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Abstract

The clay brick masonry that is much used in histdrstructures often is in a
rather poor state of conservation. In order torugee correctly in these buildings, it is
convenient to characterize the old material. Far plrpose, a large sample of clay
brick specimens from the 120 19" century were collected from six Portuguese
monasteries, and were characterized chemicallysipailyy and mechanically. A large
variability of the properties was found. Additiolyala sample of handmade new bricks,
which are commonly used as replacing material, alss analysed. The results were
compared to the old bricks and could be possibbgadte as substitution bricks. Still,
significant differences were found in chemical casifon, and in water absorption and
porosity, which are much lower in modern handmattkb. With respect to
mechanical properties, the range of values fouraldrbricks was rather high and the
degree of deterioration exhibited a large scatteaning that a conclusion is hardly

possible.

Keywords: clay bricks, chemical properties, physical projsitcompressive

strength, raw material.



1 Introduction

In the last decades, the importance of historicdtings due to cultural and
economical reasons caused a large increase irestimiolving ancient building
technologies and materials. Clay brick, in its feraf sun dried and burnt, has been
around since the beginning of civilization, tenubkand years ago. It was easily
produced, lighter than stone, easy to mould aniédra wall that was fire resistant and
durable. The usage of brick masonry, often in comaton with stone masonry and
timber roof, or floors, is well distributed all avihe world.

The characterization of old clay bricks is a hasktdue to the difficulties in
collecting samples, the scatter in the propertmesthe lack of standard procedures for
testing, see Elest al. (2003). Still, characterization is relevant to erefand damage,
to assess safety, to define conservation measndesven to make a decision on
reusing or replacing existing materials, as moaeaterials can be unsuited, from a
chemical, physical or mechanical perspective.

Information about old and handmade clay brick uisit@ther scarce. Ancient
materials are generally different from modern omes, frequently exhibiting low
characteristics, such as high porosity and absorplibw compressive strength and
elastic modulus. Most studies target at the ageingess, durability, physical and
chemical deterioration process of clay bricks, Bay@and Binda (1984, 1985, 1987).
Other authors studied the manufacture procesgder o define physical (porosity and
water absorption) and mechanical (compressive giingproperties, e.g. Donéht al.
(1999) and Eleret al. (2003), as well as the effects of additives onpitoperties of new
clay bricks, Bogahawatta and Poole (1996). Thecetiepollution and environmental

effects were discussed in Cultrosteal. (2000).



The mechanical properties of brick are very rel¢¥anthe structural behavior
of historical constructions, as this is the maiituence factor on the compressive
strength of masonry. For this reason, a samplédoélay bricks collected from six 12
to 19" century monuments in Portugal was characterizel@iail, including chemical,
physical and mechanical properties, namely: chdm@aposition, mass, porosity,
water absorption and compressive strength. The samele has been used to find a
correlation between the compressive strength andie-drilling technique, see
Fernandes and Lourenco (2007).

Besides providing a database of relevant informatioe paper addresses two
other aspects. The first aspect is a discussiamutdbe possible identification of the
source of raw clay. From the most important chehdoastituents identified, the
provenance of the raw clay source can be estinaatdadcompared with the location of
known clay pits. This information allows a qualivat definition of performance and the
comparison of behavior with known bricks from tlaene provenance, see also
Nyakairuet al. (2002).

A second aspect is that the knowledge of the phlaizd mechanical properties
of old clay bricks and the identification of the saguitable raw material, based on the
chemical composition of the clay, would allow taah new bricks suitable for
replacing old ones. It would be possible to makalar replacements of missing parts,
as traditional production techniques can still @enid, and a mismatch between
materials can lead to early occurrence of crackirmpinson and Borchelt, 1994). For
this reason, a sample of bricks from two manufactiproducing handmade clay bricks

in a traditional way was characterized and comp#odhle old clay brick sample.

2 Description of the test samples



The sample of old clay bricks adopted in this stooysists of about 150 bricks,
with rather different dimensions and shapes, ctdtbérom six different Portuguese
national monuments, most of them located in théheon part of the country, as
illustrated in Figure 1. The monuments are fronr fmain regions: the Monasteries of
Pombeiro and Sao Martinho de Tib&es are from Mitie® Church of Santo Cristo do
Outeiro is from Tras-os-Montes e Alto Douro, therMsteries of Salzedas and S&o
Joao de Tarouca are from Beira Alta, all from tleetN of Portugal, and the Christ’s
Cloister in Tomar is from Ribatejo, located in tbentre of Portugal. The buildings
were selected because University of Minho has kewhking in the monuments or the
buildings were undergoing conservation works, wlattbwed an easy collection of
bricks. Nevertheless, the number of bricks waserdimited, as only 10 to 34 units
were available from each location. This was maithlg to the scarce number of
specimens and of units with adequate size for sesrtplbe extracted from. The bricks
were usually collected from buried remainings aadlt/filling, which explains the
difficulty in finding full units. Note that removbricks from walls or vaults was
strictly prohibited. Only the bricks from the Monesy of Salzedas and the Christ’s
Cloister in Tomar were obtained from building elertseor closed doors/windows,
explaining their much lower size variability. Taldleeports a brief description of the
sampled old material in terms of acronym, numbespaicimens gathered, dimensions,
period and origin. In the production of most ofgédricks, clay was normally extracted
from local pits, as the selection of the raw maleltepended essentially on its
availability in the construction location or near#\lvarez de Buergo and Limon,
1994). In addition, at that time, the transporivggk was inexistent or rudimentary for

the transport of construction materials. In faog transport network in Portugal was



mainly developed during the t”l‘&entury and, therefore, most of the materials $athp
were made from local raw materials. Afterwards,lihieks were dried and fired in
rudimentary ovens until that same period, whersteam engine was introduced in
several sectors in Portugal, inclusive, in somestidal processes and in the production
of construction materials.

The second type of bricks is constituted by newdnaade traditionally fired
clay bricks. These bricks were obtained from twauafacturers from the region of
Alentejo, located in the South of Portugal, anddten adopted as replacing material of
old bricks or used to give a traditional image @whouses. The two manufacturers are
from the towns of Galveias (GA) and S. Pedro dov@lofPC), see Figure 1.

Information about this sample, also of about 156Kst is reported in Table 2,

indicating the name of the manufacturer, acrony@mufacture location, dimensions
and number of specimens. These bricks have afjidaeparallelepiped shape, although
the dimensions differ greatly. In the productiortteése new bricks, the clay was not
submitted to any type of special treatment, andenoduality control of the raw
material was not adopted. In the case of the bificka S. Pedro do Corval, the mixture
of the clay and water was mechanically performeduoymentary equipment, while in
the case of Galveias, the clay mixture is process&dually. The bricks are moulded
manually with bottomless moulds over a thin layesand and fired in traditional wood
ovens.

Figure 2 illustrates typical examples of the old &me new handmade clay
bricks. The examples show the colors and shapeedditferent bricks. The bricks from
Salzedas (Figure 2a) and Tomar (Figure 2f) anchéve handmade bricks exhibit rather
regular shapes and dimensions, while the othebrdits present frequently

deformations, damages and smaller bricks than nottmaust be noted that bricks



from S&o Pedro do Corval (Figure 2h) exhibit umiasoloring, while the bricks from
Galveias (Figure 2g) have patches of burnt matendicating a higher firing
temperature.

It is noted that the ancient bricks originate frbra North of Portugal, whereas
the modern brick sample come from the South ofugait This is essentially due to the
constraints in gathering ancient building matergaadd in finding traditional brick
manufacturers. The latter concentrates in Alentgjeere some demand for traditional

handmade bricks still exist.

3 Chemical analysis

Generally, the first step to characterize the rkay ts by means of chemical and
mineralogical studies, see Baromibal (1985), Moropoulowt al (1993), Pauret al
(1994), and Cultronet al. (2004). These are frequent in archaeology, faratterizing
old ceramics and pottery, and in the charactednadf old mortar properties, e.g.
Barrioset al (2000) and Bindat al (2000). The chemical composition is mostly used
to identify the raw material characteristics anel $burce of raw clay, information much
relevant for the study of the history of constrantand materials. The determination of
the mineralogical composition of old bricks allothe identification of possible
deficiencies that occurred during their productidce the presence of organic matter,
lime nodules, harmful soluble salts and other intjs that might influence the
durability of the brick. The presence of solubl#ssand other impurities are one of the
most important factors of old brick decay and aegdiently found, Baroniet al
(1985) and Brocken and Nijland (2004). Mineraloymaalysis can also provide

information about firing temperature and degreeiwification, Cultroneet al (2000),



which is relevant for manufacturing replacing becElertet al. (2003), Lépez-Arcet
al. (2003) and Cardianet al (2004). As this work only deals with the chemical
analysis of clay material from old bricks, the infation retrieved will be used to

identify the area of extraction of the clay usedn@nufacture the old brick specimens.

3.1 Testing methodology

The chemical composition of the samples was detethby X-Ray
fluorescence spectrometry, much used for old cerainy other authors, Elest al
(2003). The equipment used is a Philips X’Uniqu¥-Ray fluorescence spectrometer
(Figure 3a) connected to a computer used to cotiteoset-up and for data storage. This
equipment uses the following detector crystals2Pi#, Pe, Ge and TLAP.

In the present testing programme, small fragmewet®wollected from the clay
bricks with the use of a hammer and a rfad¢! A origem da referéncia nao foi
encontradaFigure 3b) and carefully prepared to obtain unif@enditions of analysis
and avoid contamination by elements present irsgiaatings and binders. After drying
at 110 °C during 24 hours, samples are finely ohiltieobtain a fine powder.
Afterwards, 10 g of the ceramic material are accawtabed in small 30 mm diameter
plastic tablets (Figure &ero! A origem da referéncia néo foi encontrada) and put
in the spectrometer for analysis.

The sample is then irradiated with X-Rays. Theatdn that is generated by the
different brick’s elements is characterized by ec#ic wavelength and intensity, which
is related with its concentration, allowing, theref, their identification in the X-Ray
spectrum. The chemical oxides and elements that v@rsidered in this study are the

most typical and abundant, including: silicon ox{8€0,), aluminum oxide (AIOs3),

8



iron oxide (FgO3), potassium oxide (}O), titanium dioxide (TiQ), sodium oxide
(N&O), calcium oxide (CaO), magnesium oxide (MgO)jdrar(Ba), zirconium (Zr),

strontium (Sr), rubidium (Rb) and manganese (Mn).

3.2 Results and interpretation of the chemical analysisf old clay bricks

The average chemical composition of old and nevdimeade bricks is presented
in Table 3. All old bricks from the sample were sutbed to X-Ray fluorescence
spectrometry, which resulted in a total of abou fgsts: OU (10), PO (34), SA (27),
TA (28), Tl (32) and TO (16). The proportion of thain oxides is expressed in
percentage of the weight of material (%), while ¢tbatents of the remaining elements:
Ba, Zr, Sr, Rb and Mn, is indicated in parts peliam (ppm) because they are usually
found in very small quantities.

The chemical composition of the old bricks’ claynsists of 54 to 61 % of silica
(SiOy) and 22 to 32 % of aluminium (AD3z). The average variability of Sp@and AbOs
exhibit low coefficients of variation, ranging beten 4 and 5 % and 11 and 15 %,
respectively. Thus, it seems that the base chemaraponents of the raw clay used on
the bricks is relatively uniform. In fact, the filbeicks collected in monuments from the
northern part of the country have a fairly simlbase, with a variability of 3 and 11 %
for SIO, and ALOg, respectively. The bricks from Tomar (TO) showethe
differences, although not very significant. Theigx different proportions of Si©
and AbOs, which are 6 % higher and 20 % lower than the ayeof the bricks from the
northern part, respectively.

CaO, NaO and TiQ exhibit a significant dispersion. The presenctheffirst

two elements is often due to contamination by lmatars or salt, respectively. p&a
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is rather low in all specimens except in the britksn Salzedas (SA) and Tarouca
(TA), which are located very close and suggeststhizse clays could have been
extracted from close clay pits. The bricks from Bor{TO) show a significant amount
of CaO, most likely due to contamination by limertacs, found attached on their
surface, which could have migrated into the chehsiamples.

It is noted that the bricks from Outeiro (OU) cantabout two or three times
more iron than the other bricks, while those froatlze8das (SA) and Tarouca (TA) are
the ones where this element is less found, thusuexpg in part their lighter color. See

the bricks from Salzedas in Figure 2a.

3.3 Provenance of the raw clay

As discussed above, the chemical composition cavige information needed
for an estimation of the provenance of the claystfoeet al. (1997), Capedri and
Venturelli (2005), making possible to manufactuigable replacing bricks. The
chemical composition of ceramics is often considelesely related to the chemical
composition of the raw material employed in thaiorication. In elder times, commerce
of clay type raw materials at long distances was, taecause of the spread availability
of clays in nature. Therefore, it is acceptablednsider that the chemical composition
of brick fragments is a good indicator of theirygnance.

The comparison of the chemical composition of aagrhent with the typical
chemical composition of a certain production ceatlews to determine, by appropriate
statistical calculations, the probability for theese where the fragment is from that
provenance. Due to the significant amount of datheyed, and its dispersion, the

results obtained from old bricks were treated usimghisticated calculations. This
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analysis was made using a statistical methodoleggldped previously, Castet al
(1997) and Castro (1999), and is based on the cosopabetween the Euclidean
distances of the “chemical composition” vectorsliffierent groups. It is mainly
composed by two main phases, each one having llbevilog sequential steps:

1. Preliminary calculations:

a. Elements like sodium and chloride (possible contation due to culinary
uses), phosphor and sulphur (possible contamindtierto conditions of
preservation or archaeological samples), lead iangtesent in glazes) and
lime (present in mortar and plaster) are excludeohfthe analysis;

b. The rough concentrations are normalized for a 1d8a%ts, to eliminate
differences on loss of ignition values due to défe types of clay materials,
firing conditions, moisture contents and organidaemal contents. This
calculation allows to eliminate the eventual ef§atiat different degrees of
contamination would have on the results.

2. Cluster analysis:

a. A variable reduction is performed in order to maKkeslements equally
important for the statistical analysis and to awbiak variations in the major
constituents, like silica or alumina, are much nm&rengly considered than
variation in minor elements, like manganese, tiamizirconium, strontium,
rubidium, etc. The reduced varialdgs calculated through the following
formula:

Z=(Ci-Cj)loi
whereC; is the content of the elemarin the sampleC; is the average of the
contents of that element in all the samples consttlands; is the

corresponding standard deviation (of the element
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b. A clustering method is then employed, whiclthis nearest neighbour method
applied to the Euclidean distance between samplgg@up of samples.

c. A multivariate test (Hotellingfttest) is performed to compare two clusters
taking into account the average value for each eterand the standard
variation of the values. This allows to estimate pinobability that two clusters
are dissimilar.

d. With the formed clusters, a Principal Componentd\ais was performed to
evidence the main components responsible for thanee of the sample and

hence the differentiation between clusters.

Therefore, the specimens have been grouped acgdatheir chemical
similitude, being the groups characterized by trexage values and standard deviation
for the various determined chemical elements, abwaiyh bricks from the same origin.
The purpose was to determine if the chemical comtipnsvas uniform among each
brick of different origin, which could highlight éhpresence of bricks that resulted from
different raw materials or bricks that experiencedtamination, especially coming
from lime mortars. It must be noted that the clusgemethod used in this work takes
the closest chemical components, regardless ofalue. Therefore, a Euclidean
distance of 2.0 or less was used as addition&rmit to consider the sample similar to
the other one. Experiments performed so far hasesshihat, for a Euclidean distance
of 2.0 or less, corresponds a probability of 9@¥anore, of two samples being similar.
For a Euclidean distance much higher than 2.0saneple is considered dissimilar and,
consequently, not grouped. This methodology reduiteéhe formation of fourteen

groups for old bricks and two groups for the newhs, all presented in Table 4.
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From the 146 old bricks analyzed, only 20 couldb®grouped. These 20
bricks exhibit a significant distance from the atgeoups and were discarded from
subsequent analysis (Euclidean distance betwead 2@. The bricks from most
locations were divided into two or more groups,ibitimg a rather large variability of
chemical properties between groups. The exceptomshe bricks from SA and TO,
which could be grouped in one large group, eadherh. This means that nearly all
bricks from groups SA and TO have similar chempraberties, further corroborating
the homogeneity of these two groups. Table 5 eththe Euclidean distances between
the groups formed with this statistical analysis.

The Principal Components analysis of each groupaled that the component
SiO, (silica), which is the largest component in clay@tributes very little to the
distinction between old samples and cannot be tsdistinguish any particular
characteristic of bricks. In fact, no single comgonwas found to strongly influence a
particular group of bricks, meaning that statistgr@uping is a result from all chemical
constituents. Actually, silica only explains ab86t% of the variance of the sample,
while Al,O3; and FgOs explain 10-14 % of the variance of the sample.nivally, no
brick or group of bricks stands out due to a paléicelement.

With the above information, it is possible to makeomparison of the brick
groups found with groups present in a databaseagong the chemical constituents of
archaeological and ethnographical ceramics comimg tliverse points of Portugal,
Castro (1999). It was found that the bricks from & TI exhibit a strong similarity
(Euclidean distance inferior to 3, see Table 5) pres$ent the typical composition of
clays from ethnographical ceramic samples fourthénarea of Prado, Braga and
Guimarées. This corresponds to the constructies sit the referred monuments,

namely, Monastery of Tib&es in Braga and MonastéBombeiro in Felgueiras, which
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are within a range of 20 km from Guimaraes. TheliHaan distance between OU1 and
TAZ2 also reveals a value below 3 but, due to tiseadce between their locations, it
seems to be statistical coincidence. For the rangagroups, it was not possible to
determine any type of correspondence because tesgmt a very high Euclidean
distance from the values in the database (Euclidesiance superior to 5). Therefore,
the chemical composition of the bricks is distifioin those present in the database,
and strongly suggests that the raw clays useceimidnufacture of bricks were obtained
locally. Moreover, the groups of bricks from didtaegions are usually closer to each
other than to the chemical compositions availablineé archaeological database. This
indicates that archaeological ceramics cannot bgeaoed with old building bricks, as

they seem to be manufactured with rather distiratiennals.

3.4 Comparison with the new handmade clay bricks

With respect to the new bricks, only four specimenmse tested for each brick
origin, as the variability exhibited by the tesggkcimens was lower than 20 %, see
Table 3. In Table 4, oxides Si@nd AbO; exhibit low coefficients of variation, ranging
between 3 and 16 %. The chemical composition oh#we bricks was found to be in
the range of the values found for old bricks, vatlower amount of ADs. The bricks
from PC exhibit rather large values for CaO. Thestmeasonable explanation is that
those bricks were manufactured using unclean d¢legtshad a high amount of lime in
their raw composition. In addition, these bricksitean very high amounts of MgO
(magnesium oxide), Sr (strontium) and Mn (manganedeich indicate that those

bricks were manufactured with rather heterogenetays.
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The statistical treatment of the new handmade Isridéta resulted in the
formation of two distinct groups, with the bricksm each location showing a
relatively large distance between their chemicalkrabteristics, despite the relative
proximity of manufacture sites. These bricks wéentcompared to the old clay bricks
and with the database or archaeological and ethpbgral ceramics. The results,
presented in Table 5, showed that the new handelagdricks have, in general, a
different constitution than old clay bricks and &aely different from archaeological

ceramics, exhibiting an average Euclidean distahdd..

4 Assessment of the physical and mechanical propersie

The porosity and water absorption of bricks weleutated according to
LUMA4, Rilem (1991). The mechanical property retgd from the test specimens was
solely the peak compressive strenfgflobtained according to ASTM C67-07a (ASTM,

2007).

4.1 Absorption testing procedure

The determination of the bulk mass, water absampiad porosity of both old
and new clay bricks was carried out on full sizecsmens. Working with material with
very heterogeneous properties makes grinding fidkb into smaller specimens
inadequate for the assessment of these paramietéaist, if the bricks were ground, the
relative porosity would be increased by openingetbpores and voids, which is
undesirable. Due to the large number of speciméedgests have been performed along

different periods of the year. The air conditiotesr{perature and relative humidity)
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were monitored and resulted in the following valus22° C for air temperature and
40-60 % for relative humidity. It should be notéaitt the variation of these parameters
Is only moderate, meaning that their influencehm tesults is limited.

The procedure described is based on the resutts\virater absorption by
immersion. Firstly, the specimens were dried ioaen at a temperature of 100 + 5°C
until constant mass was reached, i.e. when therdifite between the masses of the
dried bricks weighed every 2 hours, after a figsh®ur drying period, was lower than
0.1 %. Then, the bricks were cooled down at roamptrature and their dry mass was
determined. Afterwards, they were immersed in watet saturation was carried during
a period of 48 hours, which was generally necedsaaghieve constant mass, although
the standard only indicates a 24 hour period. €hgtrature of the water was
continuously monitored and maintained a temperatoand 14.5 and 15° C during the
testing period. Then, the specimens were weighddfaeir saturated mass was
calculated. Finally, the hydrostatic mass of thecgpens that corresponds to the weight
of the water moved by the immersion of the satarateck in a known volume of water

was calculated.

4.2 Compression testing procedure

For the compression test, the specimens were au thhe bricks in the
moulding direction, perpendicular to bed jointse(§égure 4). Generally, very small
specimens were obtained, with typical cross sestafr80 x 30 mrf) and 30 to 40 mm
of height. All specimens were machine ground, so tine loading faces were properly
aligned. Due to the heterogeneity of the sampléstlag small height of the bricks, it

was not possible to obtain specimens with a heigitiA ratio adequate to neglect the
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boundary effects, i.e. such that the height/widtiorshould be larger than two, Neville
(1963). The presence of inclusions/voids also &dfdte results. Here, the smallest
dimension accepted for testing after surface rieatibn was 20 mm, as suggested in
Bindaet al. (1996). This criterion resulted in the rejectidrsome specimens because
the minimum dimension was not met, or the distortd@s so large that it was
impossible to obtain a regular specimen for testing

In order to minimize the effect of the friction efts imposed on the specimen
by the machine platens and in order to securefaramistress distribution at least in the
centre of the specimen, a pair of friction-reducligjlon sheets with a thin layer of
mineral oil in between was placed between the sasfaf the platens and the specimen.

The test set-up for the compression tests is coatpbyg a steel frame equipped
with a compression load cell with a maximum capaeft25 kN and connected to an
appropriate control system, see Figure 5. The platdns were rectified in order to
provide a flat surface. The lower platen has a sphleseat made of tempered steel that
allows the initial alignment and accommodationh@ specimen, thus, facilitating the
alignment of the applied load with the centre & sipecimen as well as preventing any
other unfavorable effect due to geometrical impxiba of the specimen. Finally, a
steel cube with 100x100x100 mprovided additional height for the specimens.
Because of the rather small dimensions of the mpeEcimens, besides the control
displacement transducer, no displacement measdevige was mounted in the system.
The variable selected as feedback signal was thiealedisplacement of the actuator,
provided by an external Linear Variable Displaceti@ansducerl(VDT) with a linear
field of £ 2.5 mm, mounted in the actuator bodyeTést procedure started in load
control until the specimen was loaded with a fat8.25 kN. Then, the procedure was

carried out entirely under displacement controhisans of the verticadlVDT at a
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displacement rate of Bm.s. The compressive strengtfof the test specimens was
calculated by dividing the maximum compressive loadhe specimen by the initial

cross-sectional area.

4.3 Results of physical tests

The results of the bulk mass, porosity and watsogiiion by immersion in cold
water for the entire sample of old clay bricks aresented in Table 7, as well as the
coefficient of variation COV) obtained for the total number of specimens ofgitwaip
of bricks from a given origin. The average valuasthe three parameters considering
the entire sample are: 1750 kd/far the bulk mass with @OV around 3 %, 29 % for
the porosity with &£0V around 18 % and 17 % for the water absorptiomiopérsion
with aCOV of 24 %. These values show that the average prep@f the Portuguese
old clay bricks from the 219" centuries present a moderate variability, and, tthes
average values can be adopted as reference fent@mgineering applications
involving the diagnosis and retrofit of historicituctures.

Table 7 presents also the results for the new haddrbricks with the number
of specimens considered for testing between brackdéthough the bricks were
manufactured in different locations, although rattlese geographically, and present
visually important differences related to theirarahnd texture, the dispersion of the
results is globally very low, with @0V smaller than 1 % in the case of bulk mass and
an average of 3-3.5 % in the case of porosity aa@mabsorption. The values obtained
for these new bricks are very close, showing ontyaaginal difference of 0.9-1.7 %

between average results.
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The difference of bulk mass between new and olg latecks is negligible, as
shown in Table 7. However, the new bricks have almiower porosity and absorption
rate, when compared with old bricks, which is apamiant improvement in terms of
durability. The porosity of the new bricks is 298wer than old bricks, while for water
absorption, the difference reaches 37 %.

Because the porosity plays a very important roldéndurability of bricks, an
additional characterization of the porosity wagiedrout. Figure 6 illustrates the
distribution of porosity among old and new brickscan be observed that the most
frequent range of values for old bricks is abouB80%, which is rather large and
indicates a considerable scatter. In contrast, nmoolecks exhibited a much lower
range of values (15-25 %). In addition, 90 % of e brick specimens exhibit 19-
22 % of porosity, which indicates a homogeneouspéauand an improved

manufacturing process, although traditional.

4.4 Results of mechanical tests

The average compressive strenfgtfor the complete sample as well as the
dispersion of the data is illustrated in Table e iumber of specimens considered for
testing in each group was: OU (8), PO (28), SA,(ZA (18), Tl (23) and TO (16).
Generally, a large variability on the compressivergyth was obtained, with
coefficients of variation up to 50 %. It is possildb observe that the bricks with lower
exhibit also a higher dispersion. The wide rangstafngths found, is between 6.7 and
21.8 N/mnf, with an average of 11.6 N/nfroonsidering the total sample and 8.3
N/mn? considering the four weakest bricks (origin). artizular, the strength of bricks

from Tomar (TO) and Salzedas (SA) differ signifitarirom the other four groups of
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bricks. Their high compressive strength could batee to the technological process
available at the time of manufacture, as the brick® Tomar (TO) and Salzedas (SA)
are more recent than the other bricks.

The different locations in the building from whehe bricks were sampled must
also be considered. Clay bricks from Outeiro (CRHmbeiro (PO), Tarouca (TA) and
Tibaes (T1) were mainly collected from buried remiags, soil deposits and infill
material, while the clay bricks from Tomar (TO) adlzedas (SA) were obtained from
building elements. Therefore, different environnaatctions and deterioration could
also have contributed to the results obtained.

With respect to the new handmade bricks, a totéfteEn specimens were
considered for testing in both cases. Their avecagepressive strength is presented in
Table 7, where it is clear that bricks from Galggi&A) are stronger than bricks from
S. Pedro de Corval (PC). The lighter brown colothefbricks from S. Pedro de Corval
might indicate a lower firing temperature relativéd those from Galveias. The group
GA has a total average dispersion of 11 %, withltesanging from 8.1 to
14.0 N/mnf, which is lower than the 17 % obtained for theugr&®C, whose values
range between 4.2 and 8.8 N/fim

Table 7 shows, additionally, that the new brickgeheomparable compressive
strength to the old bricks. In fact, if the higHues of compressive strength from SA
and TO are ignored, the results for new bricksnatlein the range of compressive
strength values found for old bricks. This restribisgly emphasizes the role of the
firing process for the final compressive strengtd that particular care is needed when
replacing bricks. Therefore, the new handmade lotecks are not compatible, from a

mechanical perspective, with the strong SA and Tickb.
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5 Discussion on the compatibility of old and new briks

In order to choose the most appropriate materrah fearticular intervention, it
is necessary to have a certain number of paramttrsvill guide towards the
materials to choose. These parameters shoulddgldgforward to obtain. That is why
the physical and mechanical properties of thd fanek and chemical properties of the
raw clay discussed in this paper were chosen.

The chemical characteristics of the raw clay useaew and old bricks are fairly
different. Additional analysis showed that it irdhces little the final properties of the
bricks, as it was not found a particular elemeat thfluences a particular characteristic
of the final fired brick. In fact, the chemical arfnation was mostly used and is most
useful in determining the source of the raw clalgio is then compared to known clay
pits. Obtaining similar raw materials is one partenéat can help manufacturing
suitable bricks as long as the manufacturing pmeaditional method) allows to
obtain bricks with the other necessary properties.

Relatively to the mechanical and physical propsrtike new handmade bricks
were found fairly suitable for the replacement afstof the old bricks, as the mean
values of the compressive strength are quite ¢lmsach other and the values for
porosity and water absorption are much better.édoeptions are the bricks from SA
and TO, which exhibit a much larger compressiversjth. In this case, it should be
necessary to study another manufacturing procassdhild make stronger bricks, in a

traditional way.
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6 Conclusions

Typical chemical, physical and mechanical propsrtiehandmade bricks from
different places and periods have been charaatkeridee mechanical and physical
characterization of old clay bricks from Portugussenuments from the ¥2o 19"
century presents a large variability, typicallylwitigh porosity (29%), high water
absorption (17%) and low strength (11.5 N/friThe results of the statistical analysis
based in the comparison of the chemical constisuehthe clay bricks sample and of
other archaeological ceramics showed that clayk®éfiar construction are much more
different than typical archaeological ceramic waiee analysis of the chemical
constituents indicates that the raw clay for thasgerials was most probably obtained
in local clay pits associated with the buildingdton. This conclusion is compatible
with the rather large difference in chemical conas of all clay bricks found by the
authors. Therefore, it seems hardly possible toencdlemically compatible
replacements of missing parts in conservation works

The creation of a database for clay bricks wouldfiaterest for the purpose of
identifying the provenance and for the selectionlays. This is a long lasting and
costly project, taking into consideration that tie#abase of Portuguese archaeological
ceramics described here was initiated more thayeafs ago and encompasses more
than 2000 samples.

Regarding new handmade bricks, the results showadhey have mechanical
properties of the same order of magnitude, but nhosier for porosity and water
absorption. This indicates that these new bricksnaore durable than the old ones
tested, and have similar compressive strengtlering of chemical characteristics, the

raw clay used is different from the old bricks ammpin this study, due to the different

22



geographical location, and also different from dnehaeological ceramic ware present
in the comparison database. Additionally, the cloahtharacteristics of these bricks
were rather different too, despite the fact thatrdw clay sites were relatively close
geographically.

It seems that the new handmade bricks can be miftaithe substitution of
most of the old bricks tested in this work. Therafeal constituents have a fairly
similar base, although rather different due tofttee of being in clearly different type of
soil, and they exhibit a very similar compressitrersgth. The new handmade bricks are
also more durable, as the potential of sufferilgnfideterioration caused by water
infiltration decreased significantly.

However, the properties of a particular brick carmmentirely determined
solely through the characteristics studied in #nigcle, as additional information might
be necessary to further understand the manufagtprocess, such as the firing
temperature. The latter requires other types dfyaaa not carried out within the
framework of this study. Together with the chemmadlysis, which can allow to find
the most adequate raw clay to make adequate repdatdoricks, one should be able to
further increased the appropriateness of replaiiogs.

The compatibility within chemical, physical and rhaaical properties can be
possibly established by several aspects, namelygeital aspects, manufacturing
aspects and building technology, vulnerability todgadegradation (freeze-thaw
resistance or pore size distribution) and compvessirength (providing possibly an

lower and upper boundary).
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Church of Santo
Cristo de Outeiro

Monastery of S.
Martinho deTibaes

Monastery of Pombeiro

Monastery of S.
Jodo de Tarouca

Monastery of Salzedas

Christ's Convent, Tomar

Galveias

S. Pedro de Corval

Figure 1 — Portuguese map showing the locatioh@btick sample (new handmade bricks locations are

in italic).
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©) (h)

Figure 2 — Typical examples of the collected samfide — old bricks: (a) Salzedas (SA); (b) Outeiro
(OU); (c) Pombeiro (PO); (d) Tarouca (TA); (e) aés (TI); (f) Tomar (TO) — and new

handmade bricks; (g) Galveias (GA); (h) S. Pedr&doval (PC).
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@) (b) (©

Figure 3 — Analysis equipment, X-Ray spectrometrd preparation of the ceramic sample for
spectrometry measurements. (b) Aspect of the saexptacted from bricks and (c) plastic

tablet with the ceramic material ready for testing

Figure 4 — Schematics showing how the specimens wgrfrom the bricks and the direction of

compression tests.
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Control LVDT
(£2.5mm range)
25kN load cell (control)

Metallic cube to
elevate the specimen'\ Clay brick specimen

Support with
spherical seat

—]

(@)

(b)

Figure 5 — Steel frame equipped with a 25 kN loaltifor compression tests on brick specimens:

(a) general view; (b) detail of specimen and loaltl ¢
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] = 0U
90 + @B PO
B SA
80 - TA
ATI
70 +

Proportion of brick units (%)

0-10 10-15 15-20 20-25
Porosity range (%)

Figure 6 — Distribution of porosity for the commetample.
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Table 1 — Description of the origin and numbermgcmens of the sampled old material. The

coefficients of variation (COV) for the dimensicar® given between square brackets.

Monument Construction Location Dimensions Acronym
period (century) (cm [COV]xcm[COV]*xcm[COV]) | (no. specimens

Church of Santo h Outeiro 0 0 0 ou
Cristo do Outeiro 17 (Braganca) 14.6[14%]x10.5[23%]x4.0[11%] (20)
Monastery of h h Pombeiro 0 0 0 PO
Pombeito 12"to 16 (Felgueiras) 15.7[24%]x11.6[13%]x3.6[22%)] (34)
Monastery of h h Salzedas o 0 0 SA
Salzedas 12" to 18 (Tarouca) 25.8[7%]*13.0[9%]*3.2[12%] (27)
Monastery of Sdo h h S&o Jodo de Tarouca 0 0 0 TA
Jodo de Tarouca 12"to 17 (Tarouca) 13.9[26%]x10.4[23%]x3.7[18%] (28)
M“g‘;gsﬁgegyeﬁlbsggs 17 M'rderZ;;;’aeS 20.4[23%]%15.0[22%]x3.8[16%] (;'2)
- . h S&o0 Jodo Baptista o o 0 TO
Christ's Cloister 18to 19 (Tomar) 19.1[31%]x%12.9[4%]x3.5[13%] (16)

Table 2 — Description of the origin, number of dpems and dimensions of the sampled new material.

The coefficients of variation (COV) are based amrifition between the volume from the

declared dimensions and the real volume calculfated the immersion in cold water

procedure described within this paper.

, Dimensions Acronym
Manufacturer | Location . :
(cmxcmxcm) (specimens) [COV] (specimens

20x10x6 33

Fce:;rg::io Galveias 25x14x6 32 54% gé)
30x15%4 30
Séao 30%x15x6 15

Luis Dias Pedro do| 30x15x4 30 13.3% (IZ%
Corval 25x10x5 16
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Table 3 — Average chemical composition of old aed lay bricks with the number of specimens betwsrackets and the coefficients of

variation between square brackets.

SiG, ‘ AlL,O, ‘ Fe0; ‘ K,0 ‘ N&O ‘ TiO, ‘ CaO ‘ MgO Ba ‘ Zr ‘ Sr ‘ Rb ‘ Mn
(%) (Ppm)
Old bricks

oU (10) 562 253 11.4 3.5 05 | 10 | 03 | 15 | 698 285 75 195 | 758
[9%)] [5%] [41%] | [14%)] | [40%] | [10%] | [47%)] | [29%] | [23%] | [18%] | [25%] | [12%)] & [28%]

PO (34) 575 25.1 8.4 4.9 05 | 13 | 04 | 16 | 986 392 | 147 | 302 | 496
[5%] | [10%] | [18%] | [12%] | [33%] | [10%] | [106%)] [19%] | [34%)] & [28%] | [50%] | [15%] @ [35%]

SA(27) 544 32.2 4.1 5.1 20 | 03 | 08 | 09 | 352 102 99 319 | 313
[5%] [8%] [61%] | [17%] | [35%] | [87%] | [66%)] | [41%] | [50%] | [75%] @ [66%] @ [18%] | [37%]

TA(28) 556 30.9 4.1 5.0 19 | 04 09 | 1.0 | 440 147 | 121 | 317 | 335
[7%] | [13%] | [22%] | [15%] | [41%] | [26%] | [84%)] | [29%] | [57%] | [59%] | [86%] [27%] | [29%]

TI(32) | 538 29.4 8.1 4.4 05 | 12 | 09 | 14 | 856 406 | 116 | 282 | 474
[6%) [9%] [18%] | [11%] | [31%] | [8%] | [60%] | [20%] | [20%] | [28%] | [58%] @ [19%] | [20%]

TO (16)| 608 21.6 7.0 3.6 04 | 08 | 36 | 22 | 410 113 40 139 | 328
[4%] | [10%] | [9%] | [22%] | [23%] | [12%] | [81%] @ [15%] | [14%)] & [35%] | [27%] | [11%] @ [27%]

318-

Range | 5,61 | 22.32 | 41-114 3550 04-2.03-1.3 0.3-3.6 0.9-2.2353-986 101-406| 40-147| 139-314 758
Average, 564 27.4 7.2 4.4 1.0 0.8 1.2 1.4 624 241 100 259 51 4

New bricks

GA@) | 675 18.8 5.5 4.2 07 | 13 | 06 | 13 | 532 307 81 164 | 893
[3%] [49%) [14%] | [3%] | [14%] | [13%] | [13%] | [13%] | [8%] | [10%] | [13%] @ [6%] | [22%]

pc(4)| 538 19.6 10.7 3.6 1.7 | 12 | 46 | 45 | 506 234 | 275 | 119 | 1368
[29%] [3%] [11%] | [6%] | [16%] | [9%] | [11%] | [4%] | [13%] | [17%] @ [13%] @ [14%] | [11%)]

723-

Range | 5, 7,691 18.3-20.2 4.7-11.8| 3.4-43 0.7-2.01.1-15 0.5-5.3 1.1-4.6443-589 193-349 73-307| 104-173 1544
Average,  60.6 19.2 8.1 3.9 1.2 1.3 2.6 29 5193 2708 178.2415 11306
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Table 4 — Groups formed by chemical similarity begw specimens of the same origin, with the numbspecimens between brackets, the

average of each chemical component and correspbstigrdard deviation between square brackets.

Groups SiQ ‘ AlL,O, ‘ Fe0; ‘ K,0 ‘ NaO ‘ TiO, ‘ CaO ‘ MgO Ba ‘ Zr ‘ Sr ‘ Rb ‘ Mn

(samples (%) (ppm)

Ooul(4) 528 25.6 14.3 3.6 0.5 1.0 0.4 1.7 637 240 71 188 676
[1.2] [0.5] [0.7] [0.1] | [0.1] | [0.0] | [0.1] | [0.3] [87] [18] [9] [2] [7]

ou2(3) | 592 | 245 | 91 | 36 | 06 | 10 | 04 | 15 | 838 | 312 | 82 | 212 928
[13] | [17] | [0.2] | [0.3] | [0.4] | [0.4] | [0.2] | [0.4] | [40] | [13] | [28] | [16] | [139]

PO1 (5) 56.8 26.7 8.5 4.4 0.4 1.1 0.2 1.8 702 237 64 238 468
[2.0] [1.0] [1.0] [0.1] | [0.1] | [0.1] [0.1] [0.2] [54] [50] [24] [22] [50]

PO2(6)| 535 27.8 9.9 44 | 04 | 13 | 07 | 1.9 | 906 | 305 | 162 | 255 432
[1.0] [1.0] | [0.7] | [0.3] | [0.1] | [0.1] | [0.4] | [0.2] | [141] | [96] | [32] | [17] [153]

PO3(18) 580 24.1 93 | 49 | 06 | 1.2 | 03 | 15 | 955 | 413 | 173 | 303 447
[1.5] [1.5] | [0.8] | [0.5] | [0.2] | [0.1] | [0.2] | [0.2] | [78] | [73] | [18] | [22] [49]

SA(24) | 549 32.4 38 | 51 | 21 | 02 | 07 | 08 | 325 80 105 | 312 269
[1.6] [2.2] | [1.0] | [0.6] | [0.6] | [0.1] | [0.3] | [0.1] | [66] | [40] | [37] | [34] [50]

TAL(4) | 576 233 | 115 324 | 10 | 09 | 1.0 | 1.3 | 450 | 170 | 128 | 150 669
[1.4] 1.1 | [1] | [0.2] | [0 | [0.2] | [0.1] | [0.1] | [111] | [68] | [21] | [15] | [157]

TA2 (10) 520 269 | 135 38 | 06 | 10 | 04 | 17 | 546 | 113 | 59 | 169 578
[1.6] [1.2] | [1.5] | [0.2] | [0.1] | [0.1] | [0.2] | [0.2] | [44] | [64] | [11] | [20] [75]

TA3(4) 504 316 | 120 | 28 | 05 | 09 | 02 | 14 | 435 | 162 | 42 | 202 522
[1.0] [1.2] | [2.4] | [02] | [0.2] | [0.2] | [0.0] | [0.2] | [61] | [89] | [22] | [16] [65]

TA4(5) 525 | 3214 | 91 36 | 1.1 | 06 & 01 | 08 | 347 87 51 256 304
[2.0] [1.6] | [1.1] | [0.2] | [0.2] | [0.00 | [0.0] | [0.1] | [103] | [43] | [21] | [22] [39]

TI1 (20) 524 30.5 8.6 42 | 05 | 1.2 | 10 | 14 | 770 | 351 | 109 | 261 468
[2.1] [1.8] | [1.3] | [0.3] | [0.1] | [0.1] | [0.5] | [0.2] | [134] | [62] | [29] | [47] [97]

Ti2(4) | 522 28.9 87 | 48 | 07 | 13 | 12 | 1.8 | 1058 @ 444 | 225 | 312 407
[0.7] [1.1] | [1.5] | [0.2] | [0.2] | [0.1] | [0.3] | [0.2] | [75] | [94] | [17] | [32] [61]

TI3(3) | 56.7 29.2 72 | 37 | 03 | 1.2 | 03 | 12 | 814 603 | 144 | 277 455
[0.7] [1.8] | [0.8] | [0.2] | [0.0] | [0.0] | [0.1] | [0.2] | [103] | [161] | [19] | [28] | [112]

T0 (16)| 60.8 21.6 70 | 36 | 04 | 08 | 36 | 22 | 410 | 113 | 40 139 328
[2.3] [2.1] | [0.6] | [0.8] | [0.1] | [0.1] | [29] | [0.3] | [58] | [40] | [11] | [15] 187]

GA(4) | 675 18.8 5.5 42 | 08 | 1.3 | 06 | 1.3 | 532 | 307 81 164 893
[2.0] [0.8] | [0.8] | [0.1] | [0.1] | [0.2] | [0.1] | [0.2] | [40] [32] | [11] | [10] [197]

pC(4) | 538 196 | 107 | 3.6 | 1.7 | 13 | 46 | 45 | 506 234 | 275 | 119 1368
[1.3] [0.5] | [1.2] | [0.2] | [0.3] | [0.1] | [0.5] | [0.2] | [66] [40] | [35] | [17] [154]

35



Table 5 — Euclidean distances between groups.

OUl | OU2| PO1| PO2 PO3| SA | TAl| TA2| TA3| TA4 Ti1| TI2| T3 TO GA PC
ou1l
ouz2| 7.51
PO1| 5.86| 4.94
PO2| 6.44| 4.58| 3.11
PO3| 852 | 4.77| 429 3.1b
SA | 11.19 10.07| 7.85| 8.9| 8.73
TAl| 521 | 4.94| 7.23 6.526.61| 8.08
TA2 | 2.61| 6.17| 4.48 5.087.47| 7.78| 4.5]
TA3| 596 | 7.34] 992 6.748.32| 7.48| 7.35 7.47
TA4|10.67| 8.01| 7.84| 9.158.64 | 4.57| 8.71 6.61 5.7|7
TI1 | 5.08| 3.91] 2.96|2.23| 3.35| 7.33| 5.09 4.17 543 7.24
TI2 110.96 7.27 | 6.47| 25| 4.09| 9.3 | 8.33 9.13 10.240.44| 3.53
TI3 | 8.69| 4.53| 4.4 4.27/3.25| 9.97| 7.11] 636 7.66 1313 278 594
TO | 8.03| 7.54 523 7.458.77| 68| 489 507 601 6.33 592 10.6577
GA | 10 4 76| 9.23 8.2 | 9.25| 6.68 7.85 124 10.8®.79| 11.71 8.04| 5.53
PC | 12.9310.35/13.86/ 11.8|12.56| 16.02| 12.49| 12.64| 15.41| 19.66| 10.87| 12.23| 13.47| 9.06| 13.33

Table 6 — Air conditions of the room during watbsarption experiments.

Temperature

Relative humidity

Water temperature

18-22 °C

40-60 %

14.5-15°C
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Table 7 — Average porosity, bulk mass, water ali&orfy immersion and compressive strength for the
old bricks and the modern bricks using the trad@lamanufacturing process, with the number

of specimens considered during the experimentsdmiwrackets and the coefficients of

variation between square brackets.

. . Compressive
Specimens Porosity Bulk mass| Water absorpti mSpecimens strerrzgth‘c
(%) (kg/n) (%) (N/mnf)
Old bricks
OouU (9) 33.0[13.9%] 1742 [1.7%] 21.3[21.6%)] OuU (8 8.5 [28%]
PO (34) | 26.3[25.5%] 1754 [2.2%)] 15.8 [33.4%] P®)(2 9.2 [54%]
SA (27) | 28.2[10.6%] 1800 [1.9%] 17.6 [13.4%)] SA])2 14.5 [32%)]
TA (25) | 29.2[14.5%]| 1747 [1.8% 17.8 [17.7%] TAg)L 8.7 [41%]
TI(33) 30.4[14.7%]| 1739 [1.5% 18.8 [19.8%] TR 6.7 [55%]
TO (16) | 27.5[14.2%] 1656 [3.0%] 15.0 [15.5%)] TG)1 21.8 [31%]
Average 29.1 1740 17.7 Average 11.6
New bricks
GA (4) 20.9[3.2%] | 1735[0.8% 11.2 [4.2%)] GA (15 9.2 [11%]
PC (4) 20.5[2.8%]| 1750 [0.5%] 11.1 [3.3%)] PC (159) 5.8 [17%]
Average 20.7 1743 11.2 Average 7.5
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