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Abstract In the article we study the variation of brick dura-
bility and, more specifically, its resistance to salt crystalli-
sation produced by changes in its microstructure during fir-
ing. For this purpose, the evolution of both mechanical and
pore structure properties are studied within a wide range of
temperatures (700–1100◦C). An increase in the firing tem-
perature produces a more homogeneous and resistant brick,
measured using ultrasound velocity and uniaxial compres-
sive strength. This result is obtained thanks to the vitrifica-
tion process and changes in the brick’s pore structure: larger,
rounder pores, which are quantified by their roundness and
fractal dimension. As a result of these changes, an excellent
durability is achieved in the bricks studied when fired at tem-
peratures above 1000◦C. Considering that few differences
are noted in pore structure and brick strength between 1000
and 1100◦C, the recommended firing temperature is, for raw
materials with a similar composition and production process,
1000◦C, as this involves a lower production cost than firing
at 1100◦C.

Résumé Cet article étudie la variation de la durabilité de
la brique et, plus précisément, sa résistance à la cristalli-
sation du sel due aux modifications de sa microstructure
lors de la cuisson. A cet effet, l’évolution des propriétés
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mécaniques et de la structure des pores est étudiée sur une
large gamme de températures (700–1100◦C). Une augmen-
tation de la température de cuisson qui donne une brique
plus résistante et homogène est mesurée par vélocimétrie
ultrasonore et résistance à la compression uniaxiale. Ce
résultat est obtenu grâce au processus de vitrification et
à des modifications de la structure des pores: des pores
plus grands et plus ronds qui sont quantifiés par leur ron-
deur et leur dimension fractale. Ces modifications offrent
aux briques étudiées une excellente durabilité lorsqu’elles
sont cuites à des températures supérieures à 1000◦C. Etant
donné qu’à peine quelques différences ont été détectées dans
la structure des pores et dans la résistance de la brique entre
1000 et 1100◦C, la température de cuisson recommandée est
de 1000◦C, pour les matières premières composées et fab-
riquées de la même manière, car le matériau produit à cette
température implique des coûts plus bas que s’il est cuit à
1.100◦C.

1. Introduction

Brick is a building material whose durability may be reduced
when subjected to deterioration processes. In particular, the
crystallisation pressure of soluble salts is one of the most
important decay processes that affect the durability of these
porous materials. The incidence of salt crystallisation de-
pends on the pore structure, the saturation degree of the salt
and the magnitude of the repelling force between the salt and
the confining pore surface [1, 2].

Moreover, salt damage depends on the environment in
which precipitation occurs. Salt decay mainly occurs when
salt crystallisation is produced at a certain distance beneath
the external surface. This kind of crystallisation forms sub-
florescence, which is usually a fraction of a millimetre to a



Materials and Structures (2006)

few millimetres from the surface and produces outward blis-
tering and peeling which in turn flakes off or powders away
[3, 4].

The damage that may occur due to salt crystallisation is
strongly influenced by both pore structure and strength prop-
erties. Pore structure has a great influence on salt crystallisa-
tion, including nucleation and precipitation, capillary rise of
solutions, evaporation of water and the effects of the wetting
and drying cycles.

The main pore structure parameters that affect brick dura-
bility are porosity, pore size distribution and pore shape.

Porosity, P, is defined as the ratio of the volume of voids to
total volume of brick, expressed as a percentage. More specif-
ically, connected porosity is related to the flow of weathering
agents and the remaining moisture in such a way that it pro-
duces a negative influence on brick durability.

Different theoretical approaches have shown that salt dam-
age processes, such as salt crystallization [2] or thermal ex-
pansion of salts [5, 6], depend greatly on pore structure pa-
rameters. Moreover, it has been demonstrated through ex-
periments that porous bricks with a high porosity and a large
percentage of pores measuring less than 1–2.5 μm in radius,
are most prone to decay [7–9]. This is due to the fact that
several important decay mechanisms are inversely related to
pore size, such as frost and salt action as well as capillary
pressure during the wetting and drying cycles [1, 6].

For example, Maage [7] investigated the relationship be-
tween pore size distribution and pore volume as regards the
frost retention of the brick. He proposed an equation that
allows a brick’s durability factor to be calculated from con-
nected porosity, PV , and the percentage of pores which are
larger than 3 μm in diameter, P3, as follows:

DF = 3.2

Pv
+ 2.4 · P3 (1)

As salt and ice growth within porous materials has a sim-
ilar mechanical action [1, 2, 6], Maage’s equation may be
used in order to estimate brick durability under the effects of
salt crystallisation.

On the other hand, Ordóñez et al. [10] have estimated
stone durability based on the fact that crystallisation pressure
is inversely related to pore size, extrapolating salt stress in
one pore to the whole porous stone. This fact was described
by defining the durability dimensional estimator (DDE) as
follows:

DDE(μm−1) =
∑ Dv(ri )

ri
Pconc (2)

where Dv is the pore size distribution, ri is the pore size, and
Pconc is the connected porosity.

Pore shape is closely related to brick durability as it af-
fects salt nucleation, the flow of fluids and the condensation-
evaporation process. There are several parameters that
describe pore shape including the well-established fractal
theory, in which the fractal dimension, FD, quantifies the pore
shape or the pore surface roughness [11]. The pore shape can
also be derived from the circularity of the cross-section of the
hydraulic radius of the pore that controls the flow properties
[12].

Capillary transport is an important flow mechanism as re-
gards brick durability since it is closely related to the trans-
portation of ions through the porous material, to the evapora-
tion process and to the wetting and drying cycles [13]. This
flow mechanism can be quantified by the water absorption
coefficient, C, which is very much linked to the characteris-
tics of both the pore structure and the fluid [14–16].

The susceptibility of the brick to the salt crystallisation
mechanism is also closely connected to strength which is
the material’s resistance to crystallisation pressure. For ex-
ample, in bricks with a high compression strength, Young’s
module or ultrasonic wave propagation velocities tend to
have a longer durability [17]. Benavente et al. [18] defined
a petrophysical durability estimator, PDE, which takes into
account both pore structure and rock strength and represents
the relationship between crystallisation pressure and mate-
rial resistance. From this study, it is concluded that durabil-
ity of porous materials can be estimated by the relationship
between DDE, which provides full information about pore
structure and tensile strength, due to the fact that the crys-
tallisation pressure of salt creates tensile stress over the pore
surface.

Brick is a traditional building material, known to have
been used in constructions since before 1530 B.C. in Egypt
[19]. The term “brick” encompasses a wide number of prod-
ucts obtained by mixing, preparing and moulding clay, slow
drying and, finally, firing it in appropriate ovens. During the
firing process, liquid water and structural water are driven off.
As the temperature rises, mineralogical and textural changes
occur. These are the results of the marked imbalance of a
system that, to a certain degree, resembles high-temperature
metamorphic processes (e.g., contact aureoles in pyrometa-
morphism). Under these conditions, rapid heating triggers the
mineral reaction, preventing the formation of stable phases
and favouring less stable ones (e.g., mullite, gehlenite; [20]).
Porosity is directly related to the mineralogical composi-
tion of the raw material, since ceramics manufactured with
a high sand fraction tend to be extremely porous and perme-
able [21]. Products fired at high temperatures are generally
more vitreous, have a higher degree of durability and un-
dergo the greatest changes in pore size and porosity [9, 22,
23]. Thus, the composition of the original clay combined with
the production process, particularly the firing temperature, all
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determine the quality of the final product and, therefore, its
susceptibility to the salt crystallisation mechanism [24].

The aim of this paper is to evaluate the variation of brick’s
susceptibility to the salt crystallisation mechanism produced
by the microstructure modification during firing, and, conse-
quently, to determine the best firing temperature to increase
its durability.

2. Materials and methods

2.1. Material studied

Solid bricks were prepared by hand in the laboratory. 400 ml
water was added to each kg of raw material to make the
clay plastic. The clay was then placed in a wooden mould
(24.5 × 11.5 × 4 cm) to shape the bricks, which were subse-
quently air-dried. The average temperature and relative hu-
midity in the laboratory were 25◦C and 50%, respectively.
The raw material is predominantly siliceous and presents
a high concentration of phyllosilicates (i.e., clay minerals).
Even if only one clayey material is considered in this inves-
tigation which can limit the generality of the findings, it can
be considered to be representative of the main types of raw
clay materials commonly used in the brick-making industry
[25,26].

The samples were fired in an electric oven (Herotec CR-
35) at a temperature, T, of: 700◦C (G7), 800◦C (G8), 900◦C
(G9), 1000◦C (G10) and 1100◦C (G11). The T was kept at
100◦C for one hour and then at the maximum T for three
hours. The heat was increased by approximately 3◦C per
minute.

The firing T determined the development of new mineral
phases in the bricks. According to previously published stud-
ies, the mineralogical and textural results of these bricks can
be summarised as follows [20]: It can be said that all phyl-
losilicates disappeared except the dehydrated phase of the
illite, whose concentration dropped as the T increased and
disappeared at T greater than 900◦C. The microcline struc-
ture collapsed and/or partially transformed into sanidine.
Mullite + sandine developed in such a way that the muscovite
and/or illite disappeared at T ≥ 800◦C. The mullite, formed
by the epitactic replacement of muscovite, followed the ori-
entation of the mica crystals. This latter reaction was favoured
by the lesser amount of free energy needed during the tran-
sition phase [27]. The content of non-crystalline phases in-
creased as the firing T grew, especially at high T [28].

From a textural point of view, at a low firing T, the lami-
nar habit of the phyllosilicates was distinguished although the
muscovite appeared with a marked exfoliation along its basal
planes, due to dehydration. The interconnection among par-
ticles was limited and there was no evidence of vitrification

Fig. 1 Backscattered electron images of bricks fired at: (a) 700, (b)
800, (c) 900, (d) 1000 and (e) 1100◦C. The white bar indicates 50 μm.

or sintering. At 900◦C, the pores maintained an irregular
shape and angular borders whilst the phyllosilicates became
deformed and coalesced with each other. The partial vitri-
fication of mineral grains was significant at 1000◦C when
the pores adopted an ellipsoidal shape and smooth borders.
At 1100◦C, vitrification was complete. The pores coalesced
forming spherical-shaped cells, as a consequence of the melt-
ing of the clay particles and the expansion of gases trapped
within the raw materials [29], generating the so-called “cel-
lular structure” [30]. The evolution of the textural character-
istics is shown in Fig. 1.
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Table 1 Porosity, P; mean radius, r; roundness, δ; fractal dimension;
FD; water absorption coefficient, C; and percentage of dry weight loss
of bricks at different firing temperatures

Parameter G7 G8 G9 G10 G11

T [◦C] 700 800 900 1000 1100
P [%] 38.63 39.28 37.41 27.49 19.45
r [μm] 0.57 0.63 0.72 1.37 1.67
δ 0.16 0.16 0.16 0.20 0.39
FD 1.64 1.60 1.58 1.51 1.31
C [g/(cm2min0.5)] 3.30 3.19 3.05 2.50 1.84
σ C [MPa] 3.31 2.24 9.00 15.33 21.82
vP [km/s] 1.03 1.14 1.55 2.00 2.42
DWL [%] 9.18 0.75 0.20 0.00 0.00

2.2. Porous media characterization

In order to characterise the evolution of the porous media
of the bricks in terms of firing T, the mercury intrusion
porosimetry (MIP) technique, digital image analysis of SEM
backscattered electron images (BSEI) and capillary imbibi-
tion tests were used.

MIP is an extensively used porous media characterisa-
tion technique. Connected porosity, pore size distribution and
mean pore size were obtained using a Micromeritics Auto-
Pore III 9410 porosimeter, which can exert a maximum injec-
tion pressure of 414 MPa. Brick samples (∼2 cm3) were col-
lected before and after the salt crystallisation test and dried (at
110◦C, 24 hours) prior to MIP analysis. Two measurements
were taken per brick (Table I, Fig. 2).

In order to calculate both fractal dimension and pore
roundness, BSEI were carried out. A JEOL JSM-840 and
polished thin sections of brick samples were used. The frac-
tal dimension, obtained from back scattering electron image
(BSEI) analysis, is calculated as follows [11]:

P = εFD AFD/2, (3)

Fig. 2 Evolution of pore size distribution of bricks at different firing
temperatures.

where P and A are the pore perimeter and area respectively,
ε is a constant that depends on the length of the measuring
grid size, and FD is the fractal dimension. Thus, the fractal
dimension is easily achieved from the slope of the log A –
log P plot. The Euclidian dimension for a line and an area is,
respectively, 1 and 2, and is always exceeded by the fractal
dimension. Therefore, the implication of a fractal dimension
between 1 and 2 is that the pore perimeter is irregular and
tends to fill the pore area as FD increases.

The pore roundness, δ, used in this study is based on flow
properties and defined as follows:

δ = 4π A
P2

, (4)

This pore shape, which is dimensionless and orientation–
independent, has a maximum value of unit per circle and
progressively decreases as it loses its circular form.

Both fractal dimension and pore roundness were calcu-
lated studying SEM images at a magnification of 400×
(Table I). This intermediate magnification was chosen as
lower magnifications would give a poor resolution whilst a
higher magnification would considerably reduce the size of
the field observed, possibly hindering pore shape measure-
ments. Image analysis was performed using the UTHESCA
ImageTool

R©
[31].

The capillary imbibition test is widely used for the
characterisation of building materials and provides infor-
mation about their pore structure and durability. Three
parallelepiped-shaped (7 × 3.5 × 2 cm) samples were used
per brick and the test was performed according to NORMAL
29/88 [32]. The results were plotted as absorbed water per
area of the sample throughout imbibition versus square root
of time. With this kind of representation, the capillary imbi-
bition kinetic shows two parts: the first, which defines water
absorption, and the second, which defines saturation. The
slope of the curve during water absorption is the water ab-
sorption coefficient, C (Table I). This parameter is essentially
equivalent to the sorptivity parameter in soil physics [33].

2.3. Mechanical properties

Ultrasonic wave propagation was selected to monitor the
porosity evolution of brick samples fired at different T. The
ultrasonic longitudinal waves, vp, were measured in three di-
rections perpendicular to each other. vP values were obtained
using an ultrasonic generator Steinkamp BP-5, with 100 kHz
transducers (Table I).

In order to corroborate these results, 3 cube-shaped sam-
ples (measuring 3 cm along each side) were subjected to
uniaxial unconfined compression resistance (σ C ) for each T,
exerting pressure perpendicular to the layering of the bricks,
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according to the ASTM D 2938 regulation [34]. This test was
performed using a Metro Com MI 30 press with a 3 × 105 kg
load capacity (Table I).

2.4. Salt crystallisation

Parallelepipedic bricks (7 × 3.5 × 2 cm) were used for the
salt crystallisation test. Bricks were weighed before the test
to check salt damage and were placed vertically into cylindri-
cal glass beakers (115 mm diameter and 65 mm high). Brick
samples were partially immersed in a Na2SO4 saturated solu-
tion, which was covered with melted paraffin to avoid evap-
oration and to let the solution flow through the capillary pore
system. No relative humidity or temperature variation oc-
curred during the experiment and, consequently, only con-
tinuous evaporation, supersaturation and salt crystallisation
were produced. Neither deliquescence of the existing salts
followed by reprecipitation nor any hydration process take
place under such conditions. Therefore, a single damage pro-
cess was brought about solely as a result of crystallisation
pressure [4].

After this, the tested samples were cleaned with deionised
water until all remaining salt was removed. The samples were
dried (60◦C) until they reached a constant weight. The dry
weight loss (DWL) was calculated at this stage (Table I).

3. Results and discussion

3.1. Evolution of pore structure

The influence of firing T on the evolution pore structure
parameters (porosity, mean radius, roughness, fractal di-
mension and water absorption coefficient) are quantified in
Table I. The evolution of pore structure can be explained by
the mineralogical and textural changes during the firing of
clays. Thus, at lower T, pores are spread out and more dis-
tributed, although a preferred orientation of elongated pores
is observed, due to the disposition of the phyllosilicates. At
1000 and 1100◦C, pores become larger and rounder, the so-
called “cellular structure”. The smaller pores tend to disap-
pear as the larger ones increase and take over (Fig. 1).

Generally speaking, porosity decreases whilst pore radius
increases and as the firing T increases (Fig. 2). On the other
hand, pores tend to become rounder. This fact can be observed
in the evolution of both fractal dimension and roundness
(Table I). The fact that fractal dimension tends to one, as
firing T increases, implies that the pore perimeter is regular.
Roundness was defined as the ratio between the hydraulic
radius with a non-circular cross-section and a circular cross-
section (Eq. (4)). As a result, this pore shape progressively
increases to a maximum value of unit as it achieves its circular
form.

It can also be observed that the hydric behaviour of bricks
varied with the firing T (Table I). This can be explained by
the strong influence that pore structure has on the water ab-
sorption coefficient, C, which may be expressed by:

C = Pρ

√
rδγ cos θ

2τη
, (5)

where P is the porosity, r the effective radius, τ the tortu-
osity, δ the roundness, ρ the density of the fluid, γ is the
interfacial tension of the fluid, θ the contact angle and η is
the viscosity of the fluid [16]. Thus, at 700 and 800◦C pore
radius and roundness have a strong influence on this coef-
ficient, whereas, at 1100◦C the most important parameter is
porosity. However, between 900 and 1000◦C the evolution
of the whole porous media parameters is reflected in the wa-
ter absorption coefficients. As a result, solid bricks with thin
pores present a small water absorption coefficient value and,
consequently, this is inversely related to brick durability.

3.2. Mechanical properties of bricks

It has been found that ultrasound velocity vP increases as
the firing T increases. This is a consequence of the vitrifi-
cation of the bricks as the T rises in accordance with SEM
observations. This change in texture generates a more homo-
geneous brick, including a reduction of weak planes. The uni-
axial compression test offers similar results to the ultrasound
(Table I). Both tests revealed minimal changes between 700
and 800◦C and no changes in the texture of bricks were ob-
served. However at temperatures of above 800◦C, there is a
constant increase in ultrasonic wave velocity and compres-
sion resistance values.

3.3. Brick susceptibility to salt crystallisation

Salt decay by Na2SO4 crystal growth is shown in Fig. 3. Thus,
Na2SO4 crystallises within brick pores, as subflorescence, at
a few millimetres beneath the external surface. This mechan-
ical action generates enough crystallisation pressure to cause
outward peeling and granular disintegration. Finally, where
the wall is dried, whiskers tend to form, as ions only reach
the base of the crystal as it grows away from the surface. This
kind of efflorescence is mainly produced in G7, G8 and G9,
where vitrification is scarcer.

Salt crystallisation action and, therefore, brick durabil-
ity, have been quantified using the percentage of weight
loss after salt crystallisation, DWL (Table I). Brick durabil-
ity is firstly influenced by both pore structure and material
strength and increasing the firing T results in greater mechan-
ical strength (ultrasound velocity and uniaxial compressive
strength), lower porosity, bigger and rounder pores. All these
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Fig. 3 The visual appearance after salt crystallisation test of bricks
fired at: (a,f) 700; (b,g) 800; (c,h) 900; (d,i) 1000 and (e,j) 1100◦C.

factors should increase brick durability and, more specifi-
cally, its resistance to salt crystallisation.

As crystallisation pressure produces mechanical stress on
pore surfaces, brick strength therefore plays an essential role
in resistance to decay. It can be said that a brick with excel-
lent mechanical properties is less prone to decay as a result
of salt crystallisation [17]. This assertion can be deduced by

comparing the increase in compression strength and ultra-
sonic velocities with the decrease in weight loss as the firing
T rises (Table I).

The evolution of the studied bricks’ susceptibility to decay
is also observed in the durability estimators (Table 2). On
the one hand, porous materials with high porosity and thin
pores are more prone to decay [2, 7–9, 35,36] and, therefore,
low DF values and high DDE values lead to lower brick
durability. G7, G8 and G9 have a pore radius smaller than
1 μm and are thus more prone to decay than G10 and G11,
with a pore radius greater than 1 μm. Moreover, the porosity
of G7, G8 and G9 (38.63, 39.28 and 37.41%, respectively)
is larger than in the G10 and G11 bricks (27.49 and 19.45%,
respectively).

On the other hand, small PDE values indicate a greater
brick durability as crystallisation pressure is less than the re-
sistance to salt stress. Salt crystallisation (and other decay
mechanisms) is closely related to pore size and porosity. As
we have previously mentioned, increasing the firing T re-
sults in lower porosity and larger pores in such a way that
brick susceptibility to crystallisation pressure decreases. Fur-
thermore, mechanical strength increases as the firing T rises
and, consequently, the resistance of the brick to salt stress
increases considerably. Therefore, the evolution of both pore
structure and brick strength explains the excellent durability
of G10 and G11.

4. Concluding remarks

In this study, the importance of both pore structure and
strength on brick durability has been highlighted. A rela-
tionship has been observed between the effectiveness of salt
crystallisation and the resistance of bricks to salt stress. An
increase in the firing temperature produces a more homoge-
neous and resistant brick, measured using ultrasound veloc-
ity and uniaxial compressive strength. This result is obtained
thanks to the vitrification process and changes in the brick’s
pore structure: larger, rounder pores, which are quantified by
their roundness and fractal dimension.

Improving the resistance of bricks to the salt crystallisa-
tion mechanism is an important task since this kind of con-
struction material is often used in the restoration of historic
buildings and also such a decay process is not only aggres-
sive but also common. Bricks fired at temperatures above
1000◦C give the best results in the parameters used to deter-
mine quality. Therefore, it is advisable to apply such firing
temperatures when the raw material used has a similar min-
eralogical composition and production process to those stud-
ied here. Considering that few differences are noted in pore
structure and brick strength between 1000 and 1100◦C, the
recommended firing temperature is 1000◦C, as this involves
a lower production cost than firing at 1100◦C.
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Table 2 Durability factor, DF;
durability dimensional
estimator, DDE; petrophysical
durabilty estimator, with respect
to uniaxial compressive
strength, PDEC ; and ultrasonic
velocity, PDEV p , of bricks

Estimator G7 G8 G9 G10 G11

DF 24.47 33.76 23.93 122.60 167.32
DDE [μm−1] 0.92 0.55 0.42 0.24 0.23
PDEC

(1) 0.27 0.24 0.05 0.02 0.01
PDEV p

(2) 8.91 4.85 2.72 1.20 0.54

(1) PDEC = 10 DDE
σC

(2) PDEV p = 10 DDE
VP
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10. Ordóñez S, Fort R, Garcı́a del Cura MA (1997) Pore size distribution
and the durability of a porous limestone. Q. J. Eng. Geol. 30:221–
230.

11. Mandelbrot BB (1982) The fractal geometry of nature. W. H.
Freeman, S. Francisco.

12. White FM (1991) Viscous fluid flow. 2nd edn, McGraw-Hill, New
York.

13. Scherer GW (2004) Stress from crystallization of salt. Cem. Concr.
Res 34:1613–1624.

14. Dullien FAL, El-Sayed MS, Batra VK (1977) Rate of capillary
rise in porous media with nonuniform pores. J. Colloid Interf. Sci.
60:497–506.

15. Hammecker C, Jeannette D (1994) Modelling the capillary imbibi-
tion kinectics in sedimentary rocks: Role of petrographical features.
Transport in Porous Med. 17:285–303.

16. Benavente D, Lock P, Garcı́a del Cura MA, Ordóñez S (2002) Pre-
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