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Abstract

This research aims to investigate the mechanical performance of compressed earth blocks (CEBs) stabilized by a
combination of metakaolin-based geopolymer (MKG) and sugarcane molasses (SM), to remedy the limitations present in
CEBs stabilized with MKG alone. Two schemes of stabilization were used. In the first, the optimum MKG content for
stabilizing CEB was partially substituted with various percentages of SM (10% MKG + 0% SM, 8% MKG + 2% SM, 6%
MKG + 4% SM, 4% MKG + 6% SM, 2% MKG + 8% SM). The second stabilization scheme consisted of fixing 5% MKG
and varying SM from 2% to 8% (5% MKG + 0% SM, 5% MKG + 2% SM, 5% MKG + 4% SM, 5% MKG + 6% SM, 5%
MKG + 8% SM). The mechanical properties of the CEBs stabilized with SM and MKG were analyzed in terms of
compressive strength, dry density, and water absorption. The test results showed that the combination of MKG and SM for
stabilizing CEBs was not as effective as MKG alone in increasing the compressive strength of CEBs. However, this
combination solved the high porosity of CEBs stabilized with just MKG by increasing their dry density and decreasing
their water absorption capacity. In terms of compressive strength and water absorption, the optimum values were obtained
respectively with 5% MKG + 4% SM (4.163 MPa at 28 days) and 6% MKG + 4% SM (8.73% at 28 days). Therefore, the
suggested innovative stabilization approach is suitable for improving the overall mechanical properties of CEBs and
addressing the shortcomings of CEBs stabilized only with MKG.
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1. Introduction

From the dawn of mankind, people have used the earth as their paramount building material because of its
affordability and maneuverability. Throughout history, the world has known different types of earthen construction. The
traditional techniques of earthen construction included, among others, cob construction, adobe construction, poured
earth construction, wattle and daub, and rammed earth construction [1]. Nowadays, earthen structures are being
overshadowed by the emergence of cement. Despite this, there are still earthen constructions because not everybody can
afford the modern houses made of cement since they are costly. As a direct consequence, there is a renewed interest in
using the earth as a building material, particularly in undeveloped countries like African countries. Due to this context,
modern earthen constructions, such as CEB, have arisen. The CEB is a masonry element made by compressing moist
soil, in a mold. This process is a modern evolution of adobe, which employs sophisticated machinery to produce
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flawlessly calibrated pieces. The manufacture of CEBs follows specific product quality control standards. The clay in
the soil is the principal binder for CEBs. Nevertheless, in their natural state, CEBs are prone to the whims of nature,
particularly when it rains. Therefore, another type of binder is usually introduced to enhance its performance. This
procedure is called stabilization. The most prevalent binders used for CEB stabilization are cement [2—4] and lime [5,
6]. However, due to their energy-intensive manufacturing processes, cement and lime production are some of the most
significant contributors to global greenhouse gas emissions. Over 6% of global warming and anthropogenic greenhouse
gas emissions are caused by the cement industry [7]. Regarding lime, in China (the world's largest energy consumer and
generator of COy), lime production is the second most significant source of carbon emissions from industrial processes
[8]. Therefore, there is a craze for more ecological perspectives than just cement and lime stabilization. The emergence
of geopolymers as an alternative to cement arose from this viewpoint.

Geopolymers are alkali-activated materials obtained from an aluminosilicate source [9]. Contrary to cementitious
materials, geopolymers need an alkali solution to harden. Sodium hydroxide (NaOH), sodium sulphate (Na>SOs),
sodium silicate (waterglass), sodium carbonate (Na,COs), potassium carbonate (K>.CO3), potassium hydroxide (KOH),
and potassium sulphate (K»SQOa.) are popular activators used in the geopolymerization process [10, 11]. On the other
hand, the aluminosilicate sources used to synthesize geopolymers include industrial wastes such as rice husk ash, fly
ash, blast furnace slag, and natural and synthetic materials like kaolin and metakaolin. Geopolymers have distinct
benefits in hardening rate, strength and corrosion resistance, and durability [12]. Geopolymers are also thermally stable
and resistant to high temperatures [13]. The most common aluminosilicate source for making geopolymers is
metakaolin. Metakaolin is widely used for making geopolymer because it is a purer, more easily defined starting material
for geopolymerization [14]. Furthermore, metakaolin is more environmentally friendly. For example, in equal quantities,
the production of metakaolin produces 54% less CO; than the production of cement [15]. Nowadays, geopolymers are
seen as an alternative to cement in stabilizing CEBs. Unlike Portland cement, which has calcium silicate hydrate (CSH)
as its main binding element, the binding constituent of geopolymers comes from the formation of the geopolymer gel
(Sodium Aluminosilicate Hydrate N-A-S-H). Recent studies have shown the effectiveness of MKG in soil and CEB
stabilization.

Sore et al. [16] investigated the feasibility of using MKG for stabilizing CEBs. By stabilizing CEBs with different
amounts of MKG varying from 5% to 20% with a 5% rate of increase, they noted that the use of MKG as a stabilizer
increases the compressive strength of the stabilized CEBs. However, the CEBs stabilized with MKG were highly porous
with increasing MKG content. Furthermore, Zhang et al. [17] studied the feasibility of adopting a geopolymer made
with metakaolin as a new soil stabilizer generation. The study consisted of stabilizing soil with a varied amount of MKG,
ranging from 3% to 15%. As a result, they found that the soil stabilized with more than 11% MKG displayed an
unconfined compressive strength (UCS) higher than that of the natural soil and the soil stabilized with 5% cement. With
increasing MKG concentrations, the compressive strength of stabilized soils rose. Nonetheless, it appears that, as
compared to stabilization with cement, a higher amount of MKG is needed to stabilize soils effectively.

Additionally, Dukuly et al. [18] have evaluated the use of MKG as a stabilizing agent for expansive soil by stabilizing
expansive soil with 5%, 10%, and 15% MKG. They have found that the expansive soil's Pl (Plasticity Index) is decreased
immediately with the use of geopolymer as a stabilizer. MKG was also found to increase the UCS of the control soil,
decrease its swell potential and shrinkage, and enhance its CBR (Californian Bearing Ratio).

In general, MKG has been found to enhance the mechanical properties of soils and CEBs and provide them with
good cohesion. On the other hand, CEBs stabilized with MKG have some shortcomings like any building material. The
CEBs stabilized with MKG are highly porous, which affects their stability in water [16]. In addition, it appears that a
hefty dose of MKG is needed to stabilize the soil, which can be costly [17, 19, 20]. This study aims to address these
issues that are encountered with CEBs stabilized with MKG.

Recently, the emerging trend in stabilizing CEBSs is to promote the reuse of industrial waste products. This method
helps tackle the high expense of conventional stabilizers. SM, a byproduct of the sugar refining process, is among the
industrial wastes that have been shown to improve the mechanical characteristics of CEBs. Mandala et al. [21]
investigated the mechanical properties of earth blocks stabilized with SM by varying the percentage of SM from 4% to
12% with a 4% increase rate. This study revealed that SM increases the compressive strength of the stabilized earth
blocks. Therefore, Mandala et al. [21] recommended it for earth block stabilization.

In addition to being good at improving the mechanical properties of CEBs, SM also improves the process of
geopolymerization. In their study on the durability of geopolymer concrete, Karthik et al. [22] concluded that the
inclusion of bio-additive (SM) in geopolymer concrete reduces porosity and facilitates ambient temperature curing.
Therefore, by combining MKG with SM during the stabilization process of CEBs, it can be possible to address the high
porosity of those stabilized with MKG alone.

Although current studies have shown the effectiveness of SM in making geopolymer concrete at ambient temperature
and for stabilizing earth blocks, there is a limitation of information about studies providing experimental evidence for
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the combination of MKG and SM for stabilizing CEBs. This current research effort is a novel approach for stabilizing
CEBs by combining MKG with SM to address the shortcomings of CEBs stabilized with only MKG and improve the
overall mechanical properties of such blocks.

2. Materials and Methods

2.1. Materials

Laterite Soil

Soil is the main component in making CEBs. In this study, laterite soil was used for that purpose. The laterite soil
used for this investigation came from the farm of Jomo Kenyatta University of Agriculture and Technology. The sieve
analysis results, displayed in Table 1, reveal the particle size distribution of the laterite soil. The laterite soil was
classified as "Silty Sandy GRAVEL" since it was composed of 75% gravel, 18% sand, and 7% silt.

Table 1. Sieve analysis results

Sieve Size  Weight of Sieve  Weight of Sieve  Weight of Soil Retained = Cumulative Weight Soil Retained on Sieve  Soil Passing

(mm) and Soil (g) only (g) on sieve (g) Retained (g) (%) Sieve (%)
50.8 542.94 542.94 0.00 0.00 0.00 100.00
38.1 514.84 514.84 0.00 0.00 0.00 100.00
254 576.83 525.06 51.77 51.77 3.311 96.69
19.1 643.64 574.04 69.60 121.37 7.763 92.24
9.52 834.33 518.26 316.07 437.44 27.978 72.02
4.76 859.05 472.68 386.37 823.81 52.690 47.31
2.00 815.95 460.68 355.27 1179.08 75.413 24.59
0.84 590.42 412.00 178.42 1357.50 86.825 13.18
0.42 484.20 403.46 80.74 1438.24 91.989 8.01
0.25 428.38 381.88 46.50 1484.74 94.963 5.04
0.105 405.41 358.18 47.23 1531.97 97.984 2.02
0.074 386.60 360.60 26.00 1557.97 99.647 0.35
Pan 356.25 350.72 5.53 1563.50 100.00 0.00

Geopolymer Binder

The geopolymer used to stabilize CEBs was MKG. It was made of metakaolin, used as an aluminosilicate source,
and sodium hydroxide (NaOH) as the activation solution. The metakaolin used in this study was created by transforming
local kaolin through a sequence of modifications. Firstly, the kaolin was crushed and ground into powder. Following
that, it was sieved through a 75 pum sieve. Finally, the metakaolin was created by calcining the kaolin powder at 650 °C
for 1 hour and 30 minutes. Figure 1 illustrates the process of manufacturing metakaolin. The activation solution was
made of caustic soda of 99% purity. The caustic soda flakes were dissolved in distilled water so that the final
concentration of the NaOH solution was 12M.

, Calcination
» W | Ve AT | |t 650°C for | M) | Metakaolin
1 h 30mn

Figure 1. Metakaolin manufacturing process
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Sugarcane Molasses

The SM used in this study was purchased from a Kenyan wholesaler in Kiambu County, specifically in Juja. Figure
2 depicts SM used in this study.

Figure 2. Sugarcane molasses

2.2. Methods
Blocks Production

The production of blocks included a series of steps. The first step consisted of the preparation of the soil. The soil
used for block production was sieved through a 5 mm sieve. After that, the laterite soil was mixed with varying amounts
of metakaolin in the second step. Table 2 illustrates the various mixing scenarios in making blocks. Next, the third step
involved the preparation of the sodium hydroxide solution (activation solution) of 12M by diluting caustic soda in
distilled water. Then, the alkaline solution was added to the dry mixture of laterite soil and metakaolin with an alkaline
solution/metakaolin ratio of 0.8. The entire mixture was then carefully mixed. In the fourth step, SM was added in
various amounts, as shown in Table 2. In the fifth step, water was added. The amount of water needed was the optimum
water content obtained during the compaction test on different percentages of MKG and SM. For homogeneity, the
whole sample was mixed after the addition of SM and again after the addition of water. Afterwards, the sixth step
involved the production of the blocks using the manual press machine. Before making the blocks, the press machine
was lubricated with drain oil. The homogeneous mixture was then compressed into the mold to make the blocks. Finally,
the seventh step consisted of the curing of the CEBs. Following production, the blocks were covered with polystyrene
for 24 hours and allowed to air-dry until testing. Figure 3 depicts the production of the compressed earth blocks.

Table 2. Schemes for stabilizing CEBs

Production of blocks by replacing the optimum MKG content (10%6MKG) with SM

Binder
Laterite soil Water Designation
MKG SM
10% 0% Constant oMC 10%MKG+0%SM
8% 2% Constant oMC 8%MKG+2%SM
6% 4% Constant oMC 6%MKG+4%SM
4% 6% Constant oMC 4%MKG+6%SM
2% 8% Constant oMC 2%MKG+8%SM

Production of blocks by fixing 5% MKG and varying SM from 0 to 8%

Binder
Laterite soil Water Designation
MKG SM
5% 0% Constant OMC 5%MKG+0%SM
5% 2% Constant oMC 5%MKG+2%SM
5% 4% Constant oMC 5%MKG+4%SM
5% 6% Constant oMC 5%MKG+6%SM
5% 8% Constant oMC 5%MKG+8%SM
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Test Sample Control Sample
Laterite Soil Laterite Soil
Laterite Soil
\Z A4
Metakaolin (MK) i7 Metakaolin
\Z Mixing ‘7
NaOH-12M Water NaOH-12M
\/ A4
Sugarcane molasses (SM) - Mixing Water
A4
Mixing Water -

Sample of blocks

Mixing Materials Compaction

L

SCEB with MKG and SM CEB without :
stabilizer SCEB with MKG
Scenario 1: Scenario 2: <7 <7
10%MKG+0%SM 5%MKG+0%SM 5% MKG
0 0 0 0 0%MKG+0%SM
8%MKG+2%SM 5%MKG+2%SM 10%MKG
6%MKG+4%SM 5%MKG+4%SM
4%MKG+6%SM 5%MKG+6%SM
2%MKG+8%SM 5%MKG+8%SM

Curing: Cover with polystyrene for 24 hours and air-dry until testing

Figure 3. Blocks production process

Chemical Characterization of Basic Materials

The basic materials' chemical compositions were established to quantify the distinct chemical elements as a
percentage of the mass of their oxides. The chemical compositions of the materials were determined using the X-ray
fluorescence (XRF) approach in this investigation. A primary X-ray source was used to excite the samples, and then the
excited samples released a fluorescence X-ray. Finally, the XRF analyzer detected the fluorescence X-ray, which
determines the chemistry of the samples.
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Mechanical Properties of CEBs

The mechanical properties of the CEBs stabilized by combining MKG with SM were investigated in terms of
compressive strength, dry density, and water absorption. The blocks were tested at 7, 14, and 28 days old. The
compressive strength test was carried out following the requirements of the British Standard (BS EN 772-1, 2011). It
was conducted using the Universal Testing Machine (UTM). The compressive strength was calculated using the
following formula:

o=1 (2

where ¢ was the maximum stress; F was the maximum load; and S was the loaded area. Figure 4 depicts the compressive
strength test of blocks.

(a) Block sandwiched between the trays of the UTM for

. (b) Block after compression test
compression test

Figure 4. Compressive strength test procedure

Regarding the dry density of the CEBs determination, it has been conducted according to the requirements of the
Nigerian Industrial Standard (NIS 87, 2004). The dry density of blocks was computed as follows:

Ya="2 )

where Wy was the weight of the dry sample (kg); V was the volume of the blocks (m®); and yq was the dry density of the
blocks (kg/m3). Figure 5 shows the procedure for the determination of the dry density.

(@) Drying in oven (b) Dry weight

Figure 5. Determination of the dry density of CEBs

The water absorption of the CEBs was determined per the British Standard 1377 (1967). Figure 6 illustrates the
procedure of the water absorption test. The following formula was used to calculate the water absorption:

— (Wa—Wp)
b

M, x 100 ®)

where W, is Mass of the block after absorption, Wy, is Mass of the block before absorption, and M. is Percentage moisture
absorption on dry basis (%).
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(c) Immersion in water for 24 hours (d) Weight after immersion in water

Figure 6. Water absorption test procedure

3. Results and Discussion
3.1. Chemical Characteristics of Basic Materials
Laterite Soil

The XRF analysis carried out on the laterite soil showed that its major components are SiO- (56.77%), Fe;O3 (19.69%),
and Al,Os (17.26%). For soil to be classified as lateritic soil, the silica-sesquioxide ratio (SiO2/ (Fe2O3 + Al203)) should lie
between 1.33 and 2 [23]. The silica-sesquioxide ratio of the soil used in this study was 1.54. This result confirmed that the
soil used in making CEBs was lateritic soil. Table 3 illustrates the chemical composition of the laterite soil.

Table 3. Laterite soil’s chemical composition

Element Name Percentage (%)

Al,03 17.26
SiO; 56.77

cl 0.04

K;0 1.22

Ca0 0.78

Mn 2.29
Fe,0; 19.69

Metakaolin

The XRF analysis performed on the metakaolin showed that it was mainly composed of SiO; (73.30%), Al,O3
(14.88%), and Fe;O3 (5.52%). Additionally, SiO; + Al,O3 + Fe;O3 (93.70%) is greater than 70%. Therefore, this
metakaolin was classified as class N pozzolan according to the requirements of the standard ASTM C-618. Table 4
illustrates the chemical composition of the metakaolin used in this study.
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Table 4. Metakaolin's chemical composition

Element Name Percentage (%)

Al,O3 14.88
SiO; 73.30

P20s 0.11

Cl 0.01

K.0 4.70

CaO 0.51
Fe,0; 5.52

Sugarcane Molasses

The chemical characteristics of the SM used in this study is summarized in Table 5.

Table 5. Chemical characteristics of sugarcane molasses

Element Name Percentage (%0)
Magnesium 11.0
Potassium 58
Calcium 34
Manganese 12.8
Copper 11.6
Iron 70.0
Glucose 12.2
Fructose 12.8
Crude Protein 5.6
Sucrose 18.2
Magnesium Oxide 1.88
Calcium Oxide 0.75
Potassium Oxide 36.0
Sodium Oxide 6.3

3.2. Mechanical Properties of CEBs Stabilized by Combining MKG with SM
Compressive Strength

Compressive strength is one of the most important parameters considered in assessing the mechanical properties of
CEBs. The minimum compressive strength recommended by the Kenyan standard (KS 02-1070:1993) for earth blocks
is 2.5 MPa. The results of the compressive strength test are illustrated in Figure 7. It should be noted that the compressive
strength of all the CEBs increased as the curing period increased. The higher value of the compressive strength of the
un-stabilized CEBs was 3.388 MPa and was achieved at 28 days.

45 - Scenario 1 )
Min. strength as per Kenyan

4 - . Standard: KS 02-1070:1993

3.5

3

25

2

15

1

Compressive Strength (MPa)

0.5

Unstabilized Block 10% MKG 8% MKG + 2% SM 6% MKG + 4% SM 4% MKG + 6% SM 2% MKG + 8% SM

u 7 days = 14 days = 28 days
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45 1 Scenario 2 :
5 Min. strength as per Kenyan

4 Standard: KS 02-1070:1993

3.5

3

2.5

2

15

1

Compressive Strength (MPa)

0.5

Unstabilized Block 5% MKG 5% MKG + 2% SM 5% MKG + 4% SM 5% MKG + 6% SM 5% MKG + 8% SM

m 7 days = 14 days = 28 days

Figure 7. Compressive strength of SCEBs

In scenario 1 of stabilization, the CEBs stabilized with 10% MKG showed a compressive strength increase rate of
25.24% at 28 days. This increase in the compressive strength of the CEBs stabilized with MKG is consistent with the
findings of Tchouateu et al. [24] in their experimental investigation of the physicomechanical, structural, and
microstructural properties of CEBs stabilized by pozzolana-based phosphate geopolymer. The increase in the
compressive strength of the CEBs stabilized with 10% MKG is credited to the formation of geopolymer gels that bind
the soil particles together, making the sample more resistant [16]. The partial replacement of this optimum MKG content
with SM displayed a smaller compressive strength. Thus, the compressive strength of CEBs stabilized with 10% MKG
decreased from 4.243 MPa to 3.430 MPa for CEBs stabilized with 8% MKG + 2% SM at 28 days. As the rate of
replacement of the MKG with SM increased, the compressive strength of the blocks increased but remained less than
that of CEBs stabilized with 10% MKG. Above an optimum replacement of 4% of MKG by SM, the compressive
strength of the CEBs dropped.

On the other hand, in scenario 2 of stabilization, it should be noted that the CEBs stabilized with 5% MKG displayed
a compressive strength increase rate of 8.32% at 28 days. This trend is also in accordance with the study of Tchouateu
et al. [24]. It can be attributed to the formation of geopolymer gels that bind the soil particles together, making the
sample more resistant [16]. Then, it should be highlighted that the addition of SM to 5% MKG for stabilizing CEBs
enhanced their compressive strength more than the use of 5% MKG alone. As the percentage of SM increased, the
compressive strength of the CEBs increased too. The highest compressive strength value of 4.163 MPa was obtained
with 5% MKG + 4% SM at 28 days. Above 4% of SM, the compressive strength of the stabilized compressed earth
blocks (SCEBSs) dropped.

From all the two stabilization scenarios, in terms of compressive strength, the optimum MKG and SM content for
stabilizing CEBs was 5% MKG + 4% SM (4.163 MPa at 28 days). In general, it should be deduced from the results of
the two scenarios of stabilization that SM is not as effective as MKG in increasing the compressive strength of CEBs.
However, the combination of MKG and SM for stabilizing CEBs is useful in improving the compressive strength of
CEBs. This result matches the finding of Mandala et al. [21] in which the use of SM for stabilizing earth blocks have
enhanced their compressive strength. The increase of the compressive strength of the CEBs stabilized by combining
MKG with SM is due to the combined action of the development of the geopolymer gel and the adhesive properties of
SM. Indeed, the adhesive properties of SM, derived from the hydrogen bonds found in its sucrose, also enhance the
electrochemical attraction within soil particles and bind them together [25]. As a result, the SCEBs produced are more
compact and resistant. Nevertheless, the combination of more than 4% SM with MKG for stabilizing CEBs has been
found to reduce the compressive strength of the SCEBs. This result is because the high amount of SM combined with
MKG for stabilizing CEBs has coated the soil-geopolymer matrix, which inhibits the electrochemical attraction between
soil particles and the geopolymer. The bond formed by the adhesive properties of SM then acts alone, but it is
insufficiently strong to withstand higher loads applied to the CEBs. It should also be highlighted that at 28 days, all the
CEBs had a compressive strength higher than the minimum value recommended for CEBs (2.5 MPa) by the Kenyan
standard. Therefore, these SCEBs can be recommended for construction purposes.
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Dry Density

The results of the dry density of the CEBs are depicted in Figure 8. It should be noted that the CEBs stabilized with
both MKG and SM were denser than those that were un-stabilized, and the ones stabilized only with MKG. The evolution
of the dry density of each type of SCEB as a function of the curing period did not show a specific trend. This is because
100% mixing homogeneity is practically impossible to achieve during CEB production. However, it should be noted
that the dry density of the CEBs decreased with the increase in MKG content. This outcome is in accordance with the
findings of Sore et al. [16]. The decrease in the dry density of the CEBs stabilized with MKG is related to the
development of porosity, which results from an increase in weight loss as the amount of geopolymer used for stabilizing
the CEBs increases [16].

1950 - Scenario 2

1900 -

1850

1800 -

1750 -

Dry density (kg/m?3)

1700 -

1650 -

1600 -
Unstabilized Block 5% MKG 5% MKG + 2% SM 5% MKG + 4% SM 5% MKG + 6% SM 5% MKG + 8% SM

u 7 days m 14 days = 28 days

8 Scenario 1

1950 -
1900 -
1850 -
1833|1831

1800 -

1750 + k(Y

1746 [ 1751

Dry density (kg/m3)

1700 -

1650 -

1600 -

1550 -
Unstabilized Block 10% MKG 8% MKG + 2% SM 6% MKG + 4% SM 4% MKG + 6% SM 2% MKG + 8% SM

u 7 days m 14 days = 28 days

Figure 8. Dry density of SCEBs

Nevertheless, in scenario 1 of stabilization, it should be highlighted that the dry density of the blocks increased as
the percentage of SM used as a partial replacement of MKG increased. At different ages, the CEBs stabilized with SM
as a partial replacement of MKG had a higher dry density than those stabilized with only 10% MKG (the optimum MKG
content for stabilizing CEBs). The CEBs stabilized with 2% MKG + 8% SM displayed the highest dry density.
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The same trend was also observed in scenario 2 of stabilization. The density of the SCEBs increased as the percentage
of SM added to 5% MKG, for stabilizing CEBs, increased. The CEBs stabilized with 5% MKG + 6% SM displayed the
optimum value. The combination of more than 6% SM with 5% MKG for stabilizing CEBs dropped the dry density of
the SCEBs. However, it remained higher than that of CEBs stabilized with 5% MKG alone.

It is also interesting to note that the dry density of all the SCEBs was consistent with the study of Riza et al. [26],
which located the suitable range for the dry density of earthen blocks within 1500 kg/m3 and 2000 kg/m3. Generally, the
increase in the dry density of the CEBs stabilized by combining MKG and SM compared to that of CEBs stabilized with
just MKG, may be explained by the adhesive properties of SM, which enhance the electrochemical attraction and bind
aggregated soil particles together [25]. Therefore, it should be deduced that the combination of MKG with SM
effectively addresses the high porosity of CEBs stabilized with MKG alone and makes them more compact and denser.

Water Absorption

The water absorption test results are shown in Figure 9. For earthen blocks to be adopted for construction, their water
absorption should be less than or equal to 15% [27]. These results showed that the un-stabilized CEBs were not stable
in water, and therefore, their water absorption was not measurable.

Scenario 1
20 - Max. Water absorption as per African
Standard WD-ARS 1333 (2018)
17.5 1
15
g
E 12.5 |
e
o
2 10 -
<
2 75
(]
= =
o
SRS =]
@
£
2.5 -
o
= Not measurable| | Not measurable
0 T T T ]
Unstabilized Block 10% MKG 8% MKG + 2% SM 6% MKG + 4% SM 4% MKG + 6% SM 2% MKG + 8% SM
m 7 days m 14 days m 28 days
Scenario 2
20 - . .
Max. Water absorption as per African
175 j Standard WD-ARS 1333 (2018)
g 15
c
g 285
=
8 10 4
Q
<
[
(=N 5) | (<%} [}
(] —_ —_
E 2 g
== > >
3 2 g
(5] (<5}
S =
3 5 5
Not measurable | | Not measurable | e = Not measurable | | Not measurable
0 T T T T ]
Unstabilized Block 5% MKG 5% MKG + 2% SM 5% MKG + 4% SM 5% MKG + 6% SM 5% MKG + 8% SM
m 7 days m 14 days = 28 days

Figure 9. Water absorption of SCEBs
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In scenario 1 of stabilization, it should be noted that the CEBs stabilized with 10% MKG displayed greater water
absorption than the limit value recommended (15%). This outcome, related to the porosity of the CEBs stabilized with
MKG, was in accordance with the study of Emeso et al. [28]. The partial replacement of this optimum MKG content
with SM improved the stability of SCEBs in water. As SM increased by up to 4% and the curing period increased, the
water absorption decreased. The water absorption values of the blocks stabilized with 8% MKG + 2% SM, and 6%
MKG + 4% SM were all below the limit value of 15%. Nevertheless, the water absorption of the SCEBs with 6% MKG
+ 4% SM was not measurable at 7 days because the blocks crumbled in water. Then, as the curing periods increased,
these blocks became more stable in water. Beyond the 4% replacement of MKG by SM, the water absorption of the
SCEBs was not measurable. Thus, all the blocks stabilized with 4% MKG + 6% SM and 2% MKG + 8% SM crumbled
in water. Table 6 displays the water absorption values of CEBs stabilized according to scenario 1.

Table 6. Water absorption of CEBs stabilized with SM as a partial replacement of MKG (scenario 1)

Age (days) Percentage of binder (%) Water Absorption (%6) Observation

10% MKG + 0% SM

8% MKG + 2% SM

7 6% MKG + 4% SM

4% MKG + 6% SM

2% MKG + 8% SM

14.33

10.82

Not Measurable

Not Measurable

Not Measurable

Good condition

Good condition

Cracks in two parts

Blocks crumbled before24h

10% MKG + 0% SM

8% MKG + 2% SM

14 6% MKG + 4% SM

4% MKG + 6% SM

2% MKG + 8% SM

16.04

10.45

9.85

Not Measurable

Not Measurable

Good condition

Good Condition

Good Condition

Blocks crumbled before24h -
Blocks crumbled before24h -

10% MKG + 0% SM

8% MKG + 2% SM

28 6% MKG + 4% SM

4% MKG + 6% SM

2% MKG + 8% SM

15.89

9.91

8.73

Not Measurable

Not Measurable

Good condition

Good Condition

Good Condition

Blocks crumbled before 24h

Blocks crumbled before 24h

Additionally, in scenario 2 of stabilization, it should be pointed out that the CEBs stabilized with 5% MKG were not
stable in water. They crumbled during the water absorption test. This result is also consistent with the study of Emeso
et al. [28]. Nevertheless, when the same amount of geopolymer was combined with 2% SM, the stability in water of the
SCEBs obtained was enhanced. The blocks crumbled in water at 7 days, but as the curing period increased, the CEBs
resisted in water. However, the water absorption of CEBs stabilized with 5% MKG + 2% SM was beyond the
recommended water absorption limit value for earthen blocks (15%). The water absorption of the SCEBs dropped as
the amount of SM increased by up to 4%. The SCEBs with 5% MKG + 4% SM had a water absorption value that was
less than 15%. Above, 4% of SM, all the blocks stabilized with 5% MKG + 6% SM, and 5% MKG + 8% SM crumbled
in water. Table 7 shows the water absorption values of CEBs stabilized according to scenario 2.
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Table 7. Water absorption of CEBs stabilized by fixing 5% MKG and varying the percentage of SM from 2% to 8% (Scenario 2)

Age (days) Percentage of binder (%) Water Absorption (%6) Observation

5% MKG + 0% SM Not Measurable Blocks crumbled before 24h
5% MKG + 2% SM Not Measurable Cracks in two parts

7 5% MKG + 4% SM Not Measurable Blocks crumbled before 24h
5% MKG + 6% SM Not Measurable Blocks crumbled before 24h
5% MKG + 8% SM Not Measurable Blocks crumbled before 24h
5% MKG + 0% SM Not Measurable Blocks crumbled before 24h
5% MKG + 2% SM 16.07 Good Condition

14 5% MKG + 4% SM 14.77 Good Condition
5% MKG + 6% SM Not Measurable Blocks crumbled before 24h
5% MKG + 8% SM Not Measurable Blocks crumbled before 24h
5% MKG + 0% SM Not Measurable Blocks crumbled before 24h
5% MKG + 2% SM 15.97 Good Condition

28 5% MKG + 4% SM 10.68 Good Condition

5% MKG + 6% SM

5% MKG + 8% SM

Not Measurable

Not Measurable

Blocks crumbled before 24h

Blocks crumbled before 24h

In general, it should be noted that the combination of MKG and SM for stabilizing CEBs improved their stability in

water more than the use of just MKG as a stabilizer. The CEBs stabilized with MKG and SM were stable in water, but
as the amount of SM increased, the SCEBs needed a more extended curing period to display good behavior in water.
This may be credited to the sucrose present in SM. Indeed, sucrose can be coupled with ions found in geopolymer
matrices like Ca, Al, and Fe to produce insoluble metal-organic complexes that coat the particles and slow down the
geopolymerization process [29]. The optimum binder content in terms of water absorption was 6% MKG + 4% SM.
When the amount of SM increased beyond 4%, the SCEBs crumbled in water. This result may be explained by the fact
that the high amount of SM used has coated the soil-geopolymer matrix, which inhibits the electrochemical attraction
between soil particles and the geopolymer. Therefore, when the CEBs stabilized with a high amount of SM are immersed
in water, the hydroxyl groups of SM absorb and hold water before diluting [30].

In conclusion, it should be noted that the use of SM with MKG for stabilizing CEBs effectively addresses the porosity

of CEBs stabilized with just MKG. As a result, the CEBs stabilized by combining MKG and SM are more stable in
water and can be recommended for making external walls in humid areas subjected to frequent rainfall.

4. Conclusion

From the findings of the experiments conducted above, it should be deduced that SM is not as effective as MKG in
increasing the compressive strength of CEBs. However, the combination of MKG and SM for stabilizing CEBs is helpful
in improving their compressive strength. The optimum MKG and SM content, at which the highest compressive strength
is achieved, is 5% MKG + 4% SM (4.163 MPa at 28 days). On the other hand, when the amount of SM combined with
MKG for stabilizing CEBs is more than 4%, the compressive strength of the SCEBs drops.
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Additionally, it should be pointed out that the combination of MKG with SM effectively addresses the high porosity
of CEBs stabilized with MKG alone and makes them more compact and denser. As a result, the dry density of the SCEBs
is increased as the percentage of SM increased. Alternatively, the stability in water of these CEBs stabilized by
combining MKG and SM is improved more than that of CEBs stabilized with just MKG. The best result is obtained
with the partial replacement of 4% of the optimum MKG content by SM. The water absorption value of 8.73% is thus
obtained for SCEBs with 6% MKG + 4% SM at 28 days old. Beyond 4% of SM, the SCEBs crumbled in water. Thus,
the CEBs stabilized with 5% MKG + 4% SM and 6% MKG + 4% SM may be recommended for construction purposes
since they have a compressive strength greater than 2.5 MPa, a dry density within a range of 1500 to 2000 kg/m?, and a
water absorption value of less than 15% at 28 days.
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