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A B S T R A C T   

The aim of this paper was to assess how adding crushed household glass to the clay mix affects the properties of 
handmade bricks. To this end, non-destructive techniques (NDT) were used to characterize solid bricks made 
with two mineralogically different clays with or without the glass additive. One of the clays (Jun) was rich in 
carbonates, while the other (Guadix) was richer in silicates and had no carbonates. The use of NDT combined 
with statistical analysis of the initial hypotheses proved to be a very useful method for evaluating whether these 
handmade bricks are suitable and efficient for use in heritage restoration and the construction industry in 
general. A second objective was to assess whether the firing temperature influenced the aesthetic (tested using 
videomicroscopy, colour measurement and radiography) and physical–mechanical (Leeb hardness test, ultra
sonic pulse velocity and compressive strength) properties of the bricks. The addition of glass increased the 
vitrification and compressive strength of the bricks. The colour varied according to the raw materials used and 
the firing temperature. Radiography proved to be a very useful tool for observing the heterogeneous distribution 
of the density. In terms of physical–mechanical properties, the bricks from Jun performed better than those from 
Guadix, as confirmed by ANOVA analysis. However, the more pronounced variation in the colour of the bricks 
from Jun fired at 1100 ◦C made with added household glass could make them less suitable for heritage resto
ration work, where matching colours are a crucial factor.   

1. Introduction 

Handmade bricks are used throughout the world, often in combi
nation with stone masonry and timber roofs or floors. This is because 
bricks are easy to produce, easy to shape and in most cases are lighter 
than stone, forming fire-resistant, durable walls. Bricks are made of clay, 
a natural, non-renewable resource. One option to help reduce the 
continuous depletion of this resource would be to use waste products 
that would otherwise accumulate in landfills as additives in the brick 
production process, so reducing the amount of clay required [1]. This in 
turn would reduce the need for clay extraction, a process that causes 
environmental disturbances, through soil erosion, and produces pollut
ants such as particulate matter. It also results in the emission of gases 
such as carbon monoxide, carbon dioxide, nitrogen oxides and sulphur 
oxides [2]. This is why some governments, such as the Chinese, are 
discouraging the use of clay bricks and promoting eco-friendly 

construction materials after an annual loss of 66.7 million square meters 
of fertile land due to the extraction of clay for brick production [3]. In 
research into these materials, it has been observed for example that 
bricks made exclusively with water treatment sludge or with sludge and 
other residues proved highly weather-resistant [3]. Various studies have 
been conducted recently to investigate the reuse of wastes in the pro
duction of building materials in general [4–5] and of bricks in particular 
[6–16]. Promising, yet contrasting, results have been obtained in terms 
of the porosity of fired samples, as in the case of Fe-rich metallurgical 
wastes [12]. The use of certain waste products as additives in brick 
manufacture can improve the properties of the bricks (porosity, 
strength, durability, etc.) and promote sustainability through recycling 
[11]. This study goes beyond the interesting, descriptive analysis typi
cally provided by these previous studies, and uses statistical techniques 
such as analysis of variance or factorial analysis to assess the influence of 
using additives on the physical properties of the bricks. In this case, it 

* Corresponding author. 
E-mail address: lcrespo@ugr.es (L. Crespo-López).  
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was decided to investigate the use of household glass as an additive in 
brick production to enable, on the one hand, the reuse of domestic glass 
waste, so promoting the circular economy, and on the other to reduce 
the amount of clay required to produce the bricks. The reuse of waste 
glass in this way would also produce energy savings and environmental 
benefits by reducing the need for landfill. The final aim was to produce 
highly efficient handmade bricks for use in heritage restoration and new 
buildings, of higher quality than those currently available. 

The petrophysical properties of handmade bricks are very important 
for the structural behaviour of both modern and historic buildings in 
that they are the main factor influencing the compressive strength of the 
masonry [14]. Recent studies have proposed new approaches in the 
characterization of historic building materials [17–19]. When carrying 
out an exhaustive characterization of the materials used in a building, a 
series of precautions must be taken, so as to avoid compromising the 
stability of the structure. Whenever possible, non-destructive techniques 
(NDT) should be used. Researchers analysing the petrophysical char
acteristics of bricks have used NDT to explore their physical properties 
and interpret them on the basis of their petrographic characteristics, 
assessing the pores, fissures, anisotropies, hardness, chemistry and 
mineralogy of the fired samples [20,21]. NDT are easier to use in bricks 
than in other materials such as stone. This is because bricks are almost 
homogeneous materials. They have no internal discontinuities and are 
fairly isotropic, which makes it much easier to interpret the results ob
tained and to apply the basic principles of elementary physics, which are 
based on assumptions regarding the behaviour of homogeneous, 
isotropic materials with no discontinuities [22]. For these reasons, in 
this paper, NDT were combined with statistical analysis to create a 
useful method for the safe assessment of the state of both historic 
buildings and modern constructions. Some of these NDT, such as ul
trasonic pulse velocity (UPV) or the Leeb hardness (LH) test, can be 
applied in situ, an important consideration in heritage restoration. This 
methodology enabled the accurate characterization of the components 
of the building materials and provided information about their physical 
and mechanical properties. 

The main objective of this paper was to use non-destructive and 
statistical techniques to determine whether handmade bricks were 
suitable and efficient for use in building restoration and in the con
struction industry in general. An attempt was also made to assess 
whether the addition of crushed household glass improved the proper
ties of the bricks, and whether the firing temperature affected their 
aesthetic and physical–mechanical properties. 

2. Materials and methods 

2.1. Production of bricks 

The bricks used in this research were made of clay from two local
ities, Guadix (G) and Jun (J) (Granada, Spain), about 50 km apart. Both 
these clays are post-orogenic, continental sediments deposited in the 
intermontane basins of Guadix-Baza and Granada. The clay from Guadix 
was deposited in the middle-late Pleistocene during the last stages of the 
infilling of the basin [23–25], above all in small lakes and swamps that 
developed temporarily on the banks of braided rivers that drained from 
the nearby Sierra Nevada mountains [23]. The clay from Jun was 
deposited during the late Turolian in a lacustrine environment with 
nearby fan deltas that drained carbonate sediments eroded from Sierra 
Arana [26]. 

In order to test the possible use of glass as an additive, 20 wt% 
crushed household glass was added to clay mixes from Guadix and Jun. 
The bricks were fired and then compared with other bricks made 
without glass, which served as the control group. Both brick types, with 
or without waste glass, were handmade. The decision as to how much 
glass to add (20 wt%) was based on recent investigations with promising 
results [27–29]. The clay (from Guadix and Jun) was sieved, so as to 
remove fragments of over 1.5 mm in size prior to mixing with glass 

(when present) and water. The mixture was then kneaded until sufficient 
plasticity was achieved. 308 ml/kg and 333 ml/kg of kneading water 
were needed for bricks with or without glass, respectively. The clayey 
paste was then placed in moistened wooden moulds of 15 × 20 × 4 cm. 
After one hour, the moulds were removed from the clayey paste and cut 
into 4 cm edge cubes using a stretched cotton thread (Fig. 1A). 

When the bricks were totally dry, they were fired in a Herotec CR-35 
electric oven at 800 ◦C, 950 ◦C and 1100 ◦C (Fig. 1B and C). Once the 
desired temperature was reached, it was kept constant for 3 h. Then the 
oven was turned off and the samples were left inside to cool until the 
next day. Slow cooling in this way prevents the development of fissures 
due to β-to-α quartz transition at 573 ◦C. Finally, the fired samples were 
removed from the oven and immersed in water for about 1 h so as to 
avoid “lime blowing” due to the presence of lime grains [30]. Table 1 
shows the acronyms assigned to the 12 types of bricks studied in this 
paper. 

2.2. Methods 

The following methodology was used to study the raw materials and 
the fired bricks. The first step was to characterize the two raw materials 
and the fired bricks in order to determine their chemical–mineralogical 
composition. To this end, a Fourier transform infrared spectroscopy 
using an attenuated total reflectance sample holder (ATR-FTIR) was 
used and the mineralogical information was obtained by powder X-ray 
diffraction (PXRD) using a PANalytical X’Pert PRO diffractometer. The 
working conditions were: CuKα radiation, 45 kV voltage, 40 mA current, 
3 to 70◦ 2θ exploration range, 0.1 2θ s− 1 goniometer speed. The mineral 
phases were identified using the PANalytical X’pert Highscore Plus 3.0 
software. In order to identify the clay fraction more accurately, the 
following oriented aggregates were prepared according to the recom
mendations of Moore and Reynolds [31]: air dried, solvated with 
ethylene glycol, solvated with dimethyl sulfoxide and heated at 550 ◦C. 
The qualitative determination of the compositional vibrations of the raw 
materials and the household glass was analysed by ATR-FTIR, within a 
frequency range of 4000–400 cm− 1 and with a step size of 0.50 cm− 1. 

Videomicroscopy, radiography and spectrophotometry were used to 
assess the appearance of the fired bricks. A Leica DVM 2000 digital 
videomicroscope, using the Leica Application Suite V.3.8.0 for photo 
acquisition, was used as a preliminary tool to identify textural differ
ences and relevant features on the surface of the samples with a higher 
magnification than the naked eye. A Konica Minolta CM-700d spectro
photometer was used to quantify the colour of the bricks according to 
the UNE-EN 15886 standard [32]. Illuminant D65, 10◦ observer and 8 
mm measurement area were used. Nine measurements per sample were 
performed to determine their lightness (L*) and chromatic values (a* 
and b*). 

Radiography is a useful NDT for detecting possible non-visible de
fects in the bricks as its shortwave elementary particles can penetrate the 
bricks without causing any damage. In particular, X-rays were used to 
detect significant differences in the degree of vitrification of the bricks 
made with or without glass. X-rays were carried out using a TROPHY 
radiologic VETOX 11ST with 95 kV and 50 mA working conditions. A 
Micro Computer with METRON-DVM software was used to process the 
radiographic images. 

Finally, the physical–mechanical properties of the bricks were eval
uated using the LH and UPV tests. The uniaxial compression (CS) test, 
which causes the samples to break and become unusable, was used to 
confirm the results obtained with LH and UPV. The LH tester PCE-2500N 
was used for the non-destructive measurement of the surface hardness of 
bricks using a rebound hammer. The brick cubes were cut in half and 5 
linear measurements per brick were made from the left outer edge 
through the core to the right outer edge. The harder the surface of the 
material, the higher the rebound speed. UPV is increasingly mentioned 
in the literature, especially in Europe, due to the possibility of estab
lishing a correlation between CS and UPV [18,19]. UPV measures the 
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degree of compactness and was used to determine the elastic-dynamic 
properties of the bricks, properties that affect their mechanical resis
tance [33]. Measurements were performed using a Control 58-E4800 
ultrasonic pulse velocity tester with transducers of 54 kHz and a circu
lar surface of 27 mm in diameter. A water-based eco-gel was used to 
enable homogeneous contact between the transducers and the brick 
surfaces. The measurements were carried out on three samples per brick 
type. P-wave propagation was measured in m/s according to the ASTM 
D2845 [34] standard. 

The compressive strength (Rc) was measured using a Matest E181 
hydraulic press with double frame 25 kN/300 kN according to the UNE- 
EN 772-1 [35] standard. Rc was calculated in MPa on three samples of 
each brick according to the following Eq. 1: 

Rc = F
A (1) 

Where F is the breaking load (in N) and A is the cross-sectional area 
in m2. 

The analysis of variance technique (ANOVA) is a statistical test used 
to compare the means of two or more groups of variables or factors, such 
as the firing temperature (800 ◦C, 950 ◦C and 1100 ◦C) and the type of 
raw material used. It can also be used to assess how adding the glass 
affects the samples. In this analysis, both the effect of each factor on the 
various parameters studied and the possible interaction between the 
variables were analysed. Statistically different groups were identified 
using Tukey’s and Duncan’s tests (P < 5 %). In addition, the experiment 
and the procedure were checked to ensure that there were no significant 
errors that would invalidate the study. 

3. Results and discussion 

3.1. Raw materials 

3.1.1. ATR-FTIR 
The analysis carried out on the clays from Guadix and Jun and the 

household glass showed that the bands related to the asymmetric 
stretching of the Si-O of quartz or free silica (SiO4) in the region between 
~900 and ~1050 cm− 1 and between ~400 and ~500 cm− 1 [36–38] are 
well defined in all the samples. The peak at 1046 cm− 1 corresponded to 
the intense Si–O and Si–O–Al stretching frequencies, characteristic of 
the aluminium silicates [39–40] present in the clayey materials. Peaks 
were also detected in the region near 475 cm− 1, which could correspond 
to the typical peak of the Fe-O bond of hematite [41]. Another peak 
appeared near 795 cm− 1, which could be attributed to maghemite [42], 
a polymorphic form of Fe2O3 called γ-Fe2O3 with an inverse spinel 
structure, which differentiates it from α-Fe2O3 (hematite), which has a 
corundum structure. 

The shoulders observed between 3000 cm− 1 and 3400 cm− 1 corre
spond to the moisture [43] present in the clayey samples (Fig. 2, green 
and blue lines), while the bands located at ~3600 cm− 1 (ѵ1, symmetric 
stretching) and ~3700 cm− 1 (ѵ3, anti-symmetric stretching [44]) 
correspond to the vibration of the molecules in the O-H group and in 
Al–OH, which are probably associated with the presence of phyllosili
cates [45]. Illite/muscovite may be characterized by OH-stretching 
around 3620 cm− 1 [40,46]. The peaks at ~800 and ~750 cm− 1 

confirm the presence of a Si-O-Al stretching frequency where Al is in 
tetrahedral coordination and support the possible presence of illite or 
muscovite [45]. The absorption band at 3694–3620 cm− 1 indicates the 
stretching vibrations of –OH groups from the kaolinite network [47]. 

The two clayey samples can be differentiated by the fact that in the 
raw material from Jun (Fig. 1, green line), the presence of carbonates is 
corroborated by the appearance of characteristic CO3

− group (ѵ2) (~874 
cm− 1) and CO3

− group (ѵ3) (~1430 and ~1460 cm− 1) vibrations 
[48–51]. 

When characterizing the household glass, the shoulder observed 
between 800 and 1200 cm− 1 was taken into account (Fig. 2, orange 
line). This range houses the Si-O-Ca bonds (980 and 905 cm1) containing 
non-bridging oxygen, the O-Si-O bonds (819 cm− 1) and symmetric 

Fig. 1. Photograph of the bricks studied in this work. A) Unfired bricks made from raw materials from Jun and Guadix with and without household glass; B-C) 
General view of fired bricks with and without household glass. 

Table 1 
Acronym assigned to each brick according to the raw material used, the addition 
of 20 wt% household glass and the firing temperature.  

Raw materials Firing temperature (◦C) Additive   

without glass with glass 

Jun (J) and Guadix (G) 800 J800 Jg800 
G800 Gg800 

950 J950 Jg950 
G950 Gg950 

1100 J1100 Jg1100 
G1100 Gg1100  
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stretching of the Si-O-Si bonds (1090, 503 and 464 cm− 1) [52,53]. 
MacDonald et al. [54] determined that the presence of alkali ions, such 
as sodium, adds new vibrational modes, Si-O-[alkali] bending and 
stretching. These break up the original network, altering the modes 
associated only with the silica network. The characteristic ranges of 
these modes (Si-O-[alkali] stretching) are in line with those observed by 

previous authors [55,56]. 

3.1.2. PXRD 
PXRD analysis of the clays from Jun and Guadix has highlighted the 

presence in both samples of quartz, k-feldspars and phyllosilicates (illite, 
paragonite, chlorite and kaolinite) (Fig. 3). The clay from Jun has a 

Fig. 2. Infrared absorption spectroscopy carried out on the raw materials from Guadix and Jun and on the household glass.  

Fig. 3. Mineralogy of the raw materials (Jun and Guadix). Legend according to Warr (2020) [58]: Ilt = illite; Pg = paragonite; Kln = kaolinite; Chl = chlorite; Qz =
quartz; Cal = calcite; Dol = dolomite; Mc = microcline; Hem = hematite. 
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slightly higher concentration of kaolinite, illite and paragonite than the 
clay from Guadix and the presence of chlorite, a mineral that is 
commonly masked by smectite (~ 14 Å) and kaolinite (~ 7 Å), has been 
confirmed by heating the oriented aggregates to 550 ◦C [57]. Carbonates 
(calcite and dolomite) and hematite were only detected in the clay from 
Jun. 

3.2. Fired bricks 

3.2.1. Mineralogical properties 

3.2.1.1. PXRD. PXRD analysis of the bricks from Jun (J) and Guadix (G) 
fired at 800 ◦C shows that all the phyllosilicates had disappeared with 
the exception of dehydroxylated illite, which can still be detected, 
although the reflection (001) at 10 Å is lower compared to the raw 
materials, which suggests a lower concentration (Fig. 4). Quartz is the 
most abundant phase and hematite is beginning to be detected. 

In J800, the dolomite has disappeared while calcite is present in 
smaller concentrations. An increase in the amorphous phase can be 
detected in samples with added glass (Jg800 and Gg800). 

At 950 ◦C the differences in the samples with or without added glass 
are more evident than at 800 ◦C (Fig. 4). In both brick groups, orthoclase 
is transformed into a higher temperature polymorph phase, sanidine. 
They also have a higher hematite content probably due to the decom
position of phyllosilicates, which favours Fe recrystallization [59]. In 
J950, calcite disappeared and new mineral phases, such as gehlenite, 
wollastonite and diopside, were formed (Fig. 4). According to Rathossi 
and Pontikes [60], gehlenite is formed by the reaction between illite, 
calcite and quartz as follows:   

In Jg950, other phases such as anorthite appear, while illite disap
pears. The quartz concentration decreases and high temperature phases 
(gehlenite, wollastonite, diopside, hematite) are detected in larger 
amounts than in J950. The addition of glass seems to cause the reactions 
between the mineral phases to happen earlier. As a result, phases typical 
of higher firing temperatures begin to appear earlier in the samples with 
added glass than in the samples made without it [14]. In G950, the illite 
and quartz content is lower. There is a negligible difference in the 
mineralogy between the bricks made with added glass (Gg950) and 
those made without it (G950). Mullite diffraction peaks are more intense 
in phyllosilicate-rich samples (Guadix) than in carbonate-rich samples 
(Jun). 

At 1100 ◦C, the changes in the mineralogy produced by the addition 
of glass are even more distinguishable (Fig. 4). In the bricks made with 
clay from Jun, the sample fired at 1100 ◦C without glass (J1000) is 
mineralogically very similar to the sample fired at 950 ◦C with glass 
(Jg950). The two samples have very similar hematite content. The 
amount of gehlenite decreases in J1100 and disappears completely in 
Jg1100, as it is involved in the formation of anorthite and wollastonite 
+ diopside [61,62]. In Jg1100, the increase in background noise in
dicates a larger amount of amorphous phase due to the vitrification of 
the bricks. This could be due to the fact that, with an increase in firing 
temperature and vitrification, the silica content of the quartz starts 
converting into amorphous silica, so adding to the amorphous silica 
already present in the glass [63]. However, in the samples in which 
household glass, an amorphous material, is present, the background 

noise is more noticeable. In the samples made with clay from Guadix 
fired at 1100 ◦C, there is little difference in mineralogical terms between 
the samples made with (Gg1100) or without added glass (G1100) and 
there is less background noise than in the Jun samples fired at the same 
temperature. 

3.2.2. Assessment of aesthetic properties 

3.2.2.1. Videomicroscopy and colour measurement. The colour of the 
bricks after firing will depend on the composition of the raw materials 
and the degree of transformation of the bricks during the firing process, 
which in turn is mainly dependent on the temperature, time and 
oxidant-redox environment inside the oven [60,64]. The bricks fired at 
low temperatures (800 ◦C), with or without added glass, had a reddish 
appearance (Fig. 5). However, as the firing temperature increased, the 
difference in colour between the bricks made with clay from Jun and 
Guadix became more evident. In the bricks fired at 950 ◦C, a consider
able difference in colour can be observed between those made with 
added glass and those made without it. This may also be due to an 
apparently higher porosity in the samples fired at higher temperatures. 
In addition, from 950 ◦C onwards, “glass bubbles” began to form on the 
surface of the bricks. These were more evident in the samples made with 
clay from Guadix (Fig. 5). 

The lightness in the bricks from Jun increases in line with the firing 
temperature (L*, Table 2). The opposite occurs in the Guadix bricks, 
where a decreasing trend can be observed in average lightness values as 
the firing temperature increases (L*, Table 2). The average lightness 
values for the samples with added glass follow a similar pattern to those 
for the samples without additive, with Jun bricks showing increasing L* 
values and Guadix bricks showing the opposite tendency. This is prob

ably due to the fact that there are more glass bubbles on the surface of 
the Guadix bricks, which makes them slightly darker (Fig. 5). 

The a* values show a similar trend for both types of bricks. The 
average values fall as temperature increases, more steeply in the samples 
with added glass than in those without it, which show a gentler decline. 
The samples with the lowest b* values are those fired at high tempera
ture with added glass (Gg1100). The samples from Guadix have a more 
reddish colour than those from Jun with higher a* and b* values. This is 
due to the crystallisation of iron oxides from the decomposition of 
phyllosilicates, whereas in the Jun samples, Fe is partly involved in the 
formation of new Ca-silicates such as gehlenite [65,66]. 

Fig. 6 shows a volume chart diagram for the L* and a* parameters. 
The b* parameter was not included in Fig. 6 because the a* values 
indicate the red/green coordinates (+a indicates red, -a indicates green), 
the most important parameters in the colour analysis of bricks, which 
normally have a reddish hue. 

Bricks made with both types of clay fired at 800 ◦C have similar mean 
L and a* values and a similarly low standard deviation, regardless of 
whether or not they have added glass. From 950 ◦C onwards, the sam
ples follow similar trends depending on the composition of the raw 
material. While the bricks from Jun show greater dispersion, those from 
Guadix are more homogeneous. This difference in the dispersion values 
continues at 1100 ◦C, where the samples from Jun with added glass 
(Jg1100) have very high (and dispersed) lightness values compared to 
those from Guadix. This could be related to the fact that the addition of 
glass gives the Jun bricks fired at 1100 ◦C a more yellowish colour than 
the Guadix bricks, which have an intense red tone (Fig. 6). This could 

Illite calcite quartz gehlenite sanidine

KAl2(Si3Al)O10(OH)2+ 2CaCO3+ SiO2→ Ca2Al2SiO7+ KAlSi3O8 + H2O + 2CO2   
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Fig. 4. Mineralogy of the bricks made with clay from Jun (left) and Guadix (right) with and without glass added and fired at different temperatures. Legend (mineral 
acronyms according to Warr (2020) [58]:): Qz = quartz; Cal = calcite; Ilt = illite; Hem = hematite; Sa = sanidine; Or = orthoclase; An = anorthite; Mul = mullite; Gh 
= gehlenite; Di = diopside; Wo = wollastonite. 
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also explain the very high a* values in G1100 and Gg1100. 

3.2.2.2. Radiography. The bricks with added household glass fired at 
higher temperatures have the highest densities. Fig. 7 shows brick cubes 
with two types of images, grey scale (original) and green–red variation, 
the latter highlighting the denser areas of the samples. The contrast 
makes it easier to observe the density difference between the bricks. The 
highest density is reached at the edges and decreases as we move in
wards towards the core, as firing takes effect from the outside-in. 

Jun samples made with added glass and fired at 950 ◦C and 1100 ◦C 
(Jg950 and Jg1100) show similar contrast intensity, which suggests that 
they have similar densities. However, Guadix samples with glass fired at 
1100 ◦C are quite similar to Jun samples with glass fired at 800 ◦C. In 
addition, there is hardly any difference between the samples from 
Guadix fired at 800 and 950 ◦C. Radiography images suggest that, as 

firing temperature increases, a more or less (depending on the compo
sition of bricks) vitreous phase develops, which increases the compact
ness [67]. 

3.2.3. Assessment of mechanical properties 

3.2.3.1. Leeb hardness (LH) test. The hardness test results coincide with 
those of radiography (Fig. 7). Fig. 8 shows that the highest hardness 
values are observed on the surfaces and that they decrease towards the 
inside of the brick. This hardness is associated with higher density, i.e. 
the greater compactness of the bricks in these areas. 

The bricks with added glass fired at 800 ◦C show similar hardness 
values (average values Jg800, 258 and Gg800, 267, respectively). This 
suggests that at 800 ◦C the glass is not yet acting as a flux agent and is not 
vitrifying the samples. Higher hardness values were obtained at 950 ◦C, 
especially in the bricks with added glass (average values of 304 in Jun 
and 272 in Guadix). The samples with the highest hardness values are 
those with added glass fired at 1100 ◦C (Jg1100 and Gg1100 with 449 
and 393, respectively) (Fig. 8). 

In the bricks made with clay from Guadix, the difference in hardness 
between the surface and the core increases by approximately 10 % when 
household glass is added, regardless of the firing temperature. This is not 
so evident in the bricks from Jun for which a similar percentage dif
ference between surface and core hardness to that of the Guadix bricks 
can only be observed at 1100 ◦C. This different behaviour of Jun bricks 
may be due to the fact that more energy is consumed during the for
mation of Ca-(Mg-) silicate phases [57]. 

3.2.3.2. Ultrasonic pulse velocity (UPV). Table 3 shows the UPV values 
measured in the bricks with or without added glass. The preferential 
orientation of the phyllosilicates and other planar grains during the 
preparation of the raw material was perpendicular to the pressure that 
was exerted on the clayey earth when it was placed in the moulds. The P 
waves move more slowly perpendicular to these grains. The UPV of the 

Fig. 5. Macroscopic features of the bricks from Jun (J, first and second columns) and Guadix (G, third and fourth columns) fired at 800, 950 and 1100 ◦C, with or 
without added glass (g). 

Table 2 
Average lightness values (L*), chromatic values (a* and b*) and standard de
viation (σ) for handmade bricks made with clay from Jun and Guadix with or 
without added glass.    

L* a* b*   

x Σ x σ x Σ 

JUN J800  58.49  3.11  16.13  0.63  22.90  0.84 
J950  62.96  1.51  15.06  1.22  23.69  2.10 
J1100  62.74  1.43  15.34  1.22  23.02  0.76 
Jg800  59.75  1.05  17.03  0.86  23.83  1.69 
Jg950  73.55  2.50  5.87  0.95  23.35  0.90 
Jg1100  63.01  8.20  6.33  1.03  22.83  1.41 

GUADIX G800  55.01  1.32  21.04  0.95  29.55  1.31 
G950  55.18  2.85  23.70  1.03  31.38  1.16 
G1100  44.12  1.49  20.61  1.66  19.23  2.17 
Gg800  53.26  1.64  21.87  0.93  29.82  1.21 
Gg950  52.00  2.57  22.59  0.97  27.99  2.14 
Gg1100  45.14  1.73  12.17  4.12  10.82  3.35  
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brick samples with added glass ranges between 1368 (Gg800) and 4625 
m/s (Jg1100) (Table 3). A tendency towards lower velocity values was 
observed in the samples with no added glass, and the lowest was 
measured in sample G800 (Table 3, 1260 m/s). For bricks to be 
considered durable, the UPV value should be at least 1000 m/s [68]. 
This means that all the studied bricks studied here can be defined as 
durable. UPV values increase not only with the addition of glass but also 
in line with increases in the firing temperature. 

3.2.3.3. Compressive strength (CS). The bricks made with clay from Jun, 
with or without added glass, showed higher compressive strength than 
those from Guadix (Table 3). In mineralogical terms, Changizi and 

Haddad [69] found that the compressive strength of bricks increases 
with the amount of quartz in the mix. However, if one looks at the 
mineralogy of the bricks from Jun and Guadix, the opposite applies: the 
bricks from Guadix are richer in quartz than those from Jun. In this case, 
the previous analyses show that the increase in compressive strength is 
related to the higher levels of vitrification produced by the addition of 
household glass [14]. In fact, the addition of glass always increases the 
strength of the bricks (Table 3). This increase is related to the textural 
and microstructural changes that take place in the bricks. As mentioned 
earlier, the glass acts as a flux agent bonding the particles together and 
reducing the porosity. The highest values were found for bricks fired at 
1100 ◦C, due to their high level of vitrification. The sample with the 

Fig. 6. Volume chart showing the lightness (L*) and a* values for bricks made with or without glass and fired at 800, 950 and 1100 ◦C.  

Fig. 7. X-rays of the bricks made with clay from Jun and Guadix with or without added glass and fired at 800, 950 and 1100 ◦C.  
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highest compressive strength was Jg1100 (72.58 N/mm2). 
Several authors have found that the compressive strength of bricks is 

more closely linked to the porosity and the degree of vitrification than to 
the mineralogy of the raw material [39,67,68,69,70]. Tite and Maniatis 
[71] found that in bricks made with carbonate-rich clays, the structure 
formed at low temperatures (840–960 ◦C) remains almost unchanged 
until about 1080 ◦C. This is why the Jun samples (without added glass) 
fired at 800 and 950 ◦C show very similar CS values (Table 3 and Fig. 9). 
According to official specifications from the Spanish Ministry of Public 
Works (Pliego RL-88 [72]), all the samples, with the exception of G800, 
have enough compressive strength to be used for construction purposes. 

In contrast to pore-forming additives, such as cigarette butts [73,74] 
wood sawdust [7] or grape stalks [8,16], the addition of glass improves 
the mechanical properties of the bricks. 

4. Statistical analysis 

The statistical analysis in this paper seeks to apply Tukey and 
Ducan’s test (P < 5 %) to predict homogeneous subsets for the lightness 
(L*) and chromatic values (a*) taking into account the three firing 
temperatures for the same data population. The two types of clay (Jun 
and Guadix) and the addition or not of household glass were not 
considered because there are only two variables per type and this 
method requires at least three. 

Three subsets (a, b and c) for L* and a* and two subsets (a and b) for 
b* were classified (Table 4). According to this method, there is a direct 

relationship between the lightness of the samples and the firing tem
perature, with higher temperature samples having higher lightness 
values. The average values for the bricks from Jun suggest that they 
follow this trend, while those from Guadix do not. This method also 
suggests that a* values increase in line with firing temperature. This was 
true for the Guadix bricks but not for those from Jun. This suggests that 
this method was unsuitable in that the properties of the bricks could not 
be determined solely on the basis of the firing temperature. The different 
combinations of clay with or without added glass might change the 
appearance of the bricks, a crucial issue in the restoration of architec
tural heritage. 

The relationships between the mechanical properties determined by 
NDT, namely superficial hardness (Leeb), UPV and compressive strength 
(Table 4), were also explored. The study of the anisotropy enabled the 
correlation of the ultrasonic velocities with the microstructure (espe
cially the pores/voids) of the samples in order to better understand the 
technical quality of the bricks, which is associated with the concept of 
anisotropic resistance. Homogeneous subsets were obtained according 
to Tukey and Ducan for the UPV, Leeb and compressive strength values 
taking into account the three firing temperatures for the same data 
population. These subsets were analysed and the data obtained 
confirmed the results of the NDT. It should be noted that for the UPV and 
compressive strength values, the values are divided into 3 subsets with 
an upward trend in line with temperature, while the Leeb values are only 
divided into 2 subsets. This makes it more difficult to compare the Leeb 
results with the results of other tests on physical–mechanical properties, 
such as UPV and compressive strength. Even so, this predictive method 
could be very useful for determining the mechanical properties. 

5. Conclusions 

In this paper, NDT were used to characterize bricks that were 
handmade with raw materials from two different sources, Jun and 
Guadix (Granada, Spain), fired at three different temperatures (800, 950 
and 1100 ◦C), with or without added glass. The following conclusions 
were reached:  

• The use of non-destructive techniques (NDT) revealed that the 
addition of glass increased the vitrification of the bricks and 
augmented their compressive strength.  

• The colour of the bricks was mainly dependent on the type of raw 
material used, while the addition of household glass enhanced the 
lightness in the bricks made with clay from Jun and the a* parameter 
in the bricks made with clay from Guadix. Firing temperatures from 

Fig. 8. Hardness (in LH) of bricks made with raw materials from Jun and Guadix with or without added glass and fired at 800, 950 and 1100 ◦C.  

Table 3 
Summary of average values (x) for LH, UPV (m/s) and CS (Rc, MPa) and stan
dard deviation (σ) values for handmade bricks made with raw materials from 
Jun and Guadix with or without added glass.   

LH UPV (m/s) CS (MPa)  

x σ xV Σ x σ 

J800 235  34.52 2667  87.71  19.18  5.09 
J950 241  31.47 2650  143.73  20.23  8.15 
J1100 351  18.12 2952  67.13  26.56  3.28 
Jg800 258  42.97 2922  105.71  31.39  4.11 
Jg950 304  76.70 2905  169.38  26.84  12.98 
Jg1100 449  46.02 4625  250.51  72.58  5.07 
G800 213  39.17 1260  59.83  6.43  0.34 
G950 240  34.27 1853  191.39  12.34  3.15 
G1100 315  21.45 2726  149.36  29.05  9.2 
Gg800 267  35.67 1368  51.99  8.88  2.54 
Gg950 272  45.86 2018  126.38  17.35  1.02 
Gg1100 393  44.15 3346  200.92  35.28  15.03  
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950 ◦C produced a significant aesthetic change in the bricks, which 
was especially visible in the samples with added glass, where glass 
bubbles can be seen “hatching” on the surface of the bricks.  

• Radiography proved to be a very useful tool for observing the 
anisotropic distribution of density in the fired samples.  

• In terms of mechanical properties, the bricks from Jun perform better 
than those from Guadix. However, the latter have better aesthetic 
properties, in the sense of more homogeneous colours, which can be 
a key factor when choosing a building material. 

• The relationship between the aesthetic and the mechanical proper
ties determined by NDT allows the results obtained from different 
analytical techniques to be compared, such as the relationship be
tween density, as determined by x-rays, and surface hardness, as 
determined by Leeb. In this way, the density of the bricks can be 
compared with the hardness, both of which are greater on the surface 
and decrease towards the core, thus reducing the connectivity of the 
pores.  

• According to the statistical predictions for the dependent variables of 
firing temperature using the tests proposed by Tukey and by Ducan, 

Fig. 9. Volume chart showing the LH, UPV and CS values for bricks made with or without added glass and fired at 800, 950 and 1100 ◦C.  

Table 4 
Classification of subsets (a, b and c) for aesthetic (L* a*and b*) and physical (UPV, LH and CS) properties according to the tests proposed by Tukey and by Ducan and 
the ANOVA method.   

L* a* b* UPV LH CS 

800 ◦C 53.75a 13.61a 18.98a  2054a  244a 17.58a 
950 ◦C 56.63b 16.94b 26.53b  2356b  264a 20.85b 
1100 ◦C 60.92c 19.02c 26.60b  3506c  377b 42.04c 
ANOVA P values       
Raw material (RM) 0.000 0.000 0.000  0.000  0.036 0.000 
Temperature (T) 0.000 0.000 0.000  0.000  0.000 0.000 
Glass added (G) 0.023 0.000 0.000  0.000  0.000 0.000 
RM × T 0.000 0.000 0.000  0.000  0.300 0.001 
RM × G 0.000 0.000 0.000  0.000  0.770 0.000 
G × T 0.019 0.000 0.000  0.000  0.153 0.000 
RM × T × G 0.000 0.000 0.000  0.000  0.454 0.000  
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regardless of whether they are fired with or without glass, the bricks 
made with clay from Jun tend to have higher mean values for all the 
variables than the bricks made with clay from Guadix. ANOVA 
analysis reveals that the clay from Jun performs better than the clay 
from Guadix. However, the bricks from Jun fired at 1100 ◦C and with 
added glass show the highest colour variations, which could make 
them less suitable for the restoration of architectural heritage, in 
which colour is a crucial factor. 

CRediT authorship contribution statement 
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