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cosmetic and pharmaceutical industry, less is known about its reuse in the construction sector,
with most research focusing on the production of cementitious materials due to its high calcium
content. Very little work has been done on its possible use in brick manufacture. In this study,
solid brick samples were produced, either without additives or with the addition of 20 % by
weight of eggshell with two different grain sizes, fine and coarse. Samples were fired at 800, 950
and 1100 °C. The addition of eggshell results in the formation of gehlenite at 1100 °C in the bricks
with coarse residue, and anorthite and wollastonite in those with fine residue. The samples made
with coarse residue showed levels of portlandite due to the hydration of CaO. The water ab-
sorption capacity was higher in the bricks that contained eggshell, especially coarse-grained, and
decreased as the firing temperature increased due to the vitrification of the clay matrix. Vitrifi-
cation also caused an increase in pore size. The samples without additives and those with fine
eggshell were the most compact. The bricks containing coarse eggshell had larger pores, which
together with the formation of portlandite reduced their compactness. Finally, the resistance of
the bricks to salt crystallization improved as the firing temperature increased, especially at
1100 °C. At this temperature, the most durable bricks were those without residues, although those
fired with fine eggshells showed very similar values. At lower firing temperatures, there was
greater variability in the results although, in general, the bricks with eggshell seem to resist better
than those without it. This work has shown that eggshell, especially fine-grain, could be a
valuable resource for the production of efficient and durable bricks.

1. Introduction

Bricks have been a common construction material throughout human history and are still used all over the world today. The
manufacturing process has remained unchanged over the centuries and bricks remain one of the most in-demand materials in the
construction sector. However, brick production relies heavily on clay, a non-renewable natural resource, often to the point of over-
exploitation. This can have significant environmental impacts from damaging fertile topsoil to environmental pollution [1].
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Worldwide brick production is around 1.5 trillion units, and the biggest producer is China, followed by India and Pakistan [2]. The use
of bricks in the building industry generates a huge amount of construction and demolition waste (around one billion tonnes/year in
China alone). As a result, the Chinese and other governments are implementing policies to increase the use of recycled materials in
construction projects [3]. This concern has also extended to the scientific field, where research has been conducted into the reuse of
waste from quarrying and building demolition, including old bricks, in the manufacture of new bricks [4-6]. In this sense, bricks are
quite versatile in that many different types of residues can be mixed with clay as additives in brick production. Several review papers
have explored a wide range of possible residues that can be used as additives, and the benefits and drawbacks of their use [7-9]. It has
been found for example that organic additives such as tea waste, coffee grounds and sawdust can increase the porosity of bricks and
thus improve their thermal insulation [10-12], while inorganic additives such as household glass increase their compactness and
mechanical strength [13].

Among possible organic additives, eggshell is a bio-waste which is classified by the European Commission as a hazardous material
mainly because of its organic content, which attracts rats and other organisms, making it a potential public health problem [14].
According to the Food and Agriculture Organisation of the United Nations, world egg production exceeded 97 million tonnes in 2023
(latest data available). Such a large egg production inevitably leads to eggshells from households and the catering industry accu-
mulating in landfills. However, some eggshell is recycled thus promoting a range of sustainable initiatives [15]. For example, it has
important applications in the pharmaceutical and cosmetics fields, and is also used as a catalyst and in fertiliser [16-19]. In the
construction sector, eggshell has been tested with some success in the manufacture of cementitious materials. Several review papers
have analysed the advantages of its use as an additive and the factors that most influence the performance in concretes [20-24]. As for
bricks, very little research has been done on the addition of eggshell. In some research studies, calcined eggshell was mixed with other
wastes, such as ground granite or rice husk, together with clay to manufacture bricks [25,26]. In one case, instead of using clay, the
researchers used a zeolite-poor rock mixed with eggshell to make the bricks [27]. In these papers, the influence of eggshell on the
quality of the bricks is partially masked by the presence of other additives. In those research papers in which eggshell alone was used as
an additive to mix with the clay, the best physical-mechanical results were obtained with the highest percentage of added eggshell,
regardless of whether the samples were fired at 1000 °C (with 10 % of eggshell, [28]) or 1100 °C (with 20 % of eggshell, [29]). It seems
that Tangboriboon et al. [28] also tested bricks with eggshell fired at 800, 900 and 1100 °C, but did not present the results obtained at
those temperatures. So far, no comparisons have been made between bricks containing eggshell fired at different temperatures, a key
factor in the physical-mechanical behaviour of the bricks, and no work has been done to verify the extent to which eggshell gran-
ulometry affects the durability of the bricks. The aim of this paper is to investigate in-depth the possibility of recycling eggshells in the
manufacture of bricks fired at 800, 950 and 1100 °C. The use of this waste material would, firstly, guarantee a reduction in the demand
for clay, a limited natural resource, and, secondly, promote an alternative way of reusing an organic residue that would otherwise end
up in landfills. Unlike in the previous studies referred to above, in this study the eggshells were not calcined before being added to the
raw material, as they will undergo calcination anyway during the firing of the bricks. The idea is to avoid increasing the cost of brick
production due to additional, possibly unnecessary treatments of the residue. For this reason, in this research the use of crushed
eggshells (coarse residue) was compared with that of finely ground eggshells. In the former, the eggshells do not have to be ground in a
mill, so saving time and energy in the preparation process. Finally, it was decided not to wash the eggshells with tap water before
grinding so as to avoid additional water consumption.

As mentioned above, eggshells are an important source of calcium carbonate, a compound that has been shown to act as a low-
temperature fluxing agent and is involved in the mineralogical reactions of the bricks [30,31]. To analyse the effect of this phase
on the performance of the bricks, carbonate-free clay soil was deliberately chosen as the main raw material. This will facilitate the
comprehension of which changes in the mineralogy and physical properties of the bricks are due to the addition of this residue.

2. Materials and methods

The raw material used to make the bricks was collected in the Serrania de Cuenca (40°07'11.6"N and 1°09'59.2"W), about 50 km
from Teruel (Spain). The area is characterised by a substrate dominated by Mesozoic sedimentary rocks, mainly limestones, dolomites
and marls formed in shallow marine environments during the Jurassic and Cretaceous era, with a marked influence of the Alpine
orogeny that folded these materials [32]. The clays used in this research to make the bricks belong to the Villar del Arzobispo For-
mation and are fine sediments with a distinctive red colour, which were deposited on marine platforms and coastal lagoons during the
Middle-Upper Jurassic, associated with marly strata intercalated with gypsum layers and calcarenites [33,34].

The eggshells used in this study were collected over the course of approximately three months after household consumption. Once
the desired amount had been collected to make the bricks, the eggshells were dried and crushed. Two particle sizes, fine and coarse,
were produced. The fine fraction was obtained by mechanical pulverisation using a Fritsch Pulverisette 23 ball mill. The coarse fraction
was crushed by hand using an agate mortar. The bricks with and without eggshell were manufactured by hand. The clay soil was first
sieved to remove fragments of over 2 mm and then dry-mixed with 20 % by weight of either fine or coarse eggshells. This percentage of
eggshell was selected on the basis of the limited available literature in which it was found that 20 % eggshell is ideal for improving
certain physical-mechanical properties of the bricks [27,28] and given that using the highest feasible percentage is one of the ob-
jectives of recycling waste materials [35].

A group of samples without additives was prepared as a control. Tap water was gradually added to knead the clay to the desired
consistency. The mass was then placed in a wet wooden mould measuring 12 x 16 x 4 cm and compacted by pressing it with the palm
of the hand. When the mould was filled, the top of the mass was smoothed with a ruler to obtain a flat surface. After 24 h, the raw bricks
were unmoulded and cut into 4 cm cubes with a stretched cotton thread. The samples were left to dry for a week. The bricks were then
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fired in a Herotec CR-35 electric oven under oxidizing conditions at 800, 950 and 1100 °C to study the effect of this temperature range
on the mineralogy, texture and physical properties of the bricks. The temperature of the oven was increased at a rate of 5 °C/min. Once
the maximum temperature was reached, it was maintained for 3 h, after which the oven was switched off. The samples were left in the
oven until the next day to allow them to cool slowly and so avoid cracking due to the f-to-o quartz phase transition at 573 °C [36]. After
being taken out of the oven, the bricks were immersed in water for half an hour to prevent “lime blowing” [37], a phenomenon which
could occur in the samples with added eggshell. The types of bricks studied in this paper is listed in Table 1.

The granulometry of the clayey material and the fine eggshell was measured with a laser beam in the range 0.02 pm-1.5 mm using a
Malvern Instruments Mastersizer 2000 apparatus.

The chemical composition of the clayey material was determined by X-ray fluorescence (XRF) using a PANalytical Zetium compact
spectrometer with a Rh anode and a 4 kV X-ray generator.

The mineralogy of the clayey material, eggshell and fired bricks was determined by X-ray diffraction (XRD) following the disorder
powder method. A PANalytical X’Pert Pro diffractometer was used with the following working conditions: CuKa radiation (A = 1.5405
A), 45KV, 45 mA, 3-70° 20 explored area and 0.01 20/s goniometer speed. HighScore software v.4.8 (Malvern Panalytical) was used to
identify the mineral phases by comparing the experimental diffraction patterns with those in the International Centre for Diffraction
Data.

The mineralogy and texture of the bricks were observed under a Carl Zeiss Jenapol-U polarized optical microscope (POM) coupled
with a Nikon D7000 digital camera.

Hydric tests were carried out to investigate the ability of bricks to absorb water and dry out. Free (Ap) and forced water absorption
(Af), and drying tests were carried out according to UNE-EN 13755 [38] and NORMAL 29/88 [39] standards. The degree of pore
interconnection (Ax) was determined following Cultrone et al. [40], while the saturation coefficient (S), open porosity (P,), and
apparent (p,) and real densities (p,) were calculated according to the RILEM TC25-PEM [41] standard. Three samples per brick type
were analysed under controlled thermo-hydrometric conditions (20 °C and 30 % relative humidity).

The study of the pore system of bricks was completed by determining the pore size distribution by mercury injection porosimetry
(MIP) using a Micromeritics Autopore V 9600 porosimeter. One fragment of about 1 g per brick type was analysed. Specific surface
area (SSA), open porosity (Pomip), and apparent (pamrp) and real densities (pyvp) were also determined.

The compactness of the bricks was measured using a Panametrics HV Pulser/Receiver 5058 PR ultrasound apparatus with
transducers of 1 MHz and a contact surface of 3 cm in diameter coupled with a Tektronix TDS 3012B oscilloscope. The propagation of
P-waves was measured in the three perpendicular directions of the dry cubic samples following the ASTM D2845 [42] standard. The
anisotropy (AM) was calculated as follows:

AM = V’”‘”{/;V"‘ x 100

max

where Vipax and Viin are the maximum and minimum P-wave velocities in the bricks regardless of the measurement direction.

A Konica Minolta CM-700d portable spectrophotometer was used to measure the colour of the bricks in accordance with the UNE-
EN 15886 [43] standard. A CIE illuminant D65 was chosen to measure the lightness (L*), chromatic coordinates (a* and b*), chroma
(C*) and hue angle (h°). A pulsed xenon lamp illuminated an 8 mm diameter circular area of the bricks. Four measurements were made
per each type of brick. The colour difference in the bricks (AE) due to the addition of eggshell was calculated as follows:

AE= \/(AL*)2 + (Ad")* + (Ab")?

where AL", Aa" and Ab” are the differences between the lightness and chromaticity values of the bricks made without additives and
those made with added eggshell.

Finally, 15 salt crystallization cycles were performed to assess the durability of bricks against salt attack. The test was carried out
according to the UNE-EN 12370 [44] standard. The edges of the samples were marked in black before testing. The damage produced by
cyclic dissolution and precipitation of NaSO4 x 10H50 in the pores and fissures of the bricks was evaluated daily by visual inspection
and weight measurement.

3. Results and discussion
3.1. Composition of the clayey material and eggshell

The clay soil from Teruel (TO) has a particle size distribution of between 0.2 and 100 pm with a maximum at 10 pm. The curve for
the fine eggshell fraction is slightly to the right of the curve for the clay soil, with a maximum at 30 pm and a wider range of particle

Table 1

Acronym of bricks studied based on the percentage by weight of eggshell and the firing temperatures.
Eggshell 800 °C 950 °C 1100 °C
0% T0-800 T0-950 T0-1100
20 % fine T20F-800 T20F-950 T20F-1100

20 % coarse T20G-800 T20G-950 T20G-1100
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sizes between 0.2 and 800 pm (Fig. 1). The coarse eggshell fraction could not be analysed using this technique because its particle size
exceeded the instrument’s measurement range. These fragments do not exceed 5 mm in size, and most are about 2-3 mm to the naked
eye.

The chemistry of the clayey raw material shows that it is very rich in silica and has a high alumina content (Table 2). This suggests
the presence of quartz, phyllosilicates and/or feldspars. An iron content of over 8 % suggests the presence of Fe compounds. Given the
very low MgO and CaO content, the raw material from Teruel can be considered free of carbonates. A K content of nearly 4 % could be
related to phyllosilicates and feldspars. Finally, a loss on ignition (LOI) of almost 6 % is due to possible decomposition of organic matter
and dihydroxylation of phyllosilicates.

Mineralogically, the raw material from Teruel is rich in quartz and phyllosilicates (Fig. 2). The latter are composed of muscovite
and kaolinite. Other phases detected were microcline and hematite. The presence of this oxide, even in trace amounts, explains the red
colour of the raw material. The eggshell is composed exclusively of calcite (Table 3).

3.2. Mineralogy of the fired bricks

In the bricks without additives fired at 800 °C, kaolinite was no longer identified. In fact, this phyllosilicate decomposes between
440 and 530 °C, depending on the heating rate [46]. The other phyllosilicate, illite/muscovite, maintains about the same concentration
but loses the OH™ hydroxyls at around 600 °C [47]. Its amount decreases significantly at 950 °C and it is no longer detected at 1100 °C
(Table 3). According to Rodriguez Navarro et al. [48], this phase is epitaxially replaced by mullite. Indeed, the diffractograms show
trace amounts of this nesosilicate at 950 °C and increases in concentration at 1100 °C. Another phase that undergoes change as firing
temperature increases is the K-feldspar. Identified as microcline in the raw material, it becomes orthoclase at 800 and 950 °C and
sanidine at 1100 °C, the most stable high-temperature phase. Quartz is the most abundant mineral and remains almost constant up to
1000 °C, after which its concentration decreases slightly as it participates in reactions to form new silicates [49]. Finally, the amount of
hematite increases in line with increasing temperature. This is because the amorphous iron contained in the raw material is converted
into hematite, as happens with that present in the lattice of the phyllosilicates [50].

The addition of eggshell induces changes in the mineralogy of the bricks due to the calcitic composition of the additive. This
carbonate is still detectable in the bricks fired at 800 and 950 °C, but is no longer present at 1100 °C (Table 3). According to Rodriguez
Navarro et al. [51], calcite starts to decompose into CaO at 600 °C and the process is completed at 850 °C. However, the relatively short
firing time of the bricks and the significant presence of calcite from the eggshell, which increases the partial pressure of CO3 in the
oven, causes a delay in the decomposition of this carbonate [52,53]. Depending on the granulometry of the eggshell, fine or coarse,
other minerals can be identified. One of them, portlandite, is detected in the bricks with coarse residue at all three firing temperatures.
The presence of eggshell fragments with sizes up to 5 mm hindered the complete reaction of the CaO (which itself was formed by
calcination of the calcite during the firing process) with the silicates in the matrix. The unreacted CaO is hydrated to form portlandite
(Ca(OH)y). The other phases identified are gehlenite, anorthite and wollastonite, which are Ca-silicates that only appear at 1100 °C
(Table 3). Interestingly, these three phases do not form in both types of brick. Anorthite and wollastonite are present in the
fine-eggshell bricks, while gehlenite is only detected in the coarse-eggshell bricks. Considering that the formation of these new phases
is controlled by reaction-diffusion processes [30], it seems likely that the presence of finer calcite particles spread and accelerated these
reactions to allow the crystallization of anorthite and wollastonite, as compared to bricks with coarse residue where gehlenite was the
only phase detected. According to Cultrone and Carrillo Rosua [47] and Traoré et al. [54], anorthite and wollastonite should form after
gehlenite. We assume that in T20F-1100 gehlenite may have formed below 1100 °C and was replaced by the other two silicates at
1100 °C according to the following reaction:

Quartz Gehlenite Anorthite Wollastonite

28i03 + CazAlpSiO; — CaAl,SinOg + CaSiO3

4 R
—T0

Y
3 1 /] /\\ —eggshell

volume (%)
SN

S

_—
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/"‘ﬂ- \ \\

0.1 1 10 100 1000
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Fig. 1. Grain size distribution curves for the raw material from Teruel (TO) and the fine eggshell residue.
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Table 2
Mayor elements (in wt.%) of the raw material from Teruel (T0).
Si0, Al,03 Fe,03 MnO MgO CaO Na,O K,0 TiO, P,05 LOI tot
TO 59.25 19.77 8.67 0.04 1.13 0.34 0.19 3.85 0.81 0.11 5.83 99.99

LOI = loss on ignition.

Qz

Qz
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Fig. 2. X-ray diffraction pattern of the clayey material from Teruel. Qz = quartz; Ms = muscovite; Kln = kaolinite; Mc = microcline; Hem =
hematite. Mineral abbreviations after Warr [45].

Table 3
Mineralogy of eggshell, unfired and fired bricks.
Qz Ms Kin Hem Mc Or Sa Cal Prt Mul Gh An Wo
Eggshell XXX
TO XXX XX X tr X
T0-800 XXX XX X X
T0-950 XXX tr X X tr
T0-1100 XX XX X X
T20F-800 XXX XX X X
T20F-950 XXX X X X X tr
T20F-1100 XX XX X X tr
T20G-800 XXX XX X X X tr
T20G-950 XXX X X tr X tr
T20G-1100 XX XX tr X tr tr

xxx = abundant; xx = frequent; x = scarce; tr = in traces; Qz = quartz; Ms = muscovite; Kln = kaolinite; Hem = hematite; Mc = microcline; Or =
orthoclase; Sa = sanidine; Cal = calcite; Prt = portlandite; Mul = mullite; Gh = gehlenite; An = anorthite; Wo = wollastonite. Mineral abbreviations
after Warr [45] and Whitney and Evans [55].

As regards the amount of new calcium silicates formed at 1100 °C in the bricks made with eggshell, it was found that smaller
amounts of silicates were formed in T20G-1100 than in T20F-1100. This result is logical, given that in the fine-residue bricks all the
available calcite reacts and converts to anorthite (plus traces of wollastonite), whereas in the coarse-residue bricks some of the calcite
is converted into portlandite, so reducing the calcite-silicate reaction, leaving only traces of gehlenite (Table 3).

3.3. Texture of the bricks

The observation under the microscope of the bricks made without additives shows that at 800 °C (T0-800) they have a compact,
uniform, red-coloured matrix in which grains of gneiss up to 1 mm can be seen (Fig. 3a). They also contain isolated quartz fragments
with angular morphology and undulose extinction. Small muscovite-type phyllosilicates are dispersed in the matrix. Some of the
muscovite crystals reach the blue-green second-order interference colour. Rare opaque grains can also be seen. Pores are rounded to
elongated in shape. At 950 °C, the texture appears similar to that of the bricks fired at 800 °C. The only difference is that the matrix
tends to be slightly darker and more compact, indicating that sintering has taken place between the particles [56]. At 1100 °C, the
matrix becomes dark due to extensive vitrification and only quartz grains can be distinguished, together with a few phyllosilicates
which have lost their birefringence and turned white (Fig. 3b). According to the XRD results, they could correspond to mullite that has
replaced the muscovite. The pores appear to be more rounded.

The addition of eggshell results in some changes in the texture of the samples. In the case of the fine residue (T20F samples), small
eggshell grains of calcitic composition, partially decomposed by firing, are observed (Fig. 3c). At 800 °C, these grains are uniformly



G. Cultrone et al. Journal of Building Engineering 113 (2025) 114143

Fig. 3. Optical microscope images of bricks made with and without eggshell residue. a) general view of T0-800; b) thin muscovite grain of less than
200 pm in length in T0-1100; c) small eggshell grains in T20F-800; d) eggshell fragment in T20F-800 in which there are veins with a high inter-
ference colour; e) feldspar and eggshell grains in T20F-950; f) T20F-1100 with the presence of rounded pores, in part due to the loss of eggshell
grains; g) T20G-800 showing large, partially fractured eggshell fragments; h) T20G-1100 showing partially detached eggshell grains. Two small
fractures are visible at the corners of the elongated pore. Images taken in cross polarized light (a, b, ¢, d, €) and plane-polarized light (f, g, h).

greyish and small stains and veins can occasionally be observed within them, while preserving the typical birefringence of these
carbonates confirming that they are not completely decomposed (Fig. 3d). The presence of eggshells increases the amount of temper in
the bricks. This residue is evenly distributed in the matrix together with quartz, phyllosilicates, feldspars (sometimes with perthitic
texture, Fig. 3e) and some hematite. As the firing temperature increases, the matrix becomes darker, as happens in the control bricks
made without additives. The only difference is an increase in porosity, especially at 1100 °C, because the eggshell fragments have
disappeared, leaving empty spaces in their place. Only a few relicts can be observed at the edges of some pores (Fig. 3f).

In T20G samples, large eggshell fragments are visible to the naked eye and appear elongated and curved under the microscope.
They are brown to dark grey in colour, sometimes fractured and show few signs of high birefringence at 800 °C. In some cases, there is a
separation between the matrix and the eggshell (Fig. 3g). Occasionally, at 950 and 1100 °C the eggshell fragments disappear, leaving
elongated pores (Fig. 3h) from which small fractures can branch out. This is linked to the formation of portlandite, previously
identified by XRD. The volume of portlandite is greater than that of calcium oxide, causing cracks to develop from the edge of the pores.
This is known to cause stresses in materials and could represent a problem for the future strength of the brick [57,58].
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3.4. Study of the pore system

Fig. 4 shows the free and forced water absorption and drying curves for the three groups of bricks fired at 800, 950 and 1100 °C. We
can see that bricks fired at 800 °C absorb more water than those fired at 950 °C, and the latter are more absorbent than those fired at
1100 °C. However, the differences between 800 and 950 °C are not so pronounced, as the curves are closer to each other than to the
1100 °C curve, where the bricks absorb much less water due to the vitrification of the clay matrix [59]. The results show that in the case
of the Teruel clay, vitrification does not occur gradually, but rather in steps, which are much more pronounced in the 950-1100 °C
range. The slope of the drying curve for the bricks fired at 1100 °C is quite different from that for the samples fired at the other two
temperatures probably because at 1100 °C changes the size of capillaries that control the movement of water to the surface [60]. When
comparing the bricks according to their composition, it is evident that the presence of eggshell enhances the capacity to absorb water,
and that this capacity is greater in the bricks made with coarse-grain eggshell. The difference is maintained as the bricks dry: in general,
the bricks made with coarse eggshell will have a longer drying curve.

Table 4 summarizes the hydric parameters of the bricks. All samples absorb less water as the firing temperature increases, especially
at 1100 °C (Ap). The same trend is observed in forced water absorption (i.e., under vacuum, Ay¢). The capacity to absorb water increases
with the addition of eggshell and is higher in the bricks made with the coarse eggshell than in those made with finer eggshell particles.
Interestingly, the values for Ay, and A¢ are quite low when compared to those for other handmade bricks fired at the same temperatures
[59,61,62]. If we consider the ISO 13006 [63] standard, which classifies extruded and pressed ceramic tiles on the basis of water
absorption, the bricks studied in this paper fall into Group 3 (with Ay, over 10 %, samples fired at 800 and 950 °C) and Group 2 (with Ay,
between 3 and 10 %, samples fired at 1100 °C), the groups for porous earthenware and semi-vitrified red stoneware, respectively. It
should be noted that optical microscopy had already revealed that these bricks have a compact texture (Fig. 3), which is responsible for
the low absorption parameters. The decrease in the water absorption capacity from 800 to 1100 °C is due to the vitrification of the
bricks, which causes a decrease in the interconnection between the pores (Ax augments, Table 4), especially for T0-1100, the brick
with the lowest Ay. Ax is inversely related to the saturation coefficient (S): as the pore network becomes more tortuous, the samples
saturate less. The tortuosity of the pore system also influences the drying phase (Di), in that the samples with the most tortuous pore
systems are the slowest to dry out (higher Di, Table 4). The brick that dries out fastest is T0-800. The open porosity (Po) shows the same
trend as water absorption: it decreases as the firing temperature increases and is higher when eggshell is added, above all in the bricks
containing coarse fragments. While the samples fired at 800 and 950 °C have similar porosity values, there is a significant decrease at
1100 °C. It is probable that the extensive vitrification of the bricks at this temperature caused coalescence between the small pores,
leading to an increased number of larger, closed, or poorly interconnected pores, thereby developing what is known as a “cellular
structure” [64]. The real density (p;) ranges from 2.4 to 2.6 g/crn3, which is consistent with the density of quartz and other silicates.
The lowest values were recorded at 1100 °C. The complete decomposition at high temperatures of illite/muscovite (see Table 3), the
most abundant phase in the clayey raw material along with quartz, and the presence of amorphous (i.e., vitreous) phase may have
contributed to this decrease in p; at 1100 °C. The apparent density (p,) shows an opposite trend to the real density, with values of over
2 g/cm® only at 1100 °C. This is logical given that at this temperature the vitrification of the clay matrix reduces the porosity of the
bricks, so creating a denser structure. The values for standard deviation are reasonably low, with a slight increase in line with firing
temperature, above all at 1100 °C. This means that the high vitrification of the bricks causes greater variations within their pore
system.

In terms of pore size, as measured by MIP, the bricks show a generally unimodal porometric distribution with a maximum peak
between 0.1 and 1 pm (Fig. 5). More specifically, the peak shifted towards larger pore sizes with increasing firing temperature,
indicating that the pores were coalescing. As for the height of the peak, it is higher at 950 °C and always lower at 1100 °C. In T0-1100,

0.20 4
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0 200 400 600 800
time (h)
——T0-800 T T0-1100
—T20F-800  — —T20F-950 «eee- T20F-1100
—T20G-800 = =T20G950  -eeee- T206-1100

Fig. 4. Free water absorption (a), forced water absorption (b) and drying curves (c) for the studied bricks. Weight variation (AM/M) versus time
(in hours).
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Table 4
Results of hydric and MIP tests on the bricks made without additives (T0) and with added fine (T20F) and coarse 20 wt% eggshell grains (T20C). The
standard deviation of each result of the hydric tests is indicated in brackets.
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T0-800 T0-950 T0-1100 T20F-800 T20F-950 T20F-1100 T20C-800 T20C-950 T20C-1100
Ay 18.24 15.79 3.09 19.13 17.30 4.42 19.77 19.26 8.03
(0.24) (0.44) (0.75) (0.11) (0.46) (1.32) (0.35) (0.17) 1.27)
A 18.73 16.55 3.40 19.66 17.54 4.69 20.50 19.96 8.52
(0.24) (0.57) (0.80) (0.18) (0.46) (1.32) (0.50) (0.17) (1.48)
Ax 2.63 4.57 9.18 2.69 1.41 5.96 3.57 3.50 5.69
(0.86) (0.68) (0.76) (0.39) (0.03) (1.69) (0.66) (0.13) (1.42)
Di 0.923 0.930 0.964 0.924 0.936 0.960 0.926 0.923 0.948
(0.002) (0.004) (0.000) (0.002) (0.002) (0.004) (0.004) (0.005) (0.004)
S 87.39 89.56 71.39 91.52 92.40 71.93 91.12 90.10 81.16
(0.97) (0.57) (3.05) (0.99) (0.28) (5.82) (0.78) (0.64) (1.25)
P, 32.88 30.38 7.80 33.46 30.86 9.98 34.59 34.16 17.53
(0.23) (0.82) 1.71) (0.31) (0.61) (2.61) (0.51) (0.23) (2.58)
Pa 1.75 1.84 2.30 1.70 1.76 2.14 1.69 1.71 2.06
(0.01) (0.01) (0.04) (0.01) (0.01) (0.05) (0.02) (0.00) (0.05)
Pr 2.61 2.64 2.50 2.56 2.54 2.37 2.58 2.60 2.50
(0.01) (0.01) (0.01) (0.02) (0.01) (0.02) (0.01) (0.01) (0.01)
Pomvip 28.74 31.06 6.50 30.55 32.33 18.42 33.19 33.94 15.03
Pamip 1.80 1.81 2.42 1.72 1.80 2.09 1.65 1.72 2.19
Prvp 2.53 2.63 2.59 2.48 2.66 2.56 2.47 2.61 2.59
SSA 6.77 1.82 0.85 6.35 2.00 0.59 6.11 2.34 0.61

Ay, = free water absorption (%); A¢ = forced water absorption (%); Ax = degree of pore interconnection; Di = drying index; S = saturation coefficient
(%); P, = open porosity (%); p. = apparent density (g/cm3); pr = real density (g/cms). Pomip, Pamrp and pryip and SSA are respectively the open
porosity (%), apparent density (g/cmB), real density (g/cms) and specific surface area (mz/g) determined by MIP.

it is so low that the scale of the Y-axis had to be changed to be able to observe the pore families present in this brick. T0-1100 is the only
sample with a polymodal pore size distribution, with two main families at 0.1 and 0.72 pm, and an additional family around 500 pm
(Fig. 5). In any case, it has very low porosity levels, with an open porosity of just 6.5 % (Pomip, Table 4), a very similar value to that
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obtained in the hydric tests. In general, there are no significant differences between the porosity and density values measured by the
two techniques. In fact, even with MIP, the porosity is similar between 800 and 950 °C and decreases significantly at 1100 °C,
especially in the bricks without additives. The addition of eggshell causes an increase in porosity at all three firing temperatures. It is
interesting to note the evolution of the specific surface area (SSA, Table 4), which is similar in the three groups of bricks. The highest
SSA values are measured at 800 °C, with values of just over 6 m?/g. In fact, these bricks are the only ones with pores in the 0.01-0.1 pm
range (Fig. 5). At 950 °C, the SSA is between 1.8 and 2.3 m?/g and at 1100 °C it goes below 1 m?/g (Table 4). At 950 °C, although the
smallest pores are no longer present, the curves show a certain percentage of pores of between 0.1 and 0.3 pm, while at 1100 °C they
become more symmetrical, at least in the bricks made with additives (Fig. 5). Finally, a separate family of pores was identified at
around 500 pm, something that was more pronounced in the bricks with coarse eggshell (Fig. 5). In a way, the coarse particles are
responsible for the increase in this family of pores, maybe linked to the formation of cracks because of portlandite growth.

3.5. Compactness

The propagation velocity of the ultrasonic waves augments as the firing temperature increases, indicating that the bricks become
more compact from 800 to 950 °C and even more so at 1100 °C (Vp+, Table 5). Vp; is lower than Vpy and Vpgz due to the processing of the
samples. Vp; is measured according to the direction of compaction of the clay mass, which means that the P-waves propagate
perpendicular to the phyllosilicate sheets, so slowing down their transmission inside the bricks. It is noteworthy that the difference
between Vp; and the other two velocities decreases as firing temperature increases, resulting in a decrease in the anisotropy of the
bricks (AE, Table 5). This decrease is more pronounced in the bricks fired at 1100 °C, regardless of their composition, because of the
high vitrification of the clay mass.

Comparing the three groups of bricks, the highest velocities are measured in the bricks without additives and with fine eggshell
grains. It is interesting to note that at 800 and 950 °C, the velocities tend to be slightly higher in the bricks made with additives. The
calcite that makes up the eggshell is a low-temperature fluxing agent and favours greater bonding between the brick particles [65],
which may promote faster wave propagation. This is not observed in the bricks with coarse eggshell grains, which are more porous, as
shown by MIP and hydric tests (see Table 4). The formation of portlandite due to the hydration of calcium oxide only in this group of
bricks (see Table 3) has contributed to an increase in the porosity of the samples with the development of cracks, as observed by optical
microscopy (see Fig. 3).

3.6. Colour

In terms of colour, the bricks are red like the unfired samples, albeit with a more intense colour. Indeed, when the unfired samples
(TO) are compared with the bricks made without additive fired at 800 and 950 °C, the chromatic coordinates (a* and b*) and chroma
(C*) are higher in the latter (Table 6). This may be due to the fact that the hematite, the phase responsible for the red colour, was
already present in trace amounts in the raw samples and increased in concentration as the bricks were fired (see Table 3). With some
exceptions, similar behaviour can be observed in the bricks containing either fine or coarse eggshell residue. The a* and b* values of all
the bricks fall within the red-yellow quadrant of the CIEL*a*b* colour space, with little difference between 800 and 950 °C. At 1100 °C
there is a clear decrease in both a* and b* due to the high degree of vitrification of the bricks (Table 6). This indicates that it is not the
presence or absence of eggshells, but the high temperature (1100 °C) that is responsible for the colour variation. This is reflected in the
chroma (C*) value, which is less than 30, and the hue angle (h°), which varies between 41° and 44° only in samples fired at 1100 °C.
The lightness varies between 38 and 54, indicating that the bricks tend to be quite dark, especially in the samples fired at 1100 °C (L*,
Table 6). The lowest value is measured at T0-1100 and increases after the addition of eggshell, especially in the bricks with the coarse
fraction. The presence of white millimetre-sized fragments, easily visible to the naked eye, in all T20G samples is responsible for the
higher L* value compared to the other bricks. Interestingly, the eggshell fragments were harder to distinguish in the unfired samples
(and the colorimetric values for T20F and T20G are similar to those for TO, Table 6). The highest L* values were always in the bricks
fired at 950 °C. This result seems to be related to the sintering of the ceramics at this temperature as described earlier (see “Texture of

Table 5
Compactness of the bricks without and with added eggshell.
Vp1 Vpa Vp3 Vp AM
T0-800 1131 1697 1488 1439 33.3
T0-950 2129 2195 2368 2231 10.1
TO0-1100 3774 4032 3855 3887 6.9
T20F-800 1343 1624 1654 1540 18.8
T20F-950 1967 2411 2393 2257 18.4
T20F-1100 3716 3989 3750 3819 6.9
T20G-800 1080 1461 1374 1305 26.1
T20G-950 1634 2013 2102 1916 22.3
T20G-1100 2906 3100 3097 3034 6.3

Vp1, Vpz and Vps = velocities of the P waves (m/s) along the three orthogonal directions of the brick cubes; Vp = mean wave velocity (m/s); AM =
anisotropy (%).
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Table 6
Colour of the unfired and fired bricks without and with added eggshell. Each value is the mean of four measurements. The standard deviation appears
in brackets.

L a* b* C* he
TO 47.69 (1.16) 24.13 (0.23) 16.68 (0.67) 35.97 (0.63) 47.87 (0.52)
T20F 47.69 (0.49) 23.81 (0.43) 25.98 (0.45) 35.25 (0.61) 47.50 (0.10)
T20G 46.96 (1.09) 23.21 (1.26) 25.66 (1.60) 34.60 (2.03) 47.85 (0.34)
TO0-800 48.87 (0.40) 27.48 (0.19) 29.37 (0.23) 40.23 (0.29) 46.91 (0.10)
T0-950 50.73 (0.35) 27.66 (0.32) 31.80 (0.56) 42.15 (0.63) 48.98 (0.17)
T0-1100 38.35 (0.06) 18.98 (0.32) 17.21 (0.38) 25.62 (0.46) 42.21 (0.38)
T20F-800 46.33 (0.36) 28.81 (0.15) 30.06 (0.39) 41.64 (0.39) 46.21 (0.24)
T20F-950 52.98 (0.50) 25.43 (0.18) 28.13 (0.24) 37.92 (0.26) 47.89 (0.21)
T20F-1100 41.64 (2.41) 15.47 (1.58) 13.72 (1.71) 20.68 (2.31) 41.50 (0.70)
T20G-800 50.78 (1.39) 25.71 (0.89) 27.28 (1.13) 37.48 (1.40) 46.69 (0.51)
T20G-950 54.16 (0.68) 25.36 (1.25) 28.07 (2.68) 37.84 (2.82) 47.83 (1.39)
T20G-1100 47.44 (5.44) 21.08 (3.57) 20.38 (5.55) 29.35 (6.44) 43.63 (2.70)

L* = lightness; a* and b* = chromatic coordinates; C* = chroma; h° = hue angle.

bricks” section). Sintering would probably have reduced the surface roughness of the samples, so increasing the lightness, but without
reaching the extensive degree of vitrification noted at 1100 °C, which was accompanied by a darkening of the samples (i.e., a decrease
in the L* values).

3.7. Durability

A quick look at Fig. 6 shows how the resistance of the bricks against salt attack is affected by the firing temperature. Indeed, all the
bricks fired at 800 °C (continuous lines) suffer significant weight loss at the end of the test. More specifically, these samples show an
increase in weight during the first 4-7 test cycles due to the crystallization of salts in the porous system. After that, the bricks begin
losing very small fragments (i.e. powdering, according to ICOMOS-ISCS [66]), first at the corners and edges of the cubes and then on
the faces. By the end of the test, these samples have acquired a rounded shape (Fig. 7). T0-800 is the brick that started to break first (3rd
cycle) and behaved worst at the end of the test. At 950 °C the samples are subject to great variations in weight and appear partially
deteriorated, mainly at the edges (Fig. 7). This is due to the sintering process between the particles, which prevents the bricks from
powdering, but is not enough to prevent them from losing larger fragments than the samples fired at 800 °C (fragmentation, according
to ICOMOS-ISCS [66]). This is particularly evident in T20F-950 as compared to the other two samples fired at the same temperature
(Fig. 6). This brick shows an initial increase in weight up to the third cycle, which from then on increases more quickly up to the
seventh cycle due to the crystallization of the sodium sulphate in the pore system. In the next cycle, number eight, there is a loss of
weight due to the pressure exerted by the salts in confined spaces, which causes fissures to develop and fragments to be lost. The weight
increases again in the ninth cycle due to the precipitation of salts in the new pores and fissures created in the brick. After this, there is a
succession of weight losses and gains, creating a sawtooth-shaped curve. At 1100 °C, the samples show only a very slight but steady
increase in weight over the test’s 15 cycles (Fig. 6) and appear intact to the naked eye. The edges marked in black are still perfectly
visible (Fig. 7). When comparing the samples made with and without additives, two trends can be observed. At 800 and 950 °C, the
samples with the greatest weight loss are those without additives. This confirms the ultrasound data and, as mentioned earlier, may be
because calcite acts as a melting agent at low firing temperatures. This creates a greater degree of bonding between the particles
compared to the bricks without eggshell. At higher temperatures (1100 °C), it is the extensive vitrification that ensures the strength of
the bricks and prevents damage due to salt crystallization. The bricks made without additives are more resistant to salt attack (Fig. 6).
This is because new pores appear at 1100 °C in spaces that were previously filled by eggshell grains (see P, values at 1100 °C, Table 4).
Sodium sulphate crystallizes in these new pores, potentially causing fissures to appear. When these bricks are compared with others
fired at similar temperatures, the beneficial effect of the carbonate present in the eggshell becomes noticeable at low firing temper-
atures. While the bricks are all highly resistant at 1100 °C due to the vitrification of the clay matrix, it is clear at lower temperatures
that the melting action of the carbonates improves durability compared to bricks containing other organic [67,68] and inorganic
additives [69].

4. Summary and conclusions

In this paper, the effects of adding fine and coarse eggshell on the production of bricks by using a carbonate-free raw material was
investigated. The following has been determined.

1) The addition of eggshells to the raw material influences the mineralogy of bricks, resulting in the formation of calcium silicates,
phases that are absent in bricks without additives. These calcium silicates vary depending on the grain size of eggshell. Gehlenite is
formed in the bricks made with added coarse eggshell while anorthite and wollastonite are formed in those made with fine residue.
This is because the formation of calcium silicates is related to reaction-diffusion processes and they occur more quickly when fine
eggshell particles are added. The coarse residue is also responsible for the presence of portlandite.

10



G. Cultrone et al. Journal of Building Engineering 113 (2025) 114143

——T0-800 - - T0-950 -T0-1100
——T20F-800 - — T20F-950 «------ T20F-1100
——T20G-800 - — T20G-950 - T20G-1100

0.4 -

Fig. 6. Salt crystallization test for bricks with and without eggshell. Weight variation (AM/M) over the course of the 15 test cycles. Each curve is the
mean of three measurements.

800 °C 950 °C 1100 °C

T20F

Fig. 7. Visual appearance of the brick samples at the end of the salt crystallization test.

2) Texturally, the formation of portlandite promotes the development of fissures in the matrix of bricks fired at 1100 °C because of the
hydration of CaO in Ca(OH),. Fissures are absent in bricks with fine eggshell were the residue is replaced by pores.

3) The pore system of bricks modifies as the firing temperature increases. There is a shift in the largest pore family towards larger
pores, the ability to absorb water decreases, and the interconnection between pores also decreases. The samples that retain the least
water are those without additives, followed by those with fine eggshell and then those with coarse eggshell. The studied bricks have
rather low absorption values compared to the other bricks fired in the same temperature range.

4) The increase in firing temperature is accompanied by higher compactness. The least compact bricks were those made with coarse
eggshell grains, due to the greater porosity and the development of fissures because of the hydration of CaO in Ca(OH),. Therefore,
the production of bricks with coarse-grain eggshell may not be advisable.

5) The higher the firing temperature, the more durable the bricks are against salt crystallization. Moreover, while at 1100 °C, the most
durable bricks were found to be those without additives, at 800 and 950 °C the addition of eggshells makes these bricks more
resistant to decay because this additive acts as a fluxing agent at low firing temperatures.

11
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It can be concluded that the low water absorption values measured in the studied bricks make them resistant materials, particularly
in environments where the presence of water can cause damage. Furthermore, while high firing temperatures make bricks very durable
in environments where soluble salts crystallize, the carbonate of eggshell improves the bond between particles and, in a broader sense,
the strength of bricks at lower firing temperatures, ensuring energy and cost savings in brick production. Aesthetically, bricks fired
with powdered eggshell show a uniform red colour similar to that of bricks without additives. Therefore, bricks made with this residue
can be used in both new buildings and for restoration purposes, where existing pieces need to be replaced with similar-coloured ones.
However, the mechanical behaviour of these new bricks must be assessed in order to evaluate their potential for use in construction in
accordance with current regulations.

This research has shown how eggshell with a fine grain size could be used as an additive in the manufacture of bricks that are
compact and durable, achieving values not dissimilar to those obtained by bricks made without the additive.
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