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Performance of lateritic soil stabilized with
combination of bone and palm bunch ash for
sustainable building applications

Ifeyinwa Ijeoma Obianyo®*, Assia Aboubakar Mahamat?, Esther Nneka Anosike-Francis?,
Tido Tiwa Stanislas?, Yang Geng?, Kennedy Chibuzor Onyelowe?, Shola Odusanya®,
Azikiwe Peter Onwualu? and Alfred B. O. Soboyejo®

Abstract: Various research works have been carried out on cement and lime
stabilization of lateritic soil. The production of cement is too expensive and envir-
onmentally unfriendly due to the required huge embodied energy as well as the
environmental pollution resulting in ozone layer depletion. In order to minimize
these shortcomings, researchers are exploring a sustainable alternative to cement.
There is limited scholarly work done on the use of a combination of agro-waste
ashes for the stabilization of lateritic soil. This study is aimed at examining the
performance of lateritic soil stabilized with a combination of bone ash (BA) and
palm bunch ash (PBA) for sustainable building applications. Different cube sizes
(50 mm?3, 70 mm?* and 100 mm?3) were used to produce lateritic bricks of different
matrices which were used to obtain the compressive strength test results. Addition
of a minimal percentage of BA (2%) and PBA (2%) improved the compressive
strength of lateritic bricks by 129% compared to the natural lateritic soil. Brick
specimen produced with the smallest mould size (2500 mm?) gave higher com-
pressive strength compared to larger mould size. The findings of this study confirm
the potential of using lateritic soil stabilized with a minimal percentage of BA (2%)
and PBA (2%) for sustainable building applications.
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tive to cement. This study explores the use of
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improved the compressive strength of lateritic
soil by 129%. Also, the use of PBA for a partial
replacement for BA reduces the embodied
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the PBA takes lesser embodied energy to pro-
duce. The findings of this study confirm the
potential of using lateritic soil stabilized with

a minimal percentage of BA (2%) and PBA (2%)
for sustainable building applications.
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1. Introduction

Affordable building for mass housing is the panacea for the housing deficit affecting the
increasing population of the African continent especially Nigeria. Harnessing the abundant
local building materials present in Africa is key for making adequate houses affordable for
the populace. Lateritic soil is an earth-based building material (Jayasinghe & Kamaladasa,
2006) that is among the topmost available local building materials abundantly available in
Nigeria and other tropical countries (Oluremi et al., 2012). Earth-based building materials are
cheaper than cement and eco-friendly (Alam et al.,, 2015). Earth-based building materials are
cheaper than cement because of the high embodied energy used for cement production. Unlike
the cement, earth-based materials production do not release greenhouse gases to the envir-
onment and this makes them non-toxic and eco-friendly. The lateritic soil is composed mainly
of quartz, iron-magnesium-manganese (amphibole group), and kaolinite (Egenti & Khatib,
2016). Soils having a ratio of silica to sesquioxide [SiO,/(Fe,03 + Al, Os)] which are less than
1.33 are classified as laterites whereas the ones between 1.33 and 2.00 are classified as
lateritic soil, and those above 2.00 are classified as non-lateritic soils (Nnochiri & Adetayo,
2019). Lateritic soil can easily be recycled and that makes it a sustainable building material
(Onakunle et al., 2020). However, due to their lower compressive strength, water absorption,
and dimensional stability compared to cementitious materials, lateritic blocks are considered
as non-durable building materials. A wide range of chemical stabilization techniques such as
the use of cement, lime, agro-waste ash, and plastic waste has been investigated to improve
the physical, chemical, and mechanical properties of earth-based materials (Apampa, 2017,
Fadele & Ata, 2018; Hamada et al., 2020; Jamil et al,, 2013; Moraes et al., 2019; Onyelowe,
2017a, 2017b; Rimal et al., 2019). The properties improved include compressive strength, water
absorption, durability, ultrasonic pulse velocity, dry shrinkage, flexural strength, splitting tensile
strength and workability.

Stabilization of earth materials has been employed in the construction industry in order to
improve the strength of structures constructed with these materials (Oluwatuyi et al., 2018). The
effectiveness of using lime for the stabilization of lateritic soil had been established by various
researchers (Ajayi, 2012; Akoto & Singh, 1981; Alavéz-Ramirez et al., 2012; Amadi & Okeiyi, 2017;
Dang et al, 2016; Malkanthi et al., 2020; Obianyo, Onwualu et al., 2020; Ola, 2013; Rao &
Shivananda, 2005). However, hydrated lime is more expensive than cement in Nigeria, as the
cost of 50 Kg of cement can only purchase 12.5 kg of hydrated lime (Joel & Edeh, 2013). Currently,
the average cost of 50 kg of cement and 50 kg of hydrated lime in Nigeria are approximately 7.5
and 525 dollars, respectively. This high cost of hydrated lime has made it a non-viable material for
the construction of sustainable buildings; hence, the need to seek an alternative to lime for
stabilization of soil. Agro-waste ash is a promising alternative to lime as agro-wastes are produced
in hundreds of metric tonnes yearly in Nigeria (Sadh et al., 2018). The presence of oxides of calcium
makes agro-waste ash a viable material for lime replacement. This is because the major consti-
tuent of lime is oxide/hydroxide of calcium. The utilization of agro-waste for soil stabilization will
result in value addition to the agro-wastes as well as cleaning of the environment from pollution
caused by the agro-wastes.

Table 1. Chemical composition of the lateritic soil sample

Oxides Si02 Al203 Fe203 Kzo MgO Ti02 P205 ZrOz NC|20 MnO Ca0
% 49.404 23.424 8.533 1.884 1.617 0.996 0.248 0.143 0.115 0.103 0.085
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Figure 1. Particle size distribu-
tion of the lateritic soil.

Figure 2. Production processes
of (a) BA and (b) PBA.

100 *>——o
90 / "
80
70 /
60

—
50
40
30

20
10

Percentage finer by weight

0.060 0.600 6.000
Particle size mm

The valorization of agro-wastes for application in the field of civil engineering is a profitable
alternative to cement for sustainable construction applications and has been investigated by
various researchers (Arancon et al., 2013; Garcia-Diaz et al, 2016; Madurwar et al., 2013).
Previous work done on lateritic soils indicated the effective stabilization of lateritic soil using
bone ash in place of hydrated lime (Obianyo, Onwualu et al., 2020). However, the embodied energy
required for the production of the bone ash is still an issue of concern. This is because
a temperature of about 650°C is required to calcine the bone ash after open air burning and the
cost of such energy is high despite the benefit of reducing the environmental pollution caused by
these wastes. Hence, the need to find alternative agro-waste ash for possible partial replacement
of bone ash for lateritic soil stabilization. Oil palm bunch is abundantly available in Nigeria and it is
usually discarded as waste after removal of the palm fruit. The estimated value of palm bunch in
Nigeria could be put at zero since it is dumped as waste. Besides, the production of palm bunch ash
requires considerably less embodied energy than bone ash. While bone ash is produced at
a temperature of about 650°C, palm bunch ash is produced at a temperature of 300°C. Based on
the temperatures and time taking to produce both materials, the cost of producing palm bunch
ash is lower than that of bone ash. This is because the higher the temperature used for the
production of materials, the higher the cost of energy and the release of CO, into the atmosphere
is increased. Udoetok (2012) characterized palm bunch ash and found out that it contains metals
such as chromium (0.088 mg/kg), zinc (0.38 mg/kg), calcium (146.15 mg/kg), potassium
(139.35 mg/kg), sodium (0.63 mg/kg), and magnesium (1.68 mg/kg). It means that palm bunch
ash contains calcium and the presence of calcium is required for the formation of cementitious
materials (calcium silicate hydrate and calcium aluminate hydrate) which will probably result in
improved strength of materials stabilized with it. The impact and applications of palm bunch for
the production of building materials have been investigated by some researchers (Omoniyi, 2019;
Otunyo & Chukuigwe, 2018; Series & Science, 2019). This study investigates the effective utilization
and stabilization of lateritic soils using agro-waste ash (bone ash and palm bunch ash) for
sustainable and affordable construction applications. The effects of curing temperature, curing
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Table 2. Chemical composition of the palm bunch ash

Oxides

Sio,

K,0

MgoO CaO P,05 Al,0; SrO Fe,0; MnO Zn0 TiO,

%

34.396

27.251

9.264 5.803 5.752 2.755 0.953 0.656 0.175 0.100 0.073

Table 3. Chemical composition of the bone ash (Obianyo, Onwualu et al,,

Oxides

CaO0

P,0s

MgO N020 SrO A|203 Kzo Fe203 Zn0

%

52.20

48.08

2.08 1.33 0.87 0.61 0.09 0.03 0.01

Figure 3. Brick samples of dif-

ferent sizes.

age, water content, the weight percentage of stabilizers (BA and PBA), and size effect of the
samples on the compressive strength of lateritic bricks were also explored in this work. The
understanding of how these factors influence the compressive strength of stabilized lateritic soil
will enhance the production of an improved and more durable lateritic bricks for sustainable
buildings.

2. Materials and methods

2.1. Materials

The lateritic soil used in this study was obtained from Galadimawa, Airport Road, Abuja, Nigeria.
The cattle bones used for the production of BA were sourced from Gosa Market, Airport Road,
Abuja whereas the palm bunches used for the production of the PBA were obtained from Oba,
Anambra State, Nigeria. The chemical composition and particle size distribution of the lateritic soil
used are presented in Table 1 and Figure 1 respectively. The ratio of silica to sesquioxide [SiO,/(Fe,
03 + Al,05)] for the soil sample used for the study is 1.546. This ratio of silica to sesquioxide falls
between 1.33 and 2.00 and hence it is lateritic soil. From XRF results of Table 1, it can be seen that
the summation of the SiO,, Al,05, and Fe,03 is 81.361%. ASTM C618 (Pourkhorshidi et al., 2010)
classified pozzolanic material as material that has the summation of the SiO,, Al,0;, and Fe,05 up
to 70%. Hence, the lateritic soil sample used for the study is pozzolanic which implies that it
possesses little or no cementitious value but in finely divided form and the presence of water will
react chemically with calcium hydroxide at ordinary temperature to form compounds having
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Figure 4. Failure pattern of the
lateritic brick indicating dela-
mination of the outer surface.

Figure 5. XRD pattern for lateri-
tic soil (Obianyo, Onwualu et al.,
2020).

cementitious properties (Obianyo, Onwualu et al,, 2020). In other words, lateritic soil, being
a pozzolanic material contains binding properties that can react with calcium hydroxide to form
cementitious material and thus making it a good replacement for cement. The particle size
distribution curve observed in Figure 1 represents a well-graded soil that contains silt predomi-
nantly, according to BS 1377: Part 2: 1990: 4.3 classification. The Atterberg limits test results
indicated that the lateritic soil sample possesses the following properties: liquid limits (41%);
plastic limit (17.75%); plastic index (23.25%); linear shrinkage (13.63%); and average water con-
tent (17.75%).

2.2. Production of bone ash and palm bunch ash

Cattle bones obtained from meat vendors were washed and sun-dried for two weeks after which
they were burnt in a furnace at a temperature of 650°C. The burnt cattle bones were ground with
a Jaw Crusher and then passed through a 75 pm mesh sieve to obtain a fine particle of BA as
shown in Figure 2(a). The collected palm bunches were sun-dried for 1 week after which they were
burnt in the open air and allowed to cool before passing the resulting PBA through a 75 pm mesh
sieve to obtain a fine particle of PBA as presented in Figure 2(b). The chemical compositions of BA
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Figure 6. Infrared spectra of (a)
lateritic soil (b) BA and (c) PBA.
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and PBA analyzed using Thermo Scientific X-ray Fluorescence (XRF) Epsilon Spectrometer are
shown in Tables 2 and 3 respectively. XRF analysis was done using the standard method with
Montana soil SRM 2710 as a Thermo Fisher Scientific standard reference material. The result of the
chemical composition analysis indicates the presence of oxide of calcium in both BA and PBA
needed for the pozzolanic reaction with the lateritic soil is present both in the BA and PBA. The
main oxides present in Portland cement which include CaO, SiO,, Al,03, Fe;,05 MgO, and K,0 were
also present in BA and PBA as shown in the chemical composition of the BA and PBA represented in
Tables 2 and 3. BA used for the study contains 52.20% of CaO and this aligns with the results of
other researchers that reported 55.30% (Gouvéa et al., 2015); 63.86% (Okeyinka et al., 2018); and
54.14% (Ifka et al., 2012) as the percentages of CaO in BA. The presence of P,0s (less than 1%) in
the BA has the ability of improving the hydraulic properties of di-calcium silicate (C,S) by entering
into it and could also increase setting times of the stabilized bricks. However, higher amount of P,
Os inhibits the reaction of C,S with C to form tri-calcium silicate (C3S) in the stabilized soil. Thus,
high P,0Os enters the clinker minerals {C,S, C3S and C3A (tri-calcium aluminate)} to form solid
solutions which affect the phase composition of the stabilized soil matrix (Ifka et al.,, 2012). Soil
stabilization can be achieved by the pozzolanic reaction between the CaO present in the stabilizers
and the soil particles (Obianyo, Onwualu et al., 2020). When BA and PBA are added to the lateritic
soil and mixed with water, the Ca (OH), disassociates into Ca®>* and OH™ ions. These ions cause the
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Figure 7. Morphologies of (a)
BA, (b) PBA, (c) non-stabilized
lateritic brick, (d) 2% stabilized
lateritic brick, (e) 4% stabilized
lateritic brick, (f) 6% stabilized
lateritic brick.

silica and alumina contained in the lateritic soil to dissolve and combine with Ca®* ions to form
calcium-silicate-hydrates (C-S-H) and calcium-aluminate-hydrates (C-A-H) which are the main
product of the hydration of Portland cement that is responsible for the strength in cement-
based materials (Muntohar, 2011; Pacheco-Torgal & Jalali, 2011). The amorphous gel (C-S-H and
C-A-H) bind the soil matrix and it is principally responsible for the increase in strength.

2.3. Materials characterization

Characterization of the soil sample and the agro-waste ash using specific tests will aid the proper
understanding of the properties of the materials as well as their mechanical behaviours. Nicolet is5
Thermo Scientific FTIR spectrometer was used in the characterization of the powdered samples of
lateritic soil, BA, and PBA. The mineralogical compositions of the laterite samples used for this
research were analyzed using Rigaku Miniflex 600 XRD machine with range 10-70° at a rate of 2°/
min and Cu K alpha radiation (Obianyo, Onwualu et al, 2020). Energy Dispersive X-ray
Spectroscopy (EDS) maps and scanning electron micrographs were obtained with the use of the
Evo/LS10 ZEISS Scanning Electron Microscope (SEM).

2.4. Sample preparation and research design

Samples of BA and PBA were used as soil stabilizers to improve the strength of lateritic soil
obtained from Galadimawa in Abuja, Nigeria. The soil samples were obtained from a depth of
1.5 m to 2.0 m below the ground surface using the method of disturbed sampling. The soil sample
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Figure 8. Influence of curing
temperatures and water con-
tent on the compressive
strength of lateritic bricks.
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was air-dried at room temperature for 2 weeks at the AfDB laboratory at the African University of
Science and Technology and was ground to fine particles. The cattle bones were washed and dried
for 2 weeks. The BA was obtained by calcination of cattle bones at 650°C in an electric furnace. The
choice of the calcination temperature is because at 600°C, the organic component of the bones
would be removed and carbonate apatite would be obtained, and this resulted in the production of
oxides of carbon at temperatures of 650°C and above (Figueiredo et al., 2010). Palm bunch was
dried thoroughly under the sun for 1 week, cut into smaller sizes, and burnt for about an hour using
open-air burning. The resulting BA and PBA were passed through No. 200 sieve (75 um) before
usage to obtain finer particles.

Preliminary laboratory tests on soil sample for the purpose of characterization, which include

natural moisture content, particle size distribution, and Atterberg limits were carried out in order to
understand the properties and behaviour of the soil sample used. The BA and PBA were added to
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the soil sample in equal proportion at a varying proportion of 0%, 2%, 4%, and 6% by weight of the
soil and mixed thoroughly before adding a calculated amount of water. Different water contents of
18%, 24%, and 30% based on the Atterberg limits test results were used in the mix design to
determine the effects of water content on the mechanical properties of the stabilized bricks. The
homogenized mixture of the raw materials (lateritic soil, BA, PBA, and water) was used to mould
lateritic brick samples of different material matrices and compositions. The lateritic bricks were
obtained with the aid of a locally made mould of 50 X 50 X 50 mm?3; 70 x 70 x 70 mm?; and
100 x 100 x 100 mm? sizes which were constructed to correspond to the shape and sizes of the
samples to be made. The freshly moulded lateritic bricks were carefully extruded in good shape
after 24 hours on a clean, hard, and flat surface to prevent the development of cracks. The
moulded samples were cured for 7 days, 14 days, and 28 days before testing. Also, three different
temperatures that were used to cure the brick samples in this study are 23 + 2°C(air-drying),
37 + 2°C (sun-drying), and 105°C (oven-drying). The brick samples of different sizes are presented
in Figure 3. Compressive strength test was carried out on the lateritic bricks to measure the
mechanical behaviour of agro-waste stabilized lateritic bricks.

2.5. Compressive strength of lateritic bricks

The compressive strengths of the lateritic bricks were determined in accordance with EN 206 (EN
206: 2013, 2013) using Model 70-S12V02 Universal Testing Machine Controls. Load measurements
were taken during testing at a displacement rate of 0.02 mm/s and a loading rate of 24 kN/s until
lateritic brick failure occurred as shown in Figure 4. Equation 1 was used to calculate the maximum
compressive stress in the lateritic bricks at failure:

(1)

o=

P
A

Where o = calculated normal stress (MPa); P = measured applied load (N) and A = net area of the
surface on which the load was applied (m?).

During the compressive strength test, care was taken to ensure that the lateritic bricks were
properly positioned and aligned with the axis of the thrust of the compression machine to ensure
uniform loading on the lateritic bricks (Neville, 2000). The results of the compressive strength tests
were used to evaluate the effect of different levels of stabilizers (BA and PBA), curing age, water
content, curing temperature, and size effects of the sample on the compressive strength of the
lateritic bricks.

3. Results and discussion

3.1. XRD pattern for lateritic soil

The mineralogical analysis of lateritic soil sample is presented in Figure 5. The XRD patterns
indicated that quartz is the predominant mineral present in the lateritic soil sample. Quartz is
silicon dioxide (SiO;) having a Moh’s hardness of 7. It is a durable material because it is highly
resistant to both chemical and mechanical weathering. The presence of quartz in lateritic soil adds
to its durability and will aid the formation of cementitious material (calcium silicate hydrate) when
mixed with BA and PBA in the presence of water. Other minerals present in the lateritic soil include
kaolinite{Al,Si,05(0OH),}, moganite {SiO,}, gismondine {CaAl,Si,Og - 4(H20)}, sanidine {K(AlSi30g)},
muscovite {(KF),(Al,03)s(Si0,)¢} and dickite {Al,Si;O5(0H),)}.

3.2. Infrared (IR) spectra of lateritic soil, BA and PBA

In order to properly understand the reactions and bonding types responsible for the strength
improvement in the stabilized lateritic bricks, FTIR spectra of lateritic soil, BA and PBA were
obtained as shown in Figure 6(a-c) respectively. The IR spectra of lateritic soil and PBA are
dominated by Si-O-Al and Si-O-Si bands at 1030 cm™ whereas the dominant band of BA had
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Figure 9. Effects of weight per-
centage of the soil stabilizers
and size effects of the speci-
mens on the compressive
strength of lateritic bricks.
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a strong peak with higher intensity at a higher wave number of 1050 cm™. The bands at 440 cm™,

470 cm™?, 540 cm™?, 580 cm™* and 690 cm™? are typical bands representing Si-O-Si possibly from
quartz. The band with the wave number of 1050 cm™ is O-C-O stretching bonds of the carbonate
groups probably the calcium carbonate. These dominant bands of lateritic soil and PBA (Si-O-Al)
imply that the combination of these materials with BA (containing CaO) will become cementitious
when mixed with water as a result of the formation of calcium silicate hydrate (C-S-H) and calcium
aluminate hydrate (C-A-H) (Moraes et al., 2019). The infrared spectra presented in Figure 6(c)
indicated a broad absorbance at 2800-3850 cm™! assigned to vibration of O-H due to the presence
of chemically bound water which contributes to formation of cementitious materials between the
soil particles and the stabilizers (Ojo et al., 2019). The chemically bound water provide sites for
bonding of the soil matrix. Figure 6(a) indicates the typical bands of the hydroxyl stretch of
kaolinite at 3620 cm™ and 3690 cm™! (Lemougna et al.,, 2014; Wi et al., 2018).
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3.3. Microstructure of the materials and lateritic bricks

The polished products of BA, PBA, non-stabilized and stabilized lateritic bricks were analyzed by the
Scanning Electron Microscopy (SEM) and the results are shown in Figure 7(a-f). The morphology of
BA in Figure 7a indicated the presence of spongy-like materials due to the presence of oxides of
phosphorus in the BA (Ifka et al., 2012). The presence of flake-shaped particles was observed in the
morphology of PBA as shown in Figure 7b indicating that palm bunch contains fibres and these
could improve the tensile strength of the lateritic brick stabilized with PBA. The morphologies of
both non-stabilized and stabilized lateritic bricks are shown in Figure 7(c-f). These morphologies
are similar at higher magnification, indicating the presence of quartz particles predominantly.
However, the non-stabilized lateritic brick contains porous materials as shown in Figure 7c.
Agglomerated morphology due to the accumulation of cementitious materials was observed for
the stabilized lateritic soil as shown in Figure 7(d,e). Quartz was found to be present in the
morphology of the sample stabilized with 4% stabilizers (2% BA and 2% PBA) as represented in
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Figure 9. Continued.
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Figure 7e and this accounts for the higher compressive strength obtained for sample stabilized
with 4% stabilizers.

Presence of interstitial micro-cracks is observed in Figure 7f (which is for 6%) and this could be
responsible for the lower compressive strength obtained for this sample compared to that
obtained for samples stabilized with 2% and 4% proportions of stabilizers. The micro-cracks
could be as a result of high silica content present in both the lateritic soil and PBA.

3.4. Influence of curing temperatures and water content on the compressive strength of
lateritic bricks

These physical-chemical reactions can be enhanced by controlling the curing temperatures
(Rahmouni et al., 2020). The results in Figure 8 indicated that the samples cured using the oven
drying method (105°C) gave higher compressive strength compared to those cured at room
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Figure 10. Effect of curing age
on the compressive strength of
lateritic bricks.
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temperature (23 * 2°C) and sun drying temperature (37 * 2°C). This implies that using oven drying
temperature as low as 105°C provides for better development of the compressive strength unlike
using oven drying temperature as high as 650°C (Obianyo, Onwualu et al., 2020). This trend of
having lower strength development for samples cured at a higher temperature (650°C) could be as
a result of the quick setting of the cementitious components of the stabilizers whereas the better
development of the compressive strength for samples cured at lower oven drying temperature
(105°C) could be attributed to the completion of the pozzolanic reactions between the soil particles
and the soil stabilizers.

The pozzolanic reactions between the soil, soil stabilizers/additives, and water had been identified by
previous research as the major contributor to the improvement of the compressive strength of the
stabilized soil (Obianyo, Onwualu et al., 2020; Onyelowe, 2017b). Also, the behaviour of lateritic soil
depends on the mineralogical constituents present in the soil as well as the amount of water in the soil
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(Joel & Edeh, 2013). The effects of water content on the compressive strength of lateritic brick samples
are shown in Figure 8. Among the different water contents (18%, 24%, and 30%) explored in this study,
brick samples mixed with 24% water content gave higher compressive strength. The higher compressive
strength obtained for 24% water content implies that the water content is adequate to ensure good
workability of the composite (BA, PBA, and lateritic soil). Brick samples mixed with 18% water content
gave lower compressive strength compared to that of 24% and this could be attributed to the inability
for the mixture to mix thoroughly resulting in micro-cracks and debonding in the stabilized bricks. The
compressive strength of the stabilized brick samples increased with an increase in the percentage of
stabilizers up to 4% and then decreased with a further increase to 6% stabilizer as shown in Figure 8. This
implies that 4% stabilizers (2% BA and 2% PBA) by weight of the soil is the optimum quantity needed for
the stabilization of the lateritic soil. Hence, the addition of excess stabilizers up to 6% will result in the
formation of voids in the bricks leading to lower compressive strength.

3.5. Effect of weight percentage of the soil stabilizers and size effects of the specimens on
the compressive strength of lateritic brick

The addition of the stabilizers (BA and PBA) influences the development of the compressive strength
of the lateritic bricks as shown in Figure 9. An increase in the compressive strength of the brick
samples was observed up to 4% (2% BA and 2% PBA) after which it decreases. The increase in the
compressive strength is due to the pozzolanic reactions between the lateritic soil and soil stabilizers
resulting in the formation of cementitious materials (Calcium Silicate Hydrate), which accounts for the
hardening and strengthening of the stabilized bricks (Obianyo, Anosike-francis et al., 2020; Obianyo,
Onwualu et al., 2020; Onyelowe, 2017b). The decrease in the compressive strength observed after the
addition of 6% stabilizers could be attributed to the excess of BA and PBA that do not take part in the
pozzolanic reactions between the soil and the stabilizers. These unreacted stabilizers occupy spaces
within the soil structure forming defects and weak bonds between the cementitious compounds and
soil particles resulting in a decrease in the compressive strength of the stabilized bricks. Also, the
addition of the soil stabilizers more than the optimum value produces voids within the bricks that
impact negatively on the mechanical properties of the brick samples resulting in reduced compressive
strength obtained for the samples stabilized with 6% stabilizers (3% BA and 3% PBA) as shown in
Figure 9. However, the compressive strength of all the stabilized samples was above 2.0 MPa and this
conforms to the NBRRI compressive strength specifications of 1.65 MPa for laterite bricks (Aguwa,
2010). The higher compressive strength result obtained for the tested samples is 3.818 MPa and was
obtained for the sample mixed with 24% water content and stabilized with 4% stabilizers, processed
at 105°C for 24 hours and cured for 28 days.

The effects of the specimen size on the compressive strength of lateritic bricks are shown in Figure
9. For all the specimens with different water contents cured at different temperatures, the
compressive strength increases as the size of the specimen gets smaller and vice versa. In other
words, for bigger specimen sizes (10,000 mm? and 4900 mm?), lower compressive strength was
obtained whereas for smaller specimen size (2500 mm?), higher compressive strength was
obtained as represented in Figure 9.

This lower compressive strength obtained for the bigger specimen size could be attributed to the
increase in the number of defects as the surface area of the specimen becomes larger. Hence, the
smaller the size of the specimen, the lesser the defects present and the better the compressive
strength. The increase in the compressive strength of the bricks as the specimen sizes reduce is
consistent with the trends obtained in previous studies (Aubert et al.,, 2016; Knox et al.,, 2018;
Mohammed et al., 2011; Segura et al.,, 2019).

3.6. Influence of curing age on the compressive strength of lateritic bricks

The effect of curing age on the compressive strength of earth-based materials has been studied
(Chen et al,, 2019; Johnson et al,, 2014). The findings indicate that the compressive strength of
earth-based materials increases as the curing age increases and vice versa. The influences of
curing age on the compressive strength of the lateritic brick sample are shown in Figure 10. It was
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observed that the compressive strength of the sample increases as the curing age increases and
vice versa. Thus, brick samples cured for 28 days gave higher compressive strength compared to
those cured for 7 and 14 days, respectively, as represented in Figure 10.

This increase in the compressive strength with curing age is attributed to enough time provided
for the complete pozzolanic reactions between the soil particles and the cementitious content of
the soil stabilizers (BA and PBA) to take place.

4. Conclusions
The following conclusions were made from this research work.

Agro-waste ash stabilization of lateritic soil could be used to manufacture affordable and eco-
friendly brick building materials for the fast growing population of Nigeria;

The higher compressive strength result obtained for the tested samples is 3.818 MPa and was
obtained for the sample mixed with 24% water content and stabilized with 4 % stabilizers,
processed at oven drying temperature (105°C) for 24 hours and cured for 28 days. Hence, the
addition of a combination of 4% stabilizers (BA and PBA) improved the compressive strength of
lateritic soil by 129%;

Brick samples produced with the smallest mould size (2500 mm?) and cured for 28 days gave
higher compressive strength compared to that produced with larger mould size;

The use of PBA for a partial replacement for BA reduces the embodied energy consumed in the
production of BA since the PBA takes lesser embodied energy to produce;

The FTIR result indicated that the IR spectra of lateritic soil and PBA were dominated by Si-
O-Al band which accounted for the formation of cementitious materials (C-S-H and C-A-H) in
the stabilized soil matrix;

The morphology of the tested stabilized lateritic soil indicated the presence of quartz and
agglomerated materials due to the accumulation of cementitious materials and this
accounted for the higher compressive strength obtained for sample stabilized with 4% stabi-
lizers. Therefore, eco-friendly and sustainable brick building materials can be obtained by agro-

waste ash (bone ash and palm bunch) stabilization of lateritic soil.
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