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Abstract: The aim of this study was to measure the thermophysical properties (thermal conductivity,
volumetric thermal capacity, thermal diffusivity, and thermal effusivity) of red earth stabilized with
cement and substituted with waste glass powder. Several samples (red earth) were stabilized with
6% and 12% cement and incorporated with different percentages of waste glass powder, which
varied from 10% to 30%. The bulk density of the 12 samples was measured in the dry state and
at room temperature. All samples were analyzed by a scanning electron microscope (SEM). The
thermal conductivity and specific heat of the composite materials were measured experimentally
with a thermal conductivity device (CT meter) in the dry state and at ambient temperature. The
experimental results showed a decrease in the thermophysical parameters of stabilized red earth
containing 12% cement and substituted by 30% glass powder. The following results were obtained:
53.97% for thermal conductivity, 45.42% for volumetric specific heat, 15.66% for thermal diffusivity,
and 49.88% for thermal effusivity. The bulk density of the red earth also decreased by 13.66% in the
dry state at ambient temperature. Stabilization with 6% and 12% cement played an important role in
the compactness of the material and, consequently, improved its thermophysical performance. The
composition of this new ternary material significantly affected the thermophysical properties of the
red earth.

Keywords: soda-lime waste glass; composite material; thermophysical properties; cement stabilized
blocks; red earth

1. Introduction

The acceleration of human activity for many years has had an impact on the natural
environment. The energy consumption curve continues to increase. However, the reduction
in flue gas, soot, and dust by energy conservation contributes directly to the protection of
the environment. In the building sector, a solution is to increase the use of local materials
and industrial waste in order to decrease the use of energy-intensive materials such as steel,
concrete, and cement [1-5].

The use of locally sourced building materials has environmental and ecological benefits.
Red earth in its natural state can be useful in many building materials without energy
expenditure compared to concrete, steel, or cement [6]. Some properties of earth bricks (low
density, low thermal conductivity) justify their use for improving thermal insulation [7-9].
The red earth from the local region of Rabat-Sale is the subject of this work.

The recycling of glass waste in construction materials has also been developed by
several researchers [10-15]. The chemical composition of glass plays a very important role
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in the development of the pozzolanic reaction and the reduction in the rate of alkali-silica
reactions, which subsequently influences the physical and mechanical properties of materi-
als based on waste glass [16]. A high content of glass modifiers (K, Na, Pb), in addition to a
low amount of glass formers and stabilizers, favors the ASR reaction [16]. In this study, the
ASR reaction was controlled only by choosing a type of glass with a high content of glass
formers compared to glass modifiers, as well as by a substitution of glass powder limited
to 30%. The ASR rate was proven to be faster with K than with Na [17]. The chemical
composition of soda-lime glass satisfies the requirements to be used as a supplementary
cementitious material due to its high content of glass formers and low content of glass
modifiers.

In the literature, the manufacture of cement-stabilized compressed clay-based red
earth blocks is beginning to emerge in research [18-20]. However, few studies are focused
on the incorporation of glass powder in this composite material. The method of mixing and
stabilization is one of the techniques studied for the production of building materials based
on clay [21]. The mixing and stabilization method is based on the partial replacement of
red earth with some wastes or byproducts and the addition of cementing materials such
as cement. The purpose of this work was to study the thermal performance of cement-
stabilized clay blocks as a function of the addition of glass powder. The water content
of clay blocks mainly influences its density and thermal conductivity. The stabilization
of clay blocks by cement must take into account the fact that cement needs water to set
and act as a stabilizer; it also improves the resistance to compression and the resistance
of the brick angles to abrasion and impact. According to the literature, the minimum
percentage of stabilizing cement is 3% to 4% of the weight of the red earth used; however,
for constructions that must resist rainwater, the percentage of cement should be increased
to 10% [22].

The objective of this work was to conduct an experimental study on the variation of
the thermophysical properties (thermal conductivity, thermal diffusivity, and specific heat)
of cement-stabilized blocks (from 0% to 12%). A study of the variation of these different
parameters according to the substitution of glass powder (from 0% to 30%) was also
carried out. Microscopic characterizations using X-ray diffraction and scanning electron
microscopy were performed to interpret the experimental results.

2. Materials and Methods
2.1. Materials

The soda-lime glass bottles were collected from municipal landfills. They were washed,
crushed manually, and finely ground using a Funnel P-1 V2A (Idar-Oberstein, Germany)
mechanical grinder until the desired powder was obtained. The particle size distribution is
shown in Figure 1. The glass powder was ground until the resulting powder could pass
through a 1 mm sieve mesh.

The Portland cement used was CPJ- CEM 1I 32,5 (LAFARGE, Paris, France) according
to EN 197-1 [1]. This type of cement is often suitable for reinforced concrete, as well as for
massive structures that require a moderate elevation of temperature. The cement presents
a particle size of 100 pm.

The red earth from the Rabat-Sale region was manually sieved and dried in an oven at
105 °C for 24 h. The particle size distribution of the red earth is also shown in Figure 1. All
the materials were dried in an oven to reach a moisture content of 0% before the preparation
of the samples.

Table 1 presents the chemical compositions of the different dry materials. The soda-
lime glass powder contained a large atomic percentage of oxygen and silicon, as well as a
small atomic percentage of glass modifiers (K, Na, Pb). The red earth sample contained an
atomic percentage of silicon and aluminum, as well as a small atomic amount of titanium
and magnesium. The cement was characterized by a strong dominance of calcium, since
it is the main component of the limestone that represents 80% of the raw material in the
manufacture of Portland cement. The cement also contained a low composition of silicon,
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aluminum, and sodium. These results were confirmed by XRD analysis of the different
materials. Figure 2a shows that the main constituent of the red earth is quartz. Muscovite
is also a mineral of the silicate group. XRD analysis of the glass powder shown in Figure 2b
confirms the amorphous structure of the material. No crystalline peaks are clear. The XRD
data of Portland cement shown in Figure 2c clearly indicate the presence of mainly alites
and secondly belites, as well as less intense peaks representing aluminate and ferrite.

Particle size distribution of glass powder and red earth

Glass powder
Red earth
Figure 1. Particle size distribution of glass powder and red earth.
Table 1. Chemical composition of glass powder, cement and red earth.
Element (at.%) Glass Powder Cement Red Earth
(@) 42.77 44.49 48.62
Na 10.75 0.23 3.28
Mg 0.21 0.57 0.48
C - 12.10 8.13
Al 0.8 1.92 11.15
Si 38.45 6.48 18.93
Ca 6.83 31.32 0.56
K 0.13 1.04 1.19
Ti - 0.13 0.62
Fe 0.07 1.72 7.04
Total 100 100 100

2.2. Sample Preparation

The control sample was composed of only red earth and water. Another set of samples
was composed of red earth, cement, and glass powder. The glass powder was used as
substitute of the red earth in percentages of 10%, 20%, and 30%. Red earth was replaced
by 6% and 12% cement (Figure 3). The solid raw materials (cement, red earth, glass
powder) were first mixed until homogenization, and then potable water was added. The
water/binder ratio was 0.3 for all mixtures. After mixing, the samples were compacted on
a vibrating table and then prepared in containers of 40 mm x 70 mm x 90 mm. The surface
of the samples was covered with polyethylene to prevent moisture loss. All specimens
were stored at 20 °C and RH 65%. The specimens were demolded after 48 h, and then
cured under optimal conditions (20 °C and RH 65%) for 28 days. Table 2 summarizes the
preparation of all samples. The thermal properties of the samples were measured in the
dry state at 20 °C.
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Figure 2. X-ray diffraction patterns of (a) red earth powder, (b) glass powder, and (c) cement.
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Figure 3. Samples of red earth blocks stabilized with cement and glass powder: (a) control
sample (RSB); (b) 0% GP + 6% cement; (c) 0% GP + 12% cement; (d) 10% GP + 0% cement;
(e) 10% GP + 6% cement; (f) 10% GP + 12% cement; (g) 20% GP + 0% cement; (h) 20% GP
+ 6% cement; (i) 20% GP + 12% cement; (j) 30% GP + 0% cement; (k) 30% GP + 6% cement;
(1) 30% GP + 12% cement.

Table 2. Sampling of ternary composite materials.

Code Red Earth (g) Water/Binder Ratio Cement (g) Glass Powder (g)
Control sample (red

earth brick (RSB)) 1000 0.3 0 0
0% cement RSB + 10%GP 900 0.3 0 100
RSB + 20% GP 800 0.3 0 200
RSB + 30%GP 700 0.3 0 300

RSB 6 940 0.3 60 0
o RSB 6 + 10% GP 840 0.3 60 100
6% cement RSB 6 + 20% GP 740 03 60 200
RSB 6 + 30% GP 640 0.3 60 300

RSB 12 900 0.3 120 0
199, RSB 12 + 10% GP 780 0.3 120 100
2% cement RSB 12 + 20% GP 680 0.3 120 200
RSB 12 + 30% GP 580 0.3 120 300

2.3. Methods

X-ray powder diffraction patterns were collected at room temperature (25 °C), over
the 20 angle range of 10° < 26 < 60° with a step size of 0.04°, using a Siemens D5000
(Aubrey, Texas, USA) diffractometer operating in Bragg configuration with a copper anti-
cathode with Kot = 1.54056 A.

The morphology of the samples was verified using a scanning electron microscope
JEOLIT 100 type MEOL (JEOL, Tokyo, Japan). In order to allow a minimum particle size of
4 nm, a thin layer of gold was useful to make the surface more conductive. The MEOL used
in this study was associated with an energy-dispersive spectrometer (EDS) to determine
the atomic composition of the sample.

The thermal properties were measured by a CT meter device (standard) delivered by
the Modern Society of Electronic Studies (VOIRON, France). The flexible sonde in the form
of a ring with a thickness of 0.2 mm (60 mm x 90 mm) and a radius of 10 mm was inserted
between two similar samples. The heating resistance was 2.20 (), the power was 1 W, the
heating time was 400 s, and the measurement time was 500 s. The sonde was connected to
the device (CT meter) via a plug (Figure 4). Each measurement was the average of three
measurements. The standard measurement uncertainty was 5%. The equipment used was
developed by the CSTB (Technical and Scientific Center for Building). This type of sonde is
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used to measure the thermal conductivity (W/m-K) and specific heat (k] /m3-K) of solid
materials [23].

Figure 4. CT meter device.

3. Results and Discussions
3.1. X-ray Diffraction and Scanning Electron Microscopy (SEM)

The red earth powder and glass powder samples were characterized by scanning
electron microscopy. The spherical morphology of the red earth is shown in Figure 5a. The
texture and morphology of the glass powder were characterized by finer needle-shaped
particles, as shown in Figure 5b.

(b)

Figure 5. Scanning electron microscopy of (a) red earth powder, and (b) glass powder.

Figure 6 represents the microscopic characterization of the different samples of red
earth bricks stabilized with 6% and 12% cement and substituted with 10% and 30% glass
powder. The composite samples constituted by glass powder, cement, and red earth
represent hydrated calcium silicates C-S—-H formed as a reaction product of amorphous
silica and portlandite. Amorphous silica in glass produces a Si-rich layer on the glass
surface. This layer reacts with Ca?* in the porous solution to form C-S-H. The morphology
of the C-S—H gel produced by the hydration of cement appeared in a flocculent needle
shape. It can be seen in Figure 6¢,f that the red earth particles adhered to the surface of the
glass powder; this bond strength between the red earth matrix and the glass powder was
much higher due to the hydration products of cement that created a greater bond between
the red earth particles and the glass powder. The agglomerations appeared as needles on
the surface of the GP glass powder. The obtained results are in agreement with those of
Jiang et al. [24].

The C-S-H grew on the surface of the unhydrated cement grains and gradually filled
the capillary gaps between the grains. The presence of hydrates, composed of portlandite
(CH) and hydrated calcium silicates (C-S5-H), shows that red earth-cement bonds were
formed, which enhanced the ability of the composite material to withstand mechanical
stresses [20]. These hydrates, composed of portlandite (CH) platelets and hydrated calcium
silicates (C—S—-H) more or less compact, developed in the cement contact zone Figure 6¢, as
well as in the red earth matrix. This bond strengthening increased with cement content,
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which explains why the samples were more compact with a higher cement content. The
samples presented in Figure 6a,d,g do not show cement hydration. The porosity shown
in Figure 6a could be due to the expansion of the clay elements presented in the red earth.
The interfacial transition zone is presented mainly in Figure 6d. This could be due to the
weak bonding of the red earth and glass powder matrix.

Figure 6. Scanning electron microscopy of ternary composite material sampling: (a) control
sample (RSB); (b) 0% GP + 6% cement; (c) 0% GP + 12% cement; (d) 10% GP + 0% cement;
(e) 10% GP + 6% cement; (f) 10% GP + 12% cement; (g) 30% GP + 0% cement; (h) 30% GP + 6%
cement; (i) 30% GP + 12% cement.

Table 3 shows the qualitative chemical composition of the composite materials. The
samples stabilized with cement and substituted with glass powder showed the presence of
silicon and calcium, as well as an average atomic percentage of aluminum and iron. The
sodium present in the glass powder, cement, and red earth could generate ASR reactions in
the cement paste and, consequently, decrease the mechanical durability of the material.

The XRD analyses of the composite materials are presented in Figure 7. The samples
were composed mainly of quartz minerals and calcite. This global analysis qualitatively
indicated the dominant presence of quartz and calcite peaks.
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Table 3. Chemical composition of (a) control sample (RSB), (b) 0% GP + 6% cement,
(c) 0% GP + 12% cement, (d) 10% GP + 0% cement, (e) 10% GP + 6% cement, (f) 10% GP + 12% cement,
(g) 30% GP + 0% cement, (h) 30% GP + 6% cement, and (i) 30% GP + 12% cement.

Element a b c d e f g h i
C 4.35 5.29 7.26 4.19 4.40 5.83 7.47 7.58 8.68
(@] 52.83 53.18 54.94 50.21 52.58 51.85 52.28 52.80 52.28

Na 3.58 0.38 0.42 0.87 0.80 0.41 3.68 3.61 6.46
Mg 0.64 0.42 0.23 0.59 0.54 0.49 0.54 0.30 0.41
Al 491 8.23 4.82 9.01 9.22 9.10 4.36 4.20 2.32
Si 22.64 17.22 10.72 23.23 18.77 15.31 24.71 24.00 21.18
K 0.47 0.85 1.07 0.93 0.99 1.09 0.50 0.69 0.42
Ca 4.81 7.66 17.14 2.18 4.61 8.44 3.23 4.05 6.57
Ti 0.39 0.41 0.32 0.45 0.59 0.49 - - 0.35
Fe 5.38 6.36 3.26 8.34 7.50 6.98 3.09 2.77 1.32
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Figure 7. X-ray diffraction patterns: (a) control sample (RSB); (b) 0% GP + 6% cement;
(c) 0% GP + 12% cement; (d) 10% GP + 0% cement; (e) 10% GP + 6% cement; (f) 10% GP + 12%
cement (g) 30% GP + 0% cement; (h) 30% GP + 6% cement; (i) 30% GP + 12% cement. Q, quartz;
C, calcite.

3.2. Thermo-Physical Properties
3.2.1. Relationship between Density and Thermal Conductivity

Figure 8 shows the densities of the glass powder-substituted and cement-stabilized
red earth samples. The samples were measured in the dry state at ambient temperature.
The density of the red earth blocks substituted with 0%, 10%, 20%, and 30% glass powder
decreased slightly from 1.83 to 1.58 g/cm?, a variation of 13.66%. Variations of 19.47% and
9.46% were also observed with the addition of 6% and 12% stabilizing cement, respectively
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(Figure 6). The decrease in density with the addition of glass powder was mainly dependent
on the increase in pore size of the sharp and pointed morphologies of the glass. The decrease
in pore volume with the substitution of cement was due to the fineness of this material,
which made the paste more compact. These results confirm the general laws of thermal
conductivity for porous materials. This phenomenon for red earth blocks is similar to the
studies of Zhang et al. [18] and Tang et al. [25].

Equation y=a<bxx

0,
Adj. R-Square 09 0.98217 0,94535 L 0 /0 Of Cement

Value Standard Error ¥ 6 % of Cement
0% Cement Intes cept 1,808 0.0297

0% Cement Stope 00084 000159 0O 12 % of Cement

6% Cement Intercept 2244 0,03169 —— Linear Fit of 0% Cement
2,4 o €% Cement Slope -00151 000169

e 5 Linear Fit of 6% Cement
\ 12% Cement Intercept 2423 001852
2)4 — 12% Cement Slope -0,0072 989949 x 10-4 Linear Flt Of 12% Cement
2,3 i

2,3
2,2
2,2
2,1
251
2,0
2,0
1,9
1,9
1,8
1,8
157
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Glass Powder (%)

Figure 8. Variation of the measured bulk density in the dry state as a function of the glass powder content.

3.2.2. Effect of Glass Powder Content on Thermal Conductivity and Specific Heat Capacity

The thermal characterization of cement stabilized red earth samples substituted with
glass powder was performed using a CT meter at a room temperature of 21 + 1 °C (Figure 9).
The thermal conductivity of the glass powder-substituted earth blocks decreased by 53.97%
(from 1.334 W/m-K to 0.614 W/m-K), 47.22%, and 40.41% with the addition of 0%, 6%,
and 12% cement, respectively. The decrease in thermal conductivity of red earth blocks
substituted by glass powder was mainly due to the decrease in density and the subsequent
increase in pore volume.

Equaton y=a+bxx
Adj. R-Square 091941 0.8871
Valve Standard

| 0% of Cement
® 6 % of Cement
A 12 % of Cement
Linear Fitof 0% of cement

Intercept

Inercept

000000

Sope | 002071 000457 | [ --e-- Linear Fit of 6% of cement
Inroept Linear Fit of 12% of cement
Slope
1,6
A
2 :
£ 1.4
S
21,2
=
©
3
2 1,0
o
o
©
£ 0,8
=
Q
£
[ 0.6 [ ]
0.4

0 10 20 30
Glass Powder (%)

Figure 9. Variation of the measured mortars thermal conductivity in the dry state as a function of the
glass powder content.
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However, the thermal conductivity of red earth blocks increased with the addition
of stabilizing cement. The spherical and fine morphology of the cement allowed for a
decrease in porosity and, subsequently, a decrease in the pore volume of the materials.
Tiskatine et al. also found that the cement particles increased the contact and bonding
between the clay grains to ensure good compaction and, subsequently, an increase in the
thermal conductivity of the material [26].

The specific heat capacity measurements of cement-stabilized red earth blocks as a
function of glass powder substitution rate are shown in Figure 10. The specific heat of
the glass powder-substituted samples decreased by 45.42%. A decrease was also recorded
in the glass composite material with the addition of 6% and 12% cement, respectively,
variations of 36.90% and 25.23%.

Equation y=a+bxx B 0 %of Cement
Adj. R-Square 054319 ‘..«E‘C:,: 3.:45’3’. ® 6 %of Cement
v e o g e o] | A 12 %of Cement
o ement Recept oL 2791 | —— Linear Fit of 0% Cement
— ;:Zi IS:;U ;f.: .‘jf:: - - -- Linear Fit of 6% Cement
6% Cen 8726 2812748 ! ; °
&% Cament Shope 3239 eseer] |~ Linear Fit of 12% Cement
320 A 12% Cement | Iniroept 3097.1 11043944
12% Cement Slope -2474 590324
300
®.
280
2601

N
S
(=]

Cp (KJ/m’ K)
N
S

200

180

160

140 "
0 ) 10 15 20 25 30

Glass powder (%)

Figure 10. Variation of the measured mortars specific heat capacity in the dry state as a function of
the glass powder content.

The specific heat capacity depends mainly on the volume fractions and specific heats
of the different components of a composite material [27]. The decrease in the specific heat
capacity of the samples with the percentage of the glass powder can be explained by the
different volume fractions.

The increase in the percentage of glass powder led to a decrease in the percentage of
red earth. However, Nicolas et al. confirmed the decrease in the specific heat capacity of
this composite material due to the low value of the specific heat of the glass (913 J/kg-K)
and of the air (1005 J/kg-K) present in the pores [27].

Figure 10 also shows an increase in the specific heat capacity of the samples with the
addition of 6% and 12% cement. This increase was due to cement particles occupying the
pores, which led to a decrease in the number of empty pores. Nevertheless, the specific
heat of cement is higher than that of air, which contributed to the increase in the specific
heat of the ternary composite material.

3.2.3. Effect of Glass Powder Content on Thermal Diffusivity and Thermal Effusivity

Thermal diffusivity is the quotient of thermal conductivity over specific heat capacity.
Figure 11 shows the results deduced from the following relationship:

d=2A/Cp, @



Crystals 2022, 12, 396

110f13

where d is the thermal diffusivity, A is the thermal conductivity, and Cp is the volumetric
specific heat.

:T?;,M LI . i | 0% of Cement
® 6% of Cement
A 12% of Cement
—— Linear fit of 0% of Cement
--- Linear fit of 6% of Cement
Linear fit of 12% of Cement

5,20E-007|

5,00E-007|

4,80E-007|

4,60E-007|

4,40E-007|

4,20E-007|

Diffusivity thermique (m?s)

4,00E-007]

3,80E-007] 4

0 5 10 15 70 75 30
Glass powder (%)

Figure 11. Variation of the thermal diffusivity of the measured mortars in the dry state as a function
of the glass powder content.

The thermal diffusivity of the glass powder-substituted earth blocks decreased by
an average of 15.66%, 16.37%, and 20.30% with the addition of 0%, 6%, and 12% cement,
respectively. The decrease in this thermophysical parameter depended mainly on the
decrease in the thermal conductivity and the specific heat of these same composite materials.

The thermal effusivity is presented in the following equation:

e:\/XXCp, )

where e is the thermal effusivity, A is the thermal conductivity, and Cp is the volumetric
specific heat.

The thermal effusivity values shown in Figure 12 were calculated according to Equation (2).
The thermal effusivity of the same specimens substituted with glass powder decreased,

on average, by 49.88%, 42.30%, and 33.26% with the addition of 0%, 6%, and 12% cement,
respectively.

oy RS ® 0% of Cement
® 6% of Cement

A 12% of Cement

700 A % | —— Linear Fit of 0% of Cement
\ E - e — Linear Fit of 6% of Cement
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w
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-
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Figure 12. Variation of the thermal effusivity of the measured mortars in the dry state as a function of
the glass powder content.
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4. Conclusions

The main objective of this study was the use of local materials (red earth) and waste
glass powder to establish an economic material with interesting thermophysical behavior.
The durability of these new ecological materials according to their use remains acceptable.

In view of its thermophysical behavior, we can draw the below conclusions.

According to EDX results and DRX analysis, the glass powder was characterized by a
high content of glass formers and low content of glass modifiers, confirming that the choice
of soda-lime glass promoted pozzolanic reactions. The red earth was characterized by its
high silica, alumina, and iron oxide content. The DRX analysis confirmed that the main
constituents of this material are quartz and muscovite.

Scanning electron microscope analysis also allowed us to confirm the thermophysical
behavior of this ternary composite material. The samples without cement were more
unfavorable in terms of pore volume. The strong bonds in the cement-red earth matrix
confirmed that the material was more compact and, therefore, less porous.

The addition of the stabilizing cement in the red earth substituted by glass powder
favored the increase in the thermophysical properties at ambient temperature. This cement
stabilization was intended to promote the compactness of the material for its use.

The thermal conductivity of cement-stabilized earth blocks substituted with glass
powder decreased with bulk density. The incorporation of 30% glass powder decreased the
thermal conductivity by 53.97% (from 1.334 W/m-K to 0.614 W/m-K).

The thermal interest of this material lies in its incorporation of glass powder.

For an equivalent quantity of cement (12%), it is important to compare the effect of the
glass powder on the thermophysical behavior of the red earth bricks.

There are still other interesting ways to stabilize the red earth using more ecological
and environmental materials instead of cement.

The use of these bricks of stabilized red earth in cement and substituted by glass
powder will be the object of future specific research in view of its high economic and
environmental significance.

This study did not take into account the control of ASR. This will be the subject of
future research. Nevertheless, the choice of the type of glass containing a high percentage of
glass formers compared to glass modifiers was taken into account, as well as a minimization
of the percentage of glass powder substitution to 30%.

The composite material characterization in this study did not take into account me-
chanical behavior. This study could be the subject of further research. The composite
material could be used as a nonstructural element in the building sector, for elements
supporting only their own weight, such as separation walls. However, this field of appli-
cation should be confirmed by a study that examines the mechanical parameters such as
compressive strength, traction, Young’s modulus, and resistance to water.
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