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A B S T R A C T

This investigation prospects the feasibility of optimizing the mechanical behavior and dimensional stability of
termite's mound soil through alkaline activation. The raw aluminosilicate (termites' soil) was used without any
pre-thermal treatment and natural occurring potash was used as the alkaline activator. Different activation level
and different initial curing temperature were adopted to examine the effect of the initial temperature and the
activator concentration on the Alkali Activated Termite Soil (AATS). Similarly, Scanning Electron Microscopy
(SEM)/Energy Dispersive X-ray Spectroscopy (EDS), X-ray Diffraction (XRD) and Fourier Transform Infra-Red
Spectroscopy (FTIR) were conducted to characterize the microstructure, to determine the crystallinity of the
constituents and to identify the functional groups present within the specimens. These characterizations were
carried out on the specimens at 15 days after their moulding. The compressive strength was determined for 7, 15
and 90 days to illuminate the fundamental of the optimization process. Results showed that the optimal initial
curing temperature was 60�C for the oven-dry regime at 3wt% activator with compressive strength of 2.56, 4.38
and 7.79 MPa at 7, 15 and 90 days respectively. From the mechanical performances results, the alkali stabilized
termite's soil can be used as masonry elements predominantly submitted to compression. The repercussions of the
results are analyzed for potential applications of the Alkaline Activation techniques as an environmental-friendly
approach to obtain renewable and sustainable building materials at low cost with low energy consumption
henceforth replicable in most of the regions.
1. Introduction

Globally, the building and construction industry plays a major role to
the accumulation of greenhouse gas emissions. This industry alone pro-
duces approximatively 30% of greenhouse gas emissions worldwide. It
accounts for 40% of worldwide energy, 25% of worldwide water and
40% of worldwide resources (UNEP (2014)). Cement is the most con-
ventional used material in the construction industry. In 2019, cement
production was approximately 4.2 billion tons per year making it the
second-high volume commodity after water [1]. The Greenhouse gas
emissions related to cement are largely from the energy consumption
during the manufacturing of the raw materials to building's demolition.
Cement utilization is extremely connected with depletion of mineral
at).
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reserves particularly in regions where cement consumption rate is higher
than the natural resources available.

Financial constraints, available resources would be the primary fac-
tors controlling a construction material's choice. On that account, green
building technologies have overtaken the construction industry in the
last decades. These green building technologies consist of the imple-
mentation of constructing using environmental-friendly processes in all
the parts of the building's life [1]. The advantages of green buildings are
environmental-friendly, natural resources and energy efficiency [2], low
cost, and sustainability as a result increasing residents productivity [3].
Among the green buildings' materials, earth-based materials are the most
commonly used historically. The use of earth-based materials in con-
struction application is as old as mankind itself. Earth-based materials
can be divided into minerals, rocks, soil and water. They constitute the
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raw material obtained on the earth crust. Nevertheless, not all
earth-based materials can be used in construction; their utilization as
building materials depends principally on their properties. Termites
Mounds Soil is the soil obtained from the termite's hill. During the con-
struction of their nest (hill), termites use their salivary secretions and
faeces to modify the surrounding soil through biological processes [4]
making it a stronger material that can resist erosions over decades. But
Kandasami et Al. found that the Atterberg limits (which are commonly
used as signatures of clay mineralogy were not different between the
termite's mound soil and the surrounding soil) [4] confirming that ter-
mites are not effecting any changes in clay mineralogy of the mound
soils, contrary to what has been suggested by some researchers [5].

Termite's Mounds are spread throughout the tropics. Pomeroy
investigated the abundance of termite mounds in Uganda [6], while in
Nigeria, Ackerman studied their spread and effect on the environment [7,
8] and Jean-Pierre B. studied the spatial distribution of termite's mounds
soil in a protected environment in ivory coast [9]. The use of the termite's
mounds soil as a construction material is empirical and traditional
without clear scientific explanation behind its usage, despite many
studies carried on the termite's mounds soil a clear understanding has not
come forth. Elinwa investigated the pozzolanic potential of the calcined
termites' mounds, the addition of the calcined termites' mounds clay
significantly advanced the initial and final setting times thus they classify
it as an accelerator [10]. It's noteworthy that from their chemical analysis
the calcined termites' mounds were predominantly composed of SiO2,
Al2O3, Fe2O3 with a near-neutral pH (7.5). In the termite's mounds,
temperature and gases appear to be regulated therefore the interest of
engineering these soil structures for sustainable and green construction.
Investigations carried by [11] on termite's mounds clay showed that the
use of water-repellent chemical contributed to reducing the water ab-
sorption level. In their investigation they used hydrated lime and sila-
ne/siloxane as additive to the Termites mounds clay. The inclusion of
water-repellent admixture prevented thickness swelling of the samples
and produced reduction in voids causing high compressive strength.
While Kandasami examined the physical attributes of the termite's
mound to analyze the internal network of the galleries and tunnels. They
concluded that the porosity of the termite mound soil varied with the
porosity increasing from the base to the top of the termite's mound,
proving the effect of erosion on the top region of the mound [4]. Those
applications of the termite mound soil from the literature show the
benefits of termite mound soil as a construction material; the main
advantage is its natural pozzolanic features. The usage of termite's
mounds soil in construction is restricted due to its sensibility for water;
the problem of elevated moisture contents remains unresolved. Thus,
Kandasami suggests that termite mounds soil can be restricted only to
drier climatic zones or those where rainfall spells are not prolonged. The
product can waterproof and join the soil components. Gandia studied the
physical, mechanical and thermal properties of adobe stabilized with the
“synthetic termite saliva” [12]. The incorporation of the “synthetic
termite saliva” into the soil, presented greater clay mineral particle
cohesion and high hydrophobicity. But the use of “synthetic termite
saliva” negatively interfered with compressive strength. Hence, stabili-
zation is a treatment used to improve the durability, strength of soils, also
properties such as reduced plasticity and swelling potential are expected
to be improved after the stabilisation [13]. There are many types of
stabilizations, from mechanical to chemical. One type of chemical sta-
bilisation is the Alkali activation. Alkali activated material encompasses
any binder derived from the reaction of an alkali source with an alumi-
nosilicate solid precursor [14] forming a solid material comparable to
hardened Portland cement [15]. The use of an alkaline activating solu-
tion does improve the soils stability and reintroduce Greenhouse. Alkali
activation technology offers the opportunity to utilize locally natural
occurring raw materials as precursor (Termites mounds soil) and acti-
vators (potash) with performances as good as cement, the termites
mound used is an aluminosilicate-rich precursor subsequently it's desir-
able to use an alkali hydroxides source [15] subsequently the choice of
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potassium hydroxides. For Alkali Activated Materials (AAM), the gas
emission was calculated to be lower than cement by 80 to 30% [16], the
depletion of natural reserves is less because the Alkali activation tech-
nology allows to use waste ashes [17] and slags [18] into valuable ma-
terials by reducing heavy metals emission to the environment. Alkali
activated materials are resistance to high temperature and fire, resistance
to acid and chemical attack, volumetric stability after hardening, low
thermal conductivity, low permeability and low cost [14]. The alkaline
nature of the stabilizer affects greatly the pH of the soil by increasing it.
But, in some cases the alkalinity will start decreasing at the late curing
ages because of the decrease in calcium ions as the hydration reaction
progresses. That consumption of alkalinity indicates the occurrence of
bonds formation and strengthening of soils [13]. The degradation of
Alkali activated materials is much lower than the modern cement
degradation as demonstrated by the Roman structures' resistance to
degradation over the time.

Alkali activation has been proved to be a very friendly technique for
mechanical improvement of aluminosilicates. Subsequently, the differ-
ence of this study from previous literature is to link the microstructure to
the macrostructural responses. To achieve that, a better understanding of
the alkali activation's effect on the termite's soil is required. It's foreseen
that the alkali activation will greatly affect the mechanical behavior and
dimensional stability of the termite's soil as a building material. This
technique can reduce the CO2 emission related with conventional
building materials and the technique is easily practicable everywhere
without very high energy consumption required thus breaking down the
cost of sustainable housing.

The development of green, renewable and sustainable materials from
termite mound soil through alkaline activation by the utilization of
natural potash is aimed in this investigation. The derived objectives will
increase standard housing accessibility in regions where the termite soil
is abundant and doesn't represents any economic value (specifically in
the sub-Saharan region).

2. Experimental procedure

2.1. Materials

The termite mound soil was obtained from deserted and inhabited
mounds in Abuja, Nigeria. The soil was crushed manually and sieved
prior to its usage as precursor during the samples moulding. The particle
size distribution was performed by mechanical sieving and sedimenta-
tion (showing that the termite soil contained 50% of soil) in accordance
with the BS 1377:2. The moisture content, Atterberg limits and specific
gravity were performed on the soil. Table 1 shows the different properties
of the soil. Electron Dispersive Spectroscopy EDX was used to determine
the elemental composition of the termite mound.

Potassium alum or potash was obtained from, FCT-Abuja, Nigeria.
The potash was obtained in the form of coarse grains with a whitish color.
This was ground to powder in a laboratory mechanical grinder. Its
chemical composition was determined with EDX analysis the results
showed that this potash is from the potassium sulfate group. The KOH
was used due to its availability, its low cost, environmental-friendliness
and performances. Thus, it was used in its natural occurrence as pot-
ash. Additionally, previous study showed that the use of NaOH as a
chemical activating agent in natural pozzolan delayed the formation of
and resulted in greater deformations for the samples [19]. It's noteworthy
to recall that the TMS has been previously classified as natural pozzolana

The mixtures were prepared with 1, 3 and 5wt% of the activator and
15wt% of water. The precursor and activator were dry mixed in a labo-
ratory mixer for 5 min before adding water at room temperature (27�C)
and mixed for additional 5 min before pouring the paste into moulds of
dimensions 50 � 50 � 50mm. The alkali activated termites' soil (AATS)
was produced by one-part mix technique because of the similarity of the
process in manufacturing earthen masonry units. Compaction technique
was adopted for the production of the specimens based on results ob-



Table 1. Termite's soil physical and chemical characteristics.

Chemical composition Mineral content Particle size distribution Atterberg limits Specific gravity Bulk density

SiO2 51.26% Quartz Clay 48% Plastic Limit 30.17% 2.61 1.49 g/cm3

Al2O3 23.89% Kaolin Sand 34% Liquid Limit 17.9%

Fe2O3 21.80% Silt 18% Plasticity Index 12.2%

Others 3.05% Linear Shrinkage 6.5%
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tained in Figure 1. Studies have shown that the moulding techniques
affects greatly the mechanical behavior [20], compaction technique uses
the optimum moisture content which results in closely packed soil,
henceforth improved performances [21, 22]. This technique allows to
have more closely packed samples by reducing the voids within the
samples. Based on previous studies, the optimal activation concentration
was investigated by preparing three proportions of the alkali activator
1%, 3% and 5% [23].

In this study, two initial curing temperatures (ICT) were adopted to
determine the effect of the ICT variation on the specimen's micro and
macro-structural behavior. Previous studies showed the effect of the
initial curing temperature and the curing regime on the alkali activation
process [24]. Subsequently, the first series was initially cured at 60 �C
while the second was initially cured at 105 �C.

The Optimization of curing regime was obtained by subjecting the
specimens into different environment. The first series was left unsealed in
the laboratory environment at room temperature, contrary to the second
series that was sealed inside plastic bags. While the last series was oven
dried at 60 �C for the curing period. Three different days, 7, 15 and 90
days, were considered for the curing period. Table 2 summarizes the
details of the different set of specimens produced during this investiga-
tion. However, some specimens have not been tested without initial
curing temperature (ICT) because of their workability. The specimens
were losing their shapes as soon as demolded. While they were still wet
after 7 days of curing in the laboratory environment (27 �C) without ICT.
Thus, they couldn't be handled for mechanical testing as they tend to
deform elastically when loaded under compression.

Thus, three (3) curing conditions were tested for the specimens each
at two (2) different ICT making six curing tests. Those six curing tests
namely are the unsealed room temperature cured specimens (initially
cured at ICT1 & ICT2), sealed room temperature cured specimens
(initially cured at ICT1& ICT2) and oven dried specimens (initially cured
at ICT1 & ICT2).
Figure 1. Dry density vs moisture
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2.2. Characterizations

2.2.1. Physical properties
The specific gravity and bulk density of the samples were deter-

mined before and after alkali activation to access the effect of the
Alkali activation on these properties. Furthermore, the pH for the
different specimens under different curing regimes was evaluated to
retrieve the effect of the potash on the termite soil at the different
percent activation (1%, 3% and 5%) and different curing regime. In
addition, the apparent porosity was examined on the activated and
non-activated specimens to determine the role of the alkaline activa-
tion on the pores. Eq. (2) was used to determine the apparent porosity.
The dimensional stability analysis was performed based on the linear
shrinkage; it is a way of quantifying the amount of shrinkage likely to
be experienced by the material in dry conditions. The analysis was
performed with the Eq. (1), it was performed before and after alkali
activation to assess the behavior of the specimens under dry condi-
tions, it determines the moisture content below which the material
ceases to shrink. It's relevant to the condition of shrinkage due to
drying. The dimensional stability was also investigated in wetting
conditions by performing the water absorption analysis it's relevant to
the condition of the materials' expansion due to wetting and that was
performed based on Eq. (3). The analysis allows identifying the
behavior of the material when saturated.

Ls¼ 1� Ld
L0

(1)

AP¼ 1� Bulk Density
Particle Density

(2)

Water absorption ð%Þ¼ Mwet �Mdry
Mdry

� 100 (3)
content of termite mound soil.



Table 2. Details of specimen's production.

Designation Room Temperature Oven dried

RTU1 RTU2 RTS1 RTS2 OD1 OD2

Initial Curing Temperature (�C) 105 60 105 60 105 60

Curing Regime unsealed unsealed sealed sealed 60 60

A.A. Mahamat et al. Heliyon 7 (2021) e06597
2.2.2. X-ray diffraction (XRD) analysis
To determine the different minerals in the specimens and their

respective transformations, X-ray Diffraction (XRD) was performed on
the specimens after 15 days. The analysis was achieved using an X-ray
Diffractometer model ARL’XTRA (Thermo Scientific, Switzerland) with
range of 10–70� (2θ) at 0.02� 2θ steps integrated at the rate of 4.0s per
step. The patterns were processed using Match Software.

2.2.3. Microstructure observation
The morphology and microstructure of the termite's soil (TS) and

alkali activated termite's soil (AATS) were examined with the aid of
Scanning Electron Microscopy-Energy Dispersive Spectroscopy (SEM-
EDX) to examine the repercussions of the chemical stabilization on the
microstructure and morphology of the TS. Thus, the analysis was carried
for all the specimens. The analysis was carried in a Carl Zeiss Model EVO
LS10 instrumented with an EDX system that can detect elements between
Sodium and Uranium. Prior to the analysis the specimens were coated
with gold, to ease the imaging of the specimen's superficial appearances.

2.2.4. Fourier Transform Infra-Red (FTIR) spectroscopy
To examine the type of bonds existing between the different elements

of the Termite Soil (TS) and the Alkali Activated Termite Soil (AATS),
Fourier Transform Infra-Red (FTIR) was carried on the different speci-
mens. The analysis was conducted with a Thermo Scientific Nicolet iS5
FTIR system (Thermo Scientific, USA). The powder form of the different
specimen was mixed with Potassium Bromate (KBr) in a ratio of 5:1
separately for each specimen. The software Know it all Bio-Rad was used
to analyze the data obtained.
Figure 2. a) Specimen with different curing regime at 3% of potash, b) Different p
samples initially cured, d) Smooth surface exhibited by specimens initially cured at
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2.2.5. Mechanical properties
The mechanical properties examined was the uniaxial compression

strength carried on a Universal testing machine Model 4002& UTM7001
(Utest, Ankara, Turkey) at a loading rate of 0.6 kN/s. The specimens were
tested after 7, 15 and 90 days for all the sets of specimens. The specimens
from the different curing modes were oven dry for 24 h before testing.
The compressive strengths were obtained from Eq. (4), prior to the
testing the real dimensions of the specimens were estimated using Ver-
nier calipers.

σc¼Fi
Ai

(4)

Where σc is the compressive strength in MPa, Fi is the applied load in N,
and Ai is the cross-sectional area in mm2. During loading the specimens
deformed and failed differently hence the deformed specimens were
analyzed with SEM to understand the bonds breakage. The software
Origin was used to analyze the data and determine the different varia-
tions observed in the mechanical behavior.

3. Results and discussions

3.1. From microstructural to macroscopic behavior

3.1.1. Macroscopic behavior
The micro and macro-structural behavior of construction materials

affects greatly their properties, therefore it's important to link the two
from the SEM to Photo images. Photos of the different sets of specimens
were taken directly after demolding as shown in Figure 2. The specimens
initially cured at 105 �C expanded beyond the mould, however that
ercent of the activator: 1%, 3% and 5%, c) Noticeable cracks observed for the
60OC.



Figure 3. Morphology of different specimens with chemical content micrographs of a) RTU1 b) RTU2, c) OD2, d) OD1 at 3wt% of potash. Of specimens with 1wt%: e)
RTU2, f) RTS2, g) OD2 and specimens with 5wt% h) RTU2, i) RTS2 and j) OD2. With RT: Room Temperature curing, OD: Oven- Dried curing, U: Unsealed specimens,
S: Sealed specimens,1: Initial curing temperature of 105�C, 2: Initial curing temperature of 60�C.
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Figure 4. FTIR pattern for: a) specimens with 1wt% Potash, b) specimens with 3wt% Potash, c) specimens with 5wt% Potash and d) specimens at optimum curing
regime for all the activation level.
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expansion wasn't considerable. The remaining specimens didn't show any
noticeable shrinkage or expansion. Figure 2 b shows the difference in
color that was very noticeable with the variation of activation level; at
1wt% of potash the specimens were dark in complexion while they are
lighter at 3wt% but they become darker when the activator increased to
5wt%. The effect of the curing regime was considerable in terms of the
sealing; the specimens that were sealed exhibited smooth surface with no
cracks (Figure 2 d) but were still wet at 15 days contrary to the unsealed
specimens which exhibited significant surface cracks in Figure 2 a.
However, specimens initially cured at higher temperature (105 �C) pre-
sented remarkable surface cracks while specimens initially cured at low
temperature displayed smooth surface (60 �C) as shown in Figure 2 c&d
indicating the effect of the ICT on the crack's initiation.

3.1.2. Microstructural examination
The SEM images show that the specimens cured at high temperature

RTU1 (Figure 3 a) presented some surface cracks and pores (Figure 3 e)
which are generated by the shrinkage during the curing process. A
possible explanation is that the reaction rate is slow as it can be seen from
the low Si/Al ratio displayed by the specimens during the curing process.
A flocculation within the particles was triggered by the activator result-
ing in shrinkage cracks around the external surface of the specimens.
Meanwhile, the specimens with greater Si/Al ¼ 1.91 exhibited more
spherulitic new phases filling the pore spaces by binding the particles as
shown in Figure 3 b indicating the transformation of the matrix from
irregular shapes to spherulitic. In addition to the difference in Si/Al ratio,
slight compositional differences were noticed between the specimens.
The same phenomenon was reported by Slaty et al. in the alkaline acti-
vation of kaolinitic clay with NaOH [25]. The relict cracks detected in
Figure 3 f can be the result of the unreacted termite soil indicating a
lower dissolution rate of the termite soil and potash. Trace of iron oxide
phases present in the EDX results could possibly play a role in the color
change after curing of the specimens at high temperature (105 �C) as
perceived in the macroscopic observations in Figure 2. The Si/Al ratio
6

varied from 2.29 to 3.19 for the specimens containing 1wt% of activator,
while the Si/Al ratio varied from 1.23 to 1.63 and 1.32 to 1.99 for 3wt%
and 5wt% potash respectively. That reveals the insignificant contribution
in Silicon and Aluminum content by the potash activator. In all cases, the
specimens initially cured at high temperature displayed higher Si/Al
ratio in the 4 curing regimes contrary to the sealed specimens where the
highest Si/Al ratio was displayed by the initially low temperature cured
specimens. This can be explained by the composition and chemical re-
actions taking place within the sealed environment. Criado et al. (2008)
observed that this parameter played an essential role in the kinetics, the
structure and the composition of the initial gel formed [26] thus the
mechanical behavior noticed.

3.1.3. Molecular bonding (FTIR)
Figure 4 shows the results of the FTIR analyses performed on all the

specimens at 15 days. Sharp Peaks attributed to Si–OH were located at
3619 cm�1 to 3695 cm�1 for all the specimens with the exception of
RTU2 and RTS2 at 1wt%. In these specimens the formation of new peaks
was observed at 3854 cm�1 attributed to the Si–OH revealing the sig-
nificant displacement of the band. Broad peaks assigned to the stretching
–OH were observed around 3430 cm�1 in all the specimens with a band
shift reaching values of �20 cm�1, shift values are characteristic of
aluminosilicate network formation [27]. Contrary to the specimens OD2
at 1wt% in which higher wavenumbers was evidenced around 3850
cm�1 and 3479 cm�1. In any case, all the specimens presented broad
peaks attributed to bending H–O–H around 1650 cm�1 with very slight
shift values ranging�15 cm�1. The main peaks located around 1090 and
500 cm�1 characterize the silicate structure with the assigned vibration
of Si/Al–O and S–S stretching bond respectively reflecting the formation
of amorphous aluminosilicate gel [28]. For the different curing regimes,
the displacement of the different vibrations group is very imperceptible
(Figure 4 a–c), whereas the change in intensity is remarkable for the
different activation level (Figure 4 d). At 1wt% activator the FTIR spec-
trum is dominated by 1035cm�1 assigned to the vibration of Si/Al–O but



Figure 5. XRD patterns for Alkali Activated Termite's Soil (AATS) at: a) 1wt% activator, b) 3wt% activator and c) 5wt% activator.
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Figure 6. a) Linear shrinkage of TS and AATS, b) saturated RTU1 specimens, c) saturated RTU2 specimens. d) saturated OD1 specimens. e) saturated OD2 specimens,
f) saturated RTS1 specimens, g) specimens activated at 5% Alum, h) specimens activated at 1% Alum. With RT: Room Temperature curing, OD: Oven- Dried curing, U:
Unsealed specimens, S: Sealed specimens,1: Initial curing temperature of 105 �C, 2: Initial curing temperature of 60 �C.

Figure 7. Water absorption of the specimens under different curing regime.
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with weaker intensity than in the specimens with 3wt% and 5wt%.
However, 3wt% the peaks assigned to the stretching –OH were intense
around 3430 cm�1 and the band assigned to the vibration of Si/Al–O
reveal the formation of bond by the ring vibration of Si–O [28].

3.1.4. Transformation of present minerals (XRD)
XRD patterns of the AATS for the different activation level are pre-

sented in Figure 5, they represent the different transformation undergone
by the minerals. The diffraction patterns showed that there is an appre-
ciable transformation of the AATS with different activation level. The
crystalline phases detected around 2Θ ¼ 21.5� and 2Θ ¼ 26.5� were
Table 3. Influences of the alkaline activation on the physical properties.

Physical Properties/Specimens Linear Shrinkage (%) Bulk D

*TS 6.7 1.47
1AATS 4.8 1.49

* TS: termite soil.
1 AATS: Alkali Activated Termite's soil.
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transformed from quartz-kaolin to kaolin and from quartz to quartz-
kaolin respectively from 1wt% to 3wt% and 5wt% potash.

At 3wt% of potash, Calcite (CaCO3) [29] was detected at 2Θ ¼ 29.5�

while it was inexistant at 1wt% of potash (Figure 5 a &b), meanwhile the
formation of Sylvite (KCl) [30] was observed for 5wt% potash around 2Θ
¼ 27.5�(Figure 5 c). In any case, at 1wt% activation the crystalline phases
are mainly quartz and kaolin while at 3wt% quartz and kaolin peaks
showed higher intensity than other activation levels, this reveals the
higher dissolution reactivity of the termite soil precursor in the alkaline
environment at that level. Additionally, formation of Calcite at 3wt%was
observed then it was transformed into Sylvite at 5wt% activation. These
phases transformation can be attributed to the potassium induction made
by the activator and the formation of gel. The formation of calcite is
related to the rapid dissolving of Ca obtained in the precursor in the
alkaline solution and the precipitation of Ca(OH)2 finally transforming
into calcite [29]. While the formation of sylvite can be explained by the
sulfate dependent oxidation taking place during the alkali activation of
termite's soil [31]. Both calcite and sylvite are evaporite minerals. Thus,
some of the quartz and kaolin remained unaltered during the activation
revealing lower dissolution reaction between the remained quartz and
kaolin with the activator. But calcite exhibits retrograde solubility (it
becomes less soluble in water as the temperature increases) [32].

3.1.5. Dimensional stability of the Alkali activated Termite's soil (AATS)
The linear shrinkage presented in Figure 6 a illustrates the behavior of

the TS and AATS for the specimens. It was noticed that the shrinkage of
both the TS and AATS were not really considerable in spite that the AATS
showed less shrinkage. A possible explanation is that the alkaline reac-
tion has induced some flocculation among the particles confirming the
microstructural observations. Prud'homme et al. (2010) showed that the
oxidation of silica during the alkali activation may produce hydrogen gas
[33] inducing particles flocculation. That same reaction may have
generated more pores within the specimens. Thereby, the specimens
cured initially at low temperature under room temperature showed less
ensity (g/cm3) Apparent porosity (%) Specific gravity

41.9 2.61

43.5 2.69



Figure 8. Compressive strength at 7,15 and 90 days for: a) 1wt% activation, b) 3wt% activation, c) 5wt% activation with RT: Room Temperature curing, OD: Oven-
Dried curing, U: Unsealed specimens, S: Sealed specimens,1: Initial curing temperature of 105�C, 2: Initial curing temperature of 60�C.
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sensitivity to water (Figure 6 c) compared to oven dried (Figure 6 d and
d) this is in accordance with the shrinkage mechanism investigated by
Hailong Ye [34]. Ye et al. have established the correlation between the
Relative Humidity and Shrinkage, as the viscous deformations occurring
at high Relative Humidity triggered by the rearrangement of particles
[35] contributes to the general shrinkage [34, 35]. In our study, the
specimens initially cured at high temperature showed more sensitivity to
water (Figure 6 b).

The effect of the alkaline activation on the water absorbability of the
specimens are summarized in Figure 7 a. Sealed, and room temperature
cured specimens showed lower water absorption rate revealing more
dense specimens. Figure 7 b. shows the effect of the Alkaline activation
on some physical properties (bulk density, specific gravity and apparent
porosity). While the Table 3 present a comparism of the physical prop-
erties between the termite soil and alkali activated termite soil.

3.1.6. Influences of the alkaline activation on the soil's pH
The pH is a useful indicator of the AATS behaviour. The most critical

role of the alkaline activator in an alkali-activated material is to dissolve
the aluminosilicate and accelerate the reaction, which is obtained by
generating a high pH [26]. Additionally, the effect of the pH on the
activation of the TS is highly dependent upon the potash composition,
since the solubility of silica and alumina increases causing the silicate to
develop a greater mechanical strength. The alkaline nature of the potash
affects the pH of the TS by increasing it or decreasing it depending on the
ICT and curing regime. The consumption of alkalinity indicates that the
formation of bonds and strengthening of the TS are occurring. The
variation of the pH was slightly significant for the specimens with the
same activator content for all curing regimes. That indicates that the
curing regime affects the pH at a very insignificant level for the AATS.
However, specimens initially cured at lower temperature displayed
higher pH revealing the effect of the ICT on the specimen's alkalinity.
Consequently, the potash reacted with the TS particles to cause the soil
9

particles to flocculate into finer grain (as observed earlier in the SEM
micrographs) or coarser grains [25]. When there are no significant re-
actions taking place between the activator and the soil that suggest that
the soil remained intact.

3.1.7. Mechanical behavior of the AATS
The compressive strength of all the specimens at the age of 7, 15 and

90 days for the different activation levels and different curing regimes are
presented in Figure 8. From the compressive strength results it can be
noticed that at the early age of 7 days the specimens cured at lower
temperature presented higher compressive strength than specimens
initially cured at high temperature. The same trend was observed for the
age of 15 days with exception of the specimens that were oven-cured at
60 �C revealing the optimum initial curing temperature for the AATS.
During testing the specimens failed by formation of oblique cracks which
grew until separation of the specimens into 2 or more pieces. However,
the innermost part of the specimens was less subjected to the deformation
and it resisted until critical loading before failing. A possible explanation
is that during the curing process, the existing calcite experienced a
regressive solubility [36] due to the effect of curing temperature. The
compressive strength has increased as the temperature increased. In any
case, the highest compressive strength was attained by the specimens
containing 3wt% activator under oven-dry regime revealing the optimum
activation percent. Long curing times give origin to the formation of
silica-rich products [26], allowing satisfactory formation of the potas-
sium aluminosilicate gel. Henceforth, favoring the development of the
material's final resistances. The material owes its good mechanical per-
formance primarily to the sodium aluminosilicate gel [37]. The standard
deviation is so high in some cases because of the significant variation
among the set of specimens tested for the compressive strength. Mean-
while, it is low for the sets where the variations among the specimens
tested is not very significant (low), but the two closest results out of the
tree have been considered to remediate to the high standard deviation.
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4. Conclusions

The propitious experimental results obtained from this investigation
can be used to produce AATS for sustainable and eco-friendly masonry
units. Indeed, alkaline activation is a key component technique for a
green and sustainable global future in construction materials. This article
reported the special effect of the activation concentration, initial curing
temperature and curing regimes on the elemental, micro- and macro-
structural behavior of AATS. The main findings of the study are sum-
marized as follows:

� The alkaline activation favored reduction of linear shrinkage of the
specimens. As the activation concentration increases, the linear
shrinkage of the AATS decreases.

� The optimum ICT was 60 �C as it favored dimensional stability by
improving water sensitivity in dry and wet conditions. Also, by the
impressive mechanical behavior displayed by the specimens initially
cured at that low temperature. Although, the dissolution of alumina
and silica from natural aluminosilicates require higher temperature.

� From the microstructural, elemental and compositional analyses, it
can be concluded that the formation of phases is engendered by the
dissolution of the potash. Thus, these phases are probably K-alumi-
nosilicate gels responsible for the observed bindings.

� The ideal activation concentration for the compressive strength is 3wt
%. In any case, the compressive strength does not increase propor-
tionally with the activator concentration, whereas the highest
compressive was obtained for 3wt% of the Potash.

� The highest compressive strength attained by the AATS in this
study is 7.79MPa which is higher than the minimum required
compressive strength by the ASTM C129 for nonload-bearing
masonry units is (3.45 MPa) [38]. Therefore, a potential applica-
tion of the AATS in construction is non load-bearing masonry
units.

Considering the availability of aluminosilicate globally and termite
mound soil in the sub-Saharan region particularly, this study shows that
the alkaline activation can be an environmental-friendly technique to
process the termite mound soil into a valuable construction material.
Consequently, the results will contribute to develop sustainable materials
in construction from waste (the termite soil is considered as waste). The
results are valuable for Sub-Saharan and regions where the high energy
embodied materials are not affordable and where those natural materials
are available (termite soil). The development of that technology repre-
sents an important opportunity to transform the natural waste into
valuable, renewable and sustainable construction materials to preserve
the ecosystem from greenhouses gas emission. The future implications of
this investigation will be the reduction of cement utilization in con-
struction resulting in preserving the ecosystem, reducing housing prices
in region with limited means, promoting and engineering local materials.
For future work, the termite mound soil can be subjected to pre-heat
treatment before its activation to obtain more improved mechanical
behavior.
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