. For example, Chemany & Chemany [9]
tested the sawdust from eucalyptus and pine trees in percentages of between 3%
and 9% in weight, while Demir [14] added a mixture of organic residues (sawdust,
tobacco and grass) in increasing temperatures up to 10% in weight. In this research
the textural and physical changes undergone by bricks as a result of the addition of
sawdust in concentrations of 2.5%, 5% and 10% in weight were investigated.

The brick samples used in this research were handmade using an artisanal pro-
cess. Although the vast majority of the bricks produced today are industrially man-
ufactured by extrusion, handmade bricks are more appropriate in cases in which
less standardized products are required. Indeed, there is a clear demand from archi-
tects, builders and restorers for bricks of varying sizes, shapes and finishes for use in
the construction of new houses in traditional style and in the restoration of historic
buildings [22]. Artisanal bricks also have another advantage over extruded ones as
they offer greater flexibility in terms of the number of units produced, which pro-
duces savings in the use of raw materials [23]. The first stage of this artisanal pro-
cess was to sieve the clayey earth so as to remove fragments of over 1.5 mm in size,
amongst which gypsum crystals could be easily identified. The samples with no
additive were prepared by kneading 1.6 kg of clayey earth with 450 ml of water.
Once sufficient plasticity had been achieved, the ceramic paste was placed in a
moistened wooden mould measuring 15 x 20 x 4 cm>. The mould was filled grad-
ually, starting with the corners, until completely full. The paste was then pressed
down by hand. The surface of the paste was smoothed down with a previously
moistened plastic ruler. After an hour the still moist brick paste was removed from
the mould and cut into 4 cm-edge cubes using cotton thread stretched tight. The
same process was followed for the bricks with added sawdust. The only difference
being that the amount of clay was reduced and the amount of sawdust increased on
the basis of the percentage of sawdust used in each case (Table 1). Three moulded
samples were prepared from each kneaded mixture, so that they could be fired at
three different firing temperatures (800 °C, 950 °C and 1100 °C). These three tem-
peratures were chosen on the basis that 950 °C is one of the most commonly used
temperatures in brick production. The other two firing temperatures were chosen
to enable us to study the textural and physical changes that take place in the bricks
over a 300 °C temperature range. Table 1 shows the acronym assigned to each brick
sample on the basis of the amount of added sawdust and the firing temperature.
Before firing, the raw unfired samples were left to dry out for about a week in
the laboratory at a temperature of 25 °C and 50% relative humidity.

Samples were fired in a Herotec CR-35 electric kiln. Since there is no specific stan-
dard for the firing process, similar heating and cooling times to those cited in previous
research were followed [24]. The temperature inside the kiln was kept constant at

Table 1
Acronym assigned to each sample based on the amount of sawdust and the firing
temperature.

Sawdust (%) 800 °C 950 °C 1100 °C
0 800 950 J1100

25 J800-A J950-A J1100-A
5 J800-B J950-B J1100-B
10 J800-C J950-C J1100-C
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100 °C for 1 h so as to eliminate any residual moisture that might be left in any of the
samples. The samples were then heated up to the pre-set maximum firing tempera-
ture (800 °C, 950 °C or 1100 °C) at a heating speed of 2 °C/min. Once this maximum
temperature had been reached, it was maintained for 3 h. Finally, the kiln was turned
off and the bricks were left to cool until the next day, with the whole firing-cooling
process taking about 24 h. This slow cooling process prevented possible cracking of
bricks caused by B-quartz to a-quartz transition and it was therefore not necessary
to temporarily halt the process at 573 °C. Given that, on the basis of previous geolog-
ical evidence [21], it was highly likely that the clayey earth raw material contained
carbonates, when the bricks were taken out of the kiln, they were submerged in water
for one hour to eliminate the grains of CaO. This precaution is essential given that cal-
cite starts to decompose into CaO and CO, at around 600 °C [25]. Calcium oxide reacts
quickly with moisture and is converted into portlandite (Ca(OH),) in an exothermic
reaction. The increase in volume brought about by the crystallization of portlandite
and its subsequent carbonatation into calcite causes the bricks to break (“lime blow-
ing”, according to Laird and Worcester [26]). Indeed, after the samples were
immersed in water, a white film began to form on the surface of the water due to
the carbonatation of the grains of CaO in the bricks.

2.2. Analytical techniques

2.2.1. Chemism, mineralogy and texture

The chemical composition of the raw material and the fired samples in terms of
major oxides (SiO,, Al,03, Fe;03, MnO, MgO, Ca0, Na,0, K;0, TiO, and P,0s5 in wt%)
and trace elements (Zr, V, Cr, Ni, Zn, Ba, Pb, Rb, Sr and Y in ppm) was determined by
X-ray fluorescence (XRF) using a PANalytical Zetium compact spectrometer with Rh
anode and 4 kV X-ray generator. 7 g per sample were milled to powder in an agate
mortar and then analysed.

The mineralogy of the raw material and the bricks was determined by X-ray
diffraction (XRD) with a PANalytical X'Pert PRO diffractometer using disoriented
powder samples. The following working conditions were used: CuKa radiation,
45 kV voltage, 40 mA current, 3 to 60° 26 exploration range, 0.1 20 s~! goniometer
speed. Mineral phases were identified using the XPowderX computer programme
[27]. The analysis of mineral phases was performed using the non-linear least
square method to fit full-profile diffractograms and the results were compared with
standard values in the database. The American Mineralogist Crystal Structure Data-
base (AMCSD) was used to identify the mineral phases. An indicative value of the
amorphous versus crystalline phases (a/c) ratio was provided. This ratio is based
on the mean value of the intensities, standard deviation and area of the crystal
reflection [27].

Small carbon-coated fragments from brick samples were observed under a
high-resolution environmental scanning electron microscope (FEG-ESEM) QuemS-
can 650F operating at 5 kV in order to observe changes in the mineralogy and tex-
ture of bricks as a consequence of the firing temperature and the addition of
sawdust. Energy dispersive X-ray (EDX) analysis was used for elemental analysis
of crystals within the fragments.

2.2.2. Study of the porous system

Hydric tests were performed to quantify the absorption and drying capacity of
the bricks over time. These tests can provide indirect information about the dura-
bility of construction materials in that many decay processes involve the flow of
water through pores and fissures [28]. Free (Ap) and forced water absorption (Ayf)
and drying (Di) tests were carried out according to the UNE-EN 13755 [29] and
NORMAL 29/88 [30] standards, respectively. These tests evaluated the degree of
pore interconnectivity (Ay, [31]), the saturation coefficient (S), the apparent (p,)
and real densities (p,) and the open porosity (P,) according to the RILEM standard
[32]. Hydric tests were performed under controlled thermo-hygrometric conditions
(18 °C and 35% relative humidity) using deionized water. Three samples per brick
group were analysed.

The characterization of the porous system of bricks was completed with mer-
cury intrusion porosimetry (MIP) using a Micromeritics Autopore IV 9500
porosimeter. The pore size distribution was analysed within a range of between
0.002 and 200 um. One sample per brick type of about 1 cm® was oven-dried at
70 + 5 °C for 8 h before being analysed. The specific surface area (SSA), open poros-
ity (Pomip) and apparent and real densities (pavip and ppvip) Were also calculated.

2.2.3. Compactness, colour and thermal conductivity

Ultrasound, spectrophotometry and IR thermography are particularly useful
techniques as they are non-destructive. Ultrasound offers information about the
compactness of materials and analyses their structural anisotropy and provides
indirect information about the strength of bricks [33,34]. Measurements were car-
ried out using a Controls 58-E4800 ultrasonic pulse velocity tester with 54 kHz
transducers. Three samples per brick type were measured. An eco-gel was used
to obtain a good coupling between the transducers and the surface of the bricks.
The propagation of P-waves was measured using the transmission method accord-
ing to the ASTM D2845 standard [35] in dry samples. The structural (AM) and rel-
ative anisotropies (Am) were calculated according to the following equations [36]:

2Vp

AM=(1——-——
( Vo + Vps

>><100

2(Vis — Vi)
Am = Vg Ve x 100

where Vp;, Vp, and Vps are the velocities measured in the three orthogonal
directions.

The colour of the brick surfaces was measured by spectrophotometry using a
portable Konica Minolta CM-700d apparatus in accordance with the UNE-EN
15886 standard [37]. CIE illuminant D65 (simulating daylight with a colour temper-
ature of 6504 K) was selected to measure the lightness (L*) and chromatic coordi-
nates (a* and b*) in the 400-700 nm wavelength range. The illumination was
provided by a pulsed xenon lamp with a UV cut filter and the light was detected
and measured using a silicon photodiode array in SCI and SCE modes. An area of
8 mm in diameter (10° vision angle) per sample was analysed. Three measurements
were carried out per brick type. The colour difference (AE) due to the addition of
sawdust was calculated as follows:

AE = \/(L; — L7 + (@} — a3)? + (b — ;)

where L}, aj, b are the lightness and chromaticity values for the bricks made with-
out additives and L;, a3, b, for those made with added sawdust.

A qualitative estimation of the heat propagation inside the bricks was measured
by IR thermography. This technique converts thermal radiation into electric signals
that produce a visible image. A FLIR T440 thermographic camera was used in the
laboratory where thermo-hygrometric conditions were maintained constant
(25°C and 50% relative humidity). Brick cubes were heated on a hot plate at
50 °C for 30 min at a distance of 30 cm from the camera lens. The propagation of
heat along the surface of the bricks was recorded every minute on IR thermographic
images and the displacement of the 50 °C isotherm was measured.

2.2.4. Durability by salt crystallization

The bricks were subjected to the salt crystallization test according to the UNE-
EN 12370 [38] standard. This test provides information on the damage produced by
the crystallization in pores and fissures of salts that are usually dissolved in water.
15 cycles were performed on three bricks of each type using a 14% Na,SO4 x 10H,0
solution that can exert a crystallization pressure of 14 MPa in confined spaces [39].
The gradual deterioration of the bricks was evaluated by visual inspection and daily
weight measurement.

A list of the analytical techniques used in this paper is set out in Table 2.

3. Results
3.1. Chemism, mineralogy and texture

In chemical terms, the clayey earth from Jun is rich in silica and
aluminium. It also has significant quantities of calcium, iron and
magnesium in that order (Table 3). CaO and MgO content is well
above 6%, which means that the clay can be classified as calcareous
[40]. As might be expected, the firing does not alter the concentra-
tion of major and trace elements. The most abundant trace

Table 2

Summary of the techniques used to carry out this research and the number of
analyses performed per brick type. Legend: XRF = X-ray fluorescence; XRD = X-ray
diffraction; FEG-ESEM = field emission gun environmental scanning electron micro-
scope; MIP = mercury intrusion porosimetry; IR = infrared.

Technique Apparatus Norm Analyses per
brick type
XRF PANalytical Zetium 1
XRD Panalaytical X'Pert 1
Pro
FEG-ESEM QuemScan 650F 1
Hydric tests UNE-EN 3
13755 [29]
NORMAL 29/
88 [30]
RILEM [32]
MIP Micromeritics 1

Autopore 1V 9500

Ultrasounds Controls 58-E4800 ASTM D2845 3
[35]
Spectrophotometry Konica Minolta CM-  UNE-EN 3
700d 15886(37]
IR thermography FLIR T440 1
Salt crystallization UNE-EN 3
12370[38]
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Table 3
Chemical analysis of the major oxides (in wt%) in the clayey earth raw material (J) and the fired bricks. LOI stands for loss on ignition. Brick abbreviations are indicated in Table 1.
Si0, Al,03 Fe,03 MnO MgO Ca0 Na,0 K>,0 TiO, P,0s LOI

] 48.46 16.16 5.81 0.06 3.36 8.96 0.62 2.77 0.77 0.13 13.16
]800 50.05 15.74 5.63 0.08 4.07 11.66 0.81 2.89 0.73 0.14 5.49
J800-A 48.90 15.51 5.57 0.07 4.00 11.47 0.8 2.83 0.72 0.13 7.49
]800-B 48.82 15.15 5.42 0.08 5.07 12.38 0.63 2.88 0.71 0.13 6.99
J800-C 47.39 15.89 5.76 0.09 5.15 13.56 0.59 3.02 0.71 0.14 6.72
Jos0 50.94 16.17 5.79 0.08 425 12.26 0.84 2.99 0.76 0.14 235
J950-A 51.71 16.40 5.79 0.08 4.28 12.26 0.82 3.02 0.76 0.14 2.09
J950-B 51.23 15.89 5.63 0.08 5.24 12.97 0.70 3.01 0.74 0.14 1.90
J950-C 51.28 16.10 5.71 0.08 5.33 13.15 0.69 3.04 0.74 0.14 2.21
J1100 52.04 16.50 5.87 0.08 422 12.12 0.82 2.99 0.77 0.14 1.22
J1100-A 51.66 16.14 5.71 0.08 5.39 13.12 0.67 3.04 0.76 0.14 0.61
J1100-B 51.63 16.10 5.68 0.08 5.35 13.25 0.67 3.01 0.74 0.14 0.65
J1100-C 52.18 16.39 5.83 0.09 5.44 13.32 0.70 3.01 0.74 0.14 0.89

elements include barium, strontium and zirconium (Table 4),
which may indicate the presence of barite, celestine and zircon
as accessory minerals. The only significant change is the loss on
ignition (LOI, Table 3). LOI is slightly higher in the clay raw mate-
rial (13%) than in bricks, which together with the organic material
contain phyllosilicates, carbonates and sulphates that lose H,O and
CO, after calcination. The addition of sawdust in its different
amounts did not alter LOI, in that the same evolution was observed
in all four groups of bricks. The highest values were measured at
800 °C when there may still be carbonates which lose their CO,,
while at 950 °C and 1100 °C, there was only minimum loss associ-
ated with a residual dehydroxylation of the phyllosilicates. On this
question, Rodriguez Navarro et al. [41] demonstrated that the
dehydroxylation of muscovite remains incomplete at 950 °C. The
results of the mineralogy set out below confirm these suppositions.

In mineralogical terms, the clayey earth from Jun is rich in
quartz and phyllosilicates (above all illite/muscovite and also
paragonite, chlorite and kaolinite), feldspars s.l. (microcline and
albite), gypsum and carbonates (calcite and dolomite) (Table 5).
After firing at 800 °C, quartz is still the most abundant mineral
while phyllosilicates disappear, with the sole exception of illite/-
muscovite, which remains present albeit in lower concentrations
(Table 5). Of the carbonates, dolomite is no longer detected and
calcite is present but in smaller quantities than in the raw material.
Microcline is transformed into orthoclase, the most stable poly-
morph at this temperature. Gypsum loses its water molecules
and is converted into anhydrite (Table 5). At 950 °C calcite and
quartz disappear and the concentrations of illite/muscovite are
lower. In addition, new mineral phases are formed by the reaction
between silicates and carbonates. One example is gehlenite, which
is produced by the reaction between calcite and illite/muscovite
[24]. Plagioclases turn into anorthite and orthoclase changes into
its higher-temperature phase, sanidine (Table 5). At 1100 °C quartz

is no longer the main mineral phase as anorthite is present in lar-
ger concentrations. Two other silicates, wollastonite and diopside,
appear due to the quartz reacting with calcite and dolomite respec-
tively [42]. The amount of gehlenite falls because it is also involved
in the formation of wollastonite [42]. Illite/muscovite is no longer
detected (Table 5). The amount of hematite remains approximately
the same. In addition, as the firing temperature increases so does
the amorphous/crystalline ratio (a/c, Table 5) due to the gradual
vitrification of the bricks.

The addition of sawdust does not change the mineralogy com-
pared to the bricks without additives, in that the same phases
are identified and the same reactions take place: carbonates
decompose, muscovite-type phyllosilicates lose the hydroxyls
(OH7) and disappear above 950 °C, the concentration of quartz falls
forming gehlenite, anorthite, wollastonite and diopside (Table 5). It
is interesting to note that the amount of amorphous phase does not
increase in the presence of sawdust, nor does the amorphous/crys-
talline ratio (a/c, Table 5). On this question, Demir [14] noted that
the addition of organic matter to the bricks produced extra heat
during firing in the kiln and Dondi et al. [43] quantified the calorific
value of sawdust at around 17,000 kJ/kg. We should remember
however that the sawdust burns at relatively low firing tempera-
tures (between 200 °C and 650 °C according to Guo et al. [44]),
which means that its addition to the clayey matrix cannot con-
tribute to vitrification or to the increase in the amorphous phase,
which take place at higher firing temperatures.

ESEM observations were only conducted in the bricks without
additives and in those with 10% added sawdust fired at 800 °C
and 1100 °C for which the textural differences were more evident.
In bricks made without additives the level of vitrification of bricks
increases in line with increasing firing temperature. At 800 °C the
sheet habit of phyllosilicates remains, the bond between the grains
seems limited and pores have a clearly angular shape (Fig. 1a).

Table 4
Chemical analysis of the trace elements (in ppm) in the clayey earth raw material (J) and the fired bricks. Brick abbreviations are indicated in Table 1.
Zr \Y Cr Ni Zn Ba Pb Rb Sr Y

] 219 70 82 38 78 325 33 126 326 70
]800 203 97 81 37 88 365 190 131 699 97
J800-A 202 76 79 39 89 357 37 129 671 76
]800-B 201 67 78 40 88 367 36 132 394 67
]800-C 176 79 77 43 89 379 32 138 481 35
J950 218 79 146 49 95 376 37 134 769 79
J950-A 212 82 84 40 95 392 36 136 757 82
J950-B 201 71 78 39 90 387 37 135 489 71
J950-C 207 76 81 38 87 389 30 136 482 36
J1100 217 71 84 41 9 392 33 134 727 71
J1100-A 213 82 83 40 91 349 39 135 418 82
J1100-B 206 77 99 44 93 382 33 134 461 77
J1100-C 205 75 89 36 89 406 27 135 465 37
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Table 5

Mineralogical composition of raw material (J) and fired bricks. Legend: **** = very abundant;

*** = abundant; ** =small quantities; * =scarce; tr=in traces. Qz = quartz;

Ms = illite/muscovite; Pg = paragonite; Chl = chlorite; Kao = kaolinite; Cal = calcite; Dol = dolomite; Gyp =gypsum; Anh; anhydrite; Hem = hematite; Mic = microcline;
Or = orthoclase; Sa = sanidine; Ab = albite; An = anorthite; Gh = gehlenite; Di = diopside; Wo = wollastonite; a/c = amorphous/crystals relationship. Mineral abbreviations after

Whitney and Evans [45]). Brick abbreviations are indicated in Table 1.

] 1800 J800-A  J800-B  J80O-C  J950

J950-A

J950-B  J950-C  J1100  J1100-A  J1100-B  J1100-C

sk sk sk skt k ok

Qtz
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Chl *
Kao
Cal * * * * *
Dol *

Gyp
Ahn * * * * *
Hem tr tr tr tr
Mic
Or
Sa
Ab *
An
Geh
Di
Wo
ajc

ok * * *k *

ok

ok ok ok

*%

ok ok ok ok

%

0.089 0.059 0.061 0.068 0.084 0.066

ok

tr

0.090

ok ok stk ok sekok ok

tr *
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At 1100 °C the texture was quite different, vitrification was much
more widely extended and the pores coalesced becoming spherical
or oval-shaped (a “cellular structure” according to Tite and Mani-
atis [46]) (Fig. 1b). This was due to the melting of clay particles
and the release of gases [47]. These observations confirm that the
increase in the amount of amorphous phase deduced by XRD
(a/c, Table 5) in line with increasing firing temperature is due to
the vitrification of the bricks. On occasions it is possible to observe
the remains of former carbonates which have decomposed into
oxides and have not carbonated after the immersion of the brick
samples in water. Indeed, the detail image in Fig. 1c shows a grain
composed of equidimensional nanometric Mg oxides (see the EDX

spectrum) with rounded edges, probably after undergoing sinter-
ing, which makes their reaction to form new silicates more difficult
[25,48]. Anhydrite grains with pronounced exfoliation due to the
loss of H,O during the transformation of the gypsum into anhydrite
were also identified (Fig. 1d).

The addition of sawdust gives rise to new elongated pores,
which are larger than those observed earlier and were formed after
combustion of the organic matter leaving the imprint of the origi-
nal shape (Fig. 1e). At this temperature there are no signs of vitri-
fication of the matrix. At 1100°C the same pores are visible
although the edges are smoother, the smallest pores are rounder
and, in general, the structure seems to be more compact (Fig. 1f).

Fig. 1. ESEM secondary electron images and EDX microanalysis of bricks without additives (images a, b, c and d) and with the addition of 10 wt% sawdust (images e, f and g),

fired at 800 °C (images a and e) and at 1100 °C (images b, ¢, d, f and g).
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The crystals with a trigonal habit and rough surfaces on the pore in
Fig. 1g were identified as calcite (see the EDX spectrum). This min-
eral phase is incompatible with firing temperatures of 1100 °C and
is a secondary calcite. This calcite was formed after firing when the
samples were submerged in water so as to prevent lime-blowing
(see above - Preparation of the brick samples). The free CaO that
had not reacted with silicates reacted with water and later with
CO, forming crystals of 4-5 um. The development of rough sur-
faces suggests the rapid growth of these crystals [49]. In the same
Fig. 1g we can see part of the former carbonate crystal which man-
aged to react with silicates forming gehlenite on the edge of the
pore with approximately equal amounts of Mg and Al. The pure
gehlenite indicated by XRD analyses (Table 5) is not therefore
being formed and instead what we see is an intermediate phase
of the dkermanite-gehlenite series. This is because XRD is unable
to correctly distinguish the end-members of this series [50].

3.2. Porous system

The addition of sawdust (in its varying percentages) had a
greater effect on the hydric behaviour of the bricks than changes
in the firing temperature. Fig. 2 clearly shows that when the
amount of sawdust is increased, their water absorption capacity
also increases. This is manifested in the free and forced water
absorption values (A, and Ag, Table 6), which are twice as high in
the bricks with 10% added sawdust than in those made without
additives. Increases in the firing temperature can affect the hydric
behaviour of the brick samples in each group due to increasing vit-
rification as described above in the previous section (see Table 5
and Fig. 1). Indeed, at the beginning of the hydric test, the samples
fired at 1100 °C absorbed water more slowly than the other sam-
ples, but by the time they reached forced saturation the bricks fired
at 1100 °C had absorbed more water than those fired at 950 °C,
which in turn had absorbed more than those fired at 800 °C
(Fig. 2). These differences are a sign of the changes that the porous
system undergoes as firing temperature increases. The capillaries
between the pores become more tortuous making it more difficult
for the bricks to absorb water. The tortuousness of the porous sys-
tem is assessed by measuring the degree of interconnection
between pores (Ax, Table 6) and comparing A, and Ag. As the differ-
ence between these two values increases (the slope of the curve in
Sector 2 of Fig. 2 increases) the communication between the pores
becomes more difficult [31]. These values are closely related to fir-
ing temperature in that the highest values (i.e. poor interconnec-
tion) can be seen in the samples fired at the highest temperature.

—J800

-==J800-B
- = J800-C
—J950

-==J950-B
- = J950-C
—J1100

AM/M

-==J1100-B
- =J1100-C

Time (h)

Fig. 2. Free water absorption (1), forced water absorption (2) and drying (3) of
bricks made without additives and with the addition of sawdust. Weight variation
(AM/M) versus time (in h). Each curve represents the mean of three measurements.
Brick abbreviations are indicated in Table 1.

The presence of sawdust makes these interconnections worse,
above all when 5% and 10% of sawdust were added. Ax values
are inversely proportional to the saturation coefficient (S, Table 6),
in that the most highly saturated samples are those with the best
connections between the pores. This is the case of J800 and J950
in which the saturation value is around 90%.

The speed at which a brick dries out is another useful parameter
when it comes to assessing its durability, given that water is
involved in most decay processes [33]. In this case, the drying
index offers little help for comparison purposes in that all the stud-
ied bricks had similar values (Di, Table 6). However, if one looks at
the changing slopes in the drying curves (point 3 of Fig. 2), one can
see that the drying process varies from one sample to the next.
Curves show an initial straight slope or “constant drying rate”
[51] in which the porous system of bricks does not affect the drying
process. Drying occurs only by the diffusion of vapour from the wet
surfaces of samples into the environment. This first stage is quite
short in bricks fired at 800 °C and 950 °C, especially when sawdust
is added. Drying takes longer, however, in samples fired at 1100 °C
(see J1100-C, Fig. 2). The drying rate changes when “critical mois-
ture content” [51] is reached and water begins to be lost due to its
movement from the pores to the surface. This change in the slope
of the curves is known as the “falling drying rate” [51], a phase of
the drying process in which pore radii are very influential because
the water moves towards the surface by capillarity [52]. The drying
process in J800 (which still retains a significant amount of water at
the end of test) and, in general, in those fired below 1100 °C is
dominated by the falling drying rate. This seems to be due to the
absence of the large rounded pores observed by ESEM which devel-
oped after the vitrification of the matrix at 1100 °C. As regards
open porosity (P,, Table 6), this increases in line with increasing
concentrations of sawdust. Samples without additives absorb the
least water and have the lowest P, values of between 33 and
37%. These values are clearly higher than those usually found in
industrially produced bricks manufactured by extrusion [53], but
in line with the porosity of handmade bricks [54,55]. The bricks
with 10% added sawdust absorb more water and have up to 60%
porosity making them substantially lighter than normal bricks. In
fact, apparent density (p,, Table 6) falls from 1.5 g/cm?® in bricks
without additives to 1 g/cm® in bricks made with 10% of added
sawdust. Bricks without additives have the lowest real density
(pr) values.

The mercury intrusion porosimetry (MIP) technique confirms
the influence of sawdust on changes in the porous system of the
bricks and on the pore size range. Indeed if one compares the
porosimetric curves of bricks made without additives to those
made with added sawdust, the former have a clearly unimodal dis-
tribution (Fig. 3) with a maximum peak that shifts towards larger
pore sizes as the firing temperature increases (from 0.25 um at
800 °C to 0.53 um at 950 °C and 0.75 um at 1100 °C). The latter
by contrast are bimodal. Sawdust is responsible for the formation
of a second group of pores at around 10 um, and this group
increases in size in line with the sawdust content. These pores
appeared after the disappearance of the sawdust fibres which were
burnt during firing of the bricks and which were earlier observed
using ESEM (Fig. 1). Also in the bricks made with added sawdust
peaks for both families of pores shift towards higher pore sizes
between 800 and 1100 °C. The displacement of the pores and their
dependence on the firing temperature or the sawdust content can
be better understood after the analysis of pore sizes at different
ranges in Table 6. In fact, the number of pores with radii of over
1 pm increases in all the bricks in line with increasing sawdust
content, while the number of pores between 0.1 and 1 um falls
(Table 6). The family of pores comprised between 0.01 and
0.1 um are the most influenced by the firing temperature in that
they are only affected by the sawdust content in poorly vitrified
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Table 6

Results of hydric and MIP tests on brick samples made without additives and with added sawdust The standard deviation for each result of the hydric tests is indicated in
brackets. A, = free water absorption (%); A¢ = forced water absorption (%); Ax = degree of pore interconnection; Di = drying index; S = saturation coefficient (%); P, and Py p = open
porosity (%, the second determined by MIP); p, and p,wip = apparent density (g cm~>, the second determined by MIP); p, and pywp = real density (g cm >, the second determined
by MIP); SSA = specific surface area (m?/g, determined by MIP); >1 = percentage of pores higher than 1 um; 0.1-1 = percentage of pores comprised between 0.1 um and 1 um;
0.01-0.1 = percentage of pores comprised between 0.01 um and 0.1 um; <0.01 = percentage of pores lower than 0.01 um (all determined by MIP). Brick abbreviations are

indicated in Table 1.

800 J800-A J800-B J800-C 950 J950-A J950-B J950-C J1100 J1100-A  J1100-B  ]1100-C
Ay 21.82 25.54 30.17 4320 22.94 28.76 33.56 43.66 22.06 28.39 33.50 4330
(0.47) (1.35) (0.15) (1.16) (0.78) (0.65) (1.26) (1.15) (0.49) (0.01) (0.13) (0.11)
A 2231 27.83 3453 48.48 23.79 31.78 3839 49.46 24.50 32.50 39.67 51.03
(0.06) (4.16) (0.95) (2.27) (1.15) (0.64) (1.16) (0.17) (0.01) (0.06) (0.51) (0.49)
Ax 221 7.56 12.59 10.85 3.55 9.50 12.58 11.72 9.94 12.66 15.56 15.13
(1.83) (8.97) (1.95) (1.77) (1.41) (0.20) (0.63) (2.63) (1.96) (0.12) (1.40) (1.03)
Di 0.90 0.88 0.83 0.83(1.33) 0.88 0.85 0.85 0.82 0.86 0.83 0.83 0.78
(2.54) (8.22) (3.84) (2.37) (2.70) (0.94) (1.18) (2.48) (2.39) (0.74) (0.00)
S 92.42 86.81 81.91 82.62 89.66 83.44 81.86 80.53 77.52 77.43 76.49 76.03
(0.14) (3.53) (1.18) (11.12) (1.24) (0.80) (1.79) (2.62) (0.24) (0.35) (0.40) (0.37)
P, 33.88 39.51 45.74 60.90 35.95 43.76 49.62 53.81 37.19 4521 50.25 57.52
(0.01) (0.09) (0.00) (0.17) (0.02) (0.00) (0.01) (0.05) (0.01) (0.01) (0.01) (0.02)
Pa 1.52 143 132 1.25(141) 151 138 1.29 1.09 1.52 139 127 1.13
(0.02) (0.00) (0.05) (0.01) (0.03) (0.11) (0.24) (0.03) (0.03) (0.01) (0.07)
Pr 2.30 2.36 244 3.40 (0.02) 2.36 2.45 2.57 2.36 242 2.54 2.55 2.65
(0.04) (0.00) (0.01) (0.03) (0.00) (0.02) (0.01) (0.01) (0.01) (0.01) (0.00)
SSA 7.96 11.92 11.29 10.71 6.34 6.28 5.85 574 2.06 135 494 467
Powip  38.45 41.13 45.93 55.46 4279 47.66 49.08 58.58 4329 46.58 52.88 59.62
pamp  1.61 1.56 1.45 1.19 1.58 1.44 1.41 1.13 1.56 1.49 131 1.12
Povp 2.61 2.65 2.67 2.68 2.77 2.75 2.76 2.73 2.76 2.80 2.78 2.77
>1 3.69 14.73 2434 4835 2.04 15.02 27.58 4371 7.52 22,57 35.58 50.86
01-1 665 56.1 51.58 35.17 88.1 74.41 62.5 47.55 91.21 75.92 60.75 46.52
001-  28.85 26.7 22.41 14.97 8.04 9.81 8.98 8.41 0.98 1.51 2.95 2.12
0.1
<001 096 2.46 1.77 1.51 1.82 0.76 0.95 0.33 0.29 0 0.72 0.49

bricks, i.e. those fired at 800 °C, in which there is a fall in the num-
ber of these pores as the sawdust content increases. In the samples
fired at 950 °C and over there is a dramatic decrease in the number
of these pores, above all at 1100 °C, and no variations due to saw-
dust content can be observed. The porosity of the bricks is
increased by the addition of sawdust, and this porosity increases
in line with the percentage of sawdust and also with increases in
the firing temperature (Powvp, Table 6), so confirming the results
of the hydric tests. It is interesting to observe how the specific sur-
face area (SSA, Table 6) falls as the firing temperature rises. This is
due to the gradual disappearance of the smallest pores of less than
0.01 um. These can be found in bricks fired at 800 °C (Fig. 3) and
gradually come together forming larger pores as the temperature
increases. Indeed, in a similar way to the family of pores ranging
between 0.01 and 0.1 um, the percentage of pores of less than
0.01 um is lower at 950 °C and very scarce at 1100 °C (Table 6)
because of the vitrification of the bricks. This explains why differ-
ent slopes were observed in the drying curves in the hydric tests
(Fig. 2). Apparent density values (pawip, Table 6) fell in line with
an increase in sawdust content, as was observed in the hydric tests.
Similar changes do not occur in real density (pymip, Table 6) as this
depends on the mineralogy rather than on the porous system and
increases, albeit only slightly, in line with increasing firing temper-
ature due to the higher density of the newly-formed minerals
(gehlenite, anorthite, diopside and wollastonite) compared to
those which disappeared or whose concentrations fell (quartz,
illite/muscovite and calcite) (Table 5).

3.3. Compactness

Analysing the values in Table 7, Vp; is always the lowest veloc-
ity compared to Vp, and Vp3 because in Vp; the waves are propa-
gated perpendicular to the orientation of phyllosilicates and of
the elongated pores that took the place of the sawdust fibres that
were burnt during firing. This preferential orientation took place
during the preparation of unfired pieces when the clayey mass

was compacted into the mould. Both the firing temperature and
the addition of sawdust influenced ultrasound velocity: the veloc-
ity increased when firing temperature increased and fell in line
with increases in sawdust content. In the case of firing tempera-
ture, the vitrification of samples and the generation of new mineral
phases (gehlenite, anorthite, diopside and wollastonite, Table 5)
gave rise to a more compact structure, so favouring quicker trans-
mission of the waves. The addition of sawdust, as expected,
reduces the P-wave velocity because it increases the empty spaces.
Indeed, the bricks that propagated the waves more quickly are
those made without additives and in particular those fired at
1100 °C, which reach an average velocity of 2440 m/s (Table 7).
When sawdust was added, the velocity fell and the higher the saw-
dust content, the more it fell. Indeed, the lowest Vp values were
reached with 10% sawdust content and a firing temperature of
800 °C (1662 m/s, Table 7). Another interesting fact is that com-
pactness did not increase gradually with the increase in tempera-
ture. In fact, between 800°C and 950°C there was little
difference between the velocity values as compared to the sharp
rise that took place between 950 °C and 1100 °C. This means that
bricks do not reach a high degree of sintering and vitrification of
the matrix until 1100 °C, making them very compact. As regards
anisotropy values, absolute anisotropy behaves more consistently
than relative anisotropy. This is because absolute anisotropy con-
siders the velocity in three directions of space that are mutually
perpendicular, while relative anisotropy only takes two directions
into account (those lying parallel to the orientation of phyllosili-
cates). This means that relative anisotropy values may be altered
during the preparation of unfired samples when they are cut into
cubes with cotton thread, in that as the thread cuts through the
sample, it can change the orientation of the laminar minerals. As
the firing temperature increases, bricks become more isotropic
due to an increase in vitrification and AM falls. It is interesting
to note that the addition of sawdust makes bricks more anisotropic
due to the preferential orientation of the elongated pores gener-
ated by the organic fibres.
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Fig. 3. Cumulative mercury intrusion (red) and pore size distribution (blue) curves of bricks made with and without added sawdust. Brick abbreviations are indicated in
Table 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 7

Speed of ultrasonic wave propagation in the three orthogonal directions (Vp, in m/s), mean velocity (V,, in m/s), structural (AM), and relative (Am) anisotropies (in %) of bricks
made with and without sawdust. The standard deviation is indicated in brackets. Vp;, Vp,, and Vps are the ultrasound velocities measured in three orthogonal directions. Brick

abbreviations are indicated in Table 1.

Ve Vp2 Vps v, AM Am
1800 1793 (5.89) 2105 (19.54) 2216 (8.06) 2038 17.01 5.14
1800-A 1706 (14.88) 2187 (6.98) 2252 (6.14) 2048 23.14 293
]800-B 1507 (12.97) 2057 (12.82) 2092 (7.16) 1885 27.36 1.69
1800-C 1332 (23.26) 1796 (16.31) 1859 (14.72) 1662 27.11 345
1950 2202 (23.52) 2230 (25.23) 2405 (11.32) 2279 498 755
1950-A 1827 (11.13) 2144 (9.77) 2242 (27.16) 2071 16.69 447
J950-B 1589 (6.61) 2068 (13.95) 2069 (6.54) 1909 23.18 0.05
1950-C 1336 (15.01) 1824 (14.38) 1878 (11.80) 1679 27.82 2.92
1100 2291 (21.26) 2497 (24.37) 2533 (10.29) 2440 891 1.43
J1100-A 2126 (41.15) 2254 (19.95) 2440 (14.70) 2273 9.42 7.93
J1100-B 1886 (15.50) 2287 (8.89) 2352 (5.92) 2175 18.69 2.80
J1100-C 1562 (4.10) 1761 (6.28) 2095 (8.76) 1806 18.98 17.32

A comparative analysis of detailed parameters determined by
hydric tests, MIP and ultrasound was conducted to provide more
information about the influence of the firing temperature and the
amount of sawdust on the behaviour of bricks. Fig. 4a compares
the mean ultrasonic velocity (V,) with the apparent density
(pamip) highlighting a direct relationship between these two
values. As one might expect, velocity increases as the bricks get
denser. This behaviour is clearly related to the amount of
sawdust: the lower the sawdust content, the lower the porosity,

so increasing the compactness of the bricks and therefore the
ultrasonic velocity. The values in the diagram were enclosed in
four different dotted areas depending on the amount of sawdust
(0%, 2.5%, 5% and 10%). The position of each sample is closely
related to the firing temperature: the bricks fired at 1100 °C are
all on the right-hand side of each area while those fired at
800 °C are on the left because the increase in firing temperature
results in higher vitrification and therefore in higher compactness
and density of the bricks.
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Fig. 4. Comparison of detailed parameters to observe the influence on brick samples of firing temperature and sawdust content: a = mean velocity (V,, in m/s) versus
apparent density (pavip, in g cm—3); b = saturation coefficient (S, in %) versus pore radii range between 0.01 and 0.1 um. Dotted areas enclose samples with different sawdust

content (figure a) and different firing temperatures (Figure b).

Fig. 4b compares the saturation coefficient (S) and the pore size
ranging between 0.01 and 0.1 pm. At first glance, it seems that the
samples are scattered in the diagram. However, when the firing
temperature information is added (samples fired at the same tem-
perature were enclosed in dotted areas), the diagram reveals that
the saturation coefficient falls as the firing temperature and saw-
dust content increase. Moreover, the increase in the firing temper-
ature considerably reduces the number of small pores. As
mentioned in FESEM and MIP observations, the coalescence of
pores and the development of a “cellular structure” due to the vit-
rification of the matrix reduce the number of small pores. It is
interesting to note that the bricks are more highly dispersed at
low firing temperatures. High firing temperatures produce very
similar samples in terms of their saturation capacity, while a lower
degree of vitrification increases the distance between the values.

3.4. Colour

Fig. 5 shows the varying colour and general appearance of the
bricks. Samples are generally red-yellowy coloured but there are
certain differences between them that have been quantified by
spectrophotometry. When comparing lightness results (L%,
Fig. 6a) two different forms of behaviour can be observed. When
sawdust is not present or only in low concentrations (samples ]
and J-A), bricks become lighter in colour when the firing tempera-
ture increases. However, in those with higher sawdust content (5%
and 10%) the opposite occurs: samples J-B and J-C are lighter in col-
our especially at the highest firing temperature. These differences
are more obvious when the two most extreme groups of bricks
are compared, those made without additives (J) and those made
with 10% added sawdust (J-C). Research has shown that composi-
tional and textural variations can alter the chromatic parameters
of materials [56]. In our case the differences in lightness results
must be due to the number of pores, which varies according to
the percentage of sawdust and the degree of vitrification of the
bricks. Changes in mineralogy may also be a factor. It is logical to
imagine that vitrification will modify the surface of the samples
making them smoother and more uniform. This change increases
the lightness of the bricks made without additives or with just a
small amount of sawdust. Higher sawdust content makes the
bricks (and their surfaces) more porous (see P, and Pgyyp values,
Table 6) and it is possible that partially reducing conditions may
have been established in the kiln during firing [57], leading to a fall
in L*, above all at 1100 °C. Indeed, bearing in mind the slightly dar-
ker appearance of these bricks, it is possible that maghemite
(Fe3*05) has crystallized. However, the fact that the reflections of

this oxide overlap with other mineral phases present in the bricks
prevented us from identifying it unequivocally using XRD. There
was also no decrease in the quantity of hematite, the mineral
responsible for the red pigmentation of bricks, as the sawdust con-
tent increased (Table 5). According to De Bonis et al. [58], the dark-
ening of bricks may be due to an increase in the size of hematite
crystals scattered throughout the matrix.

Chromaticity (a* and b*, Fig. 6b) results also highlight the differ-
ences between the materials on the basis of composition and firing
temperature. These differences are due essentially to parameter a*
(in which positive values indicate the amount of red), which varies
between 5 and 17, rather than to parameter b*, which maintains an
almost constant yellow value of between 20 and 22. More detailed
analysis of these results shows that the bricks fired at 1100 °C had
the lowest a* values, which means that the red component of col-
our is less intense. As firing temperature falls, a* values increase
and this increase is also associated with the composition of bricks
in that a* increases when sawdust content falls. The bricks with the
most intense colour (most saturated) are those made without
additives.

The colour difference between bricks made without additive
and those with added sawdust (AE, Table 8) remains below 6.3
and no clearly defined pattern can be observed. According to Grossi
et al. [59], chromatic changes of more than 5 can be observed by
the human eye. This means that in some cases, above all sample
J1100-C, it may be possible to distinguish the change in colour.

3.5. Thermal conductivity

IR thermography was used to qualitatively compare the degree
of thermal refractoriness of the bricks. The height reached by the
isotherms in samples that were heated for 30 min at 50 °C was
measured. This test showed that within each group of bricks (i.e.,
without additive and with 2.5%, 5% and 10% of sawdust content),
heat was propagated more quickly as firing temperature increased.
Lassinantti Gualtieri et al. [60], Saiah et al. [61] and Sveda et al. [62]
observed that the thermal conductivity of a ceramic material is
influenced by numerous factors. These include its mineralogical
composition, moisture content, the grain size of the raw material
and above all the apparent density, porosity and pore size distribu-
tion, with the least dense, most porous samples being found to be
the most refractory. This means that the data obtained in this
research appears to contradict that set out in the bibliography
given that in each group the bricks that transmitted most heat
were the most porous ones (see P, and Poy\p values Table 6). On
this question it is important to remember that the increase in
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Fig. 5. Colour of fired bricks without the addition of sawdust (0%) and with added 2.5%, 5% and 10% sawdust fired at 800, 950 and 1100 °C. Brick cubes have a 4 cm-edge.
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Fig. 6. Lightness (a) and chromaticity (b) of bricks. Blue stands for bricks fired at 800 °C; red for bricks fired at 950 °C; green for bricks fired at 1100 °C; the squares represent
bricks without sawdust; the triangles represent those with added 2.5 wt% sawdust; the circles represent those with added 5 wt% sawdust; the diamonds represent those with
added 10 wt% sawdust. Brick abbreviations are indicated in Table 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Table 8

Colour difference (AE) caused by the addition of sawdust to the bricks with respect to those made without additive. Standard deviation (o) is also indicated. Brick abbreviations

are indicated in Table 1.

J800-A J800-B J800-C J950-A J950-B J950-C J1100-A J1100-B J1100-C
AE 5.90 597 3.41 591 411 462 563 401 6.31
c 1.29 243 0.64 1.74 1.59 1.10 0.60 0.92 2.54

temperature gave rise to samples with a higher degree of vitrifica-
tion and a stronger bond between the particles, above all at
1100 °C, which made them more compact (a/c values in Table 5
and Vp values in Table 7). This suggests that the stronger bond
between the components of the brick is more influential than the
increase in porosity in the transmission of heat. In addition, when
bricks with different composition but fired at the same tempera-
ture are compared, an increase in their refractoriness can be
observed in line with increasing sawdust content. Fig. 7 shows
the transmission of heat in bricks made without additive and those

made with 10% in weight of sawdust fired at 800 °C and 1100 °C
(samples ]800, J800C, J1100 and J1100-C, respectively). The propa-
gation of heat is more difficult in samples made with sawdust, in
other words in the most porous samples. IR images also show that
from the beginning of the test the transmission of heat was not
uniform in the samples made with sawdust, which after just a
few minutes makes it difficult to measure the height reached by
the heat (Fig. 7a and c). At the beginning of the test the bricks made
with added sawdust seemed to transmit heat at the same velocity
as the bricks made without additives (Fig. 7a) or more quickly
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Fig. 7. Representative IR thermographic images showing bricks made without additives (on the left of each image) and with 10 wt% of sawdust (on the right of each image)
fired at 800 °C (images a and b) and at 1100 °C (images c and d). Images were taken after 2 min (a and ¢) and 30 min of heating (b and d). The continuous lines in images b and

d mark the 50 °C isotherm. The height of the samples varies from 3.9 cm to 4.1 cm.

(Fig. 7c). However, as time went by, the bricks made with sawdust
found it more difficult to propagate the heat and half an hour into
the test, the isotherm marking 50 °C had not reached the same
height as in the bricks made without additives. A certain degree
of irregularity in the isotherm could be observed in the presence
of high porosity (Fig. 7b and d). It is interesting to note that the dif-
ference in the height of the isotherms of bricks was more accentu-
ated at 800 °C than at 1100 °C. This is due once again to the high
degree of vitrification reached by the bricks fired at 1100 °C, which
favours more rapid transmission of heat, so much so that there are
only slight differences between the samples made with and with-
out additives (Fig. 7d).

3.6. Salt crystallization test

The accelerated ageing test revealed that within each group of
bricks, the samples that increased least in weight as a result of
the crystallisation of sodium sulphate inside them were those fired
at 1100 °C. While the bricks that gained most weight and suffered
the greatest weight variations were those fired at the lowest tem-
perature (Fig. 8). With the naked eye, it is possible to observe that
fragments have been lost, generally along the edges of the sample.
This fragment loss is normally higher, the higher the sawdust con-
tent of the brick and the lower the firing temperature.

If one looks at the bricks in more detail, at 800 °C (blue curves,
Fig. 8) the brick with least fluctuations in weight was the one made
without additives (J800). The weight of this material increases
until cycle 11 after which it undergoes a slight decline in cycle
12. The salts which had crystallized inside it up until that point
crack the brick causing fragments to fall off (with the resulting
weight loss). From cycle 13 onwards, the weight of J800 rises again
due to the presence of salts in new fissures. If we observe the beha-
viour of the other samples fired at 800 °C, variations in weight are
more pronounced and start happening earlier (cycle 5). More

——J800 e J800-A "
---J800-B - —J800-C N e
0.02 4 —¥950 e J950-A 500

-==J950-B
—J1100

t (days)

Fig. 8. Weight variation in bricks made without additives and with added sawdust
during 15 salt crystallization test cycles. Each cycle corresponds to 1 day and each
curve represents the mean of three measurements. Brick abbreviations are
indicated in Table 1.

substantial weight losses are also observed, such as for example
in cycle 9 in J800-A or cycle 12 in J800-C (Fig. 8).

When the firing temperature is increased to 950 °C, the bricks
become more resistant to salt crystallization and their weight
increases less over the 15 cycles. These samples follow a similar
pattern to those fired at 800 °C, in other words those with the high-
est sawdust content experience the greatest variations in weight
(red curves, Fig. 8).

At 1100 °C the differences between the types of bricks are much
less noticeable and in some places the curves even overlap slightly
(green, Fig. 8). This indicates that the degree of vitrification of these
bricks is more influential in the damage they suffer when subject to
salt attack than the amount of additive. In other words, at this tem-
perature the porosity developed by the addition of sawdust is less
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significant than the strength reached by the highly vitrified matrix
of the bricks. Elert et al. [63] and Benavente et al. [64] observed that
salt crystallization affects the samples with small pores (below
1 pm) more than those with large rounded ones. This seems to con-
tradict the evidence in Fig. 8 where the samples with larger pores
(see porometric curves, Fig. 3) showed higher mass increments
and more significant mass fluctuations (mainly at 800 and
950 °C). The higher mass increment is due to the higher porosity
of the bricks made with sawdust, which allows greater absorption
of saline solution. For its part, the greater fluctuation in mass is
due to the fact that the larger pores can act as a reservoir for water
and salts that feeds the smaller pores and causes extensive material
loss. In this case, the damage suffered by the bricks depends on the
way the saline solution is transported and propagated through the
pore network [65,66]. In addition, the more porous the material is,
the more vulnerable it is to decay due to the weaker union between
the particles [33]. This is why mass increment and fluctuation
appear low at 1100 °C thanks to the high degree of vitrification of
the bricks fired at this temperature (see ESEM observation, Fig. 1).
This creates a stronger union between the grains and a more com-
pact structure, so limiting the impact of salt crystallization.

4. Conclusions

In this paper the effects of the addition of a waste product,
beechwood sawdust, on the quality of solid bricks was assessed
from mineralogical, textural and physical points of view, compar-
ing the results obtained by these bricks with those obtained by
other identical bricks made with exactly the same raw material
(from Jun, Granada), preparation process (manual) and firing tem-
peratures (between 800 °C and 1100 °C), but with no additives. The
following conclusions were reached:

1. The mineralogical changes that take place during the brick fir-
ing process are a direct result of the composition of the raw
material, which is rich in silicates and carbonates. The amount
of quartz, the most abundant mineral phase in the raw material,
falls because it reacts with carbonates to form new mineral
phases. The amount of phyllosilicates also falls to the point of
disappearing above 950 °C. Gehlenite, anorthite, diopside and
wollastonite appear as the firing temperature increases. The
quantity of amorphous phase also rises due to the vitrification
of the bricks.

2. Hematite is responsible for the red-yellowy colour of the bricks
even though it is only present in small quantities. As the firing tem-
perature of the bricks increases, so chromaticity component a* falls.

3. The addition of sawdust does not cause significant changes in
the colour of the bricks or in their mineralogy, nor does it
increase the amount of amorphous phase in the fired samples.
Similarly, no evidence was found to suggest that the combus-
tion of organic matter induced a reduction atmosphere inside
the kiln.

4. The addition of sawdust causes significant changes in the por-
ous system, in which it creates a new family of pores, reaching
almost 60% of porosity when 10% in weight of sawdust was
used as an additive, as compared to 38% porosity in bricks made
without additives. The bricks become lighter and the apparent
density falls to 1 g/cm?.

5. The addition of sawdust makes the bricks more susceptible to
deterioration. The formation of larger pores creates reservoirs
of saline solution, which is transported around the porous sys-
tem causing the bricks to decay.

6. The bricks with a 10% sawdust content fired at 800 °C are the
least resistant to salt crystallization. This is because of the weak
union between the grains in a poorly vitrified matrix.

7. The increase in firing temperature improves the physical prop-
erties of the bricks, above all at 1100 °C when there is evidence
of widespread vitrification in the texture. This gives rise to more
compact, less anisotropic bricks, although they transmit heat
more quickly, suggesting poorer insulation properties.

8. By contrast the bricks fired at 800 °C perform better as regards
thermal insulation, which also increases with the addition of
sawdust, above all with 10% in weight, due to the increased
porosity of the bricks.

In general, certain physical properties such as compactness and
resistance to salt crystallization were better in bricks made with-
out additives and fired at 1100 °C. However, the addition of saw-
dust did not change the mineralogy of bricks and had certain
advantages. It made the bricks lighter and better thermal insulants,
for which extensive vitrification was not required. This would
enable them to be fired at lower temperatures, so reducing energy
costs. This research has demonstrated that high firing tempera-
tures do not improve the insulating properties of bricks. Future
research must consider the mechanical behaviour of bricks made
with sawdust in order to assess their suitability as a building
material.
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