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bstract

The anisotropic behavior of terra cotta ceramics is due to the lamellate structure of clay and to the extrusion forming process. In the case of
ow strains, this behavior is elastic. Digital image correlation was used to give strain field measurements. These measurements allowed to locally
haracterize transverse isotropic elastic behavior. The consistency of the local characterization procedure is showed by comparing kinematic field

easurements on small specimens with fields obtained by 3D finite element computations.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

Terra cotta ceramics are often used in residential house build-
ng. They are nearly always associated with other civil engineer-
ng materials, e.g. terra cotta beams with a core of prestressed
oncrete are widely used for building floors, terraces or flat roofs.
n this kind of composite element, terra cotta serves as a sacri-
ce formwork, i.e. concrete is considered to be the only material

hat supports prestressing forces. However, from a mechanical
tandpoint, terra cotta has remarkable strengths (i.e. often better
han those of standard concrete) that are often not effectively
tilised. The work presented in this paper is a part of an overall
tudy carried out to characterize the anisotropic thermo-hygro-
echanical behavior of terra cottas used as building material

n civil engineering projects. From an industrial standpoint, the
oal is to develop numerical computer-aided design tools that
an be used to optimize structural elements. This optimization
ust simultaneously take into account parameters related to ther-
al comfort and those associated with the mechanical strength

f the designed structure.

In the recent past, the classical use of terra cotta bricks did

ot require in-depth knowledge on their mechanical properties
ince they were mainly loaded in compression. Now the use
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ations; Terra cotta

f the terra cotta as a composite structural component calls for
more rigorous analysis of its contribution to the overall be-

avior of the structure. We thus studied the heterogeneous and
nisotropic properties of this material using strain field mea-
urements. These measurements were obtained by digital image
orrelation (DIC) techniques with the aim of checking the de-
ree of heterogeneity of ceramic structures and characterizing
he anisotropy of the terra cotta. This technique is now widely
sed in the field of mechanics of materials and it was, for exam-
le, successfully applied to the study of localization phenomena
n steel (Luders band propagation, developpement of the diffuse
nd localised necking).1

This paper is structured as follows: first we review the mate-
ial properties that led us to propose a transverse isotropy model
o describe the elasticity of ceramics. Secondly, we show how
he elastic parameters were locally derived from tests conducted
n elementary structures considered as representative volumes
f the material. Finally, to check the influence of the discrepancy
oted in the elasticity constants, we compare strain patterns pre-
icted by a 3D FE computation with those obtained by DIC.

. Material of study: the terra cotta ceramics
The studied material was provided by the industrial partner
Saverdun Terre Cuite”. This manufacturer owns several quar-
ies in the south of France. The used samples were derived from
he same raw material.

mailto:huon@lmgc.univ-montp2.fr
dx.doi.org/10.1016/j.jeurceramsoc.2006.08.013
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Fig. 1. Illustration of grain size distribution in the material
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Fig. 4. Directions of transverse isotropy.
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ditives (sand, limestone, etc.) to enhance the characteristics of
Fig. 2. Illustration of the porosity of the material.

.1. Chemical composition
An electron probe microanalysis (EPM) was used to deter-
ine the grain size and nature. The maximum grain size was
mm (Fig. 1), including:

s
o
n

Fig. 3. Illustration of the grain distribution and the
Fig. 5. Y-shaped specimen.

quartz grains (the most common);
calcite grains of up to 200 �m in size (the least common);
a low percentage of small feldspath grains.

The chemical composition of the terra cotta studied in this
aper is given in Table 1.

.2. Manufacturing process

Argillaceous soils are the primary products for manufactur-
ng terra cotta ceramics. In most cases, they are used with ad-
tructural elements or to modify the functional characteristics
r the aspect of the finished products. Clays are hydrated alumi-
osilicates whose lamellar structure can fix a certain quantity of

grain orientation in the different directions.
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Fig. 8. Compression tests according to the directions R, L and T—sample re-
sponses.

Table 1
Chemical composition of terra cotta ceramics

Elements (at.%)

SiO2 57.9
Al2O3 15.4
CaO 14.4
Fe2O3 4.9
TiO2 0.4
MgO 1.4
K2O 4.3
Na2O 1.3

Table 2
Data summary of the analysis by mercury intrusion porosimetry

Median pore diameter (�m) 3.69
Bulk density (kg m−3) 2011
Apparent (skeletal) density (kg m−3) 2713
Porosity (%) 25.9

Table 3
Average value and standard deviation of experimental results obtained for EL,
ER and ET
ig. 6. Experimental device - testing machine coupled to a digital video camera.

ater between folia. Four stages are required to obtain the end
roduct:

preparation: to obtain an argillaceous mixture after propor-
tioning and crushing the components;
forming: generally by extrusion;
drying: to eliminate almost all of the water used during the
forming stage;
firing: the duration depends on the size of the terra cotta
components, generally within the 800–1200 ◦C temperature
range.

.3. Material porosity
The Fig. 2 gives an image with an enlargement 10 times
igher than Fig. 1. A qualitative analysis reveals a fine and ho-
ogeneous porosity of the material, however it is difficult to

uantify this porosity.

Number of tests Average value (GPa) Standard deviation (GPa)

EL 10 20.2 2.8
ER 6 19.8 3.1
ET 8 5 0.3

Fig. 7. Basic sketch of the DIC techniques.
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Fig. 9. εLL and εTT strains—compression in the direction L.

Fig. 10. Stress–strain diagram for a compression test in the L direction associated
with a load–unload cycle.

Table 4
Compression load supported by the Y-shaped sample: measurement and
computation

Fexp Fcomp

t = 6 s 0.32 0.37
t = 12 s 2.17 2.36
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Fig. 12. Displacement pattern of uL (scale factor: 1
ig. 11. Evolution of the Poisson’s ratio νLT associated with the loading in Fig.
0.

A mercury intrusion porosimetry was accomplished on the
ame sample. The results give more useful data as shown on the
able 2.

.4. Anisotropic behavior

The different stages of forming process induce an anisotropic
nd heterogeneous thermomechanical behavior of the terra cotta
tructural elements. The extrusion process involves a privileged
irection and leads to transverse isotropy of the material. The
rain distribution and the grain orientation can be directly ob-
erved by using a standard camera as shown in the Fig. 3. The

hree photos enabled us to see the random distribution of the
uartz grains in the isotropic plane (Fig. 3a), while a privileged
irection can be seen in the others (Fig. 3b and c). This also
nduces gradients of elastic properties throughout the structure,

7 �m/pixel): (a) crack onset, (b) crack growth
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Fig. 13. Normal stress field on the middle cross section.

specially between the boundary and the core of the extruded
arts. Besides, these gradients are often amplified and disturbed
y the drying and firing processes because of mass and heat
ransfers and by the material heterogeneity due to the irregular
istribution of pores and the varied granulometry of the mixture
espite the preparation stage. We were led to use sets of speci-
ens randomly extracted from an extruded structure to estimate

iscrepancies in the elastic parameters.
To define transverse isotropy axes, we introduced L as the

irection of extrusion, T the direction across the layers of terra

otta and R the direction in the plane of the layers, i.e. orthogonal
ith L and T (Fig. 4). The five elastic constants to be determined

re then: Young’s moduli EL = ER and ET ; Poisson’s ratios νLR

nd νLT = νRT ; Shear moduli GLT = GRT . Due to the isotropy

b
m
A
i

Fig. 14. Fields of strain εLL: (a1) digital ima

Fig. 15. Fields of strain εRR: (b1) digital ima
ramic Society 27 (2007) 2303–2310 2307

f the plane of the layers, the shear modulus GLR can be written
s GLR = EL/(2(1 + νLR)).

Using engineering notations, the strain-stress relationship
ay be written as:

εLL

εRR

εTT

εLR

εRT

εLT

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1
EL

− νLR
EL

− νLT
EL

0 0 0

− νLR
EL

1
EL

− νLT
EL

0 0 0

− νLT
EL

− νLT
EL

1
ET

0 0 0

0 0 0 1+νLR
EL

0 0

0 0 0 0 1
2GLT

0

0 0 0 0 0 1
2GLT

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

σLL

σRR

σTT

σLR

σRT

σLT

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

(1)

here εIJ and σIJ are the matrix components of the strain and
tress tensors with respect to the LRT frame.

. Experimental protocol

.1. Realization of samples

Building engineering standards do not give any dimensional
pecifications for terra cotta specimens. Moreover, in the
cientific literature, we found no examples of terra cotta
pecimens adapted for classical mechanical tests such as
ension–compression tests, shearing and bending tests. We thus

ased our study on guidelines for the characterization of ce-
ents or mortars with granular sizes similar to that of terra cotta.
lthough compression tests are generally performed on spec-

mens with a ratio of 2, we decided to use of cubic samples of

ge correlation; (a2) 3D FE calculation.

ge correlation; (b2) 3D FE calculation.
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Fig. 16. Fields of strain εRL: (c1) digita

educed sizes (sides: 15 mm) in order to ensure a quite good ho-
ogeneity of these elementary structures at the risk of getting a

riaxiality effects due to the compression plates. The specimens
ere machined using a water jet cutting process to avoid geo-
etrical defects.
The compression tests, performed on cubic samples with

ransverse isotropy axes, gave access to the three elastic moduli
nd the three Poisson’s ratios.

The shear modulus GLR was determined in the shearing zone
f the Y-shaped specimen whose cross-section is given in Fig.
. For this type of geometry, it is easy to obtain a layer plane
arallel to the cross-section. Conversely, the extrusion process
oes not allow shearing specimen leading to measurement of
LT and GRT . At this level, ultrasonic goniometry measure-
ents were used to determine both missing shear moduli and to

heck the modulus estimates and the Poisson’s ratios obtained
echanically.2–4

.2. Experimental set-up

The experimental set-up involved a 100 kN tension–
ompression servo-mechanical testing machine. Digital images
ere recorded during the test by a CCD camera set in front
f the sample (Fig. 6). The lens axis of the camera was fixed
ccording to the frame of the testing machine and remained per-
endicular to the surface of the sample. The CCD sensor had
ight square megapixels distributed in a 3500 line × 2300 col-
mn grid. The camera provided maximum space resolution from
.01 to 0.02 mm/pixel with the “macro” lens we used during the
ests. For images of maximum size, the camera can capture up
o five images a second digitized in eight bits.

.3. Displacement and strain measurements

The in-plane displacement components were computed by

ϕ(k, l)
(k,l)∈

[−RZ
2 , RZ

2

] =
∑CZ/2

i−i0=−(CZ/2)
∑

√∑CZ/2
i−i0=−(CZ/2)

∑CZ/2
j−j0=−(CZ/2) I2

1

direct DIC algorithm on each point M0(i0, j0) of a virtual
rid defined in the reference configuration. The position of the
iscrete maximum of the discrete inter-correlation function ϕ

ives the displacement of point M0 with a one pixel resolution.

p
p
c
a

ge correlation; (c2) 3D FE calculation.

etween two images I1 and I2 (Fig. 7), separated by a small
train increment, ϕ is written as:

=−(CZ/2) I1(i, j)I2(i + k, j + l)√∑CZ/2
i−i0=−(CZ/2)

∑CZ/2
j−j0=−(CZ/2) I2

2 (i + k, j + l)
(2)

n Eq. (2), CZ stands for the correlation zone (i.e. the M0 neigh-
orhood defining the optical signature of “point” M0(i0, j0)),
nd RZ is the research zone (i.e. the M0 neighborhood where
he optical signature is tracked). These zones correspond to the
omain of variation of (i, j) and (k, l), respectively. To obtain
ub-pixel measurements, we used a polynomial interpolation of
in the vicinity of its discrete maximum.5

Heterogeneous strain field analysis considers small “gauge
engths” that induce a poor signal-to-noise ratio. Consequently,
local least-squares fitting of the displacement data is performed
efore any differentiation: the displacement field is locally ap-
roximated in the neighborhood of each point M0 by a given
unction. Both the shape of the approximation function and the
ize of the approximation zone (AZ) may affect the accuracy of
he strain measurement. Here we decided to use bilinear func-
ions as they are associated with a locally constant deformation.
or more information, the reader may refer to.6 The image pro-
essing performance was tested either in analytic and experimen-
al cases corresponding to rigid body motion, to homogeneous
r heterogeneous strain.6

. Experimental results and discussion

.1. Global response of the samples

Rupture tests in compression performed at constant velocity
0.1 mm s−1) were initially conducted on cubic specimens in the
hree directions L, R and T. Fig. 8 illustrates the results obtained.

e obtained similar sample responses in compression tests in
irections L and R. This feature is consistent with the transverse
sotropy hypothesis. At the beginning of the loading process, the
ubic structure has an elastic response until the maximum load
as reached. Then the softening part of the curve corresponds to

he propagation of micro-cracks throughout the sample. Com-

ression in the direction T was performed perpendicular to the
lane of the layers. This configuration gave the structure greater
ompliance and seemed to be less favorable for the propagation
nd coalescence of microscopic cracks.
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.2. Material response

Based on previous results, the tests were carried out while
imiting maximum compressive loading in order to ensure an
lastic response of the structure. These tests were performed
t constant velocity (0.1 mm s−1 during loading and 0.5 kN s−1

uring unloading). The strain field measurements were first used
o check the boundary conditions during loading. Some exam-
les of strain patterns obtained by DIC are shown in Fig. 9 and
orrespond to components εLL and εTT of the strain tensor. Both
elds were extracted from a compression test in direction L at
aximum loading (≈ 11 kN).
We observed slightly heterogeneous deformation fields,

hich were not in full agreement with the kinematics of a sim-
le compression test. The strain level curve distributions high-
ighted that this non-uniformity was partly due to the boundary
onditions at the specimen surfaces in contact with the compres-
ion plates. The irregular patterns noted for level curves could
lso have been associated with the material heterogeneities and,
f course, with the noise on strain measurements. The fields
ould be interrelated with the finite element calculation using
isplacement boundary conditions corresponding to those ob-
erved experimentally. The stress–strain curve corresponding to
easurements obtained in the central area of the specimen is

lotted in Fig. 10. The compression strain εLL is directly de-
ived from speckle image processing, while the compression
tress σLL is determined by assuming a uniform stress distribu-
ion over the cross-section. Then a simple regression is used to
stimate the elasticity modulus (EL in Fig. 10). All results for the
stimation of Young’s modulus are given in Table 3. Note that
he standard deviations obtained on moduli using a random set
f about 10 samples were about 4 GPa for mean values of about
0 GPa. This discrepancy is very substantial and illustrates the
eterogeneity between specimens.

Fig. 11 presents several estimates of Poisson’s ratio νLT =
εTT /εLL for different εLL. As previously underlined, this com-

utation assumes a uniform compression state in the central part
f the sample. The increasing discrepancy of measurements ob-
erved when strain components were around zero was associated
ith degradation of the signal to noise ratio. Therefore only es-

imates of the Poisson’s ratios for |εLL| > 5 × 10−4 were con-
idered.

Tests were performed on Y-shaped specimens to determine
he shear modulus GLR (see Fig. 5). These tests were performed
t constant velocity (0.01 mm s−1 during loading and 0.5 kN s−1

uring unloading). We noted two phases in the structural re-
ponse: the first corresponded to a quasi-elastic behavior while
he second started with the inception of the first macroscopic
rack. Fig. 12 illustrates the potentials of correlation methods re-
arding micro-crack detection. The displacement field features
here component uL) enabled us to visualize crack onset and
ropagation at the sample surface as soon as its opening was not
arallel to the direction of the chosen displacement component.

he amplitude of the displacement discontinuity may be related

o the crack opening.
Fig. 16c1 presents the εRL distribution and shows the signif-

cant sliding “shearing” zones. In these zones, we estimated a

d
t
m
t

ramic Society 27 (2007) 2303–2310 2309

ean shear stress and a mean sliding strain to obtain the GLR.
s mentioned above, the other shear moduli were classically
btained using ultrasonic techniques.

The average elasticity constant values we obtained are: EL =
R = 20 GPa; ET = 5 GPa; νLR = 0.17, νLT = νRT = 0.15;
LR = 8.8 GPa, GLT = GRT = 3 GPa.

. Validation procedure

.1. Experimental and computed results on cubic specimens

The elastic modulus estimates were checked by comparing
he local stress values obtained in the central area by 3D Finite
lements computations with the compression stress deduced

rom the loading data. The numerical model takes transverse
sotropy elasticity into account and supposes that the material
s homogeneous. The elasticity tensor takes the predetermined

ean values into account. It also supposes that the axis of com-
ression is one of the transverse isotropy axes. Loading was
odeled by displacement fields imposed at the surfaces in con-

act with the compression plates. These boundary conditions
ere directly extracted from displacement data obtained by DIC.
ig. 13 presents the results obtained for a simulated compres-
ive test in the L direction. Considering a cross-section placed
n the medium part of the specimen, computations enabled us
o estimate, at maximum elastic loading, a mean value for the
ompression stress pattern (σ̄LL)comp of about 44.5 MPa. The
tandard deviation associated with this distribution was about
.6 MPa. Hence, the stress state, imposed by the experimental
oundary conditions, was uniform in a first good approximation.
ompression stress (σLL)exp can also be estimated assuming, as
sual, a uniform stress state over the cross-section and using the
oad measurements. We found that (σLL)exp was about 43.5 MPa.
he difference between (σLL)exp and (σ̄LL)comp remained small,

hus partly confirming the previous approximations.

.2. Experimental and computed results on Y-shaped
pecimens

We checked the overall consistency of the characterization
rocedure by comparing strain fields obtained in Y-shaped sam-
les with those resulting from FE computations. Loading was
odeled by displacements obtained by DIC imposed at surfaces

n contact with the compression plates. The computed and exper-
mental strain patterns are compared in Figs. 14–16. We noted
satisfactory global correlation between both distributions, re-
ardless of the strain tensor component. Moreover, we noted
close correlation between the measurement and the calcula-

ion when comparing the overall loading applied to the structure
Table 4).

.3. Conclusion

The results presented in this paper highlight the benefits of

igital correlation techniques for characterizing and identifying
he elastic behavior of anisotropic terra cotta ceramics. Full-field

easurements were initially useful for checking the quality of
he tests by analyzing the characteristics of the displacement
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elds near surfaces where loading boundary conditions were
mposed. The kinematic data were also useful for the evaluation
f elasticity constants of a transverse isotropic behavior model.

comparison between experimental and numerical results
btained on a Y-shaped terra cotta brick element showed that the
et of identified elastic constants gave satisfactory results. To
stimate the different elastic parameters and to perform 3D FE
omputations, we assumed that the material was and remained
omogeneous during mechanical transformation. Other very
romising approaches will be available in the near future7–9

o consider the local elastic properties of the material and to
ccount for the structural heterogeneities leading to property
radients in civil engineering structures. The capabilities of
hese inverse approaches are presently being tested on academic
numerical) examples.10 In the near future, they will be applied
o noisy and discrete data fields obtained by digital image
orrelation.
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408.

8. Claire, D., Roux, S. and Hild, F., Identification de conductivités thermiques
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