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ABSTRACT: We evaluated the consolidating capacity of ethyl silicate in three types of bricks fired at 800,
950 and 1100 °C. We chose two concentrations of product, at 25% and 50%, diluting the product in white spirit
to estimate whether greater dilution enables the product to penetrate deeper into the bricks, or whether a higher
concentration leads to better consolidation of bricks. The application of ethyl silicate caused bricks porosity
to decline and their compactness to increase. These changes were more accentuated as the concentration of
the product increased. The pore size distribution not changed substantially except that there were fewer of the
smallest pores. The color and the lightness of the pieces changed after application of the consolidant, albeit
slightly. The durability of bricks improved as manifested by the results of the salt crystallization test. In general,
the longest-lasting pieces were those treated with 25% ethyl silicate.
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RESUMEN: Consolidacién con silicato de etilo: como influye la cantidad de producto en las propiedades fisicas
de los ladrillos y condiciona su durabilidad. Se ha evaluado la capacidad consolidante del silicato de etilo en
tres tipos de ladrillos cocidos a 800, 950 y 1100 °C. Se eligieron dos concentraciones de producto, al 25% y
50%, diluyéndolo en white spirit para estimar si mas dilucion favorece una penetracion mas en profundidad
del producto o si una mayor concentracion produce una mejor consolidacion de los ladrillos. El silicato de etilo
ha causado una disminucion de la porosidad y un aumento de la compacidad de los ladrillos, acentuandose
estas modificaciones con mayor concentracion de producto. La distribucion porométrica no ha cambiado de
forma sustancial, disminuyendo los poros mas pequefios. Color y luminosidad de las piezas han modificado
ligeramente tras la aplicacion del consolidante. Los ladrillos consolidados han mejorado su durabilidad frente
al envejecimiento acelerado producido por las sales. En general, las piezas mas duraderas han resultado ser las
tratadas con el 25% de silicato de etilo.
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1. INTRODUCTION

Ever since ancient times, human beings have
tried to protect historic buildings and artworks
from decay, which is manifested for example in
crumbling on the surface of the masonry, the
development of fissures or fractures and the result-
ing loss of material, or the proliferation of algae,
lichens and other organisms that can cause signifi-
cant alterations in the color (1, 2). In the past, the
worst affected pieces were often replaced or occa-
sionally, oils and resins were applied that prevented
the damaging effects of water inside the rocks (3, 4).
It was not until the early 20" century that chemical
companies started making consolidants and water-
repellents to help prevent the decay of our architec-
tural heritage. More recently, several nanomaterials
have been tested to assess their capacity for consoli-
dating building stones (5).

The purpose of a consolidant product is to
improve the cohesion and adhesion between the dif-
ferent elements in the building material. This gives
the material better mechanical resistance and alters
the porous system, making it difficult for water and
salt solutions to penetrate it (6). From a theoreti-
cal point of view, it would be best if the consoli-
dant penetrated the material uniformly and that it
reached the healthy, undamaged material below the
surface so as to ensure a good cohesion between
the mineral grains (7). In practice however, the con-
solidant does not penetrate in the same way in all
parts of the material and some areas are left poorly
consolidated and with higher levels of porosity,
making it easier for the agents of decay to enter the
stone. The method used to apply the consolidant is
of crucial importance for ensuring good consolida-
tion. Although in small samples or laboratory tests,
the product is often applied by capillary absorption
or immersion, which provide deeper, more homog-
enous penetration (8, 9), this is not feasible for the
fagade of a building, on which a brush or a spray-
painting device must be used. Another factor which
must be taken into account and which is no less
important is choosing the most effective product.
This is because there are many products on the mar-
ket with different purposes and the mineralogy and
porous system of stones and artificial materials such
as bricks and mortar also vary a great deal (10).

In this paper we will be studying the efficacy of
the consolidants on bricks, one of the most fre-
quently used building materials in human history
and still very popular today. The widespread use of
bricks in construction is essentially due to the fact
that the clayey earth raw material required to make
them is easy to find, the fired brick is cheap to pro-
duce and has very good physical and mechanical
properties in its role as part of a building (11). The
fact that bricks are so easy to produce has led to a
certain degree of variability in the composition of

the bricks due to the type of raw material used and/
or the addition of additives. The texture also varies
according to the method used to prepare the brick
for firing and according to the firing temperature
in the kiln (12-14). In terms of their composition,
bricks are generally regarded as silicates given that
quartz and phyllosilicates are normally the most
abundant minerals in the clay raw materials. Calcite,
dolomite and feldspars s./, and other newly formed
silicates that appear in the pieces fired at high tem-
peratures can be identified fairly frequently (15, 16).
In view of this mineralogy, the organosilicon con-
solidants are considered the most suitable for treat-
ing Si-rich materials due to their compositional
affinity once the product has polymerized (17). The
consolidant action is achieved by creating Si—-O-Si
bonds that precipitate in the pores and the fissures
of the brick or stone, forming a reticular structure
similar to that of silica and binding the loose grains
together (18, 19).

The objective of this research is to assess the
efficacy of ethyl silicate (i.e. tetraethyl orthosilicate
or TEOS) in the consolidation of the bricks. Ethyl
silicate is the most commonly used product in the
consolidation of stone, above all those of siliceous
composition (20). Although a great deal of research
has been done on consolidants in order to determine
how eftective they are at protecting stone, much less
has been done on their effect on bricks (21). More
research should also be done on additional aspects
such as the amount of consolidant that must be
applied. On this question, it has been observed for
instance that the ethyl silicate does not manage to
penetrate very deeply, due to evaporation of the sol-
vent during the application phase (22, 23) which gives
rise during the decay process to thin layers of stone
flaking off (24). In order to solve these problems, we
decided to dilute the ethyl silicate with solvent and
then apply it in two different concentrations, so as
to estimate whether greater dilution of the product
enables greater penetration or whether the opposite
is true and a higher concentration leads to greater
consolidation of the material. Our aim was to find
out which of the two applications most improves the
consolidation of the brick and its durability. To this
end, we monitored possible changes in the compact-
ness, the porous system and the color of the materi-
als as well as their resistance to decay when subjected
to the salt crystallization test.

2. MATERIALS AND METHODS

Solid bricks with and without additives were
used in this research to evaluate the consolidation
efficacy of ethyl silicate. 4 cm-edge bricks cubes
were made using a clayey sediment dating from the
Middle-High Turolian Age. This sediment is located
in Jun (Granada, Spain) and is rich in quartz and
phyllosilicates. It also contains smaller amounts of
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calcite, feldspars and gypsum (25). It is currently
used in the production of bricks and tiles. In this
research we used two additives, halite and calcined
diatomite sludge. Halite is produced by the evapora-
tion of sea water and is used as a food additive, while
calcined diatomite sludge is a typical waste product
in beer production, in which diatomite is used in the
filtration process. Halite can have beneficial effects
as an additive in brick production in that it can act
as a melting agent, so reducing the manufacturing
costs due to the fact that less energy is required to
fire the bricks. The use of calcined diatomite sludge
as an additive has more to do with the environmen-
tal benefits it can bring by helping reuse and dis-
pose of a waste product with few obvious other
uses. These additives were added to the clayey mate-
rial in the following proportions: 30 wt.% of halite
and 10 wt.% of diatomite sludge. Samples with and
without additives were fired in an electric oven with
an oxidizing atmosphere at 800, 950 and 1100 °C.
The temperature of 950 °C is one of the most com-
monly used in industrial brick manufacture. The
other two temperatures were chosen so to allow us
to study the physical properties of the bricks over a
range (300 °C) in which these properties are thought
to vary (13, 26). In all, nine types of bricks were
tested in this research: they were labeled as J, JS and
JD to distinguish respectively bricks with no addi-
tives from those with halite and those with calcined
diatomite sludge. Each label is followed by a number
referring to the firing temperature.

The product applied to the brick cubes was an
ethyl silicate (sold under the trade name of ESTEL
1000) and produced by CTS, s.r.l. This consolidant
is a ready-to-use colorless liquid with an active
content level of 75% diluted with white spirit. We
applied two different concentrations of ESTEL
1000 with a higher dilution compared to the original
packaged product. 25% and 50% of ESTEL 1000
were diluted with white spirit and applied by brush.
Three coats were applied to the six faces of each
cube leaving 15 minutes between each application,
so as to improve product absorption. Samples were
then left in the laboratory for three weeks to ensure
that the product polymerized completely.

The pore size distribution, the pore volume, the
specific surface area and the density of untreated
bricks were compared with those of similar bricks
treated with ethyl silicate using a Micromeritics
Autopore III 9410 porosimeter (MIP). This appa-
ratus can measure pores with diameters of between
0.003 and 360 pm. Freshly cut sample chips of
about 1 cm’ were oven dried for 24 h at 60 °C and
then analyzed.

Research has shown that the pore system of bricks
is influenced by the degree of vitrification as the fir-
ing temperature increases (13). We therefore decided
to estimate the degree of vitrification over our tem-
perature range by calculating the amorphous versus
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crystal ratio using X-ray diffraction (XRD) and the
XPowderX software. This ratio is based on the mean
value of the intensities, the standard deviation and
the area of crystal reflections (27). To obtain this
datum, powder samples with a particle size of less
than 0.053 mm were analysed with a Philips X’Pert
PRO diffractometer.

Of all the techniques for determining physi-
cal properties, ultrasound is particularly attractive
due to its non-destructive nature. Measurements
were performed in each of the three perpendicu-
lar directions of the brick cubes using a Controls
model 58-E4800 ultrasound generator with 54 kHz
transducers. The pulse propagation velocity was
measured in accordance with ASTM D2845 (28) on
dry test samples. A viscoelastic couplant was used
to ensure good coupling between transducers and
samples. These data were used to obtain informa-
tion on the degree of compactness of samples before
and after the application of treatments. Wave veloc-
ity was determined under controlled thermohygro-
metric conditions (25 °C, relative humidity 50%).
The structural anisotropy (AM) was calculated as
follows [1] (29):

2Vp,

P2t Vp3

AM = (1— )XIOO (1]

where Vp,, Vp, and Vp; are the velocities measured
in the three orthogonal directions of cubic samples.

The variation in color before and after the con-
solidation of brick samples was determined using
a Konica-Minolta CM 700d portable spectropho-
tometer according to the EN 15886 standard (30).
The light source chosen was D65, which simulates
daylight with a color temperature of approximately
6500 K. The overall color difference (AE) in the
bricks caused by the application of ethyl silicate was
quantified as follows [2]:

AE=\(Li L5 +(ai =5 > + (b —b3 ) 2]

where L, a; and b, are respectively the lightness and
the chromatic coordinates of the untreated samples,
and L, a; and b, those of the treated samples.

Finally, in accordance with the EN 12370 stan-
dard (31), 10 salt crystallization cycles were per-
formed using a 14% Na,SO, X 10H,O solution,
which can exert a crystallization pressure in con-
fined spaces of 14 MPa (32). This test provided
information on the damaging effects of the sol-
uble salts which are usually present in water and
can crystallize in brick pores and fissures. Three
samples of each brick type were used. The dam-
age produced by the salt crystallization test was
evaluated via visual inspection of material loss and
weight changes. The damage to the bricks was also
monitored by ultrasound.
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3. RESULTS
3.1. Porous system

When it comes to evaluating the effectiveness of
the ethyl silicate, it is essential to study the porous
system of the bricks given that the application of
any consolidant product can have a dramatic impact
on the porosity and the size of the pores (33). The
untreated bricks showed porosity levels of between
38% and 46%, and a unimodal pore size distribution
in which the majority of the pores had a radius of
around 1 um. More specifically, in the bricks with-
out additives the porosity accessible to Hg increased
slightly between 800 °C (38.3%) and 1100 °C
(40.9%) and the maximum pore size also increased
slightly from 0.4 to 0.5 um (Figure 1). The pore size
influences the specific surface area (SSA, Table 1)
values, which are higher in the pieces fired at 800 °C
reaching almost 6 m?/g before falling back to around
2 m’/g when temperatures of 950 °C and 1100 °C are
reached. The addition of additives leads to certain

25%

changes in the porous system. The open porosity
increases above all when calcined diatomite sludge
is added (P,, Table 1), exceeding 46% at 800 °C. The
SSA values drop as firing temperature increases,
which suggests that the smallest pores are disap-
pearing due to the vitrification of the bricks. The
vitrification of bricks was confirmed by XRD anal-
ysis. In fact, the amorphous versus crystal ratio (a/c,
Table 2) gradually increases in line with the increase
in the firing temperature in all brick types. In the
bricks made with halite, the SSA value at 800 °C is
less than 3 m*/g, while in the other two groups it is
over 5 m*/g. This important difference is due to the
fact that this salt acts as a melting agent, precisely
at 800 °C (34). The bricks with halite (JS) had the
highest a/c ratio at 800 °C (Table 2). JS also had the
lowest SSA values at 950 °C and 1100 °C, although
the differences between JS and the other two groups
became narrower as all the pieces started to vitrify
(Table 1). Indeed, J and JD fired at 1100 °C seem to
have achieved a greater degree of vitrification than
JS (Table 2). The bricks with additives also have a

50%

o o
e o

logDV/Dr (mlig)
o
L8]

ey
o
—
(=
o
o
o
oo
8
o
p
i
o

1000

[=)
[+2]

logDV/Dr (mlig)

10.00 0,001

o o
S @
L L

logDV/Dr (mlig)
o
3]

0%
J
086 _086
2 o
E E
5 0,4 504
S >
902 - 80,2
e s
0,0 = r \ 0,0
0,001 01 10 1000 0,001 0.1
r(um)
JS
0,6
5 5%°
E E
=04 =
g -Dlt 0.4
>
[=]
202 1 202
2 °
0,0 = . . 0,0
0,001 0.1 10 1000 0,001
r(um)
JD ’
__06 - K _06
2 i 2
§.0 ¥ E
5" yi 5%
S i 3
(] .
20 S02]
) -
0,0 , 0,0
1000 0,001

r(um)

FIGURE 1.

F
o
o

10
r(um)

1000

0,001

r(pm)

Pore size distribution curves for bricks without additives (J), with halite (JS) and with calcined diatomite sludge (JD) fired

at 800, 950 and 1100 °C, either untreated (no consolidant - 0%) or treated with 25% and 50% concentrations of ethyl silicate. Pore
radius (in um) versus log(DV/Dr) (in ml/g). Legend: continuous line = 8§00 °C; dotted line = 950 °C; dashed line = 1100 °C.
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Results of MIP test on brick samples fired at 800, 950 and 1100 °C, untreated (0%) and treated with 25% and 50% of

ethyl silicate. SSA = specific surface area (m’/g); p, = apparent density (g cm™); p, = real density (g cm™); P, = open porosity (%).

J800 J950 J1100 JS800 JS950 JS1100 JD800 JD950 JD1100
0% SSA 5.85 2.27 2.09 2.98 1.77 1.12 5.48 2.10 1.32
Pa 1.49 1.47 1.48 1.45 1.46 1.39 1.29 1.23 1.28
P; 2.41 2.44 2.51 2.47 2.51 2.45 2.41 2.25 2.31
P, 38.32 39.75 40.86 41.42 41.75 43.36 46.43 45.25 4483
25% SSA 3.84 1.51 1.02 1.98 1.28 0.92 2.69 1.52 0.77
Pa 1.57 1.53 1.38 1.54 1.51 1.48 1.32 1.35 1.35
Pr 2.53 2.50 2.10 2.49 2.51 2.52 2.38 2.47 2.48
P, 37.93 38.76 34.47 38.14 39.63 41.34 44.59 45.51 45.36
50% SSA 3.75 1.03 1.24 2.80 1.02 0.81 2.63 1.54 1.02
Pa 1.54 1.59 1.60 1.58 1.56 1.49 1.36 1.40 1.37
Pr 2.43 2.41 2.52 2.39 2.55 2.46 2.38 2.45 2.42
P, 36.43 34.10 36.57 33.87 38.65 39.19 42.92 42.73 43.47
TABLE 2.  Amorphous versus crystal ratio estimation (a/c) determined by X-ray
diffraction on brick samples fired at 800, 950 and 1100 °C.
J800 J950 J1100 JS800 JS950 JS1100 JD800 JD950 JD1100
alc 0.042 0.069 0.106 0.055 0.068 0.088 0.051 0.064 0.118

unimodal pore size distribution although the com-
monest size becomes larger as the firing temperature
increases. These changes are even more evident if we
compare them with bricks without additives. In fact,
in the bricks with added halite the maximum peak
rose from 0.45 pm at 800 °C to 1 um at 1100 °C, and
when calcined diatomite sludge was used as the addi-
tive, the maximum peak on the porometric curve
jumped from 0.5 pm at 800 °C to 1.5 um at 1100 °C
(Figure 1). The real density values (p,, Table 1) were
as expected for brick, a material rich in quartz and
phyllosilicates. The lowest values were measured in
the bricks with added 10 wt.% calcined diatomite
sludge. This is because this waste is rich in quartz
and cristobalite (35, 36) which have lower densities
than most other minerals (Ca-plagioclases, mus-
covite, carbonates and newly formed silicates) that
characterize the mineralogy of bricks. As might be
expected, the lowest apparent density values (p,,
Table 1) were also found in the bricks made with cal-
cined diatomite sludge, which were the most porous.

There are important differences in the porous
systems of the bricks treated with ethyl silicate com-
pared to those of untreated bricks. First of all, the
open porosity decreases, which indicates that part
of the space previously occupied by pores has now
been filled by the consolidant. When the amount of
consolidant is increased from 25% to 50% of ethyl
silicate, the porosity falls even further (P,, Table 1).
However, in general terms the fall in porosity is not

directly related with the type of brick being tested or
with the firing temperature of the bricks. This may
be due to the fact that the consolidant was applied
with a brush and not by immersion or absorption
by capillarity, which according to some researchers
would have produced a more homogeneous absorp-
tion of the product (22, 37), although others disagree
(38). In spite of the possible benefits in terms of uni-
formity of applying the consolidant by immersion,
our aim was to test the consolidant in the conditions
in which it is normally applied in building restora-
tion and conservation work.

If we compare the different types of bricks more
specifically, the treatment with 25% ethyl silicate leads
to a fall in the porosity of all the samples, except for
JD fired at 950 °C and 1100 °C in which the values
hardly changed compared to the untreated samples.
When 50% of the product was applied, the porosity
of the bricks made with calcined diatomite sludge
also fell and now all the bricks have a lower porosity
compared to the untreated samples. The precipita-
tion of ethyl silicate in the pore network of bricks
leads to a decrease in the number of small pores.
This can be deduced by the reduction observed in
the Specific Surface Area value (SSA, Table 1). In
fact, even if the highest SSA values were still found
in the bricks without additives and those with cal-
cined diatomite sludge fired at 800 °C, they are now
less than 4 m*/g. SSA values are lower at higher con-
centrations of ethyl silicate. In two cases the SSA
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value even fell below 1 (JD1100 treated with 25% of
product and JS1100 with 50% of product, Table 1).
The real and apparent densities are not influenced
by the proportion of consolidant product applied
and a general slight increase in these values can be
observed (Table 1). The pore size curves continue
to show a unimodal distribution with a maximum
radius of around 1 pum. This maximum continues
to shift toward higher values in line with the firing
temperature, albeit to a lesser degree if we compare
it with the untreated samples.

3.2. Compactness

In the velocity of propagation of the ultrasonic
waves it is important to take into account the het-
erogeneity and the anisotropy of the bricks, which
depend on the mineralogical composition, degree of
vitrification, density and presence of pores/fissuresin
the material (39). If part of the empty space is going
to be occupied by a consolidant, the velocity will
inevitably increase (40, 41). The strongly anisotropic
nature of the bricks (AM, Table 3) is confirmed by
the ultrasounds in that the velocities of wave propa-
gation measured perpendicular to the bed, stretcher
and header faces of each brick are quite different.
This is especially true of the wave velocity measured
perpendicular to the bed, which is always the lowest.
This happens because the laminar minerals (above
all the phyllosilicates) are orientated in line with
this surface due to the pressure applied to the clayey
mass during the molding process. The ultrasounds
therefore take longer to travel through them. As the
firing temperature increases, AM tends to fall (the
pieces become more homogeneous) due to increased
vitrification of the bricks and a gradual loss of the
laminar habit of the phyllosilicates (dehydroxila-
tion of these crystals and development of a cellular
texture; 42). The highest velocities were measured
in the bricks without additives and in general the
velocity increased in line with the firing temperature

above all at 1100 °C (Table 3). The increase in veloc-
ity is also indicative of greater vitrification of the
bricks (Table 2) (26, 43). Of particular note is the
high velocity measured in the bricks made with
halite fired at 800 °C. This is due as mentioned ear-
lier to the fact that this salt acts as a melting agent.
When the samples are treated with the consolidant,
the velocity always increases, normally in line with
an increase in the firing temperature and is greater
when the concentration of the product is increased
from 25% to 50% (AVp, Table 3). This increase is
higher in the bricks made with halite and with cal-
cined diatomite sludge. Indeed, the bricks with addi-
tives were more porous than those without (Table 1)
and this may have resulted in deeper penetration of
the ethyl silicate.

3.3. Color

Spectrophotometry plays an important role in
the field of architectural heritage conservation. In
the specific case of the application of a consolidant
product to protect bricks or other building materi-
als, a colorimetric study of its effects can quantify
the degree to which the chromaticity and light-
ness of the material has changed, and whether this
change is aesthetically significant. The untreated
bricks have orangey colors except for those in which
halite was used as an additive, which have a yel-
lowish tone. Rye (44) observed that the addition of
this salt to a clayey earth changed the color of the
fired bricks, making them yellower. All the pieces
fired at 1100 °C were darker. This is confirmed by
the decrease in the a* and/or L* values (Table 4).
The application of ethyl silicate at both 25% and
50% causes a reduction in L* while the chromaticity
values a* and b* rise. Indeed, saturation normally
increases compared to the values for the untreated
samples (C, Table 4). In order to evaluate how the
application of ethyl silicate has influenced these
materials, we measured the color difference (AE),

TABLE 3.  Mean values of ultrasonic wave velocities (in m/s) for untreated bricks (0%) and for bricks treated
with 25% and 50% concentrations of ethyl silicate. The structural anisotropy (AM, in %) of each brick is
indicated in brackets. AVp stands for the increase in velocity (in %) after treatment with the consolidant.

0% 25% AV pasy, 50% AV pise
7800 1942 (60.32) 1952 (64.36) 0.51 1978 (61.67) 1.85
3950 1944 (60.36) 2045 (63.65) 5.20 2010 (62.31) 3.40
J1100 2147 (58.27) 2165 (60.71) 0.84 2364 (61.37) 10.11
JS800 1844 (62.25) 1901 (60.14) 3.09 1914 (55.42) 3.80
J$950 1687 (60.02) 1825 (59.41) 8.18 1912 (62.57) 13.34
JS1100 1744 (55.68) 2028 (59.51) 16.28 2021 (57.28) 15.88
JD800 1700 (53.63) 1734 (59.23) 2.00 1814 (58.95) 6.71
JD950 1712 (61.60) 1728 (60.59) 0.93 1867 (58.19) 9.05
ID1100 1906 (57.22) 2073 (55.17) 8.76 2204 (58.62) 15.63
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TABLE 4. Lightness (L*), chromatic coordinates (a* and b*), chroma (C*), hue angle (H®) and color difference
(AE) values for untreated bricks (0%) and for bricks treated with 25% and 50% concentrations of ethyl silicate.

J800 J950 J1100 JS800 JS950 JS1100 JD800 JDI950 JD1100
0% L* 56.58 62.30 57.37 67.00 72.58 64.05 60.66 64.91 56.29
a* 15.96 15.95 10.47 11.26 7.96 7.59 13.70 14.71 10.91
b* 18.36 20.30 20.19 18.43 18.21 24.51 16.99 20.30 20.06
C* 24.33 25.82 22.74 21.60 19.87 25.66 21.83 25.07 22.84
H* 49.00 51.84 62.60 58.58 66.38 72.80 51.13 54.08 61.47
25% L* 54.60 55.22 56.63 68.07 69.36 50.57 60.96 58.96 58.70
a* 15.54 18.78 11.05 10.65 8.62 9.80 15.36 16.89 9.64
b* 18.22 23.01 20.53 18.6 18.35 18.02 19.61 21.93 20.62
C* 23.95 29.70 23.31 21.48 20.27 20.51 2491 27.68 22.76
H* 49.53 50.78 61.70 60.29 64.84 61.45 51.92 52.39 64.93
AE 2.03 5.89 0.30 0.84 3.14 11.60 3.08 5.29 1.97
50% L* 54.38 53.95 57.08 66.51 73.46 54.50 61.50 63.30 54.95
a* 18.32 20.60 11.82 11.23 7.04 10.56 14.46 15.21 9.60
b* 21.27 24.61 20.87 18.66 20.23 20.69 18.00 20.37 19.19
C* 28.07 32.09 23.98 21.78 21.42 23.23 23.09 25.42 21.46
H* 49.27 50.07 60.48 58.96 70.80 62.96 51.22 53.24 63.41
AE 2.95 5.43 1.48 0.43 2.03 8.23 0.94 1.52 0.82

taking the untreated samples as a reference. AE
was almost always less than 5, the threshold above
which the change in color can be appreciated by the
human eye (45). In just a few cases, J950 treated
at 25% and 50%, JD950 treated at 25% and above
all, JS1100 treated at 25% and 50%, the threshold
of 5 was exceeded (Table 4). The application of the
product at a concentration of 50% did not result in
greater color differences compared to that at 25%.
In fact, in most of the cases the AE for the samples
treated with 50% ethyl silicate was lower than that
for the samples treated at 25% concentration.

3.4. Durability

The decay suffered by a material depends among
other factors on its porous system (46). This means
that one way of evaluating the durability of a brick
whose porosity and compactness have been altered
by the application of a consolidant is by assessing
the damage produced by the soluble salts that crys-
tallize inside it. Using the salt crystallization test we
were able to assess, even visually the consolidant
capacity of the product. In all the untreated bricks
we observed an increase in weight after the first test
cycle due to the absorption and crystallization of
the salts in the pores of the samples. This increase
was greater in J800 and JD800 (Figure 2), the bricks
with the highest SSA value (SSA, Table 1). The other
samples absorbed less salts, especially the three sam-
ples fired at the highest temperature, which were

probably the most vitrified. As the number of test
cycles increased, the bricks continued to increase in
weight, although to a lesser degree than at the begin-
ning and there were slight oscillations as a result of
the loss of material due to the disintegrating effects
of the sodium sulfate (Figure 2). With the naked eye,
we observed that the loss of material began at the
edges of the test samples, the areas most vulnerable
to attack by the salts (47). There was a small drop
in weight in samples JS1100 and JD1100 between
cycles 6 and 7 due to the loss of some fragments,
but it remained unchanged thereafter. The drop in
weight of J800 in cycles 9 and 10 was more pro-
nounced, which indicates severe material loss. This
brick was somewhat exceptional, in that it was the
only brick that underwent a considerable increase
in weight until cycle 7. This implies that it must
have had a high concentration of salt inside it. By
contrast, as early as the third cycle onwards JD800
showed a slight, but constant loss in weight, indicat-
ing a gradual crumbling of the material. The other
brick fired at 800 °C, JS800, has a similar durability
to the bricks fired at 950 °C due to the greater vitrifi-
cation of these bricks produced by the melting agent
capacity of the halite. Although JS950 absorbs more
salt in the first two test cycles, it follows a similar
curve to the bricks fired at 1100 °C.

The application of the ethyl silicate leads to some
improvements in the resistance of the bricks to
attack by salts (Figure 2). J800 and JD800 were still
the bricks that most increased in weight after the first
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FIGURE 2. Weight variation (AM/M, in %) in untreated bricks (0%) and in bricks treated with 25% and 50% concentrations of ethyl
silicate subjected to the salt crystallization test. Legend: continuous line = 800 °C; dotted line = 950 °C; dashed line = 1100 °C.

test cycle. However, J800 managed to get through all
10 cycles without breaking, while the loss in weight in
JD800 did not happen gradually as in the untreated
samples, and instead took place in sudden leaps,
which were more accentuated the higher the con-
centration of the consolidant. While the untreated
samples suffered superficial crumbling, these sam-
ples suffered the loss of thicker fragments due to the
increased cohesion between the grains achieved by
the consolidant. The decay produced by the salt crys-
tallization test was particularly clear in JD950 treated
with 50% ethyl silicate. In this brick we observed an
increase in weight of almost 11% up until cycle 3
of the test, due to the penetration of the salt inside
the bricks. Between cycles 5 and 6 however, the salts
exert pressure on the bricks and creating new pores
and fissures. This led to flaking on the surface and
the weight of the brick began to fall. Later, in cycle 7,
the weight of the brick increased again as more salts
began to crystallize in the new empty spaces that
had been created. These salts would later be respon-
sible for a subsequent loss of weight and material

in cycle 8. J950 treated with 25% and 50% ethyl
silicate went through a similar process. The samples
with the smallest weight increase were those made
with added halite and fired at 950 °C and 1100 °C
(Figure 2), especially JS1100 which showed minimal
oscillations in the curves implying that very little
material was lost.

In order to indirectly assess the degree of decay
reached by the bricks, we measured the ultrasound
propagation velocity during different phases of the
salt crystallization test. This provided more infor-
mation about the decay of the bricks treated with
ethyl silicate and a more reliable interpretation of
the results. The first measurement of the ultrasound
waves was carried out before starting the acceler-
ated ageing test and before treating the samples with
the ethyl silicate. In the two diagrams in Figure 3
this is point 0 on the horizontal axis. We then mea-
sured the velocity of the ultrasounds after applying
the treatments. Point 1 on the diagrams indicates
the measurement on treated samples that were not
subjected to the ageing test. Finally, we made two
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FIGURE 3. Ultrasound measurements (Vp, in m/s) performed on bricks without and with additives fired at 800, 950 and 1100 °C.
The horizontal axis shows the measurements taken at the following stages: 0 = untreated bricks; 1 = bricks treated
with 25% and 50% concentrations of ethyl silicate; 2 = after 5 salt crystallization cycles; 3 = at the end of the
accelerated ageing test. Legend: continuous line = 800 °C; dotted line = 950 °C; dashed line = 1100 °C.

further measurements in cycles 5 and 10 of the test,
which are represented on the diagrams as points 2
and 3 respectively. It is clear that the application of
the ethyl silicate at concentrations of 25% and 50%
always results in an increase in velocity, due to the
polymerization of the product in the pores of the
bricks (point 1 of the two diagrams in Figure 3).
The increase in velocity is normally more accentu-
ated with higher concentrations of the product. The
ultrasound measurements in cycles 5 and 10 of the
ageing test highlight the fact that many bricks are
attacked by salts, even though the damage was not
visible to the naked eye and the change in weight in
Figure 2 could not be clearly detected in all of them.
Indeed, after five cycles of the accelerated ageing
test (point 2) at least three types of bricks treated
with 25% ethyl silicate (J950, JS800 and JS950) and
six samples treated with 50% (J1100, JS950, JS1100,
JD800, JD950 and JD1100) underwent a signifi-
cant fall in velocity. This suggests that fissures had
developed inside the brick due to the process of
dissolution and crystallization of the sodium sul-
fate. It is important to note for example that these
samples include those made with halite (JS), which
had undergone very few changes in weight and a
priori seemed to be healthier, especially those fired
at 950 and 1100 °C. This means that although to the
naked eye the samples appear to be intact, they have
in fact begun to decay. This decay process contin-
ues until the end of the test (point 3): the velocity
continues to fall in some samples because the fissur-
ing increases even more, while in others the velocity

increases again because new salt begins to crystallize
in the pores. In general, the variations in the veloc-
ity of the ultrasounds are less pronounced when
the consolidant is applied in more diluted form,
in other words when we use a 25% concentration
of ethyl silicate. This result seems to indicate that
the most diluted treatment managed to penetrate
more deeply and that this amount of consolidant
was sufficient to improve the degree of cohesion in
most of the bricks. By contrast the treatment with
a 50% concentration developed a more compact
structure but without penetrating deeply. Once the
salt had attacked and broken off the more compact
outer layer, as happened in sample JD950 described
above, the bricks were left unprotected against new
salt attacks.

4. CONCLUSIONS

We assessed the efficacy of the ethyl silicate as
a consolidant of solid bricks with different com-
positions (without additives and with added halite
or calcined diatomite sludge) fired at three differ-
ent temperatures (800, 950 and 1100 °C). For this
purpose, we chose two different concentrations of
the consolidant (25% and 50%) diluted in white
spirit. Our study of the porous system of the bricks
revealed that once the consolidant had been applied
and had polymerized, it reduced the open poros-
ity, although this reduction was not very signifi-
cant when a 25% concentration of ethyl silicate was
used and the pore size was almost unaffected by
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either treatment. The number of small pores fell
considerably (in some cases the specific surface area
fell by as much as 50%). This is a positive change
given that these pores can have a negative effect on
the durability of the brick. The increase in veloc-
ity recorded in the ultrasound test shows that both
treatments increase the compactness of the bricks,
which was almost always higher in the bricks treated
with a higher concentration of product. In terms of
color, the ethyl silicate did not bring about impor-
tant modifications in the lightness and chromatic-
ity of the pieces with the exception of the bricks
made with halite and fired at 1100 °C, which under-
went changes that were visible to the human eye. A
higher concentration of the product does not nec-
essarily lead to a more pronounced change in the
color of the bricks. The improvement in the physical
behavior of the bricks could also be noted after the
accelerated ageing test in which although the con-
solidated bricks did suffer decay due to attack by
the salts, they were more durable than the untreated
bricks. However, the consolidant was not equally
effective in all samples and resistance to decay does
not improve when the concentration of the prod-
uct is increased, as might have been expected after
the results obtained for pore size and ultrasounds.
In general, the best durability results were achieved
when the treatment was applied with a concentra-
tion of 25%. Our findings suggest that at this con-
centration the product managed to penetrate more
deeply and improve the cohesion between the min-
eral grains in the bricks. The treatment with 50%
ethyl silicate did not penetrate very deeply and cre-
ated a surface layer that was rich in silica but suf-
fered flaking after attack by the salts. This research
shows the need for complementary techniques to be
used to contrast the results obtained, assess their
reliability and rule out possible erroneous conclu-
sions. The combination of the ultrasound test and
the accelerated ageing test revealed something
which would otherwise have been invisible, i.e. the
decay that some of the apparently healthy bricks
were undergoing. Future research should also con-
sider brick resistance to microdrilling and texture
observation under SEM in order to measure the
penetration depth of ethyl silicate in brick samples
and to provide a more complete picture of their
consolidation.
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