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ABSTRACT

This study focuses on the design of an eco-friendly cellular mortar for the Sudano—Sahelian hot
and dry climate of Burkina Faso, containing aluminum powder and sand from the recycling of
granite waste. Mortars containing two types of sand (natural sand: NS and recycled granite
sand: GS) were tested with varying aluminum powder (Al) dosages (0%, 0.5%, and 1%). The
sand/cement (S/C) ratios were 4, 3, and 2, and the water/cement (W/C) ratios were 0.6 to 1.2.
Experiments were conducted to evaluate the physical, mechanical, and thermal properties of
fresh and hardened mortar. The results show improvements in the thermophysical properties
with increasing aluminum powder content and W/C ratio and decreasing S/C ratio. Adding 0 to
1% Al in the mortar, containing an S/C of 2 at a W/C of 1.2, increased its linear swelling in the
fresh state up to 61%, reducing the bulk density in hardened state by 44% from 1785 to 1003
kg/m? with GS. On the contrary, a swelling of only 50% and a reduction of density by 35%
from 1796 to 1168 kg/m?® were recorded with NS, owing to the formation of cellular pores. This
resulted in a decrease in thermal conductivity by 90% (0.93 to 0.09 W/m.K) with GS and by
71% (1.25 to 0.36 W/m.K) with NS, towards insulating performance. However, the
compressive strength decreased from 15.5 to 2.4 MPa (-84%) with GS and from 10.3 to 7.1
MPa (-31%) with NS, with the increase in porosity. These cellular mortars offer promising
alternatives to ordinary mortar in terms of lightweight, quasi-insulating properties, and potential

reduction in environmental impacts from the recycling of granite sand.
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INTRODUCTION

Today, the concrete industry is still experiencing strong growth owing to population explosion
and the need for infrastructure, especially in developing countries. In the coming years, the
global demand for construction will surge. Meeting this demand is challenging, as it requires
more construction materials; however, it offers opportunities to explore alternative solutions

(UN-Habitat, 2022)(Maza et al., 2023) (Habsya et al., 2018; Karri et al., 2018).

In the hot and dry Soudano-Sahelian climate, such as that of Burkina Faso, ordinary hydraulic
concrete is not only environmentally unsustainable (Nouhoun et al., 2025), economically
unaffordable (Nshimiyimana et al., 2025), but also unsuitable for achieving the required
hygrothermal performance (Prozuments et al., 2025)(Hema et al., 2021). Several studies have
demonstrated the thermal, structural, and durability potentials of alternative materials (Hema et
al., 2020)(Ramadji et al., 2020). However, there is an urgent need to develop alternative
materials for constructing sustainable and comfortable housing (Ouédraogo et al., 2022)(Hema
et al., 2021)(Ouedraogo et al., 2022). The transition toward low-carbon construction materials
would be highly supported by lightweight, regenerative, and thermally efficient materials
capable of reducing dead loads, environmental impacts, and embodied and operational energy

of buildings.

Conventional hydraulic mortars have a density in the range of 1800-2200 kg/m? and thermal
conductivity above (1.5-2 W/mK)(Talebi et al., 2020), limiting their suitability in hot and
energy-intensive climates (Talebi et al., 2020). In contrast, cellular and foamed mortars achieve
significantly lower density and better thermal performance by generating controlled pore
structures within the matrix, making them attractive solutions for sustainable building
applications (Liu et al., 2024)(Mohamed et al., 2024). Unlike conventional mortars, cellular
mortars are light, with a density ranging in 350-1850 kg/ m? (Karri et al., 2018)(Liu et al., 2024)
allowing for a relatively low thermal conductivity (<0.2 W/mK)(Ganesan et al., 2015; Habsya
et al., 2018).

Aluminum powder (Al) is a chemical foaming agent used to produce cellular cementitious
composites. In alkaline media, metallic Al reacts with hydroxyl ions (OH") to generate hydrogen
gas (Hz), producing interconnected pores depending on the Al fineness, water availability,
slurry viscosity, and boundary constraints. Recent studies have described pore evolution
beginning with nucleation and bubble growth, followed by coalescence and stabilization or

collapse, depending on the slurry rheology and gas formation rates (Dhasindrakrishna et al.,



2021)(Mohamed et al., 2024). The foam stability is strongly influenced by the viscosity and
yield-stress behavior of the slurry. Lower viscosity allows bubbles to migrate and escape,
whereas higher viscosity stabilizes the pore walls but risks irregular coalescence. Additives
such as superplasticizers or mechanical activation can modify rheology and improve the
uniformity of the pore system. Closed-cavity conditions also play a critical role: foams
expanded in constrained systems exhibit smaller and more uniform sizes than those formed
under free expansion (Dhasindrakrishna et al., 2021)(Liu et al., 2024)(Mohamed et al., 2024).
The most sought-after performances of cellular concrete, such as light weight and thermal
behavior, are governed by its density, porosity, pore connectivity, and aggregate type.
Numerous studies have confirmed that increasing the pore volume or using lightweight fillers
reduces the thermal conductivity to 0.1-0.3 W/m-K, which is typical of insulating mortars (Liu
et al., 2024)(Gencel et al., 2022)(Al-Ani et al., 2025). Granular waste materials such as
expanded perlite, pumice, cork, or recycled polymers also reduce the density and thermal
conductivity, although they are often accompanied by diminished mechanical strength (Akkouri
et al., 2022)(Gencel et al., 2022)(Abdellatief et al., 2024). Therefore, the thermal-mechanical
trade-offs are common in cellular materials: lower density improves insulation but weakens the
solid skeleton, whereas micro-fillers and reactive fines can partially compensate for strength by
densifying the matrix or contributing to secondary hydration (Liu et al., 2024)(Zafar et al.,
2020)(Abhilasha et al., 2023). Additionally, the correlation between the pore structure and
thermal conductivity is well documented: smaller, more uniform, and closed pores lead to
higher insulation (Chen et al., 2021).

Furthermore, the cutting and aggregate industries generate a significant amount of granite
waste. Recent reviews have identified granite waste as one of the most promising industrial
byproducts for incorporation in mortars and concrete owing to its mineralogy, angular
morphology, and microfiller potential (Saxena et al., 2022)(Gupta & Vyas, 2018)(Al Ismaeel
et al., 2026). This granite sand can enhance strength, densify the microstructure, and refine the
pore distribution owing to its ability to fill voids and support C—S—H formation (Zafar et al.,
2020). Studies on both cementitious and geopolymer matrices have reported increased
compressive strength and durability up to an optimum substitution threshold, before excessive
fines increase the water demand or porosity (Saxena et al., 2022)(Ramadji et al., 2020). Beyond
the engineering benefits, the incorporation of recycled granite waste substantially reduces
environmental impacts and costs, offering improved life-cycle performance (Ramadji et al.,
2020). In cellular systems, granite waste has been successfully used in autoclaved aerated

concrete (AAC), where it improves mechanical properties, stabilizes pore structure, and



increases resistance to acid attack (Abhilasha et al., 2023; Zafar et al., 2020). These advantages
suggest that recycled granite sand can synergize with aluminum-based foaming, contributing to
both the filler effects and improved pore stability.

Although significant research exists on aluminum-based foaming and the valorization of granite
waste in mortars, studies combining both materials in an eco-mortar system remain scarce,
especially in the local context where granite materials are widely exploited. The potential
synergy of Al-induced porosity for lightweight insulation and granite sand, compared to natural
river sand, has not been fully explored. This study addresses this gap by evaluating the
thermophysical and mechanical properties of an aluminum-based cellular mortar incorporating
recycled granite sand, positioning it within ongoing efforts to develop high-performance, low-

carbon materials.

MATERIALS AND METHODS

Materials

Portland cement CEM II/BM (PL) 42.5, produced by CIMBURKINA (Burkina Faso), was used
as the binder for the concrete. Two types of fine aggregates (sand) with a particle size of 0/2
mm were used: natural river sand (NS) and recycled sand derived from crushed granite residue
(GS). Both aggregates were free of silt and clay content. Tap water was used in all mixes, and
no plasticizer or admixture was incorporated. Aluminum powder was used as a chemical
foaming agent. The product was supplied by Laborladen (Germany) with a purity of 99.8% and

particle size below 45 pm. Figure 1 shows the materials used in this study.

Figure 1. Materials : a) cement, b) aluminum powder, ¢) natural sand, d) recycled granite sand
Mixtures design and specimens preparation

Two foamed mixes with 0.5% and 1% Al by cement mass were prepared for each sand type.
Sand-to-cement ratios (S/C) of 2, 3, and 4 were investigated, with corresponding W/C ratios of
0.6—-1.2. Control mixes (0% Al) were prepared for each S/C and W/C ratio. The mixing

proportions are summarized in Table 1.



Cement and sand were first dry-mixed until homogeneity was achieved. Water and aluminum
powder were then added and mixed until a homogeneous slurry was obtained. The fresh mortar
was cast into prismatic molds (40 x 40 x 160 mm?) in two layers, each compacted with 60
impacts using an impact driver for the mixes with low workability. The molds were covered
and stored at ambient temperature (30+£5°C) for 24 h to allow hydration of cement, foam
formation and expansion, and setting. The specimens were demolded and cured in water for 28
d until testing. Various tests were performed on dry samples to characterize their physical,

mechanical, and thermal properties (Figure 2).

Table I: Designs of cellular mortars

Sand/Cement | Water/Cement | Cement Sand Water Ai)uol:’lvi(lil;*m A::)Tvi(;l;m
SIC wic C® S(2) W@ | A at05% @) | A at1% (@
4 0.7 2000 4000 1400 10 20
0.6 2250 6750 1350 11.25 22.25
3 0.8 2250 6750 1800 11.25 22.25
1 2250 6750 2250 11.25 22.25
0.6 3000 6000 1500 15 30
0.8 3000 6000 2400 15 30
: 1 3000 6000 3000 15 30
1.2 3000 6000 3600 15 30

Characterization of physical properties

Swelling was measured as the relative linear increase in height between the initial and expanded
states, expressed as a percentage. The bulk density (pd, kg/m?®) was determined using hydraulic
weighing. The dry mass (M_dry) was obtained after oven-drying to a constant mass. The
saturated masses weighed in water (M _sat.water) and air (M_sat.air) were recorded after 24 h
of immersion. The density of the samples was calculated considering the density of water
(pwater) of 1000 kg/m* (Equation 1). Water-accessible porosity (P, %) was calculated from
the saturated and dry masses using Equation 2, where M_air is the saturated mass weighed in
air, M_dry is the dry mass, and M_water is the saturated mass weighed in water. Tests were

performed on at least three specimens per design.
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Figure 2. Samples for testing: a) swelling, b) mechanical c¢) thermal properties

Characterization of mechanical properties

Mechanical tests were conducted after 28 days of curing, following 24 h of surface drying, and
measured on three prism specimens per design using an automated hydraulic press. The three-
point flexural strength (Rf, MPa) was calculated using equation 3, where Fl is the breaking load
(N), b is the section side length (40 mm), and 1 is the span between the supports (100 mm). The
compressive strength (Rc, MPa) was calculated from the measurements of the six resulting half-
prism specimens (Equation 4), where Fc is the failure load (N) applied over a 40 x 40 mm? area.

Characterization of thermal properties

The thermal effusivity (E, J/m2KS"?) and volumetric heat capacity (Cv, J/m*-K) were measured
under dry conditions using a DEsProTherm “thermal property estimation device” on specimens
of 60 x 40 x 10 and 60 x 40 x 20 mm?. Thermal conductivity (4, W /m. K was derived from the

effusivity and volumetric heat capacity using equation 5.

Mdryxpwater

pd = Msat.air—Msat.water Equatlon 1
= _Msatalr=Mdry 40 Equation 2
Msat.air—Msat.water
Rf = 1'5;?*[ Equation 3
Rc = < Equation 4
40x40
2
1=Z Equation 5
Cv
RESULTS
Physical Properties
Evolution of swelling

The swelling of cellular mortars incorporating natural sand and recycled granitic sand (Figure



3 and Figure 4) depended consistently on the aluminum powder dosage, W/C ratio, and S/C
ratio. Swelling was absent in the control mixtures (0% Al) and increased progressively with the
addition of aluminum, reaching its highest value at 1%.

For natural sand, the swelling at 0.5% aluminum ranged from 4 to 60.87%, depending on the
mix composition. At 1%, the values ranged from 8.00 to 65.22%, with the maximum recorded
at W/C=0.8 and S/C=2 (65.22%). The lowest values occurred at W/C=0.7 and S/C=4 (8.00%),
reflecting the combined influence of low water content and high sand-to-cement ratio that
limited the swelling behavior.

For recycled granitic sand, at 0.5%, the values of swelling range from 3.03 to 59.70%, with the
maximum at W/C=1.2, S/C=2. At 1%, swelling ranged from 10.87 to 63.33%, with the highest
values at W/C=0.8-1.2 and S/C=2.

The swelling was consistently comparable for granite and natural sand at equivalent aluminum
content. The difference was most pronounced at a high W/C ratio (high water content) and low
S/C ratio (high cement content), where granite sand significantly overperformed natural sand

with higher swelling.

80%

60% I
NREE
PO TR TR

w/C=0,7 W/C=0,6 W/C=0,8 W/C=1 W/C=0,6 W/C=0,8 W/C=1 W/C=1,2
S/C=4 S/C=3 S/C=2
=0 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
0,5 4.00% 9.09% 10.00% 17.86% 50.00% 60.87% 38.89% 33.33%
] 8.00% 11.11% 20.00% 34.62% 55.56% 65.22% 63.89% 50.00%

Swelling (%)

=X

0 =05 m]

Figure 3: Swelling with natural sand
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Figure 4: Swelling with granitic sand
Evolution of bulk density

The bulk density decreased systematically with increasing aluminum content for both sand
types (Figure 5 and Figure 6). For all mix proportions, the density decreased progressively from
0% to 0.5% to 1% aluminum, with the magnitude of reduction depending on the W/C and S/C

ratios.

For natural-sand mixtures, the values of density at 0% aluminum ranged from 1967 to 2163
kg/m? at S/C=4 (W/C=0.7) and from 1868 to 2138 kg/m?* at S/C=2 (W/C=0.6 to 1.2). The wider
range at S/C=2 reflects the broader W/C span tested for that series. At 0.5% aluminum, density
drops to 1632—-1924 kg/m?, and further to 1545-1865 kg/m? at 1%. The highest reductions occur
at W/C=1.2, S/C=2, where density decreased from 1796 kg/m? (0%) to 1168 kg/m?® (1%), a

reduction of 35%.

For the granitic-sand mixtures, the same trend was observed, with consistently lower values of
final density. The values for the control ranged from 1914 to 2091 kg/m?* at S/C=3 and from
1785 to 2014 kg/m?* at S/C=2. The density decreased to 1531-1875 kg/m? at 0.5% aluminum
and further to 1492—-1735 kg/m?® at 1%. The minimum density across all designs was 1003
kg/m?, recorded at a W/C of 1.2, S/C of 2, and 1% aluminum, reflecting a 44% reduction from
the 0% Al reference of 1785 kg/m?>.

For equivalent mix proportions and aluminum dosages, the recycled granitic sand consistently
produced a lower bulk density than the natural sand. The difference was largest at high W/C

and low S/C ratios.
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Figure 5: Density with natural sand
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Figure 6: Density with granitic sand

Evolution of porosity

Water-accessible porosity increased with the addition of aluminum powder and higher W/C
ratios for both sand types (Figure 7 and Figure 8). The control mixtures (0% Al) exhibited the

lowest porosity values, and the mixtures containing 1% Al displayed the highest values across
all S/C and W/C conditions.

For natural sand, the porosity at 0% Al ranged from 8.3% (W/C=0.6, S/C=4) to 23.8%
(W/C=1.2, S/C=2). At 0.5% Al, the values increased to 9.8-23.8%, with the most pronounced

increments recorded at lower S/C ratios (high cement content). At 1% Al, the porosity reaches



11-25.2%, with a maximum at W/C=1.2 and S/C=2.

For recycled granitic sand, the porosity was consistently higher across comparable mix
proportions. At 0% Al, the porosity ranged from 9.5 to 22.7%. At 0.5% Al, the porosity
increased to 12.3-23.6%, and reached 13-25.5% at 1% Al. The highest value across all GS
formulations was 25.5% at W/C=1.2, S/C=2, and 1% Al. High porosity was also observed at
S/C=3 (up to 21.50%), indicating that the W/C and Al dosages governed pore development

consistently across all S/C ratios tested.
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Figure 7: Porosity with natural sand
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Figure 8: Porosity with granitic sand



Mechanical Properties
Evolution of compressive strength

The compressive strength decreased with increasing aluminum powder dosage and higher W/C
ratios for both sand types (Figure 9 and Figure 10). The control mixtures (0% Al) exhibited the

highest strengths in all series, whereas the mixtures with 1% Al exhibited the lowest values.

For natural sand, the compressive strength at 0% Al ranged from 10.28 MPa (W/C=1.2, S/C=2)
to 47.46 MPa (W/C=0.6, S/C=2). At 0.5% Al, the strength decreased to 8.82-25.02 MPa, and
further decreased to 4.9-22.29 MPa at 1% Al. At W/C=1.2 and S/C=2, the decrease from 10.28
MPa (0%) to 7.08 MPa (1%) represents a 31% reduction.

For recycled granitic sand, the strength at 0% Al ranged from 11.81 to 49.16 MPa, with the
maximum again at W/C=0.6 and S/C=2. At 0.5% Al, the strength decreased to 2.91-20.83 MPa,
and to 2.44-16.67 MPa at 1% Al. The minimum strength across all GS mixes was 2.44 MPa at
W/C=1.2, S/C=2, and 1% Al, representing an 84% reduction from the 0% Al reference of 15.5
MPa at the same W/C and S/C.

At 0% Al, granitic sand produced higher compressive strengths than natural sand at low W/C
ratios (e.g.,49.16 vs. 47.46 MPa at W/C=0.6, S/C=2). However, with the addition of aluminum,
GS suffers sharper absolute and relative strength losses. At high W/C ratios and 1% Al, natural

sand exhibited better compressive performance.
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Figure 9: Compressive strength with natural sand



60
50
40
30

20 = II i II
1 ii i N I N iIi ila

Compressive strength (MPa)
S

0 W/C=0,7 W/C=0,8 W/C=1 W/C=0,6 W/C=0,8 W/C=1 W/C=1,2
S/C=4 S/C=3 S/C=2
=0 12.08 32.71 19.62 49.16 28.36 11.81 15.51
0,5 18.37 16.72 10.89 20.83 6.58 291 3.29
m] 12.14 13.23 8.86 16.67 7.77 3.05 2.44
m0 =0,5m]

Figure 10: Compressive strength with granitic sand
Evolution of flexural strength

The flexural strength followed the same general decreasing trend with increasing aluminum
dosage and W/C ratio for both sand types (Figure 11 and Figure 12). The mixtures without
aluminum (0%) presented the highest flexural strengths, and those with 1% Al presented the

lowest.

For natural sand, the flexural strength at 0% Al ranged from 2.50 MPa (W/C=1.2, S/C=2) to
7.65 MPa (W/C=0.6, S/C=2). At 0.5% Al, the values ranged from 2.81 to 6.63 MPa, and 1.92—
6.49 MPa at 1% Al. An anomalous evolution was recorded at W/C=1.2 and S/C=2, where the
flexural strength increased from 2.50 MPa (0% Al) to 3.91 MPa (1% Al).

For recycled granitic sand, the flexural strength at 0% Al ranged from 3.79 to 7.48 MPa. At
0.5% Al, the range was 2.82—-6.50 MPa, and at 1% Al, the values spanned 2.15-6.90 MPa. The
highest flexural strength among all the Al-containing mixtures was 6.90 MPa at W/C=0.6,
S/C=2, and 1% Al.

At W/C ratios of 0.6-0.8, the flexural strength of the concrete with granitic sand was slightly
higher than that of the concrete with natural sand. At higher W/C values and 1% Al, both

materials converged to similar levels.
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Figure 11: Flexural strength with natural sand
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Figure 12: Flexural strength with granitic sand

Thermal Properties

Evolution of thermal conductivity

The thermal conductivity decreased systematically with increasing aluminum content for both
sand types (Figure 13 and Figure 14). The lowest conductivity values were recorded at 1% Al
across all mix proportions.

For natural sand, the conductivity values for the control ranged from 1.25 to 2 W/m- K. At 0.5%
Al the conductivity decreased to 0.45-0.98 W/m-K and decreased further to 0.36—0.88 W/m-K
at 1%. At W/C=1.2 and S/C=2, the conductivity decreased from 1.25 W/m-K (0%) to 0.36
W/m-K (1%), a reduction of 71%.



For recycled granitic sand, the conductivity values for the control ranged from 0.93 to 1.48
W/m-K. With 0.5% aluminum, the conductivity decreased to 0.15-0.66 W/m-K and reached
0.09-0.5 W/m-K at 1%. The minimum value across all formulations was 0.09 W/m-K, at
W/C=1.2, S/C=2, and 1% aluminum, representing a 90% reduction from the 0% Al reference
0f 0.93 W/m-K.

For equivalent mix proportions and aluminum content, the granitic sand consistently produced
a lower thermal conductivity than the natural sand. The difference increased with the aluminum

content and was most pronounced at high W/C and low S/C ratios.
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Figure 13: Conductivity with natural sand
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Figure 14: Thermal conductivity with granitic sand



Evolution of thermal capacity

The thermal capacity decreased as the aluminum content increased from 0 to 1% for both sand

types (Figure 15 and Figure 16). This decrease was observed across all W/C and S/C ratios,

although its magnitude varied with the mix proportions.

For natural sand, the control mixtures showed thermal capacity values of 1.74x10° to 2.30x10°¢
J/m?- K. At 0.5% Al, values ranged in 1.31x10°-1.78x10¢ J/m*-K, and 0.91x10°-1.68x10°
J/m3-K at 1% Al The largest absolute decrease was observed at W/C=1.2 and S/C=2,
decreasing from 1.74x10¢ J/m3-K (0%) to 0.91x10¢ J/m*-K (1%).

For recycled granitic sand, the control values ranged from 1.87x10° to 2.05x10°¢ J/m?- K. At 1%
Al, the range extended from 1.37x10°¢ to 2.46x10° J/m?*- K. The maximum thermal capacity
across all designs was 2.46x10° J/m*-K, at W/C=0.8, S/C=2, and 1% Al. In all cases, the GS

formulations maintained higher thermal capacity values than the corresponding NS

formulations at equivalent Al dosages.
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Figure 15: Heat capacity with natural sand
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Figure 16: Heat capacity with granitic sand

DISCUSSION
Swelling, Porosity, and Density Relationships

Swelling increased sharply with the aluminum content for both sand types and was amplified
by higher W/C and lower S/C ratios and higher cement content (Dhasindrakrishna et al.,
2021)(Shabbar et al., 2017). This behavior reflects the high formation of hydrogen as a more
alkaline pore solution becomes available to react with Al. This result agrees with the literature
on Al-foamed lightweight aerated concrete, where the W/C ratio is identified as the primary
driver of the volumetric expansion amplitude(Shabbar et al., 2017)(Maza et al., 2023). At 1%
Al and W/C = 1.2, S/C = 2, natural sand reached a maximum swelling of 65.22%, whereas
granitic sand reached 63.33%, within the upper range reported for chemically foamed cement
systems using similar Al dosages (Talebi et al., 2020).

Although granitic sand produced comparable swelling to natural sand, it had a lower density
than natural sand. The minimum density of 1003 kg/m? for GS and 1168 kg/m? for NS (W/C =
1.2, S/C =2, 1% Al) agree with the values (350-1850 kg/m?) in the literature on lightweight
concrete (Liu et al., 2024)(Abdellatief et al., 2024).

Water-accessible porosity followed the same pattern, reaching up to 25.5% for GS and 25.2%
for NS, both at W/C = 1.2 and S/C = 2 with 1% Al. These values are characteristic of open-
pore structures formed by chemical foaming without autoclave treatment (Liu et al.,
2024)(Chen et al., 2021). The swelling-porosity-density relationships confirmed the synergistic

effect of granitic sand with Al foaming to form a more developed pore network. This could



have been further improved if the fine in the granitic sand was used for its microfiller potential

in cellular systems (Zafar et al., 2020)(Saxena et al., 2022).
Physical and Mechanical Performance Relationships

The compressive and flexural strengths decreased systematically with decreasing density for
both sand types and all mix proportions, consistent with the well-established porosity-strength
relationship in foam concrete (Liu et al., 2024)(Al-Ani et al., 2025). This behavior is governed
by the progressive reduction in the load-bearing solid cross-section as the pore fraction
increases. The decrease in strength is particularly significant in Al-foamed non-autoclaved
systems, where the pores are interconnected rather than spherically closed (Shabbar et al.,
2017). In the present study, the increase in Al from 0% to 1% reduced the compressive strength
by 84% with GS (15.5 to 2.4 MPa at W/C = 1.2, S/C =2) and 31% with NS (10.3 to 7.1 MPa).
At low W/C ratios (0.6-0.8) and without aluminum addition, GS produced slightly higher
compressive strengths than NS (49.16 vs. 47.46 MPa at W/C = 0.6, S/C = 2). This initial
strength advantage can be attributed to the limited microfiller effect attributed to granite fines,
which densify the interfacial transition zone and reduce porosity (Saxena et al., 2022)(Gupta &
Vyas, 2018). However, GS exhibited a sharper decrease in strength as Al content increased,
possibly due to its pore structure. This tradeoff between the quality of the control matrix and
structural vulnerability at high porosities is a key characteristic of finely graded mineral fillers
in foamed systems.

The compressive values for the optimized low-Al formulations (above 20 MPa) were adequate
for low-load-bearing wall applications. With 1% Al, the 2.4-7.1 MPa range does not allow these

mortars structural application, but rather for insulation applications.
Physical and Thermal Performance Relationships

Thermal conductivity (TC) decreased significantly with increasing Al dosage as did the
associated density, confirming that pore volume fraction is the dominant control on heat transfer
(Liu et al., 2024)(Chen et al., 2021). For NS, conductivity decreased from a maximum of 2
W/m.K (0% Al high S/C) to a minimum of 0.36 W/mK (1% Al, W/C = 1.2, S/C =2), a
reduction of 71%. These values span the transition from ordinary mortar behavior to the
insulating range, in line with published data for foam concrete density between 1100 and 1800
kg/m?* (Liu et al., 2024). GS achieved more significant reductions, 90% (from 0.09 to 0.93
W/m-K at W/C=1.2, S/C=2), within the ultra-insulating class of foam concrete (< 0.1 W/m. K)
(Mohamed et al., 2024)(Chen et al., 2021). This high reduction of GS can be explained by two

mechanisms: the distribution of nucleation sites more homogeneously, producing more close



pores (Dhasindrakrishna et al., 2021)(Zafar et al., 2020). More uniform pore size distribution
reduces radiative and conductive heat transfer through the gas phase more effectively than
coarser, less uniform pore networks, as demonstrated by Chen et al. (Chen et al., 2021) in pore-
structure of AAC. However, this hypothesis needs to be confirmed by pore structure analysis.
The thermal capacity showed an inverse evolution to TC. It decreases as porosity increases,
from approximately 1.87-2.05 x 10¢ J/m* K at 0% Al to 1.37-2.46 x 10° J/m*.K at 1% Al with
GS, and more sharply from 1.74-2.30 x 10°to 0.91-1.68 x 10¢ J/m? K with NS. The consistently
higher heat storage capacity of GS, even at maximum porosity, suggests that granite maintains
a more continuous solid phase around pores, which is a pore-wall densification effect, as
reported for mineral waste fillers in AAC (Abhilasha et al., 2023)(Chen et al., 2021). A higher
thermal capacity moderates indoor temperature fluctuations independently of conductivity,
which is a critical performance criterion for the Sudano-Sahelian context with a high diurnal
temperature amplitude (Hema et al., 2021). Therefore, the combination of low conductivity and
comparatively preserved heat storage capacity in GS mortars positions them as thermally
superior candidates for envelope applications in hot climates.

Furthermore, the relationship between the thermal conductivity and bulk density was modelled
separately for each sand type using a power law of the form A = ax(p/1000). For NS, the fitted
equation is A = 0.220«(p/1000)** (R? = 0.75), and for GS, A = 0.0875+(p/1000)*%® (R> = 0.95).
Both exponents fall within the range reported for chemically foamed and lightweight
cementitious systems (n = 1.5-3.5), confirming that the pore volume fraction is the dominant
control on heat transfer in these materials. The higher exponent for GS (3.68 vs. 2.55) indicates
that the thermal conductivity in the GS formulations is more sensitive to density reduction. For
instance, a 30% reduction in density corresponds to a 66% decrease in A for GS but only a 52%
decrease for NS. The lower prefactor for GS (o = 0.0875 vs. 0.220) further indicates that, at
equivalent density, GS mortars are intrinsically less conductive than NS mortars, reflecting both

the lower conductivity of the granite aggregate and the more closed pore structure it promotes.

CONCLUSION

This study evaluated the physical, mechanical, and thermophysical properties of aluminum-
based cellular mortars incorporating natural sand (NS) and recycled granitic sand (GS) across
varying aluminum powder dosages (0%, 0.5%, 1%), sand-to-cement ratios (S/C = 2, 3, 4), and
water-to-cement ratios (W/C = 0.6 to 1.2).

Physical properties such as swelling, porosity, and density evolved consistently with all three

mixing variables. Increasing the aluminum dosage and W/C ratio progressively expanded the



pore network, with water-accessible porosity ranging from 8% to 26% across all formulations.
Linear swelling reached 65.22% (NS) and 63.33% (GS). Bulk density was reduced by 44%
from 1785 to 1003 kg/m? with GS and by 35% from 1796 to 1168 kg/m? with NS at W/C =1.2,
S/C =2, and 1% Al. The minimum density achieved, 1003 kg/m? with GS, confirms that these
mortars are genuinely lightweight materials. Under equivalent conditions, GS exhibited higher
swelling and porosity and lower density than NS.

Mechanical properties, in terms of compressive and flexural strength, decreased with increasing
porosity, confirming that these mortars are suitable for non-structural and insulating
applications. Compressive strength ranged from 2.4 to 49 MPa and flexural strength from 1.9
to 7.6 MPa across all formulations. GS showed a marginal initial strength advantage at low
W/C (49.16 vs. 47.46 MPa at W/C = 0.6, S/C = 2, 0% Al), but suffered sharper losses as
aluminum increased, reaching a reduction of 84% from 15.5 to 2.4 MPa, against 31% from 10.3
to 7.1 MPa for NS, at W/C = 1.2, S/C =2, and 1% Al. Optimized low-Al, low-W/C designs
remain adequate for non-load-bearing wall construction, while high-Al mixes serve thermal
insulation purposes. NS retained better mechanical performance at high porosity.

Thermal properties showed substantial improvements with increasing pore volume, with GS
consistently outperforming NS. Thermal conductivity reductions reached 90% from 0.93 to
0.09 W/m-K with GS, and 71% from 1.25 to 0.36 W/m-K with NS, at W/C=1.2, S/C=2, and
1% Al. Across all mix proportions, the absolute maximum reduction reached 94%, from 2 to
0.09 W/m-K. The most porous GS designs reached the ultra-insulating range (< 0.1 W/m-K),
making them relevant candidates for envelope applications in the hot and dry Sudano-Sahelian
climate. Thermal capacity also decreased with porosity but remained consistently higher in GS
than NS at equivalent dosages. This combination of low conductivity and preserved heat storage
capacity positions GS formulations as thermally superior for envelope applications exposed to
high diurnal temperature amplitudes.

Overall, GS favored thermal efficiency, whereas NS favored structural performance, and a
balance between both was achieved by adjusting the Al dosage and W/C ratio. The use of
recycled granite waste supports more sustainable construction practices in regional contexts.
Future investigations should explore the substitution or partial replacement of Portland cement
with low-carbon binders such as geopolymers, LC3 (limestone calcined clay cement), or lime-
rich industrial by-products, as well as the use of recycled aluminum from post-consumer
beverage cans as an alternative foaming agent to further reduce the embodied carbon of these
mortars. Long-term durability testing under Sudano-Sahelian exposure conditions, including

wetting-drying cycles, is also recommended. Finally, lifecycle assessment (LCA) and lifecycle



energy analysis (LCE) at the construction and operational scales are needed to quantify the
environmental and energy gains of these cellular mortars when deployed in actual building
envelopes.
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