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Abstract

Solid bricks manufactured using clays from Thessaloniki area have been analysed by X-ray powder di�raction and their miner-
alogical composition showed the presence of chlorite, muscovite, quartz, and albite. The compressive strength values of dried and
wetted bricks were determined and a decrease of about 25% was observed for water saturated bricks. Using mechanical extensi-

ometers, stress strain diagrams and Poisson ratios were measured. In order to model the liquid di�usion through the brick and the
chemomechanical damage due to the coupled action of liquid presence and applied loads, the front of a penetrating solute has been
mathematically expressed by using Aifantis'stress-assisted di�usion theory. Pre-loaded bending specimens were sprayed with a

liquid. After a certain time the specimens were loaded until fracture. Di�erent phenomenological constants of the stress-assisted
di�usion theory have been assumed for the compression and tension regime and a satisfactory agreement between theoretical pre-
dictions and experimental data has been obtained. # 2000 Elsevier Science Ltd. All rights reserved.
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Zusammenfassung

Vollziegel, produziert aus Lehm von der Gegend um Thessaloniki, wurden durch die Di�raction von X-Wellen an Steinmehl
analysiert. Ihre mineralogische Zusammetsetzung zeigte die Presenz von Chlorid Muscovit, Quarz und Albit. Die Druckfestigkeit
von trockenen und nassen Ziegeln wurde ermittelt, wobei die mit Wasser gesaettigten Ziegel einen ungefaer 25% niedrigeren Wert

als die trockenen zeigten. Mit mechanischen Dehnungsmessern wurden die Spannungs- Dehnungsdiagramme gefertigt und die
Poisson'she Zahl ermittelt. Die Di�usion der Fluessigkeit durch einen Ziegelstein, sowie der durch die gleichzeitige Anwesenheit
von Fluessigkeit und Belastung chemo-mechanische Zerfall, sollte modeliert werden. So wurden die Theorie von Aifantis ueber die

spannungsunterstuetzte Di�usion angewandt, um die Front der penetrierenden Substanz mathematisch auszudruecken. Vorbelas-
tete Proben wurden mit einer Fluessigkeit bespritzt und nach gewisser Zit bis zum Bruch belastet. Fuer die Zug- und Druckzone
wurden verschiedene phenomenologische Konstanten nach der spannungsunterstuetzten Di�usionstheotie ermitteit wobei eine

zufriedenstellende Uebereistimmung zwischen theoretischer Analyse und experimentellen Ergebnissen erreicht wurde. # 2000
Elsevier Science Ltd. All rights reserved.

1. Introduction

Environmental agents penetrating solid components
under load, reduce the material strength. In particular,
this was studied empirically for bricks1±3 and also for
other building materials.4,5 For the interpretation of
such chemomechanical phenomena a stress-assisted

di�usion theory has been developed by Aifantis.6±9

According to this theory the concentration distribution
of a solute may eventually be expressed as a function of
the hydrostatic stress induced by the external load. This
expression also involves two material constants a and b
which depend on the di�usivity and the chemo-stress e�ect.
For the determination of these two constants studies

have been made for di�erent materials. For example,
Unger et al.10 determined a in variousmaterials underlying
tension and correlated it with the ¯ow stress which, in
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turn, is strongly dependent on the microstructure.
Papadopoulos11 also presented an overview for the
values of both constants for several materials in tension,
in relation to the problem of environmental fracture.
In this work, the mineralogical composition and the

mechanical properties of the bricks used were determined
including stress-strain diagram, modulus of elasticity,
Poisson ratio, wet and dry compressive strength. Next, the
front of a di�usive solute was determined experimen-
tally and modelled mathematically. The characteristic
values a and b of Aifantis' stress-assisted di�usion theory
were experimentally estimated. The results indicate that
these constants have di�erent values in the compressive
and tensile area of the brick. This issue will be addressed
separately in a future publication.

2. Materials and methods

The solid bricks samples used were prepared by pow-
der pressing. The powder was prepared through dry
processing and mixing of two clays. The clays were
dried, and lump breaking, with mixing-milling and
sieving followed. The mixture of the powder was
humidi®ed and formed by pressing in the shape of
bricks. The mineralogical composition of the mixture
was carried out by X-ray powder di�raction (XDR)
using a Philips Model PW 1830 di�ractometer. The
shaped bricks were subjected to thermal treatment. The
®ring was performed to a peak temperature of 1080�C
in a tunnel kiln following a common ®ring procedure
for these products.
For the study of the e�ect of moisture content on the

compressive strength (according to A.S.T.M. C 67-92a),
every brick was cut into three part-specimens (A,B,C) by
diamond slow cutting and their dimensions were mea-
sured. Then the specimens were dried at 115�C for 24 h.
One of the three specimens (A) was submerged in clean
water for about 24h and boiled for 5 hours. The water
saturated specimens were wiped o� and weighted within
5 min after its removal from the bath. In this way the
water absorption was obtained. The compressive
strength of the specimens was determined by using a
Mohr & Federha�, Model 5359 test machine.
For the experimental determination of Poisson's ratio

and Young's modulus of the bricks, the test specimens
were subjected to ®ve successive loading steps, measur-
ing the corresponding strain along the direction of the
applied load and the transverse strain, by using
mechanical extensiometer with an accuracy of 1 mm.
Finally, the stress-assisted di�usion process of a ¯uid

agent was studied experimentally. For this purpose the
following experiment as steps were followed:

. The specimen was subjected to a three-point
bending con®guration with a concentrated force,

equal to the 3/4 of its expected value for fracture,
as shown in Fig. 1. In order to avoid failure at an
accidental point or at the fastens, the specimen
was pre-cracked in the tensile area (x =1/2) so
that the maximum stresses would develop in the
loaded axis. The sprayed surface x-z (Fig. 1) in
which bending, tensile and compressive, stresses
are developed, was placed horizontally; so the
spraying liquid was not able to migrate from the
compressive to the tensile area.

. While under pressure, the specimen's surface was
sprayed by a red colored penetrating substance
(Helling by Lux Nr 201), uniformly.

. The loading was kept for a certain time (5 min), so
that the penetration of the substance through the
brick's pores can take place. Then the load was
increased until fracture in two pieces took place.

. The fracture surface of the specimen was sprayed
by a white spray (Helling Net-L-Chek D70), in
order for the red coloured substance to emerge
from the pores of the specimen. In this way the
white penetrating liquid became pink and the area
that absorbed the penetrating liquid, was exposed.

3. Results and discussion

The mineralogical analysis showed the presence of
chlorite, muscovite, albite and quartz as dominant
minerals. This is the typical mineral composition of
solid bricks manufactured in Thessaloniki area.
The results of the water absorption values in the eight

specimens (A) and the relevant values of the compres-
sive strength in the eight wetted specimens (A) and the
sixteen dry ones (B, C) are given in Tables 1 and 2.
According to these results every saturated specimen

has lower strength than the two dry specimens of the
same brick.
Fig. 2 shows the relation between compressive

strength and water absorption.
The results of the measurements pertaining to the

determination of Poisson's ratio and Young's modulus,
are shown in Tables 3 and 4. (The specimens were loaded
in the z axis).

Fig. 1. The three-point bending con®guration. The x-z plane is hor-

izontal, i.e. parallel to the ground.
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Using pairs of stress and corresponding strain values,
the following stress±strain diagram was obtained (Fig. 3).
From the slope of the above diagram, in the linear

elasticity regime the value of Young's modulus of
E�16055 N/mm2 is obtained. From the values of the
lateral strains "y and "z, the value of the corresponding
Poisson's ratio (� � ÿ"y="z) is determined as � � 0:21.
Next, we turn to the ¯uid in®ltration properties of the

bricks. Fig. 4 is a photograph resulted from the experi-
mental measurements after fracture took place. It shows
the fracture surface (y±z plane, x=L/2) of the brick
where the penetration depth of the di�usive liquid can
be observed (marked by the arrows).

Within a simple strength of materials approach, the
distribution of the normal stresses in the beam can
approximately be estimated as shown in Fig. 5. (A more
accurate determination would involve a numerical factor
determined by the geometric characteristics of the beam
and the notch. However this correction is not essential
for the semi-quantitative results to be presented below).
The following strength of materials estimates for the

beam stresses hold:

�y � �z �� 0; �x �My

Iy
z � 3FL

bh3
z �1�

where My is the bending moment, Iy is the moment of
inertia, F is the applied load and L, b, h are the length,
the width, and the height of the beam (ÿh/24z4h/2).

Table 1

Water absorbtion and compressive strength of bricks No 1,2,3,4

Specimen 1A 1B 1C 2A 2B 2C 3A 3B 3C 4A 4B 4C

Water absorption % 7.68 8.11 8 8.8

Compressive strength (N/mm2) 21.3 26.8 29.84 19.5 26.9 25.9 20.1 28.86 30.64 16.7 26.4 23.84

% Variationa ÿ24.7 ÿ26.1 ÿ32.4 ÿ33.6
a % Variation of the compressive strength of the water saturated specimen A, from the average of the compressive strength of the two dried

specimens, B and C.

Table 2

Water absorption and compressive strngth of bricks No 5,6,7,8

Specimen 1A 1B 1C 2A 2B 2C 3A 3B 3C 4A 4B 4C

Water absorption % 6.8 8.5 7.02 7.5

Compressive strength (N/mm2) 28.45 31.4 34.3 17.2 22.6 24.5 25.3 30.4 31.4 22.1 27.5 28.3

% Variationa ÿ13.4 ÿ27 ÿ18 ÿ20.8
a % Variation of the compressive strength of the water saturated specimen A, from the average of the compressive strength of the two dried

specimens, B and C.

Table 3

Measurements of the specimen 1: [Dimensions (cm)/(x,y,z)=(3, 10.85,

11.1)]

Stress (N/mm2) 0 2 4 6 8 10

"y(�10ÿ4) 0 0.24 0.49 0.73 1.44 2.7

"z(�10ÿ4) 0 1.2 2.3 3.48 6 9

� ± 0.20 0.217 0.21 0.24 0.3

Fig. 2. Relationship between compressive strength and water absorp-

tion.

Table 4

Measurements of the specimen 2: [Dimensions (cm)/(x,y,z)=(3,

10.7,11.1)]

Stress (N/mm2) 0 2 4 6 8 10

"y(�10ÿ4) 0 0.276 0.59 0.92 1.82 3.616

"z(�10ÿ4) 0 1.38 2.74 4.2 7.01 11.3

� ± 0.20 0.215 0.22 0.26 0.32
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In Fig. 6 the di�usion front of the ¯uid on the y±z
plane, as determined from the photograph of Fig. 4, is
shown. Dots denote the experimental recordings which
in the present case are twenty in number (K � 20).
Mathematically, the front can be described by a ®tted
curve utilising a number of the curve's points (K > R).
With an iteration method based on the least square
technique, i.e. Levenberg-Marguart algorithm, the value
of the unknowns can be calculated. The simplest way of
representing this front is by a straight line. The corre-
sponding equation is y � 0:19� 0:03z, and the error is
s � 0:008. Two di�erent straight lines, one for the ten-
sile and one the compression regime give the equations
y � 0:23� 0:05z and y � 0:21� 0:022z, respectively,
with an error s � 0:001.
In order to model the process of ¯uid penetration, the

Aifantis' stress-assisted di�usion theory is used. The
derivation of this theory6±9 rests upon the balance of
mass and momentum and related constitutive assump-
tions. The governing equation read:

Fig. 4. Fractured surface (y±z, x = L/2) of a brick under the in¯uence of stress assisted di�usion 5 min after exposure to the ¯uid. (1): point of

maximum compression in x-direction (and minimum liquid absorption); (2): point of maximum tension in x-direction (and maximum liquid

absorption).

Fig. 5. Distribution of normal stresses in bending.

Fig. 3. Stress±strain diagram of the specimen 1 and 2 (bricks).
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�t � divj � 0 �2�

j � ÿ D�N�� �grad��M�grad� �3�

divS � 0 �4�

where � is the concentration of the di�usive species, the
subscript t denotes di�erentiation with respect to time, j
is the mass ¯ux of the di�usive substance; D, M, N, are
phenomenological constants with their physical mean-
ing discussed in6,10, S is the stress tensor of the solid,
and s is the hydrostatic stress. When Eq. (3) is sub-
stituted into Eq. (2) the following stress-assisted di�u-
sion equation is obtained

�t � D�N�� �!2�ÿ MÿN� �grad�:grad� �5�

where !2� � 0 in an uncoupled theory where the
mechanical equations of equilibrium [Eq. (4)] can be
solved independently together with the equations of
elasticity and compatibility of the solid matrix to deter-
mine S. This equation generalises Cottrell's stress-assisted
di�usion theory in replacing the constant di�usivity D
by an e�ective one Deff � D�N� dependent linearly on
the hydrostatic stress. For j � 0, the corresponding
equilibrium solution reads

� � �o 1� ��� �� �6�

where � �M=N, � � N=D and �o is a reference con-
centration. Values of � and � have been provided in10,11

only for material regions under tension.

Since the process of liquid penetration cannot
obviously be modelled by a time-independent process,
one would need to solve the transient form of Eq. (5)
under the condition of constant stress gradient which is
the case for the present bending con®guration. Such
solutions do exist (see Wilson and Aifantis8 ) but they
are not convenient to implement in the present problem.
Since only semi-quantitative results are desired we will
follow a simpler approach by neglecting the e�ect of the
stress gradient of Eq. (5) and consider the transient
process by retaining the stress-dependent e�ective di�u-
sivity term. Thus, we have

�t � �Deff!2� �7�

or, in one dimension

�t � Deff!2
yy� �8�

The solution of this di�erential equation for ®nite
source (thin ®lm) boundary condition is

� y; t� � � �o������������
4Deff t
p exp ÿ y2

4Deff t

� �
�9�

where �o is the source strength (initial amount of mass
at the origin).
From these equations it follows that the characteristic

di�usion depth is given by the expression

y � 2
����������
Deff t

p
�10�

or

y � 2
���������������������
D�N�� �t

p
�11�

which can be used for estimating the front of the pene-
trating ¯uid.
Thus, by using Eq. (1), Eq. (11) reads

y � 2

����������������������������������
D�N

3FL

bh3
z

� �
t

s
�12�

For t � 5 min and the given values of F, L, b, h (2.3
N/mm2, 20.3 cm, 6.6 cm, 7.8 cm) we can ®t the experi-
mental points depicted in Fig. 6 by Eq. (12). Instead of
the straight lines shown in Fig. 6, the two curves shown
in Fig. 7 are obtained. The values of the constants D
and N associated with this ®tting are given below.

. In the compressive region: Dc � 3:91� 10ÿ5 cm2/sec
and
Nc � 2:56� 10ÿ6 cm4/(N sec)

�c � Nc

Dc
=6.53mm2/N

Fig. 6. The experimental data of the penetrating front in the y-z plane

®ve minutes after exposure to the ¯uid. The front is represented by a

single straight line or by two straight lines.
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. In the tensile region: Dt � 3:61� 10ÿ5 cm2/sec
and
Nt � 2:04� 10ÿ6 cm4/(N sec)

�t � Nt

Dt
=5.65mm2/N

The error is s � 7:4� 10ÿ4.
This method does not provide a value for the constant

a entering into the equilibrium solution given by Eq. (6).
To utilise this solution we make the additional hypoth-
esis that the concentration � is related linearly with the
di�usion depth. The validity of this ad hoc assumption
can only judged by the conclusions to which leads as
will be seen below. The concentration of the ¯uid due to
the brick absorption on the neutral axis of the beam
(where the normal stress �x is zero) is �o. Moreover, it is
assumed that only after a material point has reached the
®nal equilibrium concentration �z � �, a point next to
can accumulate ¯uid and, thus, the di�usion front
propagates step by step.
Thus, by substituting Eq. (1) into Eq. (6), we obtain:

� � �o 1� � 3FL
bh3

z

� ��
�13�

With the aforementioned assumptions Eq. (13) can be
used to model the ¯uid front. Since all quantities, but
the parameters � and �, entering Eq. (13) are known (i.e.
the values of F � 2:3N=mm2, L � 20:3 cm, b � 6:6 cm,
h � 7:8 cm) the experimental points of the front given in
Fig. 6 are ®tted by the graph shown in Fig. 8 with the
following values for � and �.

. in the compressive region (tr�<0): �c � 6:42 mm2/N
�c � 0:53

. in the tensile region (tr�>0): �t � 5:2 mm2/N
�t � 0:45

The error is s � 8:2� 10ÿ4. It follows that the value
of the constant � obtained by the two methods are
comparable.

4. Conclusions

Mechanical and ¯uid penetration properties of a
building brick material consisted of muscovite, chlorite,
quartz, albite was considered. The compressive strength
was experimentally estimated as � � 29 kN/mm2, the
Young's modulus E � 16055 N/mm2 and the Poisson's
ratio � � 0:21. Di�usion properties of a penetrating
liquid and the corresponding front in a brick subjected
to bending stresses was also considered and interpreted
by using a simpli®ed version of a stress assisted di�usion
theory and simpli®ed strength of materials approxima-
tions. In future work, the introduced simplifying
assumption of the stress-assisted di�usion theory will be
relaxed and additional experimental measurement will
be performed. Di�erent sizes of brick specimens will be
used, optical microscopes observation will be per-
formed, a radioactive substance will be employed for
more accurate estimates of the penetration front and a
theoretical model for the strength dependence the water
absorption will be developed.
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