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ABSTRACT: The thermomechanical behaviour of earth bricks stabilized with Portland cement (CPJ 35) has been
studied by the finite element method. This was done by subjecting earth bricks to heat transfer during the firing
process. A physical model, taking into account the mechanisms of heat transfer by convection, was employed and the
earth bricks followed a visco-plastic elastic constitutive law. Heat greatly influenced the mechanical properties of the
bricks during firing and as firing went on, volumetric plastic deformations appeared and the development of stresses in
the bricks increased as temperature was increasing. The more the earth brick was enriched with stabilizer dosage, the
more it was likely to tolerate large deformations during firing. The stresses increased rapidly at the edges, stabilised to
a stage where their magnitude increased as stabilizer was added. In addition, the stresses in the middle of the stabilized
bricks evolved up to the stress peak, then gradually decreased, tending towards a zero value. The use of stabilizers in
the manufacture of earth bricks was found to be more effective and can be more sustainable compared to unstabilized
earth bricks.
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I. INTRODUCTION

Nowadays, earth bricks are the traditional materials most used in the world [1]. They have interesting mechanical
properties resulting from the formation of a strong bond between clay particles at higher temperatures, which can be
attributed to the melting of silica in clay [2].

In recent years, the production of earth bricks has reached 1.4 trillion units per year [3]. This increase can be justified
by the environmental threats caused by the ever-increasing human activities. Interest in green building materials and
the valuation of by-products from multiple industries has increased to contribute to this state of affairs [4]. It is in this
perspective that much research has been carried out in order to demonstrate the impact of adding organic and inorganic
materials during the mixing procedure on the behaviour of earth bricks [4], [5], [6].

The implementation of compressed stabilized earth bricks seems to be a sustainable solution for our environment, due
to its energy efficiency, low cost and ecological importance [7]. These stabilized bricks have already proven their worth
in several countries around the world: in Europe, the United States of America, Africa and Asia [7]. Compressed
stabilized earth brick is a combination of three different materials; namely cement, ground and sand, which are mixed
with water in defined proportions. These blocks use the same base material as unstsabilized mud bricks, but offer the
significant advantage of compressive strength in wet conditions [8, 9]. Studies have shown that the bulk density of
bricks decreases when a given quantity of clay is replaced by organic material, leading to higher porosity and very low
thermal conductivity of fired clay bodies [10,11, 12]. Other parameters, such as particle size also have a considerable
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effect on the mechanical and thermal properties of earth bricks. During firing, the added material is consumed, leaving
voids which increase porosity.
The question that arises is as follows: how can the formulation, in terms of percentages of materials (sand, water and
firing temperature) be improved in order to obtain an industrial product with good thermal, mechanical and ecological
characteristics for the future? Taking into account the cost of manufacturing industrial products, it is necessary to work
with laboratory samples, while keeping in mind that their manufacture induces anisotropies in the properties of
materials. The idea is to identify the influence of different parameters on these properties as a first step and to validate
the passage from a laboratory sample to the industrial scale in a second step.
In view of the above and in order to optimize the thermomechanical properties of earth bricks, it was important to focus
on the bulk density of the bricks, their thermal conductivity, geometry and the thermal load at the boundaries of the
brick. Specifically, this research was aimed to find optimized parameters which improve the mechanical properties of
stabilized clay bricks subjected to heat transfer during firing. As the industrial products were too heavy and with a high
cost of manufacturing them with the different research formulations, the study was conducted on cubic block samples.
Numerical calculations were performed on industrial scale bricks (220 x 110 x 8.4 mm) to estimate thermal and
mechanical resistance.

I1. MATERIALS AND METHODS

A. Fabrication of stabilised earth bricks

The soil samples were taken from Menjung-Nkwen in Bamenda 111 (UTM 32, E0632814, N0662929 with an altitude of
1277 m) in the North-West region of Cameroon. The organic part of the clay was removed by digging three feet deep to
expose the subsoil. The basement samples were then collected and air dried. The clay was homogenized by removing
coarse fragments and sieved using a 5 mm mesh sieve. Ordinary Portland cement was that of CIMENCAM with an
initial setting time of 2h 50, a final setting time of 3h 40 and a standard consistency of 35%. A dosage amount of 3%
and 10% were used depending on the nature of the clay to be stabilized. Potable water was used for hydration reactions
leading to the gradual hardening of Portland Cement. These stabilised earth bricks were fabricated with moulds of 220
x 110 x 8.4 mm according to [5].

B. Numerical calculations

The chemical composition of the constituent bricks used for the numerical calculations are given in Table 1.
Table 1: Chemical composition of clay [5]

SiO, A|203 Fe, O3 TiO, Na,O MgO P,O5 SO, Cr,03 ZrO, CaO MnO NiO
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

63.69 18.86  5.42 0.72 0.47 0.08 0.06 0.03 0.02 0.02 0.02 0.01 0.01

The soil sample contained negligible organic matter and a low sand content. The sedimentation value was 3.96;
Attterberg's liquid limits at 25 shocks was LL = 50.18%. The plastic limit was, PL = 37.20% and the plasticity index
(PI) = 13.00%. The soil had a methylene blue (MBV) test value of 1.13 and specific gravity (Gs) value of 2.25. The soil
compaction test (Proctor test) showed a maximum dry density (Yamax) Of 1.780 t / m® and an optimum water content
(Wop) equal to 15.5% [5].

C. Geometric model and mesh

The geometrical model retained was axisymmetric, made of the stabilized earth brick (Figure 1).

The main hypotheses of the study made in the (o, x, y) plan were:

-Stabilized earth brick was considered homogeneous and isotropic.

-The quadrangular finite elements with quadratic interpolation (qua8: quadrangle with 8 nodes and 2 degrees of
freedom by node (Ux; Uy)) were used for the meshes of the brick. The resolution being partly carried out at the nodes
of the mesh, this thus made it possible to densify the nodes in the model and to approach the real solution as much as
possible.
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Figure 1: Physical model of the problem

Figure 2 illustrates the mesh of the geometry of the study area. In the (o, X, y) plane, this mesh of the stabilized earth
brick has 15.301 nodes and 5,000 quadrangular finite elements.

h=F

Figure 2: Discretization mesh detail of the brick
D. Behaviour models of stabilized earth bricks

The stabilized earth brick has a model of visco-plastic elastic mechanical behaviour. The total strain (¢) and the
temperature (T) are observable state variables for the material [12]. The internal variables generally highlighted for this
model are the following:

-Plastic or viscoplastic deformation (Eq. 1)

P =¢g+4¢° 1)

Where:

&” = Plastic or viscoplastic deformation

&° = Elastic strain

¢ = Total strain

-The variable of scalar nature, characterizing isotropic hardening (Eg. 2)

1/2
p=J (§ &P (1): £P (r)) dr @)
Where:
p = internal variable of scalar nature characterizing isotropic hardening
¢P = Plastic strain rate tensor
T = Stress applied to a dislocation
t =time
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-The tensor variable of order 2 characterizing the kinematic hardening a,
In the space of constraints, the flow surface is represented by the function f.
f=f(o,p,X,, T) ®)
Where:
o = Constraint
X = tensor force variable of second order associated with kinematic hardening
p = Time derivative of isotropic hardening
T = absolute temperature
Kuhn and Tucker reported by Farah have shown that for plastic flow to occur, two conditions must be met [12]:
-The stress state (6*) representative point must belong to the flow surface (Eq. 4):
f=f(c",p,X,pT) 4)
Where:
o* = Representative point of the stress state
X = tensor force variable of second order associated with kinematic hardening
p = Time derivative of isotropic hardening
T = absolute temperature
-Throughout the flow, the point representative of the stress state must not be able to leave the surface:
. df ., . df df df ., , df
df(G)ZEdO' +$dp+&dx+adp+ﬁdT=0 (5)
The charge / discharge criteria implies that:
- f<O0isequivalent to the elastic behaviour
- f=0and df =0 is equivalent to plastic flow
- f=0and df <0 is equivalent to the elastic discharge

E. Thermal loading at the boundaries of the brick

The thermal loading of the brick took place at the limits (Figure 3a); the calculation being carried out step by step, the
multiplying coefficient of the loading increments is defined by a monotonic curve as a function of the time increments
(Figure 3b). Thus, the thermal loading is defined by equation 6:

T(t) = k(©). Tnax (6)

Where:

T (t) = temperature imposed on the time index t,

k (t) = the multiplication coefficient of displacement at the considered time index

Tmax = the maximum temperature at the end of the simulation.

No mechanical loading is applied to the brick during the simulation.

8T 7
A = H(Th - Tu} ")
Where:

H = Exchange coefficient

Ty, = Temperature at the edge of the brick

T, = Ambient temperature

X = abscissa

S & 2 2 L5
A 7
N Ty
N

0 0.5 1 1.5

A ¢ ¢ A |1, t
(a) (b)

Figure 3: Thermal loading by convection on the edges of the brick: (a) forced convection on the edges, (b) monotonic curve of the
temperature increment coefficient as a function of time
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F. Load displacement imposed at the base of the brick

The mechanical blockages were applied to the geometry of the brick as illustrated on Figure 4. Thus, these relate to the
vertical (Uy) and horizontal (Ux) displacements blocked at the base of the brick, respectively at points P; and P, from
line D;. Moreover, because of the cut due to the symmetry of the geometry and the thermal loading, the horizontal
displacements (Ux) are blocked on the lateral side of the brick (lines Dy).

Ux

YVvvVVYVYY

D, P,

Ux f’ Ux

Figure 4: Mechanical blockages at the base of the brick

G. Numerical calculation procedure in Cast3m

The finite element calculation was performed step by step using the Cast3m finite element code. The parametric studies
were done in two stages. The first consisted, for a fraction of stabilizer added to the earth matrix, in varying the
temperature and analysing its influence on the mechanical behaviour of the stabilized brick (temperature-stress curves,
temperature-strain curves); then in the second step, the influence of variations in the stabilizer fraction on the
thermomechanical behaviour of the brick was considered. The results were extracted at the nodes and elements of the
mesh as illustrated on Figure 5.

Figure 5.
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Figure 5: Location of nodes and elements for the extraction of results and the plotting of curves
I11. RESULTS AND DISCUSSION

A. Influence of temperature on the mechanical behaviour of the brick

To demonstrate the influence of temperature on the mechanical behaviour of the earth brick, the maps on Figure 6
shows the spatial distribution of temperature in the brick at various times of simulation and for a fraction of 0%
stabilizer. In addition, the curves on Figure 7 shows, respectively, the temporal changes in this temperature at two
points of the brick; one in the middle and the other on the edge. These curves are qualitatively in agreement with those
obtained by Meukam [14], who correlated the rise in temperature and the duration of heat diffusion on the face of the
brick.

The maps on Figure 6 shows a temperature gradient that attenuates as you move from the edge of the brick to its
middle. This can be explained by the fact that the edges of the brick are in direct contact with the heat source, and the
convection that generates leads to a thermal equilibrium more quickly reached between the edges of the brick and the
surrounding environment; while the heat conduction to the middle, further from the edge, takes place more slowly. The
curves of the temperature as a function of time on Figure 7 also support this assertion.
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Figure 6: Temperature map at different simulation times for an earth brick with 0% stabilizer
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Figure 7: Temperature evolution as a function of time in the middle (element 2501) and at the right edge (element
2700) for an earth brick with 0% stabilizer.
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The curves on Figure 8 shows the evolution of the voluminal plastic deformation in the brick as a function of the
evolution temperature, for mesh elements located respectively in the middle and on the edge of the brick. An overall
low strain was observed in the brick. However, this low strain was representative on the edge of the brick and inside.
This could be explained by the greater expansion of the particles at the edge due to a higher temperature.
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Plasticstraine
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1E-08

270 320 370 420 470
Temperature (K)

Figure 8: Evolution of the voluminal plastic deformation according to the temperature, in the middle (element 2501)
and at the right edge (element 2700) for an earth brick with 0% stabilizer.

The curves on Figure 9 shows the evolution of voluminal plastic strain in the brick with respect to the evolution of the
vertical stress with regard to the temperature, in the middle (element 2501) and at the right edge (element 2700) for a
clay brick with 0% stabilizer. These curves are qualitatively in agreement with the works of [15, 16, 17] who showed
that the stress in the material increases during firing following its densification, and that of [18, 19] who showed that
the mechanical resistance to bending and compression increases with increased temperature, up to a limit value where
the brick becomes brittle. The observed deviations can be justified by the thermal characteristics of the brick which
remains constant during the simulation, and by the limited values of the temperature during the simulation.
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Figure 9: Evolution of the vertical stress as a function of temperature, in the middle (element 2501) and at the right
edge (element 2700), for an earth brick with 0% stabilizer.
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B. Influence of the variation of stabilizer fraction on the thermomechanical behaviour of earth bricks

The variation in the percentage of stabilizer influenced the Young's modulus of the brick, thus, varying the
thermomechanical response of one stabilized earth brick to another during firing. To demonstrate this influence of the
variation in the percentage of stabilizer on the thermomechanical behaviour of the earth brick, the curves on Figures 10
and 11 shows the changes in plastic deformation as a function of temperature, for various percentages of stabilizer: 0%,
5.56%, 6.25%, 7.14%, 8.33% and 9.17%.
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——C=7.14% —0—-C=8.33%
—=—(C=9.17% —»—C=0.00%

4E-08

3.5E-08

3E-08

2.5E-08

2E-08

1.5E-08

Strain eyy

1E-08
5E-09

0
270 280 290 300 310 320 330 340

Temperature (K)

Figure 10: Evolution of the voluminal plastic deformation with respect to temperature, in the middle (element 2501) for
various percentages of stabilizer.
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Figure 11: Evolution of the voluminal plastic deformation with respect to the temperature, at the right edge (element
2700) for various percentages of stabilizer.

Regardless of the position in the brick, the analysis of the curves on Figures 10 and 11 show deformations which are
greater and faster under the effect of temperature during firing, as the percentage of stabilizer increases. The more the
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clay brick is enriched with stabilizer, the more it is likely to tolerate large deformations during firing. This could be
explained by the higher level of fine particles introduced into the brick, and which would promote greater expansion
(plasticization) thereof.

The curves on Figures 12, 13, and 14 respectively present the evolution of the stresses oy, and oy respectively,
according to the temperature, in the middle and on the edge of the brick and for the same percentages of stabilizer: 0%,
5.56%, 6.25%, 7.14%, 8.33% and 9.17%.
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Figure 12: Evolution of the stress oy, according to the temperature, in the middle (element 2501) for various
percentages of stabilizer
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Figure 13: Evolution of the stress oy, according to the temperature, on the right edge (element 2700) for various
percentages of stabilizer
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Figure 14: Evolution of the stress o, according to the temperature, in the middle (element 2501) for various
percentages of stabilizer

From the analysis of the above curves, it appeared that the stresses, oy, in the middle of the brick remain in small
proportions, and do not reach the plateau. However, these stresses change quickly at the edges, and then stabilizes at a
plateau that increases in size with the addition of stabilizer. In addition, the stresses, oy, in the middle of the brick
evolved until the stress peak, then gradually decreased, tending towards a zero value. These stress peaks, just as in the
case of oy stress levels, increased with increase in the percentage of stabilizer introduced into the brick. These
observations could be explained by the increase in the cohesion of the earth brick with increase in the percentage of
stabilizer, thus making it possible to mobilize greater stress levels and peaks during firing [20].

IV. CONCLUSION

A study was carried out to examine the evolution of thermomechanical properties of a stabilized clay brick subjected to
heat transfer during firing. The numerical resolution was carried out by the finite element method, and the numerical
simulations via the Cast3M calculation code. On the basis of the numerical results, the following observations were
made: the mechanical resistance to bending and compression increased with increase in temperature, up to a limit value
where the brick became brittle; during firing the Young's modulus of the brick, and the thermomechanical response of
the clay brick varied with the stabilizing rate. The more the clay brick was enriched with stabilizer, the more it was
likely to tolerate large deformations during firing. The stresses in the middle of the unstabilized brick remain in small
proportions, and did not reach the plateau. However, these stresses changed quickly at the edges, and then stabilized to
a stage that its magnitude increased with the addition of stabilizer. In addition, the stresses in the middle of the
stabilized bricks evolved up to the stress peak, then gradually decreased, tending towards a zero value. The use of
stabilizers in the manufacture of earth bricks was found to be more effective and can be more sustainable compared to
unstabilized earth bricks.
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