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Abstract

The appearance and main decay forms in the fair-faced brick facades on the University Campus of
Madrid's Faculty of Medicine were taken as a starting point to analyse certain building’s construction
characteristics and the clay and technology used in brick manufacture. The raw materials consisted in a
mix of Miocene marl and red Triassic clays from the Spanish province of Jaén. The exposed face of bricks
was characterised by a yellowish tone and smooth, uniform texture that afforded perfect dimensioning and
inter-brick alignment. In some bricks this texture was lost, with a concomitant colour change, surface
roughness increase and loss of material. Laboratory studies through polarised optical microscope (POM),
X-ray diffraction (XRD) and field emission scanning electron microscopy with energy dispersive X-ray
spectroscopy (FESEM-EDS) revealed similar composition in all the bricks, firing temperatures ranging
between 800-850°C and, with the exception of the exposed surface, not particularly careful manufactured.
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1. Introduction

The history of brick dates back to the dawn of civilisation (Campell, 2005). Moulded adobe was developed
in Mesopotamia around 5000 BC, while with the invention of fired brick around 3500 BC longer lasting
structures could be built. The Greeks used fired bricks under the influence of Egypt and Mesopotamia;
Rome and Byzantium inherited the Greek aesthetic, from where it travelled to the Far East. The Islamic
version reached the Iberian Peninsula after crossing northern Africa. By the early thirteenth century AD
brick was found in the rest of Europe, where its use largely conditioned construction progress between the
Renaissance and the seventeenth century and where, as a relatively inexpensive material, it pervaded all
layers of society. The eighteenth century brought techniques for its large-scale production and shipment
across long distances. In the nineteenth and well into the twentieth century it became the standard
material for industry and trade. Thereafter brick output gradually rose with the introduction of a wide variety
of products and techniques able to support more innovative usage.

In Spain, the ceramic industry and the legacy of traditional manufacturing procedures with a strong Arabic
influence are especially significant, primarily due to the abundance of raw materials and centuries old trade
relations with other Mediterranean cultures. While ceramic production areas are to be found all across the
country, their presence is particularly significant in the provinces of Valencia, Toledo, Jaén, Madrid, Teruel,
Castellébn and Seville. Adell (1992) noted that enormous technological progress took place in the
nineteenth century, when brick began to acquire importance of its own, adopting the industrialised
procedures characteristic of the age. Modulation and industrialised manufacturing led to the development
of different types of brick (such as hollow, perforated or pressed). As a building material, brick played an
essential role in nineteenth-century modernity. Moreover, in that century brick began to be sized to a
length approximately double the width, giving rise to bonds with alternating length and width that could not
be accommodated with the previous proportions (Adell, 1992; Rodriguez, 2007). Until that time, header (or
Spanish) bonds prevailed in Spanish architecture. In Madrid, nineteenth-century brick architecture was
characterised by header bonds to attain the maximum possible number of joints, yielding highly subdivided

wall surfaces.

When clay is fired changes take place in its mineralogy that depend essentially on the initial composition,
kiln temperature, heating rate, firing time and whether oxidising or reducing reactions predominate (Fort et
al., 2004; Maggetti, 1982; Maritan et al., 2006). Similarly, the manufacturing procedures and technologies
used in ceramic materials have a decisive effect on time-induced decay (Lépez-Arce et al. 2013). The low
thermal conductivity of clay translates into temperature gradients between brick surfaces and interiors
during firing (Kingery et al., 1976). Brick colour, in turn, is indicative of the composition of the clay used in
its manufacture, in particular the amount of iron oxide present and the degree of oxidation (Kreimeyer,
1987).

The many factors involved in the behaviour and alteration of the construction materials comprising
Heritage structures must be taken into consideration when characterising and studying the types of decay
present. For ceramic materials, that entails identifying the kind of clay used as a raw material, as well as
manufacturing technologies and construction methods. The researcher’s tools for such studies include
documentary sources, observation of the target materials and in-situ and laboratory characterisation

techniques. To address this information as a whole allows understanding the brick processing and its
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decay, providing the background needed to propose measures for preventive conservation and/or to retard
alteration (Perez-Monserrat et al., 2013b).

The primary aim of this study consists in analysing how clay type, brick manufacturing procedures and the
construction system used have conditioned the decay of the exposed face of the fagade brick on the
Faculty of Medicine, University Campus of Madrid (Spain). Guidelines can thereby be established for

minimising decay and manufacturing new brick if some units need to be replaced.

1.1. The Faculty of Medicine within the medical ensemble of the University Campus of Madrid (Spain):

overall and facade design

In 1927, King Alfonse XIllI established a new university campus where faculties and technical schools
could be clustered and modernised. The campus was to initially house, among others, the Faculties of
Medicine, Pharmacy and Dentistry, all flanking the same square, and a university hospital to be built on a
nearby hill (Figure 1). This campus was the origin of the current Complutense University of Madrid (UCM).
The Faculty of Medicine, designed by Miguel de los Santos Nicolas, was built between 1930 and 1935.
This large-scale, complex design was influence by the architecture prevailing in U.S. universities and the
League of Nations headquarters at Geneva (Switzerland). The building was severely damaged during the
Spanish Civil War (1936-1939) and reconstructed in 1941-45. The upper terraces were rebuilt in 1956 and
in 1977 the property was listed as a Cultural Heritage asset (Chias, 1986; VVAA, 2003).

Figure 1. Overview of the buildings that comprise the Medical Ensemble of the current Complutense University of
Madrid (Spain) ca 1935.



The building features a reinforced concrete structure, stone materials are used for the socle, imposts and
mouldings, and fair-faced brick closes the fagade. The simplicity, uniformity and rationality of the facade
design were informed by principles of economy and functionality. Vertically, it is symmetrically divided into
alternating panels and openings, and horizontally into three distinct components: a tall socle, the main
(with four-storey bodies) and a setback attic with a terrace. The fourth storey and attic have on its upper
part parapets, resting on a cantilevered impost and capped by a narrow ledge (Figure 2b) which is only
slightly cantilevered and has no dripstone. In some areas, the fourth-storey parapet sealing has recently

been replaced with asphaltic material.

Figure 2. Faculty of Medicine fagade designe.
a) three main components (from bottom up): socle, main body (4 storeys) and setback attic with terrace. b) detail of
setback attic: the narrow ledge capping the upper parapet and the cantilevered cornice-like impost, fitted with a

dripstone, can be shown.

2. Materials and methods

2.1. Methodology and sampling

Three types of studies were conducted: a review of historical documents, bricks examination on fagades

and in-situ and laboratory characterisation of the bricks.

Information on the construction and reconstruction of the Faculty of Medicine and over building materials
provenance was found in the University Campus of Madrid’s General Archives (AGUCM). The information
on the source of the clay used to manufacture the brick was contrasted with the respective national

geological maps (MAGNA, scale 1:50 000). Secondly, brick bond, colour and decay were observed in-situ.

In-situ testing included the measure of bricks dimensions as well as their surface colour and moisture with
spectrophotometric and hygrometric techniques, respectively. Brick measurements were taken in three
areas (Figure 3): the facades facing west, to the right (area 1) and left (area 2) of the main entrance, and
the north setback attic (area 3, probably reconstructed) on the right wing of the building. In-situ
measurements were carried out on 39 bricks, with colours representative of all the bricks in each area, and

were numbered from 1 to 39 (14 in area 1, 11 in area 2 and 14 in area 3).



Figure 3. Areas selected on the fagades for in-situ measurements (areas 1, 2 and 3) or sampling (areas 1, 2, 3 and 4).
Details showing the 39 bricks measured (numbered from 1 to 39, in yellow) and the samples taken (No.1 to No.13, in

blue, red or green), mostly from the same 39 bricks.

On these 39 bricks, or others with a similar colour, 13 samples were taken, labelled No.1 to No.13. The
south end of the parapet crowning the main entrance was also sampled (area 4). Laboratory
characterisation of the bricks included macroscopic examinations of hand samples and thin sections, as
well as petrographic, mineralogical, microstructural and elemental composition analyses (Table 1),
respectively with polarised optical microscopy (POM), X-ray diffraction (XRD) and field emission scanning

electron microscopy coupled with energy dispersive X-ray spectroscopy (FESEM-EDS).

Table 1. Brick sampling and in-situ and laboratory characterisation.

In-situ measurements Laboratory studies
Bricks” D° Colour Moisture tsaak';‘r’:'es 'c‘,"basce’?‘factf’:r'f POM XRD FESEM-EDS
A [1-14] X X X
E 2 X x X  Noi X x x
A 4 X X X No.2® X X X
; 5 X X X No.4® X X
12 X X X No.3 X X
A [1-11] X X X
E 2 X x X  Nos5 X x x
A 3 X X X No.6? X X X
9 9 X X X No.7 X X X
A [1-14] X X X
E 2 X x X N8 x x
A 4 X X X No.9 X X X X
5 8 X X X No.11? X X X X
12 X X X No.10 X X
AREA . - - - No.12 X X(outer/inner) X
4 - - - - No.13 X X(outer/inner) X X(outer/inner)

(1) Numbering as in yellow in Figure 3 for areas 1, 2 and 3 (bricks 1-39).

(2) Samples taken from pieces with hue similar to the colour of the bricks measured in situ (No.1-No.13).



2.2. Characterisation technigues

Brick surface colour was determined by means of Spectrophotometric, non-destructive technique (NDT),
with the Geosciences Institute (IGEO) Petrophysics Laboratory’s portable MINOLTA CM 700d
spectrophotometer fitted with Color DATA SPECTRAMAGIC TM NX CM-S100W software. A D65 standard
light source and 10° viewing angle were used to analyse the CIELAB (1978) parameters: lightness (L*),
with values ranging from 0 (pure black) to 100 (pure white); chromatic coordinates a* and b*, which denote
hue (greenness/redness (-a*/a*) and blueness/yellowness (-b*/b*); and chroma (C*) or colour saturation,
indicating colour vividness or dullness, calculated from the formula C*=[(a*)2 + (b*)z]”z. Ten readings were
taken on the exposed face of each of the 39 bricks measured.

Brick surface moisture was determined by a PROTIMETER SURVEYMASTER portable hygrometer
belonging to the Geosciences Institute (IGEO) Petrophysics Laboratory. This instrument measures the
wood moisture equivalent (WME) in a range of 6-100% to a depth of approximately 25 mm. While initially
designed for timber and derivatives, the technique is now widely used for other building materials, yielding
proportional values (Gomez-Heras et al., 2014; Aly et al.,, 2015). Three readings were taken on the
exposed face of each of the 39 bricks selected.

An OLYMPUS BX51 transmitted light polarised optical microscope fitted with an OLYMPUS DP12 digital
camera was used for petrographic characterisation. These instruments belong to the Petrology and
Geochemical Department of the UCM’s Faculty of Geology. The technique provides information on
ceramic manufacture processes, such us the additives used or the degree of clay vitrification, and the
associated decay mechanisms (Ingham, 2013). Thin sections (with a thickness of approximately 30 ym)
taken from the seven largest of the thirteen samples taken were partially stained with alizarin red
(Friedman, 1959) to identify carbonates.

The mineral phases identified with XRD mineralogical analysis afford fairly accurate information on firing
temperature of ceramic materials. The 13 samples were ground in an agate mortar to a size of
approximately 50 um. Diffractograms were recorded continuously at 26 angles of 2-68°, scant step size
0.02° in 2°min scanning rate on the entire sample, using the IGEO (CSIC-UCM) Microscopy and
Mineralogy Technical Unit's PHILIPS ANALYTICAL PW 1752 Cu Ka radiation power diffractometer fitted
with a copper anode tube, graphite monochromator and PC-ADP DIFFRACTION software and operating
at 40 kV and 30 mA.

Sample microstructure, microtexture and elemental composition were determined with the HITACHI S4800
FEM equipment of the National Centre for Metallurgical Research, Spanish National Research Council
(CENIM-CSIC). This instrument operates at an accelerating voltage of 0.5-30 kV, an extraction voltage of
0-6.5 kV and a resolution of 1 nm at a working distance of 4 mm and a working voltage of 15 kV. The
samples were observed on polished thin sections and on fresh fractures, sputter-coated with graphite on a
JEOL JEE4b vaporiser to make conductive samples. Images were acquired by secondary and back-
scattered electron modes at acceleration of 15 kV. Area and point analyses were conducted to establish
the qualitative and semi-quantitative elemental composition of the samples and the elements deemed to
be of interest were mapped. The Oxford X-Max EDS 20 mm? microanalyser attached to the microscope

features a rated resolution of 125 eV (Mg Ka) and a 90 second run time was used.



3. Results and discussion

3.1. Documentary study

3.1.1. Provenance of stone materials

The builders’ modular and systematic construction method deployed to lower costs was likewise applied to
the choice of the materials. According to the documents reviewed, both the socle and the stairway and
columns at the entrance were made of greyish granite quarried from Avila and Zarzalejo, northwest of the
city of Madrid (AGUCM, 1928). Known as piedra berroquefia, this high-quality and durable granite was
traditionally used in the region of Madrid (Fort et al., 2013; Freire-Lista and Fort, in press; Perez-Monserrat
et al., 2013a). The imposts and the frames around the openings in the main body (storeys 1-4) were made
of calcarenite quarried at Almorqui, in the Spanish province of Alicante (AGUCM, 1928). This material,
termed as piedra de Novelda or piedra Bateig, began to be used intensely in the city of Madrid in the mid-
nineteenth century when the advent of the railroad lowered shipping costs (Fort et al., 2002).

3.1.2. Exposed brick and selection of clay raw material: clays from Bailén, Jaén (Spain)

As noted in section 1.1, the facade enclosures were made of exposed brick. The original design
specifications pointed out that outer walls with no stone cladding were comprised of three layers: external
one made of thin brick, an intermediate cork layer of 2.5 cm in thickness and an inner one of ceramic brick
of 10 cm thick. These three layers were tied together every fourth course with galvanised iron cramps and
the brickwork was pointed on the inside with a four-to-one lime and cement mortar (AGUCM, 1928).

Likewise according to the UCM’s General Archive, the original intention was to use bricks from nearby
Alcala de Henares (AGUCM, 1931), which had a thriving brick industry (Puche and Mazadiego, 2002).
These bricks were ruled out, however, for their insufficient freeze-thaw resistance. Other bricks made with
clay from towns around 200 km northwest of Madrid likewise failed the freeze-thaw test, so they were also
discarded.

Ultimately the bricks for the Faculty of Medicine (and of Pharmacy and Dentistry) were supplied by lliturgi,
S.A., a company working out of Andujar, an Andalusian town close to Bailén in the Spanish province of
Jaén. A prominent manufacturer from the mid-nineteenth through the mid-twentieth century, lliturgi closed
in 1960. According to an order dated 28 January 1932, the company committed to supplying one million
bricks and more if needed. The agreement concluded with the company stressed the importance of brick
colour uniformity, specifying that if the site supervisor rejected a batch of bricks on the grounds of colour

mismatches, 15% would be kept for the works and the rest returned to the supplier.

The documents reviewed refer back to the geological substrate underlying Bailén, where the local ceramic
industry quarried Tertiary (Miocene) marl clays lying in the Guadalquivir Depression and the red Triassic
clays that blanket the Iberian Massif (IGME, 1977, 2013) (Figure 4). Galan-Arboledas et al. (2013) noted
that these Miocene marl clays comprise so-called white, yellow and black clay. All three are quartz-,

calcite-, illite- and smectite-high and contain as well some foraminifers, especially globigerines (marine



microfossils). The red Triassic clays contain fragments of slate and dolomite, barely any calcite, some

kaolinite and high concentrations of illite.

Figure 4. Location of the Spanish provinces of Madrid and Jaén and geological map of Bailén surrounding area.
Clay materials used to manufacture the bricks analysed: Miocene marl clays underlying the town of Bailén and

surrounds and red Triassic clays found around Linares and Guarroman (MAGNAS, Nos. 885 and 905).

Its high smectite content affords Miocene clays medium-high plasticity, with the concomitant drying
problems. As kaolinite lowers clay plasticity, materials containing this mineral exhibit excellent drying
properties (Melgarejo, 2003). Neither the white Miocene nor the red Triassic clays are apt for brick
production alone but must be mixed, for their plasticity values lay outside the optimal 15-25% H>O content

range recommended for extrusion (Gonzalez et al., 1998; Vazquez and Jiménez-Millan, 2005).

3.2. Description of brick facades

3.2.1. Bonds and appearance

The thin bricks referred in the original design specifications enclosured the panels in the main body
facades (Figures 2a and 5a). These units were 3 cm in thickness and were dry laid to header bonds
(Figure 5a), header and stretcher bonds (at the corners) or irregular stretcher and header bonds where at
the contact area with the stone frames around the openings (see detail, areas 1 and 3, Figure 3). Due to
the absence of mortar in the outer joints the bricks had to be manufactured to engage perfectly with one

another: hence the very smooth and carefully dimensioned exposed faces.



The partial loss of some units of the setback attic, especially in the parapet that crowned the building,
showed that brick was not a cladding element in that area. It dealt with a brick fabric comprised of compact
box and H-shaped bricks laid to a block bond and filled inside with mortar (Figure 5b). The bricks
apparently played a certain structural role, although as they were positioned high on the fagades they bore
fairly light loads. Their exposed face was also observed to be smooth and precisely dimensioned and as in
the main body, they were laid to a header bond except at plane intersections, where likewise stretcher and
header bonds were used.

The bricks were found to exhibit two main hues, yellowish and brown, although the former predominated
(Figure 5a). Examination showed that most of the yellow bricks had a smooth and uniform surface (1 in
Figure 5a), although a few exhibited a rougher and less uniform surface, a darker colour and a profusion of
aggregate inclusions (2 in Figure 5a). The brown bricks, distributed randomly on the fagades, had rough
surfaces in general as well as a profusion of aggregates (3 in Figure 5a). Many smooth yellowish bricks in
particular but others also, were observed to have a reddish hue, although not across the entire exposed
face (5 in Figure 5a). This gradient toward reddish hues was found in some of the rough brown bricks as
well, although there the change in colour was less perceptible. An occasional smooth textured off-white or
pale grey brick was also observed (6 in Figure 5a).

Most of the bricks in the walls underneath the parapets that crown the setback attics were likewise found
to be yellowish, paler and very smoother and more uniform surface at lower courses (Figure 5c).
Observations showed that all the bricks had certain degree of gloss, which was much more visible on the
setback attics. In conjunction with the smooth and uniform texture of the latter, that gloss may denote
surface grinding or be the result of the extrusion procedures used. Details of some of the bricks measured
or sampled in areas 1, 2 and 3 are displayed on the second and third rows of photographs in Figure 5 (the
bricks measured in-situ and the samples are numbered as shown in Figure 3).

Figure 5. Brick bonds and appereance (colour and texture).
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a) thin bricks in main body fagade enclosures: (1) yellowish and smooth surfaces; (2) dark yellow and rough; (3) dark
brown; (4) yellowish, partly reddish, smooth; (5) off-white or light grey and smooth surface.

b) brickwork on upper attic parapet: joint mortar pointing on the inside as well as the lower cantilevered cornice and the
non-cantilevered capping can be shown.

c) dry-jointed brick in setback attic: the very smooth and uniform yellowish surface on some of the bricks is displayed.
Areas 1, 2 and 3: surface hue and texture of some of the bricks selected for in-situ measurements and sampling

(numbering and colour code as in Figure 3).

3.2.2. Conservation state of the bricks

The bricks were in good condition, generally speaking, thanks primarily to the city of Madrid’s dry climate
(continental Mediterranean as per the Képpen classification), the building’s location in an area of the city
with low levels of air pollution and to its relatively recent construction (1930-1935) and subsequent
interventions (1941-45 and around 1956).

Although most of the bricks were observed to exhibit a yellowish hue and uniform texture on the exposed
face, two forms of generalised decay were also found in many. The first, surface colour change,
particularly in units located at plane intersections or at the interface with the stone around openings
(especially on stretchers), consists in a turn from yellowish to reddish hues (many fewer brown bricks had
turned reddish) and was attendant upon a gradual change from a smooth, uniform surface to a rough

uneven surface with aggregate inclusions (Figure 6a).

In the setback attic, the very smooth, uniform and yellowish bricks underneath the parapet, especially the
ones in the lower courses, exhibited barely any colour or textural change (Figure 5c). The exception was
the alternating stretchers at the corners (Figure 6b).

Many of the units on the parapet over the setback attics were found to exhibit surface roughness and
cracks, often with scaling. In addition to the concomitant loss of material, this situation constituted a hazard
due to possible fragment detachments. This decay was directly related to brick exposure to rainwater at
this high elevation, for the scantly cantilevered capping and the absence of a dripstone (Figure 2b) leave
the material essentially unprotected (Figure 6c). Fragment loss had also led to some degree of colour
variation in this area of the setback attics, where the exposed bricks were darker and characterised by

crumbling and powdering.

Figure 6. Main forms of decay observed in fagade bricks.
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a) gradual colour change and increasing roughness in bricks that interface with the stone framing on openings.
b) gradual change in surface texture in corner bricks (setback attic).
c) partial detachment of bricks in the upper brickwork parapet on the setback attic due to the scant protection afforded

by the capping, compared to the bricks under and protected by the cantilevered impost.

Many units, especially on the west fagades, exhibited a partial loss of material due to the impact of Civil
War bullets, while some of the panels had cracked under differential settling. Other forms of decay were
occasionally observed, such as the scaling- or cracking-induced loss of brick vertices and arris, cracks
running vertically across entire units or slight shifting.

3.3. Brick characterisation

3.3.1. In-situ measurements (areas 1, 2 and 3)

The dimensions of the 39 bricks chosen are listed in Table 2, along with the mean colour parameters and
mean surface moisture and standard deviation for the bricks in each area. The table also specifies whether
the exposed face was found to be smooth or rough. In all, 72% of the bricks had a smooth and the
remaining 28% a rough surface. Surface roughness was patterned along a gradient in any given brick and
inter-brick differences were observed. The overall mean moisture and colour coordinate values are given

by surface texture (rough or smooth) in the bottom rows of the Table 2.

The vertical dimension was fairly constant throughout, with a mean value of 60+1 mm. The header varied,
however, from 139 to 144 mm in most bricks, with a few outliers (>175 mm or <100 mm). The result is
longer or shorter bricks which, as noted in section 3.2.1, were laid more or less irregularly to a stretcher
and header bond (detail of areas 1 and 2 in Figure 3). This may had been to strengthen the units or adjust
them to the enclosured area by alternating stretchers and headers at the interface with the stone moulding
around the openings.

The smooth surfaces exhibited higher lightness values (59+2.4) and lower saturation (26+3.4) than the
rough surfaces (L*=55+2.4 and C*=29+3.0). The latter, in turn, had somewhat higher mean a* and b*
values than the smooth surfaces (a*=13.9+3.2 and b*=24.9+1.7 versus a*=10.61£2.5 and b*=23.412.8). The
39 bricks measured were grouped into three chromatic groups on the grounds of their a* and b* values, as

follows:

- Group A: 5.5<a*<9.2 // 16.9< b*<21.7; total bricks: 10 (25.6%), off-white or pale grey
- Group B: 10< a*<12 // 22<b*<28; total bricks: 19 (58.7%), yellowish
- Group C: 12<a*<17 // 25<b*<28; total bricks: 10 (25.7%), brown and reddish

The mean a* values are plotted against the mean b* values for each brick and the data points are
clustered by group A, B or C in Figure 7. Generally speaking, nearly half of the bricks were observed to lie
in group B (yellowish) and the bricks in the setback attic (area 3) exhibited higher b* values and a narrower
scatter. Group A varied more widely in hue, with off-white to light grey tones, and two bricks were
excluded. The a* values (approximately 10-12) ranged more narrowly than the b* values (22-28) in the
group B (yellowish) bricks. The group C units exhibited substantial a* value variation, leading to a

subdivision into 12<a*<15// 10
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25<b*<28 (brown hues) and 15<a*<17 // 25<b*<28 (reddish hues, which further to the in-situ observations
were found in originally yellowish bricks). Group C (brown and reddish) had more rough than smooth
surface bricks, especially in the units with higher a* values, i.e., bricks with a more reddish hue.

Figure 7 also displays the mean L*, a*, b* and C* values and standard deviations for each group of bricks.
Lightness (L*) was greatest and saturation (C*) lowest in the group A bricks (hence their lighter hue) and
vice-versa in the group C bricks. The group B bricks followed an intermediate pattern.

Figure 7. Colour coordinate a* versus coordinate b* for the 39 bricks analysed, grouped by hue [group A (off-white, pale
grey), group B (yellowish), group C (reddish-brown)] and showing smooth/rough surface texture and area number as

well as the mean L*, a*, b* and C* values and standard deviations for each colour group.

The surface moisture values ranged from 9.9 to 17.9% WME. In areas 1 and 2, the highest moisture
(>13% WME) readings were taken in bricks in contact with the stone window frames (5 and 9 in area 1; 6
in area 2) or which had a brown and rough surface (10 and 12 in area 1). In area 3, the surface readings
for bricks 5, 6, 7, 12 and 15 were higher than 13% WME and units 6 and 12 exhibited a rough, brown or

reddish surface. Bricks 12 and 15 were positioned on a corner.

The mean value was similar for the three areas, ranging from 11.8 to 12.6% WME. The highest and most
widely scattered values were found in the setback attic (area 3) (surface moisture = 12.6+2.3). These
higher moisture values were primarily attributable to the north orientation of the setback attic selected
(Figure 3), where the water absorbed by the fired clay bricks evaporates more slowly. Moisture levels were
also found to rise from the lower to the higher courses (12.9 to 15.5), explaining the wider scatter on this
fagade. The mean for all the rough surface bricks was higher than for the smooth surface units (%WME =
13.7 versus 11.5) (Table 2).
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On the grounds of the in-situ observations and measurements, the moisture concentrating at the interface
between the bricks and the stone frames around openings and its diffusion across the entire brick can be
said to induce the colour change in the exposed face, with the original yellowish hue gradually giving way
to a reddish tone (Figure 6a). Attendant upon this process is a gradual rise in roughness, for as the
smooth, uniform surface recedes, it exposes the inner body of the brick, which is not only reddish but
contains numerous aggregate inclusions and therefore an uneven texture. Therefore, the yellower and
consequently smoother surface bricks were less decayed. At plane intersections, either between the
panels and the openings lacking stone moulding (area 3, setback attic) or at corners, brick decay was
attributable to the same process, although in these areas moisture diffuses primarily from the joint with the
adjacent bricks (Figure 6b).
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Table 2. Dimensions, mean and standard deviation surface moisture and colour parameters measured in situ bricks (1-

39).
Brick " Surface DIMENSIONS (mm) MOISTURE (%WME) COLOUR PARAMETERS
e texture Vertical Header Piece Area L* a* b* c*
A 4 Rough 60 142 12.120.2 59£1.0 10.9:t0.4 23.3:07 26:0.8
E 2 Rough 60 142 10.920.4 57+1.7 11.1:0.3 24.3:05 27:0.5
A 3 Smooth 60 142 11.420.2 60£0.7 10.1:0.2 22.3:04 25:0.4
; 4 Smooth 59 142 10.920.0 58£0.5 11.2¢0.4 24105 27£0.6
5 Rough 58 185* 13.3£0.6 55£1.0 17.6:0.4 26.3:09 32:0.9
6 Smooth 57 142 10.520.1 62£1.2 9.1:0.2  21.2¢0.4 23:0.4
7 Smooth 59 139 11.6£0.6 11-8 5740.8 11.6£0.3 24.3:t0.9 27:0.9
8 Smooth 61 184* 112400 13 58+1.3 15.0¢2.1 24.8:09 29:1.8
9 Rough 60 184* 14.00.8 52+1.1 171423 255813 31:2.2
10 Rough 60 141 13.30.8 54+1.4 13.0:0.5 24.5:05 28:0.5
1 Smooth 61 141 10.720.4 60£0.6 11.7¢t0.3 24206 27£0.7
12 Rough 61 141 13.840.2 52+1.1 14.2:0.9 24.2+11 28:1.4
13 Smooth 61 141 10.520.4 62+0.7 57:0.4  18.7+05 20%0.6
14 Smooth 61 141 11.240.2 59+1.1 11.5:0.3 24.9t04 28:0.4
A 1 Smooth 60 141 11.240.1 57+1.3 7.1+0.5  17.0¢1.1  18%1.2
E 2 Rough 61 142 12.020.7 58£1.0 11.4:0.4 23.8:0.9 26+1.0
A3 Smooth 60 141 12.5£0.3 58+0.7 11.8¢0.2 25.1t05 28£0.5
, 4 Smooth 60 98* 12.740.3 58+1.9 11.3:0.2 241306 27+0.6
5 Smooth 61 177* 122104 5 59£1.0 14,6221 24.9:09 29+1.7
6 Rough 58 177 13.2¢05 = 55£1.0 16.8:0.9 25.8:t0.9 31:1.3
7 Smooth 60 141 11103 09 57+1.2 85:0.3  18.7+0.8 21%0.9
8 Smooth 60 140 13.0£0.3 58+0.7 11.6£0.2 25.1:04 28:0.4
9 Smooth 60 144 11.0£0.2 58+1.2 9.2+¢1.0  21.2¢1.8 2320
10 Smooth 61 141 10.620.2 57+0.8 8.2:0.5  19.5:0.8 21%0.9
11 Smooth 59 143 12.30.3 58+0.7 10.9+t0.2 22.3:05 25:0.6
A 4 Smooth 59 141 12.940.0 60£1.0 10.8:t0.4 25.6:0.6 28:0.7
E 2 Smooth 59 140 10.620.1 65+2.5 7.8:0.8  20.6£1.0 22+1.1
A 3 Smooth 59 140 11.8£0.3 58+0.6 11.6£0.1 25.9+0.2 28+0.2
3 4 Smooth 62 142 11.420.2 59+0.9 11.5¢0.2 25.8+0.7 28:0.7
5 Smooth 61 140 13.5+0.2 58+1.2 11.3:t0.2 25.3:0.5 28+0.4
6 Rough 60 141 17.920.6 52+1.2 15.6:0.7 26.3:1.0  311.1
7 Smooth 61 142 13.6:0.3 126 58+1.5 10.7¢t0.4 25.1:x0.5 27+0.6
8 Smooth 58 141 11.5£0.2 2.3 56£1.3 17.0t0.6  27.6:0.6 32:0.7
9 Smooth 59 142 9.60.4 65£1.0 7.4:05  21.6:05 23:0.6
10 Smooth 59 142 10.420.2 63£0.6 10.9t0.4 26.9+0.9 29:0.9
11 Smooth 59 141 12.5£0.4 59+1.4 12.0t0.4 27.8:0.6 300.6
12 Rough 60 90* 15.420.4 53£1.9 17.00.5 27.9+05 33:0.5
13 Smooth 60 139 9.90.4 54+17.2  7.1%7.4  20.0+7.7 22+9.5
14 Rough 60 95* 14.9+1.3 55¢12.1  8.0¢3.3  21.5#53 23%5.7
smooth surfaces - - 11.541.1 50+2.4 10.642.5 23.4+2.8 2613.4
rough surfaces . - 13.7¢1.9 55+2.4 13.943.2 24.9+1.7 29+3.0

Mean surface moisture and standard deviation for the bricks in each area and mean moisture and colour values by
rough or smooth surface texture are also pointed out.

(1) Numbering as in yellow in Figure 3 for areas 1, 2 and 3.

*Outlier (header range 139 to 144 mm must be taken into account)
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3.3.2. Laboratory studies and analyses (areas 1 to 4)

3.3.2.1. Macroscopic observation (hand samples and thin sections)

The brick fragments collected were reddish-brown and somewhat yellower on the surface (Figure 8). The
setback attic samples (area 3) were somewhat yellower (Figures 8i and 8k), whereas in the area 4
fragments had a yellowish outer region that could be clearly distinguished from a visibly
disaggregated/cracked reddish inner region, generating a more perceptible colour gradient (Figures 8m
and 80). Macroscopic examination of the thin sections revealed sample non-uniformity in terms of the
distribution, type and size of aggregate inclusions, particularly visible in samples of the area 4 (Figures 8n
and 8p), while the area 3 pieces were more uniform (Figures 8j and 8l). Inclusions of up to 2 mm were
observed, some pale and sub-round (Figures 8c and 8d) and others darker and with elongated
morphologies. The latter abounded in the area 4 bricks in particular (Figures 8n and 8p). The intense
reddish tone in the stained clay matrix in the area 3 pieces (Figures 8j and 8l) denoted the presence of
calcium carbonate. The area 4 bricks exhibited the aforementioned colour gradient (Figures 8n and 8p).
Besides the lighter coloration to the surface observed in many samples, No.9 sample had a paler surface
than interior, but its thin section featured a unique surface layer around 3 mm thick on average that
acquired an intense reddish colour when stained (Figure 8j).

Figure 8. Samples from four areas on the facades and respective thin sections.
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3.3.2.2. Petrographic analysis

The POM observation of the samples (Figure 9) revealed a profusion of aggregate inclusions in the clay
matrix, at a visually estimated aggregate-matrix ratio of 3:1. These aggregate inclusions mainly comprised
mono-mineral and sharp-edged quartz grains, perhaps denoting the deliberate inclusion of aggregate
additions rather than their natural presence in the clay sediment used. Feldspars, granite and sandstone
fragments, as well as foraminifers, primarily globigerines, were likewise observed (Figure 9a). A carbonate-
high clay that also contained foraminifers was found in the irregular sub-rounded and pale colour
inclusions (Figure 9b). The darker and elongated inclusions were identified to be slate fragments around
which shrinking cracks formed, so brick cracking was favoured (Figures 9c and 9d).

Brick surfaces were more uniform and paler in colour than the clay matrix and much smaller inclusions can
be observed (Figures 9d, 9f and 9g). Cracking was sometimes observed in the surface (Figure 9f). Quartz
aggregate inclusions were occasionally observed to protrude on the surface. A greyish matrix with
numerous reddish inclusions, possibly grog or chamotte (Cuomo di Caprio et al., 1993), formed the outer
layer observed in sample No.9 (Figure 8j). This layer differed from the surfaces of all the other samples
studied and was separated from the underlying clay matrix by a very distinct crack (Figure 9e).

In the area 4 bricks, uniform surfaces prevailed with a lighter colour and smaller sized inclusions than in
the underlying material. The clay in this inner part of the bricks was darker and had larger cracks. Slate
fragments and possibly grog (Cuomo di Caprio et al., 1993) were identified, surrounded by shrinkage
cracks (compare the outer region in Figure 9g to the inner in 9h).

The aforementioned petrographic findings suggest that the bricks may have been made with a mix of
clays: a yellow, perhaps a Miocene marl clay containing foraminifers, and a red Triassic clay containing
slate fragments. The presence of globigerines in the samples analysed may allow allocating the
constituent clay identified as Miocene marl clays extracted at Bailén. Besides, the use of other bricks,
initially also selected for the works, can be ruled out, inasmuch as they were manufactured in other areas
of Spain where the geological substrate lacks such marine microfossils. Lastly, related to the brick
surfaces, the samples collected in areas 1, 2 and 4 had a paler surface and smaller inclusions than the
body clay matrix, whereas the surface observed in sample No.9 (area 3) did not appear to consist in a

ceramic material.
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Figure 9. Polarised optical micrographs of the bricks studied. Crossed nicols in 9e, parallel nicols in rest;

Q = quartz; GF = granite fragment.
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3.3.2.3. Mineralogical composition

The XRD analysis showed that the brick samples studied were mineralogically similar (Figure 10). They
were made with similar raw materials and fired at similar temperatures. The main phases identified were
quartz, feldspars (orthoclase, albite or both), calcite and illite. Quartz and feldspars were primarly present
in the aggregate inclusions observed in the thin sections, whilst the calcite and illite mainly formed part of
the clay matrix. Other mineral phases detected included gypsum and hematites. Gehlenite was also
identified, with a very faint diffraction line in nearly all the samples and a significant presence in sample
No.11 only (Figure 10, area 3). An analysis of sample No.13 (Figure 10, area 4) revealed less intense illite
reflections in the outer than in the inner region, a possible indication that the firing temperature was higher
on the surface or that during brick extrusion a smaller particle size was chosen for the outer clay, which
would contain more illite. As illite has high iron oxide content, the difference in concentration in the two
regions would explain the colour gradient observed (Figures 8m to 8p).

lllite becomes fully dehydroxylated at a firing temperature comprised between 800-900°C (Maggetti, 1982),
calcite decomposes from 750-800°C depending on its particle size and crystallinity (Shoval et al. 1993)
and gehlenite begins to form at around 800°C (Peters and Iberg, 1978); hence the presence of calcite and
illite and the incipient formation of gehlenite in the bricks provide grounds for establishing the firing
temperature at 800-850°C (Carretero et al., 2002) for most of the bricks analysed. The presence of
gehlenite can be associated with clays having certain calcium carbonate content in the form of calcite,
since gehlenite is a calcium aluminosilicate formed when the phyllosilicates in clay react with the calcium
oxide (CaO) yielded in calcite decomposition (Cultrone et al., 2001; Peters and Iberg, 1978; Trindade et
al., 2009). Besides, the significant presence of gehlenite in sample No.11 (Figure 10, area 3) attests to
firing temperatures of nearly 900°C in some bricks, probably manufactured from yellow Miocene marl
clays.

The detection of hematites, which appear from 700°C in oxidising conditions (Maniatis et al. 1981; Nodari
et al. 2007), would in all likelihood be due to the use of iron-rich illitic clay. Although air pollution is low in
the area where the Faculty of Medicine is located, the gypsum identified in some of the samples may be

related to slight atmospheric SO,-induced sulfation on the brick surface (Cultrone et al., 2007).

Since most of the bricks may have been extruded, finer particle clay would have been chosen for the
surface, so greater sintering has been favoured and as a result less porosity and a higher surface gloss
(Kingery, 1976). The bricks were fired at a temperature of 800-850°C. While not especially high, such
temperatures sufficed to sinter non-structural brick apt for cladding and lowered production costs

considerably.
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Figure 10. Diffractograms derived from the samples analysed.

3.3.2.4. Microstructure, microtexture and elemental composition

FESEM-EDS techniques were employed to observe the differences between the surface and the
underlying body in sample No.9 (Figure 11) with a view to confirming and contrasting the POM and XRD
data, in particular those findings connected with the possible existence of a different type of surface layer.
In addition to containing grog, this layer was very porous (Figure 11a) and had a calcium oxide content of
around 50% according to the analyses conducted. That value is high even for very calcareous clays. The
white clay from Bailén, for instance, has a mean 16.6 wt% and a maximum 20-25 wt% calcium oxide
content (Galan-Arboledas et al., 2013). At greater magnification, re-carbonated calcite inclusions were

identified (Shoval et al., 2003), while EDS microanalysis revealed high calcium, silicon and aluminium
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oxide contents in this layer. The microstructure of the underlying ceramic body, in contrast, was
characteristic of sintered, non-vitrified ceramic material (Figure 11c), which is consistent with a firing
temperature of 800-850°C. The ceramic body exhibited a higher relative silicon and aluminium oxide
content and a lower concentration of calcium oxide (~12 wt%) than the outer layer (Figure 11d). Calcium
element mapping confirmed its higher concentration in the surface layer and the presence of grog, which
contains barely any calcium (Figure 11e).

The FESEM-EDS data showed, then, that this surface layer comprised a lime-based material to which

brick grog was added as an aggregate, and that neither the microstructure nor the chemical composition of
this layer was the same as found for the ceramic material in the body of the brick.

Figure 11. FESEM-EDS microstructure, microtexture and elemental composition of sample No.9 from area 3 (setback
attic): a) BSE images; b), c) and d) SE images.

4. Conclusions

4.1. Brick manufacture

The bricks analysed were made from a mix of yellow Miocene marl clays and red Triassic clays from
Bailén, a ceramic production centre in the Spanish province of Jaén. Manufacture was not particularly
meticulous as regards either the mix of clays or the choice and distribution of particle size. The bricks were
fired at a temperature of 800-850°C. Although not very high, this temperature can be regarded as sufficient
to sinter non-structural bricks. The surface clay in most of the bricks was more uniform and paler in colour
and had much smaller inclusions than the clay in the body of the bricks. That was very likely attributable to
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the extrusion procedures, which selected a smaller particle size clay on the surface to induce greater
sintering, lower porosity and a higher gloss. These surfaces, visible on most of the exposed faces, afford
the bricks their precision alignment and high freeze-thaw resistance.

The analised bricks in the setback attic (area 3) were very likely manufactured at a different time or to a
different procedure than the pieces in areas 1, 2 and 4. If new bricks were manufactured to rebuild the
terraces in 1956, they may well have been made by the original suppliers, a company that was still in
business at the time (although it declared bankruptcy in 1960). The study evidences that the bricks in area
3 were made from a clay similar to the raw material used in the other areas, although it was more
calcareous and the product was manufactured more uniformly and carefully. The lime-based, grog-bearing
material identified on the surface of some of these bricks, those that displays a very smooth and uniform
surface, may have been applied intentionally to secure a smooth and uniform surface as well as to afford
the material some degree of protection and weatherproofing.

All the bricks may not have originally had a smooth yellow surface, for both brown and yellowish units with
a wholly rough surface and no differential decay across the exposed face were found distributed at random
on all the fagades. In other words, these rough brown or yellowish bricks may have formed part of the 15%
retained for use when the site supervisor rejected a lot on the grounds of colour mis-matching.

4.2. Decay

According to the documents reviewed, in the preliminary tests conducted on bricks from various areas of
the country, particular importance was attached to the resistance, especially freeze-thaw resistance,
requirements to be met by the material once laid. To lower manufacturing costs, the specifications
ultimately called for less expensive bricks in which only the surface of the exposed face would be subject
to resistance as well as to colour and textural uniformity requirements. The brick decay observed here is
directly associated with this circumstance.

As the exposed face of most of the bricks initially exhibited a yellowish hue and a smooth and uniform
surface, the fagades were initially more homogeneous than at present. The environs and the passing of
time have altered the brick surfaces, gradually exposing the underlying body: a mix of unevenly distributed
clays containing aggregate inclusions. The fairly speedy and irreversible decay affecting the material can

be attributed to these factors and to the use of firing temperatures no higher than 850°C.

The compact box morphology and H-shape of the area 4 bricks have hastened certain added weakening
to this process. In area 3 bricks that feature the lime-based surface layer identified, its textural difference
with the underlying clay also induce a substantial plane of weakness at the interface between the two
materials, favouring their separation and the detachment of the former. Nevertheless, the bricks in area 3
are better conserved and their surfaces less decayed than the material in the other three areas, especially
those located at lower courses. The shorter time that these bricks have been in place and the protection
afforded them by the upper fourth-storey parapet must also be taken into consideration in this respect,
however. The colour variations observed, particularly in bricks in which the stretchers are in contact with

the openings (framed with stone in the main body and unframed in the setback attic) and in corner bricks,
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would indicate that the concern for quality was confined to the headers only, i.e., the surfaces expected to
be exposed.

Other factors that would favour the differential decay observed in bricks with similar dimensions and
positions or exposed, in principle, to the same agents of alteration, must also be borne in mind, such as

firing time or other non-uniform kiln conditions.

4.3. Recommendations for preventive conservation

The parapet crowning the fagades is in need of repair, following on a visual inspection of the surfaces of all
the bricks to stabilise any at risk of detachment. Where detachment is deemed to be most significant, the
inner parapet brickwork should be inspected to determine the possible existence of construction factors
that may be favouring the concentration of moisture.

If new bricks are manufactured to replace material in the upper parapet, the existing surfaces should first
be cleaned and repaired and the new bricks fired at temperatures of over 900°C. The new units should
exhibit a yellowish hue similar to the colour of most of the bricks in this area to minimise possible fagade
colour changes. To that end, colour coordinate a* values should range from 10 to 12.5 and b* values from
22 to 28. Similarly, the L* value should lie between 57 and 63 and the C* value between 24 and 30.

At the very least, the capping that seals the upper parapet on the setbackattic should be cantilevered
further outward and a dripstone should be carved to minimise the impact of rainwater on surfaces of bricks
located beneath.

4.4. Final conclusion

In light of the volume and complexity of the project, the facade design and the ceramic materials used
were manufactured prioritising construction functionality at the lowest possible cost. Brick manufacture was
not immune to the budget cuts that must have informed construction throughout. Given the enormous
number of units needed, any factor that lowered costs constituted an indisputable advantage. Foremost

among such factors were the type of clay used and the manufacturing technology employed.

The differential decay exhibited by the bricks is indicative of the different stages of deterioration that affect
the exposed surfaces over time. A variety of factors conditions ceramic materials decay in historic
buildings, including manufacturing procedures and position on fagcades. Insufficient protection is one of the

primary causes of fagade brick decay.
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Figure and table captions

Figure 1. Overview of the buildings that comprise the Medical Ensemble of the current Complutense
University of Madrid (Spain) ca 1935.

Figure 2. Faculty of Medicine fagade designe.
a) three main components (from bottom up): socle, main body (4 storeys) and setback attic with terrace. b)
detail of setback attic: the narrow ledge capping the upper parapet and the cantilevered cornice-like
impost, fitted with a dripstone, can be shown.

Figure 3. Areas selected on the fagades for in-situ measurements (areas 1, 2 and 3) or sampling (areas 1,
2, 3 and 4). Details showing the 39 bricks measured (numbered from 1 to 39, in yellow) and the samples
taken (No.1 to No.13, in blue, red or green), mostly from the same 39 bricks.

Figure 4. Location of the Spanish provinces of Madrid and Jaén and geological map of Bailén surrounding
area.
Clay materials used to manufacture the bricks analysed: Miocene marl clays underlying the town of Bailén
and surrounds and red Triassic clays found around Linares and Guarroman (MAGNAS, Nos. 885 and
905).

Figure 5. Brick bonds and appereance (colour and texture).

a) thin bricks in main body fagade enclosures: (1) yellowish and smooth surfaces; (2) dark yellow and
rough; (3) dark brown; (4) yellowish, partly reddish, smooth; (5) off-white or light grey and smooth surface.
b) brickwork on upper attic parapet: joint mortar pointing on the inside as well as the lower cantilevered
cornice and the non-cantilevered capping can be shown.

c) dry-jointed brick in setback attic: the very smooth and uniform yellowish surface on some of the bricks is
displayed.

Areas 1, 2 and 3: surface hue and texture of some of the bricks selected for in-situ measurements and
sampling (numbering and colour code as in Figure 3).

Figure 6. Main forms of decay observed in facade bricks.

a) gradual colour change and increasing roughness in bricks that interface with the stone framing on
openings.

b) gradual change in surface texture in corner bricks (setback attic).

c) partial detachment of bricks in the upper brickwork parapet on the setback attic due to the scant

protection afforded by the capping, compared to the bricks under and protected by the cantilevered impost.
Figure 7. Colour coordinate a* versus coordinate b* for the 39 bricks analysed, grouped by hue [group A
(off-white, pale grey), group B (yellowish), group C (reddish-brown)] and showing smooth/rough surface
texture and area number as well as the mean L*, a*, b* and C* values and standard deviations for each

colour group.

Figure 8. Samples from four areas on the fagades and respective thin sections.
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Figure 9. Polarised optical micrographs of the bricks studied. Crossed nicols in 9e, parallel nicols in rest;

Q=quartz; GF=granite fragment.

Figure 10. Diffractograms derived from the samples analysed.

Figure 11. FESEM-EDS microstructure, microtexture and elemental composition of sample No.9 from area
3 (setback attic): a) BSE images; b), c) and d) SE images.

Table 1. Brick sampling and in-situ and laboratory characterisation.
(1) Numbering as in yellow in Figure 3 for areas 1, 2 and 3 (bricks 1-39).
(2) Samples taken from pieces with hue similar to the colour of the bricks measured in situ (No.1-No.13).

Table 2. Dimensions, mean and standard deviation surface moisture and colour parameters measured in
situ bricks (1-39).

Mean surface moisture and standard deviation for the bricks in each area and mean moisture and colour
values by rough or smooth surface texture are also pointed out.

(1) Numbering as in yellow in Figure 3 for areas 1, 2 and 3.

*Outlier (header range 139 to 144 mm must be taken into account)
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