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Abstract

This paper reports the modeling of residual compressive strength of fired clay
bricks submitted to elevated temperature. Five formulations were used and
the explored temperatures were 95°C, 200°C, 550°C, 700°C and 950°C. The
stress—strain relationships and the mechanical properties (including Young’s
modulus and compressive strength) were assessed using a uniaxial compres-
sive strength machine. A proposed model equation was established and found
satisfying. The elastic modulus was evaluated and tested with one existing
model together with two proposed models. The proposed model was both sa-
tisfying and even more precise than the existing one. The overall results show
that the effect of temperature on the mechanical properties of clays can be
accurately described through the definition of thermal damage using elastic
modulus.

Keywords
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1. Introduction

Fire stands as one of the major risks to which buildings are exposed [1]-[7].
Among the building materials existing in the construction sector, concrete is in-
creasingly used due to its service duration which depends on several factors such
as its composition, its properties in particular compressive or splitting tensile
strength and despite of short time of exposure to high temperature consequences

on its performance [8]. Therefore, its fire behaviour and the one of the newly
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developed one is a research field of interest, in which studies have been made on
the residual mechanical properties after exposure to elevated temperatures. This
included compressive strength, splitting tensile strength, stress-strain and elastic
modulus [9]-[24].

Clay bricks, although amongst the oldest material in construction, are widely
spread and still subjected to many research works [25] [26] [27]. The reason for
such interest is due to the low cost and availability of clays that are raw materials
for brick making. In the case of developing countries, the valorization of such
local resources is of interest for the promotion of quality and low cost housing.
In order to have a good mastering of the building survey, assessing their me-
chanical behaviour after exposure to high temperatures remains a challenging
field [28]. In addition, considering the variability of the raw materials used for
brick making, it is also interesting to determine a general feature of the beha-
viour designed for bricks exposed to fire. The behaviour of building structural
members is predictable using the material properties, cross-sectional properties
and loading conditions, using computerized non-linear structural analysis tech-
niques. This indicates that material properties and bricklaying can be also best
described by their stress-strain relationship [25]-[30].

Clay bricks are used to resist compression and the knowledge of their com-
pression behaviour is of interest for quality and safe buildings. To this end, the
stress-strain behaviour of clay bricks is a compelling knowledge. In the litera-
ture, there is a lack of work dealing with the generation of the stress-strain beha-
vior of masonry and its components after exposure to fire compared to other
construction materials [31] [32] [33] [34] [35]. Given the similarity of concretes
with clay bricks, there is a great interest in mastering the life cycle of buildings
involving clay bricks by using stress-strain concrete model structure at ambient
and elevated temperatures with available experimental results [36] [37]. In gen-
eral, many of the reported studies are focused on the residual mechanical prop-
erties of clay bricks after exposure to elevated temperatures. Their description
and modeling seem to attract research interests for a better understanding of
their mechanical properties evolution. Their behavior need to be assessed, stu-
dies dealing with clay bricks are scarcely present in the literature [25] [28] [38]
[39] [40] [41]. Not long ago, efforts were made by scientists to investigate the
firing efficiency of bricklaying. The heat dependency of the appropriate me-
chanic characteristics (elastic modulus, crushing resistance, stress-strain ap-
proach in pressure, apex and final strain) for bricklaying and its constituents,
into and following vulnerability to elevated heat was identified [25]. Heretofore,
it was suggested the characteristic-heat relationships of mechanic deterioration
for bricklaying [42] and its parts following elevated heat exposure through two
temperatures 300°C and 600°C. A particular attention was given on both me-
chanic and thermal performances [28]. Inquiry proceeded on the progress of
themselves geomorphological characteristics (micro level, water porousness,
specific gravity) in line with heat exposition were exploited for a stronger under-

standing of the aforementioned characteristics of the tested material for three
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Table 1. Chemical composition of FO.

warming-cool cycling under ambient temperature to 200°C, 400°C and 600°C.
The present study stands as a contribution to evaluate fired clay bricks me-
chanical evolution upon exposure to high temperature. This information is of
interest to estimate the material durability as exposed to thermal shock. A mod-
eling of the stress-strain behaviour of these materials is proposed and compared

to two reported models from the literature.

2. Materials and Methods

2.1. Experimental Investigation

The chemical and mineralogical compositions of the two clays selected Nsimalen
(F0) and Etoa (F1), two localities around Yaounde (Cameroon), are given in Ta-
ble 1 and Table 2 respectively.

The test briquettes were formulated as typical cubics of 4 x 4 x 4 cm accord-
ing to ASTM Cé67 standard. Five formulations were adopted and are recapitu-
lated in Table 3. The formulations mixing F1 and FO0 are used to improve vitri-
fication during sintering associated to illite content in F1 and to enhance refrac-
toriness through the iron oxide content from F1.

For every formulation and for each temperature, a series of five specimens
were used and the mean value from five tests was considered. Figure 1 summa-
rizes the experimental investigation.

The compressive tests were carried out on a universal testing machine of 2000
kN to ASTM C67-80a standard. The linear modulus of elasticity, the invariable
of Hooke’s law is determined following Equation (1) [39].

Element Sio, AL O,

wt% 61.14 31.09

Chemical composition
Fe,0, TiO, MnO MgO CaO NaO, KO P00, LOI

0.74 1.25 0.01 0.00 0.09 0.00 0.07 0.06 5.36

Table 2. Chemical and mineral compositions of F1 [43].

Element Si0, AlLO, Fe,0,

Chemical composition of clay

TiO, MgO CaO K,0 NaO P,0, Mn0O, BaO ZrO, LOI

wt% 54.9 23.4 4.8 1.9 0.9 0.5 0.5 0.2 0.2 0.1 0.1 0.0 10.5
Mineralogical composition of clay
Element Kaolinite Quartz Geothite Rutile Gibsite Halloysite Feldspar
% (mineral) 47 24.1 5.2 34 3.6 4.0 1.9
Table 3. Formulation of the specimens.
Formulations FoO F1 F2 F3 F4
FO:F1Proportion (w/w%) 100:0 0:100 90:10 80:20 70:30
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[ Firing at 1050°C ]

)

Thermal exposure at Referenced unfired samples
95,200,550, 700 and 950°C

Mechanical testing W
(fired and unfired specimen)J

Figure 1. Experimental plan flow chart.

[ Results analysis ]
f,—f
E=—t— (1)
£y~ &
where:
. fy is the stress at the yield point (MPa);
* &, isstrain at the yield point;
e f, isthe stress at the beginning of the linear zone (MPa);
e ¢, isthe strain at the beginning of the linear zone;
e [Eis the linear modulus of elasticity (MPa).

2.2. Modeling of the Stress-Strain Relationships

To model the stress-strain relationship the Popovics’ model ([36] [44]) and the

generalized logistic equation were considered. Equation (2) is used assuming the

same hypothesis stated by [44]. The relation given in Equation (2) and Equation
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(3) stands for the complete stress-strain relationship:

M) e
f. p-1+(¢/e )ﬂ
1 (2)
ﬂ: f,
l_ C
&'E

for 210 and &<¢g, where:

e [ is a material parameter that depends on the shape of the stress-strain
curve.

o f/ isthe maximum stress.

e &, isthe strain corresponding to the maximum stress f, .

* E
The following parameters f/, & and f or E; can be determined from

is the slope at the origin or initial tangent modulus.

compression tests with controlled strain rate. For design purposes, an ultimate

strain ¢, is specified to limit the degree of failure allowed in the bricks and

fC:g+ﬁ:(H), a,b,c,d,e,geR (3)

The nonlinear adjustment technique is made use for assessing the variables
a,b,c,d,e, g . Excel solver was employed to elaborate these analytical modeling.
An accurate way out was attained using a Newton-Raphson procedure. The cor-
rectness of the utmost suit model in this nonlinear retrogression assay estab-
lished with experimental data relations is in accordance with the coefficient of

determination R

3. Results and Discussions
3.1. Compressive Strength

The bricks heated at the following temperatures 29°C. 95°C. 200°C. 550°C. 700°C
and 950°C were submitted to compressive tests to determine the compressive
strength. A model gives the numerical results of the compressive strength at the

previously mentioned temperatures. These results are illustrated in Figures 2-4.

3.1.1. Comparison of Experimental Results

The formulation FO gives better mechanical performances than the formulation
F1. Meanwhile, we obtain good compressive strengths after the substitution of
the formulation FO for the formulation F4 followed by the formulation F2.

This can be explained by the phase evolution and/or grain cohesion within the
fired bricks. At lower temperature, the organization of moisture water within the
porous matrix of the fired bricks may then increase the strength.

After 200°C, this water is removed and the bonding forces and grain junction
within the ceramics are affected, resulting in a fragile cohesion, which is more
easily reduced. This might lead to the appearance of crack closure regions, par-

ticularly after thermal treatment [41].
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Figure 2. Experimental compressive strength of the various formulations after heating at
different temperatures.
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Figure 3. Numerical compressive strength of the various formulations after heating at
different temperatures.

3.1.2. Comparison between Experimental and Numerical Results

The numerical results are given by Equation (4) obtained using the regression
analysis. It is observed that all the formulations have the same relationships,
suggesting a similarity in behavior likely due to mineral composition and pro-
portion.

To assess the appropriateness of the matching of curves to the data, we used
the coefficient of determination (&). It indicates that the suggested model gives
a good approximation of the data. A comparison with the existing models [25]
[28] [45] mainly the Russo’s model shows many closed results for the different

formulations, indicating that the proposed model is suitable.
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Figure 4. Experimental and numerical compressive strength after heating of the various formulations at different temperatures (a)

F0; (b) F1; (c) F2; (d) F3; (e) F4.

We notice a variation from 0 to 24.19% (12.24 MPa) for the formulations FO
and F1 while the comparison between experimental and numerical results shows
a variation from 0 to 26.75% (15 MPa) for the other formulations.

f/

cT

tanh (—7.32><10‘2T +1.992) _

- : R* =0.95; for FO
~8.62x107°T —0.129
tanh (—7.5><10"2T +1.957)

— ; R* =0.58; for F1
1.93x10°T -0.21
tanh (~7.3x10°T +2.00073)

f/(29°C)

- ; R? =0.910; for F2
—4.424x107°T —0.1094
tanh (—7.34x10-2T +1.984)

— :R? =0.916; for F3
~3.23x10°°T —0.144
tanh (—7.34><10’2T +1.972) _

~ ;R? =0.934; for F4
~9.52x10°T —0.161

(4)
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3.2. Elastic Modulus in Compression

Figures 5-7 give the various results of the Young’ modulus. A model gives the

numerical results.

3.2.1. Comparison of Experimental Results

A rise of the elastic modulus at 95°C, followed by a sudden drop up to 950°C, is
being observed in accordance with the previous observations [46]. It is seen that
after a global increase at 200°C, there is a decrease followed by an increase for all
the formulations at 550°C. The decrease is also observed at 700°C and 950°C
except for F1 at 700°C, F2 and F4 at 950°C. This is probably due to the contrac-
tion of the clay specimens under thermal treatment and decrease in volume at

200°C as water is being removed. The occurrence of thermal stress may lead to

350

262.5
w "
=
= = FO
o
g 175 —
82
8 "F2
w
87.5 F3
II I mF4
0 I
29 95 200 550 700 950

Temperature(°C)

Figure 5. Experimental elastic modulus of the various formulations after heating at dif-
ferent temperatures.
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Figure 6. Numerical elastic modulus of the various formulations after heating at different
temperatures.
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Figure 7. Experimental and numerical Elastic modulus after heating of the various formulations at different temperatures (a) FO;

(b) F1; (c) F2; (d) F3; (e) F4.

the formation of thermal cracks at the boundaries of the grains [19]. Above

200°C there is formation of intra-granular and inter-granular cracks after ther-
mal treatment and brittle failure. That is why from 550°C to 950°C the elastic

modulus decreases. The decrease of the elastic modulus with increasing temper-

ature observed is associated to the damaging scheme of the materials. Increasing

temperature may cause fractures, inducing strain that result in the lowering of

the primary hardness [25].

3.2.2. Comparison of Experimental and Numerical Results

The use of the nonlinear fitting method leads to the relation of the compressive

elastic modulus versus the temperature 7, depicted in Equations (5).
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N

N

—4.709x10°

—6.384x10° (%) +1.3ox102%+4.134; R? =0.7131; for FO
2
-5.373x10° G] +1.504x102T1+ 2.203; R* =0.95; for F1
E 1Y 1
— - —1.373><104(—J +4.273%x10* =+ 2.6109; R* =0.75; for F2 (5)
E.(29°C) T T
7)
T

+1.00001><102%+3.16; R? =0.96; for F3

2
—9.071><103( j +2.806><102T£+2.12; R? =0.924; for F4

=]~

As reported previously, the speculative progression modeling allows a two de-
gree polynomial [28]. A comparative analysis with Russo’s model with the pre-
vious statistics assessment scheme is made. It is observed that the Russo’s model
doesn’t go beyond 600°C and doesn’t match the data closed to that temperature
for all formulations while Equation (5) fit them well suggesting that it is more

adequate.

3.3. Compressive Stress-Strain Curves

In Figures 8-10, the compressive stress-strain curves. The fitted curves and the va-

lidation of the suggested models at different temperatures are given respectively.

25

51 P
008 0 0.02 0.04 0.06 0.08 0.1
(b)
251 +FO
20 1 *F1

Stress (MPa)

0 0.02 0.04 0.06 0.08 0.1 0.12 O 0.02 0.04 0.06 0.08 0.1
(e) ®

Strain

Figure 8. Stress-strain curves after heating of the various formulations at different tem-
peratures (a) 29°C; (b) 95°C; (c) 200°C; (d) 550°C; (e) 700°C; (f) 950°C.

DOI: 10.4236/jmmce.2023.115012 152 J. Minerals and Materials Characterization and Engineering


https://doi.org/10.4236/jmmce.2023.115012

J. C. Bidoung et al.

/  Exp-FO
o —Domingo(1985)_F0
—Proposed model FO

* Exp-F1
Domingo(1985)_F1
. . . Proposed model _F1

0.02 0.04 0.06 0.08 - Exp-F2
(b) ——Domingo(1985)_F2
-=Proposed model_F2

« Exp-F3
—-Domingo(1985) F3
—~Proposed model F3

= Exp-F4
—Domingo(1985) F4
-=-Proposed model_F4

Stress (MPa)

>, ' o = : ,
0 002 0.04 006 008 01 0 0.02 004 0.06 008
© (d)

0 002 004006 008 017 002 0.04 0.06 0.08 0.1
(e)

Strain

Figure 9. Test data and fitted stress-strain diagrams for different clays at different tempera-
ture (a) 29°C; (b) 95°C; (c) 200°C; (d) 550°C; (e) 700°C; (f) 950°C.
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Figure 10. Comparison of the proposed stress-strain curves with other models. (a) 29°C; (b)
95°C; (c) 200°C; (d) 550°C; (e) 700°C; (f) 950°C.
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3.3.1. Comparison of Experimental Results

The stress-strain curves present an S-shaped form. From the various curves

formulations three domains are observable [39]:

e a linear zone which might be caused by the effect of platens and material
plasticity for all temperatures;

o alinear area revealed a rougher and furthermore straight line until the yield-
ing stress following the Hooke law.

¢ a non-rectilinear behavior until the peak and just after it passing from elas-
ticity to plasticity behavior occurs;

Brittleness and ductility can be linked to the density of thermal cracks and the
last one to the closure of open microcracks [47]. As the temperature increases,
the nonlinear deformation is getting more precise because higher temperature
exposure caused the thermal cracks. Then, the elastic deformation is the most
important feature in the linear portion of the stress-strain curves. As the defor-
mation increases, the stress-strain curves live in linear behavior indicating the
yielding of the samples, and then the samples reach the peak strength and enter
the post peak deformation stage. As the temperature increases, the samples fail
more slowly after the peak strength with the deformation increase.

Assuming the following rock characteristics suggested for clay enables us to

explain the failure observed [48]:

natural heterogeneous material;

¢ inequality of strength for various regions;

e initiation of cracks as the applied stress concentration exceeds the strength of
the local material;

e occurrence of local cracking;

e transfer of stress concentration to tip of the crack;

e continuous propagation of failure in the region.

At room temperature, clay is hard but easily broken. We observe at the surface
splitting failure and cracks which cause a representative brittle post-peak defor-
mation. The same remarks are made at 200°C. However, as the samples contain
thermally induced cracks, the fracture development process might affect them
mainly at 700°C - 950°C with small cracks due to smaller thermal damage before
compression. On the other hand, at 950°C, the final failure mode is different
from the previous one, at the previous temperatures. Only shear failure is ob-

served because of the bigger thermal damage before compression.

3.3.2. Comparison of Experimental and Numerical Results

A closed match between the fitted curves and the experimental one is observed.
This observation indicates that Equation (3) is usable to depict the clay brick
compressive stress-strain relationships. It turns out that the modeling of fired
clay brick stress-strain relationship is comparable to concrete behavior [48]. To
validate the suggested models, a comparative analysis is made with cooling and
heating experimental curves at various temperatures, the QifangXie model [8].

The proposed model fits the experimental stress-strain curves well in compari-
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son with the two mentioned models for all formulations. Therefore, only the re-

sults of the formulation FO are presented in Fig. 10.

3.3.3. Characteristic Parameters of the Constitutive Law

Experimental data suggests that the parameter S varies none linearly in accor-
dance with the temperature. Subsequently, the statistical analysis carried out
yields the relations summarized in Table 4 for the various formulations.

Table 4 shows that the parameter g for the various formulations F0, F2, F3
and F4 can be estimated by the same relationship with the following coefficient
of determination R > 0.65 indicating a good dependence between fand 7. It
can also be noticed that, another expression can be used to estimate p for the
formulation F4, although they have the same coefficient of determination (R* =
0.7063). In addition, no relationship was found to estimate the relation between
Pand T for the formulation F1 because R < 0.6. Table 5 gives an approximation
of the parameters a, b, ¢, d, e and g with respect to the temperature for all for-
mulations, with a coefficient of determination R > 0.999, suggesting good

agreement between each parameter and T.

4. Conclusions

The aim of this paper is to study the mechanical behavior of various clay-based
formulations heated from 29°C to 950°C, from an experimental and numerical
point of view. It appears that the substitution of the formulation FO0 leads to good
mechanical properties. This confirms the possibility to use the other formula-
tions observed. The numerical study enables us to notice a maximum difference
up to 26%. This difference is attributed to the brittleness of the clay and thermal
stress occurrence. The suggested compressive stress-strain model fits fired clays
bricks compressive experimental data at elevated temperatures which affect the
shape of the stress-strain curve and its parameters. Proposed models for the

compressive strength and elastic modulus as a function of the heating

Table 4. Expression of parameter {3 for different formulations.

Formulation Model Equation B
T
FO ﬁfz(g“)c) = 0.842¢° ¢050.001247T 0.9562
T
F2 ,B,(i(ggi) =-1.4179e*®"*" c0s0.9637T 0.6853
T
F3 ﬂ’fz(gz:) =-1.0978e""""" c0s0.9637T 0.8302
T
ﬁ€2(9°2:) =1.2511e*"*" ¢0s1.273510°T 0.7063
F4
ﬂ(T) 0.01346T
————=1.2511e" 0.7063
5(290)
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Table 5. Expression of parameters a. b. c. d. e. and g for different formulations.

Formulation Model Equation R

a=—4x10"T°+107T* -9x10°T*+3.6x107°T* —5.684T +286.5
b=-3x10"T°+6x10°T* -6x10°T*+2.22x10°T* -3.512T +175.8
c=-1x10"T®* +3x10°T* - 2x10°T® -0.06T +2.257

FO 0.9999
d=-9x10"T°+2x107"T* +6.8x107°T* —9.107T +389.55

e=2x10""T° -5x10°T* +5x10°T*-107°T? +0.2T +4.519

g=-2x10"T° +4x10°T* -3x10°T°® +1.1x107°T?* —1.48T +33.89

a=-2x10"T° +6x10°T* -5x10°T* +2.0x10°T? -3.341T +179.1
b=-2x10"T° +4x10°T* -3%x10°T* +1.3x107°T* - 2.077T +104.8
c=-1x10"T°+2x10°T* -2x10"°T* -0.044T +0.963

F1 0.9999
d=-8x10"T°-2x107"T* +6.3x107°T* -9.177T +444.1

e=2x10""T* —4x10°T° +2x10°T? -3x107°T +0.136

g=-2x10"T° +6x10°T* -5x10°T* +1.6x10>T* —2.089T +47.55

a=4x10"T*-8x107"T*-0.176T +17.21
b=-2x10"2T°%+6x10°T*-5x10°T%+2x10°T? —0.312T +16.06
c=-9x10™"T*-2x107"T%+0.034T - 0.918

F2 0.9999
d=6x10"°T*-1x10"°T%+9x10°T2 -2.379T +258.1

e=10"T*-4x10°T* -4x10°T? —0.001T +0.096

g=9x10"T* - 2x10°T* +2x10°T* +0.043T —0.641

a=-4x10"T*+9x10°T* -8x10°T* +3x107°T? -0.462T +25.16
b=-2x10"T%+5x10°T* —4x10°T3 +10°T% - 0.254T +12.72

c=2x10"?T® —4x10°T* +3x10°T% -10°T? - 0.124T —2.788

F3 0.9999
d=-4x10"T*+8x10°T*+4x10°T? +0.69T +128.8
e=—6x10"T°+10™°T*-107T*+3x10°T? -0.003T +0.151

g=-2x10""T* +3x107T* +0.0288T +0.893

a=-2x10""T° +5x10°T* —5x10°T* +1.7x107°T* —2.794T +142.0
b=-9%x10"T°-2x10°T* -2x10°T® +7x10°T* -1.239T +62.54

C=7x10"°T° -2x10°T* +10°T* +0.039T +1.569 0.9999
d=-3x10"T®* +5x10°T* -2x10°T® - 2x10°T? ~0.066T +151.6
e=-5x10"T>+10"°T* -9x10°T* +3x10°T* +0.003T +0.116

g=-2x10""T° +4x10°T* -3x10°T*-0.078T +1.641

F4

satisfactorily correlated with the experimental data collected between 29°C and
950°C.

Further investigations to functionally tie the constitutive behavior to the in-
trinsic constitution are expected by using of the machine learning or similar

methods.
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Nomenclature
fy = Stress at the yield point (MPa).
&, = Strain at the yield point.
f, = Stress at the beginning of the linear zone (MPa).
& = Strain at the beginning of the linear zone.
E = Linear modulus of elasticity (MPa).

£ = Material parameter that depends on the shape of the stress-strain curve.

!

~ o

&

E.
f

c

it

= Maximum stress.
= Strain corresponding to the maximum stress f.
= Slope at the origin or initial tangent modulus.

= The maximum stress.

a = Material parameter that depends on the shape of the stress-strain curve.

b = Material parameter that depends on the shape of the stress-strain curve.

¢ = Material parameter that depends on the shape of the stress-strain curve.

d:

Material parameter that depends on the shape of the stress-strain curve.

e = Material parameter that depends on the shape of the stress-strain curve.

g = Material parameter that depends on the shape of the stress-strain curve.

£ = Material parameter that depends on the shape of the stress-strain curve.

&y

T:

= The maximum stress.

Temperature T.

E.; = Compression modulus at temperature T.

fe; = The maximum stress at temperature T.
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