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ABSTRACT

The main objective of this study is to characterize a material, non-autoclaved aerated concrete, referred to
as "foamed concrete”, newly produced in Burkina Faso. This study made it possible to determine some
thermo-physical, mechanical and hygro-thermal properties of foamed concrete. The material was obtained
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by making a mixture of cement, sand, water and a foaming agent.The tests were carried out with five types

of samples having densities between 600 and 930 kg/m3 and a water content ranging from 22 to 35%. The
experimental results obtained show that the studied foamed concrete has a thermal conductivity ranging
from 0.05 to 0.2 W/m.K and compressive strength is between 1.2 to 3.4 MPa. The dynamic Young's modulus
is between 1.18and 3.1 GPa and the porosity is varying from 55.60 to 72.36%. Analysis of the results show
that the incorporation of the foam in the mortar made it possible to have a more insulating material and

acceptable mechanical properties for sustainable construction.
© 2021 JMSSE - INSCIENCEIN. All rights reserved

Introduction

In the construction of cement masonry buildings, the
weight of the concrete is a very large proportion of the total
load on the structure. This leads to large parts of
infrastructure and very heavy loads to be transmitted to
the supporting soils. In addition, being one of the most used
materials in construction because of its mechanical
properties, it has poor thermal properties. In Burkina Faso,
the construction of building envelopes (with cement block)
is gaining in importance because of its high mechanical
resistance. Modern constructions incorporating concrete as
building materials with high energy consumption are very
widespread. This leads users to use other very expensive
devices (fans, air conditioning, etc.) to achieve thermal
comfort. Given the limited load-bearing capacities of the
soil and to have medium-sized structures and moderate
loads on the ground, it is necessary to use suitable
materials, in particular lighter and insulating concrete such
as foamed concrete (FC).

Foamed concrete is a lightweight material that is easy to
handle when constructing buildings unlike heavy concrete.
Its construction is fast, solid, stable and resists over time. It
is easy to use, durable and "weighs less" on the
environment. The quality of foamed concrete depends on
many factors such as the choice of the foaming agent, the
foam production method, the material production method,
the type of mixer, the mixing time and the mixing
consistency [1-8]. A wide range of density (300-1600
kg/m3) can be obtained and used for various applications.
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The material is used for non-structural applications such as
thermal insulation screeds, thermal and sound insulation of
roofs and ceilings, filling of voids (insulation in hollow
blocks or in any other empty space when the important
insulating properties are expected), roof insulation, with a
density between 200 and 500 kg/m3, partition walls, and
non-load bearing masonry blocks, thermal and sound
insulation of multi-level residential building screeds for a
mass density between 600 and 1000 kg/m3, load-bearing
panels for a density between 1200 and 1800 kg/m3[4, 9-
10].

The main idea of this study is to study the properties of
foamed concrete with a density of less than 1000 kg/m3 to
obtain an optimized material. The material chosen must
have at the same time a low density, good hydro-thermal
properties, and an acceptable mechanical resistance to
obtain an insulating and durable building.

Experimental

Raw materials

Foamed concrete is made up of cement, sand, foam and
water. In this study, Portland cement (CEM II / A-M 42.5 R)
from CIMFASO was used for the mixture. The aggregate
used is natural siliceous sand from a sand pit in Manga with
the following geographical coordinates: 11 ° 39'48 North
latitude and -1 ° 4'23 West longitude. The foaming agent
used is synthetic with a density of 30g / 1. It was supplied
by the company ISOLTECH in France.
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Formulation

This formulation consists in designing different samples for
physical, mechanical and thermal tests. The Table 1 shows
the formulation of the different samples tested.

Tablel : Formulation of the tested materials

Density (kg/m3) 600 650 730 830 930

Composition o
foamed concrete

c/C 1 1 1 1 1

S/C 0.4 0.4 0.4 0.4 0.4
wy/C 0.6 0.6 0.6 0.6 0.6
F/C 0.048 0.0432 0.036 0.03 0.024

C / C: Cement to cement mass ratio,
S / C: Sand to cement mass ratio

W / C: Water to cement mass ratio,
F / C: Foam to cement mass ratio.

We varied the amount of the foam from 1.2 to 2.4% by
mass in the mixture.

Physico-mechanical and thermal characterization of
foamed concrete specimens

Total porosity

We used the air pycnometer method for specific density
measurement after grinding the samples making them into
powder form. The materials (samples) tested are crushed,
ground, measured and put into the air pycnometer. The
total porosity is the ratio between the difference in the
specific density of the material and the bulk density by the
specific density:

n(%) = [(¥s —va)/¥s] * 100 (1

Where n (%) is the porosity in percentage, y; the specific
density of the material andy, the bulk density of the
material.

Mechanical tests

Figure 1 shows us the experimental device for testing
compression, compressive strength (NF EN 13791) and
Young's dynamic modulus (non-destructive test)

Two piezometric transducers
(transmitter and receiver) ol ,
Figure 1: Material propagation wave speed measuring
device (Pundit Lab Plus)

The compressive strength is determined on cubic
specimens of dimension 10 x 10 X 10 cm® using a
hydraulic press.To perform the compression test, a
computer-controlled static multi-test hydraulic press is
used to crush the specimens of foamed concrete blocks

after curing for 28 days.It has a maximum capacity of 300
kN in compression and a loading rate of 0.5 kN /s and a
speed of 0.02 mm /s. The value of the compression is
obtained by making the ratio of the maximum force on the
surface of the section of the test piece. The compressive
strength (R expressed in MPa) is given by the following
relation:

R.=F/S (2)

With F the maximum value of the applied force (N) and S
the area of the section of the test piece in (mm?2).

We performed Young Dynamic's modulus tests on
rectangular specimens 20 cm long, 10 cm wide and 12.5 cm
high. The device used for the measurement of the
ultrasound speed is the PUNDIT Lab Plus (Portable
Ultrasonic Non-Destructive Digital Indicating Tester) of
FIG. 1. The dynamic Young's modulus of the various
samples was determined using the method of Ultrasonic
velocity based on the transmission of an ultrasonic wave in
the samples (compacted granular medium) according to
standard EN 12504-4.The measured speed is used in the
calculation with a Poisson's ratio v = (0.2),[9]according to
equation 3. Thus, the dynamic strain modulus Ep is given
by the following relation:

Ep=VZxpx(1+v)(1-2v)/1—v) 3)

Where E}, is the Dynamic Young's modulus (GPa), V is the
wave propagation speed in (m /s), p is the bulk density of
the test piece (kg/m3) and v is the Poisson's ratio.

Thermal tests

The thermal characterization of foamed concrete
specimens consists in determining the parameters of
thermal conductivity, thermal diffusivity and thermal
effusivity. The device used to do this is that of
DesProTherm  commonly used on  construction
materials[11].

Insulating foams povwer supply box

electronic module

Dimension samples (6 * 4 * 3 cm?)
for the measurement of thermal

. Dimension samples (6 * 4 * | cm?)

o for heat capacitv measurement

Figure 2: Experimental setup of an asymmetric hot plane
(DesProTherm)

The thermal properties were determined by the
asymmetric hot plane method used in the DesProTherm
device (thermal properties estimator) according to figure
2. The thermal effusivity (E) was measured on samples of
size (6 x 4 x 3 cm3). These dimensions made it possible to
completely cover the measuring cell and prevent the flow
of heat from passing through the sample to be tested. In
addition, specific heat capacity (Cp) measurements were
performed on samples (6 x 4 x 1 cm3), where the heat flow
passes through the thickness of the material. Once these
two parameters are obtained, thermal conductivity and
thermal diffusivity are determined using equations 4 and 5,
respectively. If the thermal effusivity (E) and the thermal
capacity (Cp) of the material are known, the thermal
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conductivity and thermal diffusivity are deduced from the
relationship expressed respectively by the following
equations (4) and (5):

A=E?/(p*Cp) (4)
a=24/(p*Cp) (5)

Where a is the thermal diffusivity (in m2/s), A the thermal
conductivity of the material (in W m-1 K1), p the density of
the material (in Kg m3),Cpthe specific heat capacity of the
material (in ] Kg1 K1), E thermal effusivity (in (J K1m=2S-
1/2),

Water content

The material is first oven dried at 40 °C until a mass change
of less than 0.1% is achieved. It is then immersed in water
until it has a constant mass before carrying out the tests. It
is left in water until it reaches its maximum value
corresponding to a state of saturation. The air contained in
the foamed concrete is replaced by water.

w = [(my, — my)/m] * 100 (6)

Where w is the water content (%), m,, the mass of the wet
sample (in g)m; the mass of the dried sample (in g).

Results and Discussion

Characteristics of the aggregate

The particle size analysis carried out on the sand made it
possible to determine the different sizes and the
percentage of grains. The percentages obtained are used in
the form of a graph (particle size analysis curve).The
results obtained by the sieving of the aggregates are
represented in the form of a plot on a particle size diagram
comprising on the abscissa the dimensions (diameter) of
the sieves in (mm) and on the ordinate the cumulative
percentages of rejects or sieves .Figure 3 shows the results
of the particle size analysis of the sand used.

Particle size curve
Fine ‘
and

| Pebbles | Gravel ‘Cazrse sand silt ‘ Clay

; N
2% \\
%

Percentage of cumulative sieves

1000 100 10 1 0.1 0.01 0.001 0,0001

Sieve opening in mm

Figure 3: Particle size curve of the sand used

The fineness modulus is an important characteristic
especially with regard to sands. Good concrete sand has a
fineness modulus between 2.2 and 2.8. The sand used has a
fineness modulus of 2.7.The sand used has a fineness
modulus of between 2.2 and 2.8.Therefore, the type of sand
used is preferred with satisfactory workability and good
resistance with limited risks of segregation. The sand has a
granulometry of which the fine elements are neither in
excess nor in very small proportion. If the grains of sand
are too large, the plasticity of the mixture is insufficient and
makes placement difficult.

Physical and mechanical properties of foamed concrete
blocks

The different values of density, porosity, compressive
strength, wave speed passing through the material and
Young's dynamic modulus are shown in Table 2,
respectively.

Table 2: Some values of the physical and mechanical properties of
foamed concrete

Samples FC1 FC2 FC3 FC4 FC5
Density (kg/m3) 600 650 730 830 930
Porosity (%) 72.36 69.79 65.79 60.58 55.60
Compressive

strength (MPa) 1.2 1,6 2.2 2.8 3.4
Wave speed (m/s) 1477.5 1556.5 1666 1776.5 1923
Young dynamic 118 14 182 24 3.1

modulus (GPa)

Porosity

We could not experimentally determine the porosity
accessible to water or open porosity and the closed
porosity because the densities of the materials used are
low. During the experiment, all of the samples were floating
in water. This is due to the fact that the samples tested all
have densities of less than 1000 kg/m3.This observation
was also made by N. Vinith Kumar, 2018 [13] et J. Astrand
et al[3].Foamed concretes absorb a lot of water due to their
high porosity. However, they have the ability to very
quickly lose this water again, which gives them properties
of hygrometric regulator. Thus, we have instead
determined the total porosity using the pycnometer which
measures the specific density of the samples.

Figure 4 gives the average values of total porosities of the
different samples. A comparison of the measured values
was made with those obtained by M. A. 0. Mydin, 2010 [14]
and She Wei and al, 2013 [15].

Comparison of total porosity
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Figure 4: Evolution of the total porosity measured and that of the
literature compared as a function of the density of the different
samples
The results show that the total porosity of the foamed
concrete which varies from 72.36% to 55.60% gradually
decreases with the density. The addition of the foam
increases the number of pores (open and closed pores) in
the material, which results in high porosity of the bricks
and results in easier water infiltration.We notice that the
results obtained almost equal to those found by M. A. O.
Mydin and She Wei and al. The porosity of foamed concrete

can reach 80% to 85% of the volume percentage[16-17].
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Figure 5: Evolution of the compressive strength as a function of
the density of the foamed concrete

The compression tests were carried out at 28 curing days
after making the bricks. The resistance values vary from
1.2 to 3.4 MPa. When the foam is added to the mortar
(sand, water and cement), the number of pores in the
mixture increases as the volume increases. The values of
compressive strengths are proportional to the density of
the concrete.

Specimens from foamed concrete with densities of 600 and
650 kg/m3have strength of 1.2 and 1.6 MPa. They can be
used for filling voids in construction and for thermal
insulation of roofs and ceilings. The density of 730
kg/m3with strength of 2.2 MPa can be used for partitioning
walls. The densities of 830 and 930 kg/m3have strengths of
2.8 and 3.4 MPa and can be used for the construction of
load-bearing walls. According to the standards, the
resistance of the materials recommended for the
construction of buildings is about 2.5 MPa regardless of the
type of habitat.

Foamed concrete being a lightweight material has a
compressive strength of about 1 to 60 MPa for a density of
300 kg/m3 to 1600 kg/m3 [18]. N. Vinite Kumar and al,
2018[13]found that the dry density of foamed concretes
varies from 860 kg/m3 to 1245 kg/m3and the compressive
strength varies respectively from 2.5 to 6.5 MPa. Ben
Youssef and al, 2017[9]made a study on the mechanical
characterization of foamed concrete with five densities
between 600 and 1400 kg/m3. They found that the
compressive strength of foamed concrete increases slightly
between 0.65 and 4.6 Mpa when the density of the concrete
is between 600 and 1300 kg/m3. But it increases much
more rapidly for densities between 1300 and 1600 kg/m3
(thus Rc jumps from 4.6 to 12 MPa). Experimental results
confirmed that the mechanical properties of foamed
concrete decreased with increasing macro porosity.

A. Just and B. Middendorf, 2009 [19]show that the
compressive strength is proportional to the density. For a
density of 700 kg/m3, the increase in compressive strength

Adelaide Lareba OUEDRAOGO et al./ Thermo-Physical, Mechanical and Hygro-Thermal Properties of Newly Produced Aerated Concrete

is 17%, and when the density raises to 1100 kg/m3, the
compressive strength increases by 20%.The smaller the
diameter of the pores, the more regularly they form. For
densities of 350 to 1600 kg/m3, a compressive strength is
noted ranging from 0.2 to 18 MPa [8].

Evaluation of the stiffness of the material

Ultrasonic wave propagation speed and Young's dynamic
modulus

1900 - —&— Young dynamic modulus. /’
900 —B— Speed /
1850 | -

Y] I =

Young dynamic modulus (GPa)

1450 L L L L L L 1
600 650 700 750 800 850 900 950

Density (kgfm3 )
Figure 6: Evolution of the speed and Young's dynamic modulus as
a function of the density of the foamed concrete

It was noticed that a gradual increase in speed as the
density increases. The studied densities range from 600 to
930 kg/m3and correspond respectively to speeds ranging
from 1477.5 to 1923 m/s. Ultrasonic waves pass through
the material with the lowest density (contains enough
pores) at a low speed. This is explained by the presence of
the pores incorporated into the material. Then, the speed
increases as the density of the foamed concrete increases.
Thus, the speed of the ultrasonic waves of a material varies
depending on the pores contained in the material.

The experimental results obtained are based on the
average values of the test series performed for each
density. The dynamic Young's modulus increases with
increasing density. The densities of 600 to 930
kg/m3studied respectively have dynamic Young's modulus
values of 1.18 to 3.1 GPa. The reduction in density also
reduces the stiffness of the material. Ben Youssef et al,
2017[9]found that the Young's modulus varies between an
average value of 1.2 GPa to 13 GPa for respective densities
of 690 and 1490 kg/m3. They also used a Poisson's ratio
equal to 0.2 which is an average value, often used for
concrete and cement materials. Thus, we can say that the
results obtained are satisfactory for the material studied.

Thermal properties

The different values of thermal conductivity, thermal
diffusivity, thermal effusivity and specific heat capacity are
shown in Table 3, respectively.

Table3: Some values of the thermal properties of foamed concrete

Samples FC-650 FC-730 FC-830 FC-930
Thermal conductivity (W/m.K) 0.05 0.09 0.16 0.2
Thermal diffusivity(m2/s) 0.253 10-7 0.5410-7 1.16 10-7 1.2310-7
Thermal effusivity (J/m2Ks1/2) 291 387 455.75 579.75
Mass heat capacity (Cp en J/kgK) 2819.46 2289.31 1619.38 1780.09

JMSSE Vol. 8 (2), 2021, pp 1021-1028

Contents lists available at http://www.jmsse.in/ & http://www.jmsse.org/

©2021 INSCIENCEIN. All rights reserved @iﬂ



Adelaide Lareba OUEDRAOGO et al./ Thermo-Physical, Mechanical and Hygro-Thermal Properties of Newly Produced Aerated Concrete

1025

Table 4 : Values of some thermo-physical and mechanical properties of foamed concrete studied with other local materials.

Matérials Thermal Compressive Young Density
conductivity strength(MPa)  dynamic (kg/m3)
(W/m.K) modulus
(GPa)
Author FC-930 0.2 3.4 3.1 930
She Wei and al [15] FC-1700 0.423 1700
FC-1900 0.5 1900
Cheick Soréand al [11] CEB 0.6 1.36 29 1700
Philbert Nshimiyimana and al[20] CEB 1.02 1.1 1801
E. OQuédraogo and al [21] Adobe 0.556 2.399 2.548 1835.45
M. G. Cuitino-Rosales and al [22] 0.46 1200
0.95 1700
C. Babéand al [23] Adobe 0.96 1700
K. Dao and al [24] 1.1 2.63 1780
M. B. Mansour and al[25] 0.618 0.5 1610
0.750 1.1 1715
CEB 0.997 2.15 1887
1.092 2.58 1964
1.469 3.35 2106
Elena Olacia and al[26] Adobe 0.82 1.676 1952

Thermal conductivity

Figure 7 gives the average values of thermal conductivity of
the different samples. A comparison of the measured
values was made with those obtained by Johnny A strand,
1994(3] and She Wei and al, 2013 [15].

Figure 7 shows the evolution of thermal conductivity as a
function of density. The results show that thermal
conductivity increases as the density of the samples
increases. The density which varies from 650 to 930 kg/m3
has a thermal conductivity which corresponds respectively.

0.3 T T T T T T T T T
—¥— Measured
—&— She Wei and al [15]
—8—Johnny Astrand and al [3]
. 0.25 1
<
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!
&
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E
i}
£
=
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0.05 L L L L L L L L
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Density(kg.fma)
Figure 7: Evolution of thermal conductivity measured as a

function of density

to 0.05 to 0.2 W/m.K. Thermal conductivity increases in
proportion to density. We notice that the thermal
conductivity of the three curves increases progressively as
a function of the density. The results found by She Wei and
al and Johnny Astrand and al are higher than those found
by our measurements. This is certainly due to the quality of
the different components used, the formulation and the
way they are mixed. These results show that the thermal
conductivities found in this paper are lower than most of
the literature data. It depends on the nature of the
components used.

Thermal diffusivity and thermal effusivity m?/s
It was found that diffusivity and thermal effusivity change
proportionally to density. The thermal diffusivity ranging

from (0.25 x107to 1.23 x107m?2/s) and the thermal
effusivity from 291 to 579.75 ]/ m?.K.s1/2 correspond to the
density of 650 to 930 kg/m3. This gradual increase is due to
the increase in the amount of foam incorporated into the
mixture. Thermal diffusivity describes how quickly heat
moves through a material, and thermal effusivity describes
how quickly a material absorbs heat. Foamed concrete
being a light material absorbs less heat and it takes longer
to pass through it.
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Figure 8: Evolution of thermal diffusivity as a function of the
density of foamed concrete
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Water content of foam concrete

The curves below show the evolution of thermal
conductivity, thermal effusivity and thermal diffusivity as a
function of the water content.

Effect of water content on thermal properties

Figures 9, 10 and 11 show the evolution of thermal
conductivity, thermal effusivity and thermal diffusivity as a
function of the water content. The results obtained show
that increasing the water content promotes an increase in
thermal conductivity, thermal effusivity and thermal
diffusivity of foamed concrete. This increase in the values
of these various parameters as a function of the humidity
level is due to the fact that the air from the pores contained
in the material is gradually replaced by water, which has a
higher thermal conductivity.

A y=0,0177x+0,1463
- i R =0,9686 ®

Thermal conductivity (W/m.K)

5 30 35 40
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Figure 9: Thermal conductivity as a function of water content
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Figure 11: Thermal effusivity as a function of water content

We notice that the curves have more or less the same pace.
For a density ranging from 650 to 930 kg/m3, we have the
maximum thermal conductivity which varies respectively
from 0.47 to 0.69 W / m.K with a water content of 35 to
22%. The same is true for thermal effusivity which starts
from 316 to 1169]/m2KS/2.For a density ranging from 650
to 930 kg/m3, we have the maximum thermal diffusivity of
the samples which varies respectively from 0.249 to
0.121m2/s. P. Nshimiyimana and al, 2020 [20] did similar
work on the compressed earth block (CEB). They also
observed an increase in the values of the physicochemical
parameters, due to the presence of water in the materials.

Comparison of properties

Figure 12 shows an evolution of the thermal conductivity
curve as a function of the density of foamed concrete, CEB
and adobe. We notice that the thermal conductivity of
foamed concrete 0.2 W / m.K is lower than that of other
materials (CEB, and adobe). She Wei and al, 2013[15]
found thermal conductivity values of 0.423 W/m.K and 0.5
W/mK with densities of 1700 and 1900 kg/m3,
respectively. The thermal conductivity values of foamed
concrete are lower than those of the compared materials.
M. 0. BOFFOUE and al, 2015 [24] worked on the influence
of the cement content of the thermo mechanical properties
of compressed and stabilized clay blocks. They found a
thermal conductivity of 0.91 W/mK for CEB without
mixing with the cement. We notice that for a given density,
the authors announce different values of thermal
conductivity. This is due to variations in the physico-
chemical properties of the material sampled.
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Adobe-1200 [22)
immwnn 22}
12} Adobe-1700 (23]
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04t v

a - L

VZBDD i 1000 1200 1400 1600 1800 2000 2200
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Figure 12: Comparison of thermal conductivity of foamed
concrete, CEB and adobe as a function of density

Figure 13 also show a change in the curve of compressive
strength as a function of the density of foamed concrete,
CEB and adobe. We notice that the value of the compressive
strength (3.4 MPa) of foamed concrete is higher than those
of CEB and adobe without adding d 'other components.
Foamed concrete also exhibits acceptable mechanical
properties for the construction of buildings. The average
compressive strength of an earth brick can vary from 2 to 4
MPa[27-28]. We notice that the foamed concrete presents
values lower than those of the compared materials for the
thermal conductivity and higher for those of the
mechanical properties.
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Figure 13: Some values of the compressive strength of foamed
concrete, CEB and adobe as a function of density

Foamed concrete, being a light material, has poorer
mechanical properties than that of conventional concrete.
On the other hand, this material has very good thermal
properties for building constructions. With ordinary
concrete being used much more in Africa, foamed concrete
is still a less used material. The use of this material will be
very useful in bioclimatic constructions in hot and dry
climates like Burkina Faso. This will reduce the energy bill
for achieving thermal comfort.

Conclusions

This work presents the results of a series of experimental
studies carried out to obtain thermal, mechanical and
physical properties of foamed concrete. Mechanical
properties such as compressive strength and dynamic
Young's modulus lead to higher values than local materials,
such as pure BTC and adobe. Thermal properties such as
conductivity, diffusivity and effusivity are parameters
whose values remain low regardless of the increase in
density of the material, thus showing exceptional insulating
properties. Regarding the variation in the hygrothermal
properties of the material, there is an increase in
conductivity, diffusivity and effusivity depending on the
density of the material and its water content. Thus, the
foamed concrete of 930 kg/m3has both mechanical and
physical characteristics acceptable for certain civil
engineering works and good thermal properties. The
results obtained are comparable to those in the literature.
It emerges from this study that foamed concrete has less
advantageous mechanical properties than conventional
concrete, but on the other hand, has very good thermal
properties, hence a good insulating material in the
construction of buildings.
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