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A B S T R A C T

Modernization, industrialization and rapid changes in the modern lifestyle have resulted in massive waste materials
in the environment. Scientists are continuously evolving innovative ways for efficient reuse/recycling and the safe
disposal of waste materials. This study explores potential waste materials reuse in additive stabilization of a fair to
poor highway lateritic soil (clay with low plasticity/silty clay) as a sub-base material and the impact of such
additives in reducing the lime content during soil stabilization treatment. Soil samples obtained from road con-
struction burrow pit in Ado-Ekiti, south-west, Nigeria were classified as CL group (clay with low plasticity), ac-
cording to the Unified Soil Classification System (USCS) and A-6 material (silty clay) which is fairly poor highway
material. Hydrated lime, Cow bone and plastic wastes were also locally sourced. Geotechnical tests (Compaction,
Unconfined Compressive Strength test, direct shear and consolidation test) were carried out on the control and
stabilized samples according to BS 1990. The results of the Unconfined Compressive Strength tests revealed that the
90 % lateritic soil +10 % lime and a combination of 6 % lime +7 % cow bone powder +1 % plastic waste (6 % L
+7 % CBP + 1.0 %PP) mixes produced the best result for the lime stabilized and waste-lime stabilized soil samples,
respectively. The direct shear tests, indicated a reduction in the soil’s cohesion (c) from 38 kN/m2 to 28 kN/m2 and
an improvement in the angle of internal friction ( ) from 29º to 45º for the optimum waste-lime mix. 10 % lime
(L10) sample recorded comparatively lower c and values of 33 kN/m2 and 41º, respectively. The mix (6 % L +7 %
CBP + 1.0 % PP) had improved the unsoaked and soaked CBR of 61.7 % and 37.6 %, respectively compared to the
lime stabilized soil which recorded lower values of 57.8 % and 31.3 %, respectively. The permeability of the soil was
reduced from 3.22e-03 cm/s to 9.12e-04 cm/s on the application of 10 % lime however the waste-lime optimal mix
produced a lower value of 5.26e-04 cm/s. The results of the consolidation tests also revealed that the 6 % L +7 %
CBP +1.0 % PP sample had a lower coefficient of volume compressibility (Mv) of 1.065e-04 m2/kN than the
untreated samples which is 1.365e-04 m2/kN implying the stabilized mix is less susceptible to compressibility than
the untreated samples. The durability results revealed that the sample recorded a strength of 201.7 kPa after being
subjected to 3 wet-dry (w-d) cycles for 6 % L +7 % CBP +1.0 % PP sample, while the 10 % lime stabilized soil was
found to have a strength of 148.5 kPa strength. Based on the findings, it can be concluded that the 6 % L +7 % CBP
+1.0 % PP mix performed better than the 10 % lime stabilized mix with the waste materials substituting for 4 % of
the lime and producing better results in terms of suitability as a highway sub-base material.

1. Introduction

Waste reuse promotes eco-friendly and sustainable infrastructure
construction according to the UN Sustainable Development Goals

(Olofinnade et al., 2021). Partially burnt bones are usual occurrences
around most slaughter-houses, and marketplaces in major towns in
Nigeria, thereby constituting a nuisance (Onyelowe, 2016). Out of all
the plastic waste generated worldwide, only 5 % is recycled while the
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remaining 95 % ends up in landfills, worse, as litter or in the oceans,
according to Audu et al. (2015). Lateritic soils (i.e., sedimentary rock
deposits produced from the weathering of rocks) contribute to the
general economy of tropical and subtropical regions where they are in
abundance (Bolarinwa and Ola, 2016; Camapum et al., 2015; Ehujuo
et al., 2017). They are widely utilized in civil engineering works as
construction materials for roads, houses, landfills for foundations, em-
bankment dams, etc. As a road construction material, they form the sub-
grade of most tropical roads and can also be used as sub-base and base
courses for roads that carry light traffic. However, there are occasions
when these soils fail to meet up the requirements for a suitable sub-
grade, sub-base, or base course of the road construction. In such cases,
the soil needs to be stabilized by suitable means (i.e., its engineering
properties are altered/improved by mechanical or chemical action
(Dauda et al., 2018; Muntohar et al., 2013; Padalkar et al., 2017; Sudla
et al., 2018).

Lime stabilization is the preferred method of treatment for highly
plastic/weak lateritic soils (Sagastume et al., 2012; Tan et al., 2020;
Zhang et al., 2019). Lime-soil chemical reaction is mainly comprised of
two stages. The first stage, known as an immediate or short-term
treatment, occurs within a few hours or days after lime is added. Three
main chemical reactions namely, cationic exchange, flocculation-ag-
glomeration, and carbonation, occur at this stage. The second stage,
which constitutes the majorly of pozzolanic reaction requires several
months or years to complete. It is considered a long-term treatment
(Deboch, 2018; Gordan & Adnan, 2015; Hezmi et al., 2019; Latifi et al.,
2018; Tan et al., 2020).

Despite the wide use of lime in soil improvement, its environmental
impact has become a significant source of concern. The process of lime
production involves the emission of large quantities of CO2, which is
the main cause of climate change. The production of 1 ton of lime
entails the emission of around 1.2 tons of CO2 (James and Pandian,
2016; Jawad et al., 2014; Okeke et al., 2021), making lime one of the
produced materials with the highest associated specific emission of CO2

(Oluwatuyi et al., 2020). The environmental impact of lime production
can be local, regional, or global in scale. Local effects include dust
emissions and changes in landscape because of the mining of limestone.
Emitted sulfur dioxide and nitrogen oxides contribute to acid rain on a
regional scale, whereas CO2 emission contributes to global climate
change (Okeke et al., 2021; Szendefy, 2002).

Also, in terms of costs, lime stabilization is not as economic as
proposed by previous researchers. According to Joel and Joseph (2013),
hydrated lime is more expensive than cement in Nigeria (Obianyo et al.,
2021). In light of such drawbacks noted above, researchers are carrying
out extensive investigations for developing efficient and effective
means of utilizing both agricultural and environmental waste products
as partial substitutes for lime in lime-stabilized lateritic soils.

The waste generation rate in Nigeria is estimated at 0.65–0.95 kg/
capita/day which gives an average of 42 million tonnes of waste gen-
erated annually (Ike et al., 2018). According to Ugwu et al. (2020),
60–80 % of the wastes are organic in nature. A perfect example is a
waste from slaughterhouses or abattoirs. Abattoir wastes generally
consist of blood, bones, horns, fat organic and inorganic solids as well
as salts and chemicals. Previous work done on lateritic soils indicated
the effective stabilization of lateritic soil using bone ash in place of
hydrated lime. The addition of bone ash to soil samples led to in-
creasing the soil’s shear strength within the range of 22.4–105.2 % over
the strengths of the respective control tests. Conversely, all samples
attained maximum shear strengths at 7 % bone ash stabilization
(Ayininuola and Sogunro, 2013; Iorliam et al., 2012). However, the
embodied energy for the production of bone ash is still an issue of
concern. This is because a temperature of about 650–900 °C is required
to calcine the bone ash after open-air burning and the cost of producing
this much energy is high despite the benefit of reducing the environ-
mental pollution caused by these wastes (Emeka, 2015; Obianyo et al.,
2021).

Based on the previous findings of Adeyemi et al. (2017), the che-
mical composition of Cow bone powder in its green state (i.e., without
calcination) still possesses quite a significant amount of calcium oxide,
potassium oxide, silicon oxide, ferric oxide, aluminium oxide, and so-
dium oxide with low moisture content, therefore, hinting at possible
pozzolanic attributes. The use of bone powder as an adsorbent in the
remediation of soils contaminated with heavy metals (Abdul Rahman
et al., 2016; Cha et al., 2010; Ghiaci et al., 2013; Olaniyi et al., 2012;
Sneddon et al., 2002), water treatment (Almaroai et al., 2014) and as a
partial replacement for cement (Ghiaci et al., 2013; Joel, 2010; Okoye
and Odumodu, 2016) has been explored in the past. However, the use
of Cow bone powder rather than Cow bone ash as a partial replacement
for lime in lateritic soil improvement is yet to be assessed. A positive
outcome in this research would help energy conservation as combustion
for producing the bone ash is being eliminated.

Plastics are also another major component of waste in the en-
vironment. Plastics are utilized in virtually all areas of manufacturing
and packaging (Jalal et al., 2021; Olarewaju, 2016b; UN-HABITAT,
2010). The production of plastics increased substantially over 60 years
from around 0.5 million tons in 1950 to over 260 million tons in 2010
(Jalal et al., 2021; Olarewaju, 2016b, 2016a; Sai and Srinivas, 2019).
Recently, some researchers have explored the use of this waste plastic
in soil improvement (Jalal et al., 2021; Olarewaju, 2016a, 2016b; Sai
and Srinivas, 2019) but its efficiency in improving lime stabilized la-
teritic soil has not been assessed yet.

Given the above, this present study investigates, the use of Cow
bone powder and plastic waste granules as eco-friendly partial sub-
stitutes for lime in improving highway lateritic soils was explored. The
additives were added in varying percentages to lateritic soil samples
gotten along Ado-Iworoko Road in Ekiti state, Nigeria. A comparative
analysis was then made between the lime-soil mix and the lime-waste
stabilized soils to evaluate the potential of such additives in reducing
the lime content along with improvement in the engineering properties
of the lateritic soil.

2. Materials and methods

2.1. Materials

2.1.1. Natural soil
The soil used in the study was obtained from Ilokun Village, Ado-

Iworoko Road, (LHS) Opposite Progress 100.5FM Station, near Ekiti
State University at Chainage 6 + 850 (Fig. 1), where there is a large
mass deposit of unsuitable and poor lateritic soil for the proposed road
construction. The above-mentioned area is situated within the tropical
rain forest with a climate characterized by dry and wet seasons, and the
annual temperature varies between 18 and 34 ºC. Disturbed soil sam-
ples were collected at a depth of 300 mm and wrapped in labelled
polythene bags to prevent moisture loss during their transportation to
the Geotechnical Laboratory of the Federal University of Technology,
Akure for further laboratory testing and analysis.

2.1.2. Cow bone powder (CBP)
The cow bones used for the present study were obtained from a

slaughterhouse in Akure, Ondo state. These bones were sun-dried
properly, crushed and thereafter taken to the mill for grinding. All the
crushed bone powders were sieved through B.S. sieve 425 µm and the
material passing through the sieve was used for the present study and
hereafter referred to as “Cow Bone Powder (CBP)”.

2.1.3. Polypropylene (PP)/plastic waste granules (PWG)
Old damaged plastic chairs were collected within Akure metropolis

to be used as the source of Polypropylene (PP) and further broken down
into smaller plastic waste granules (PWG) using the crushing mill at the
Ondo State Waste Management site near the Igbatoro Road, Akure,
Ondo State.
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2.2. Experimental programme

The present section provides the detailed experimental program carried
out on the soil and soil mixed with the additives (CBP and PWG) (Table 1).

2.2.1. Sample preparation
To prepare soil-binder-additive-granule mixes, the natural soil sample

was disturbed by hand and oven-dried for 24 h. Soil samples and

additives were batched by weight in the different predetermined per-
centages using the analogue scale and digital sensitive balance. For this
research, the percentage concentrations of lime, cow bone powder and
plastic waste granules are in the range of 4–10 %, 7 % and 0.5–2.0 %,
respectively based on findings of the previous studies (AbdulRahman
et al., 2016; Adeyemi et al., 2017; Cha et al., 2010; Obianyo et al., 2021).
The samples were thoroughly mixed by hand and left to stand for about
an hour for proper homogenization before tests were conducted.

Fig. 1. Ariel view of the Site Location for the soil sample collection near the Hajaig Construction Co. Burrow Pit at Ilokun.
Source: Google Earth.

Table 1
Summary of laboratories test carried out in the research.

Test Description Details/Comments/remarks

Index and Consistency limits tests as per BS1377 (1990) The preliminary tests (moisture content, Atterberg’s limits, particle size distribution and specific
gravity) are conducted to determine the natural soil’s index properties.

Unconfined Compressive Strength (UCS) as per BS1377(1990) samples were cured for 7 days in order to evaluate the effect of time on the strength of the treated
materials.

West African Standard (WAS) Compaction Tests as per Federal
Ministry of Works and Housing (1997)

Additives were added to the soil in varying percentages and the effect on moisture-density
relationships of the samples was assessed.

Direct shear test as per BS1377:1990-part 4 shear strength of treated soil materials were determined.
Consolidation test as per BS1377 (1990)-Part 6 were performed on stabilized soil samples using floating ring Oedometer to assess the settlement

characteristics of the treated samples.
Hydraulic Conductivity test as per BS1377 (1990)-Part 6 Permeability of stabilized soil samples were performed using the falling head method following to

assess the permeability of the treated soil samples.
California Bearing Ratio test as per BS1377(1990). The test was carried out on soaked and un-soaked samples to assess the suitability of the material as

a highway pavement material.
Durability Test as per Diana et al. (2021) Durability test was carried out on samples with 28 days curing period. The samples were subjected

to three wetting and drying(w-d) cycles (one wet-dry cycle is one day of immersion, one day of
drying at room temperature). The UCS strength of the soaked and unsoaked samples were
determined and compared.

Elemental Composition Test This was carried out on the soil and the additives to assess their chemical composition.
X-ray diffraction (XRD) This was carried out on the soil sample to assess its mineralogical characteristics
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The experimental design is shown in Fig. 2.

2.3. Data collection and management

Necessary steps were taken to ensure accuracy during sampling,
testing and analyses. Unique sample identifiers and labelling were used
with the provision of proper laboratory storage for all samples used. In
cases where questionable results were obtained, steps were taken to
rerun the tests concerned. Spreadsheets used for data analysis enhanced
the visual verification of data consistency and wholeness. Also, tests on
the optimum mix samples were carried out at least twice to ensure
accuracy and reproducibility.

3. Results and discussion

The particle size distribution curve of the Ado-Iworoko tested soil is
shown in Fig. 3. The geotechnical properties are shown in Table 2. The
sample was classified as CL group (clay with low plasticity) according
to the Unified Soil Classification System (USCS) and as an A-6 material
(silty clay) which is fairly poor in terms of general ratings as a subgrade
material according to the American Association of State Highway and
Transportation Officials (AASHTO) classification system.

3.1. Elemental composition /X-ray fluorescence (XRF) of Ado-Iworoko soil
and additives

Table 3 shows the XRF results of the tested soil, lime and cow bone
powder. The results reveal that the soil is composed predominantly of
Oxides of silicon (37.66 %), Iron (48.19 %) with traces of Aluminum
(3.54 %) and Manganese (3.23 %). The silica-sesquioxide ratio i.e.

Fig. 2. An experimental program designed for the current study.

Fig. 3. Particle size distribution curve of the soil used in the present study.

Table 2
Properties of Ado-Iworoko natural lateritic soil.

Properties Value/description

Gravel (%) (> 4.75 mm) 31.7
Sand (%) (4.75–0.0075 mm) 13.5
Silt (%) (0.0075–0.002 mm) 30.5
Clay (%) (< 0.002 mm) 24.3
Natural moisture content (%) 6
Specific Gravity (Gs) 2.66
Liquid limit (%) 30.2
Plastic limit (%) 17.4
Shrinkage limit (%) 9.57
Plasticity index (%) 12.74
Optimum moisture content, OMC (%) 23.5
Maximum dry density, MDD (kN/m3) 1.58
UCS (kPa) 38
Unsoaked CBR (%) 17
Soaked CBR (%) 8
AASHTO classification A-6
USCS Classification CL
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(SiO2/Fe2O3 + Al2O3) was deduced to be 0.73 and classified as la-
terite, as per recommendations of Dalvi et al. (2004) is classified as
laterite. The Oxide composition of the lime revealed that it is comprised
majorly of Calcium Oxide (80.92 %) with traces of Magnesium Oxide
(3.28 %), Potassium Oxide (1.64 %), Silicon Oxide (1.49 %) and
Manganese Oxide (1.10 %), while Cow Bone powder predominantly
consists of Silicon Oxide (34.72 %), Calcium Oxide (24.92 %) and
Aluminum Oxide (11.68 %). The Calcium oxide content in the cow bone
powder is not sufficient enough for it to qualify as a cementitious ma-
terial but when used as a partial substitute to lime at an ordinary
temperature in the presence of water, it forms insoluble compounds
possessing cementitious properties as noted by Adeyemi et al. (2017).

3.1.1. Mineralogical analysis
3.1.1.1. X-Ray diffraction (XRD) analysis of the soil. Table 4 shows the
mineral composition of the soil used in the present study. From the
results, montmorillonite, muscovite, quartz and kaolinite which are
characteristics of laterite/lateritic soils were identified at 47.1066 Ǻ,
22.1847Ǻ, 5.2248 Ǻ and 11.0764 Ǻ, respectively. Traces of hematite,
goethite, calcite, dickite, sanidine and gismodine were also identified at
2.0360 Ǻ, 2.4949 Ǻ, 4.6177 Ǻ, 2.6005 Ǻ, 2.0076 Ǻ and 1.8456 Ǻ,
respectively. The significant presence of montmorillonite in the tested
laterite soil, paralleled with its index properties indicates that it cannot
be categorized as a good subgrade material Latifi et al. (2018).

3.2. Effect of additives on the compaction characteristics of the specimens

Figs. 4–9 present the compaction characteristics for untreated and
treated soil samples. The optimum moisture content (OMC) and max-
imum dry density (MDD) values of the untreated sample were 23.5 %
and 1.58 g/cm3, respectively. The OMC and MDD values of the

Table 3
Oxide composition of soil, lime and cow bone.

Chemical Compound
Details

Laterite (%) Lime (%) Cow Bone
(%)

Silicon Oxide (SiO2) 37.66 1.49 34.72
Aluminum Oxide (Al2O3) 3.54 0.29 11.68
Ferric Oxide (Fe2O3) 48.19 0.46 0.27
Titanium Oxide (TiO2) 0.06 0.01 0.06
Calcium Oxide (CaO) 0.65 80.92 24.92
Lead Oxide (Pb2O5) 0.02 0.01 0.03
Manganese Oxide (MnO) 3.23 1.10 0.85
Magnesium Oxide (MgO) 0.55 3.28 0.86
Sulphide (SO3) 0.03 0.28 0.13
Sodium Oxide (Na2O) 0.20 – 0.34
Potassium Oxide (K2O) 0.53 1.64 2.21
Nickel Oxide (NiO) 0.72 0.05 0.02
Phosphorus Oxide (P2O5) 0.60 0.03 0.01
Chromium Oxide (Cr2O3) 0.98 – 0.02
Cobalt Oxide (CoO) 0.01 0.09 19.07
Loss of Ignition (LoI) 3.03 10.35 4.81

Table 4
Mineralogical analysis of the soil sample.

Minerals d-Value (Ǻ) Intensity Plane 2θ/degree

Montmorillonite 44.1787 10.23 101 2.00
Muscovite 22.1847 7.64 111 3.98
Kaolinite 11.0764 8.60 100 7.98
Quartz 5.2248 53.66 004 16.97
Calcite 4.6177 16.01 110 19.22
Montmorillonite 2.9279 38.08 112 30.53
Dickite 2.6005 10.43 104 34.49
Goethite 2.4949 10.51 202 36.00
Hematite 2.0360 12.10 221 44.50
Sanidine 2.0076 10.46 201 45.16
Gismodine 1.8456 18.00 211 49.38

Fig. 4. Compaction curves of lime improved lateritic soil at varying percen-
tages of lime only.

Fig. 5. Compaction curves of lateritic soil with additives at varying percentages
of lime with 7 % CBP.

Fig. 6. Compaction curves of Lime-CBP-PP improved lateritic soil.
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stabilized samples were in the range of 20–21.5 % and 1.60–1.70 g/
cm3, which shows that with the addition of lime, soils can be compacted
to higher densities as noted in the former studies (Amadi and Okeiyi,
2017; Ikeagwuani et al., 2017; James and Pandian, 2018). The com-
bined addition of polypropylene (PP) and lime (L) to the soil also
produced samples having OMC and MDD in the range of 19–22.4 % and
1.50–1.74 g/cm3, respectively for the various percentage of additives.
However, out of all the combinations used for preparing the specimen,

the addition of the 4 %L + 7 %CBP + 0.5 %PP composition gave the
highest MDD of 1.90 g/cm3. This can be attributed to the low quantity
of lime in the specimen. It was observed that the MDD decreased with
an increase in lime with 10 % lime producing the lowest MDD. The
early stages of lime stabilization results in a reduction in MDD. The
effectiveness of lime in stabilizing the soil is based on the cementitious
reaction between the lime and the soil which is time-dependent (James
and Pandian, 2018; Jawad et al., 2014; Sagastume et al., 2012).

3.3. Strength, hydraulic and compressibility analysis

3.3.1. Unconfined compressive strength
Due to the level of variations in the compaction results which is

largely influenced by the different material compositions, the un-
confined compressive strength (UCS) test was used as a more accurate
indicator to measure the effect of the additives on the improvement of
the soil (Diana et al., 2021). The prepared samples for UCS tests are
shown in Fig. 10. A comparison of the UCS test results for both treated
and untreated samples is shown in Table 5. The stabilized soil samples
were cured for 1–28 days to study the effect of time on their strength as
the 28 days is sufficient time for the cementitious compounds in the
stabilized soil to develop substantial chemical reactions ( James and
Pandian, 2016; Szendefy, 2002). The results revealed that the natural
soil sample has a relatively low unconfined strength of 27.7 kPa. From
the results, the 6 %L + 7 %CBP + 1.0 %PP and 10 %L + 7 %CBP
+ 2.0 %PP samples gave UCS values of 256.8kPa and 187.6kPa, re-
spectively at 28 days of curing. These were deduced to have the highest
and lowest strength, respectively. This revealed that the addition of
plastic waste granules in excess led to a decrease in soil strength while
the cow bone powder reacted effectively with the lime to form ce-
mentitious materials which enhanced the soil’s strength properties, this

Fig. 7. Compaction curves of Lime-CBP-1.0 %PP improved lateritic soil.

Fig. 8. Compaction curves of Lime-CBP-1.5 %PP improved soil samples.

Fig. 9. Compaction curves of Lime-CBP-2 %PP improved soil samples.
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agrees with the findings of Adeyemi et al. (2017). Meanwhile, the use of
polypropylene in the appropriate proportion effectively improved the
shear strength properties of the soil thereby producing overall im-
provement in the ultimate compressive strength (Bakir et al. 2017;
Oluyemi-Ayibiowu and Fadugba, 2019).

The variation in the strength of the stabilized samples is shown in
Figs. 11–15.

3.3.2. Effects of the additives on the soil’s CBR strength characteristics
Fig. 16 presents the summary of the CBR values for the untreated

and treated soil samples. The CBR values for the untreated soil sample
were found to be 18.15 % and 8.23 % for un-soaked and soaked con-
ditions, respectively. With the addition of 10 % lime, the CBR values
rose to 51.3 % and 31.3 % for unsoaked and soaked conditions, re-
spectively. However, a drastic increase of 58.21 % and 30.84 % was

observed for un-soaked and soaked conditions when the soil was sta-
bilized with 4 %L+ 7 %CBP+ 0.5 %PP mixture. This further increased
to 61.7 % and 37.60 %, respectively with 6 %L+ 7 %CBP+ 1 %PP.
Further increase in lime and plastic waste granules content after this
resulted in a decrease in the CBR values. From the results presented, the
6 %lime+ 7 %CBP+ 1.0 % polypropylene composition gave the
highest soaked CBR strength (37.60 %). Thus, satisfying the Federal
Ministry of Works and Housing, Highway Design Manual, 30 %
minimum soaked CBR specification for road sub-base (Federal Ministry
of Works and Housing, 1997).

3.3.3. Effect of additives on soil’s direct shear strength
Fig. 17 shows the results of the direct shear tests for the untreated

and treated soil samples. The untreated sample was deduced to have
high cohesion (38 kN/m2) and an angle of internal friction (29º). The

Fig. 10. Preparation and curing of UCS samples.

Table 5
UCS results for treated and untreated soil samples.

Composition of matrix Unconfined compressive strength, UCS (kPa)

Number of days of curing

24 h 7days 14 days 21 days 28 days

CONTROL (100 % LS) 27.7 – – – –
4 % L 54.2 85.7 89.9 127.3 134.5
6 % L 63.7 102.5 135.4 158.6 167.6
8 % L 61.5 115.6 172.7 185.5 193.5
10 % L 78.3 151.4 182.3 194.5 217.3
4 % L + 7 %CBP 61.2 147.8 169.5 184.2 201.6
6 % L + 7 %CBP 79.5 93.6 117.2 139.5 145.3
8 % L + 7 %CBP 80.8 98.5 121.5 145.2 165.2
10 % L + 7 %CBP 86.7 116.7 142.3 167.5 187.3
4 % L + 7 %CBP + 0.5 % PP 93.5 109.2 197.2 232.5 211.4
6 % L + 7 %CBP + 0.5 % PP 152.5 161.5 173.5 201.5 224.7
8 % L + 7 %CBP + 0.5 % PP 122.6 122.6 123.1 124.9 222.9
10 % L + 7 %CBP + 0.5 % PP 132.6 156.7 167.7 187.4 213.5
4 % L + 7 %CBP + 1.0 % PP 142.5 167.6 177.4 172.5 201.5
6 % L + 7 %CBP + 1.0 % PP 163.4 167.4 196.3 217.2 256.8
8 % L + 7 %CBP + 1.0 % PP 153.5 156.7 197.4 213.6 236.4
10 % L + 7 %CBP + 1.0 % PP 145.6 164.3 189.1 200.2 221.5
4 % L + 7 %CBP + 1.5 % PP 156.9 182.9 195.2 195.2 205.0
6 % L + 7 %CBP + 1.5 % PP 151.2 179.9 193.6 201.5 222.6
8 % L + 7 %CBP + 1.5 % PP 124.4 149.7 185.6 200.4 218.5
10 % L + 7 %CBP + 1.5 % PP 120.5 134.7 166.5 198.0 212.5
4 % L + 7 %CBP + 2.0 % PP 125.8 143.7 159.6 188.7 207.5
6 % L + 7 %CBP + 2.0 % PP 103.4 121.5 152.6 173.5 182.5
8 % L + 7 %CBP + 2.0 % PP 113.6 123.6 148.5 156.4 197.4
10 % L + 7 %CBP + 2.0 % PP 104.6 121.6 134.5 164.7 187.6
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addition of 10 % lime reduced the cohesion to 33 kN/m2 while the
internal friction increased to 41º. A similar trend was observed with
lime-waste stabilized soils. The cohesion reduced while the angle of
internal friction increased with an increase in additive content. How-
ever, the 6 %L+ 7 %CBP+ 1.0 %PP sample was found to have the
highest angle of internal friction value (45º). However, a slight increase
in the cohesion value was observed in the 8 %L+ 7 %CBP+ 0.5 %PP
sample. This can be attributed to the fact that excess additives come
between the soil particles and reduce the inter-particle friction in the
soil matrix thereby increasing the cohesion according to James and
Pandian (2018).

3.3.4. Hydraulic conductivity
Fig. 18 shows the results of the hydraulic conductivity test for un-

treated and treated soil samples. The untreated soil sample gave a
coefficient of permeability (k) value of 3.22e-03 cm/s. The addition of

10 % lime resulted in a reduction in hydraulic conductivity 9.12e-
04 cm/s. Similarly, the additives' addition also led to a decrease in
permeability because it gave room for the soil to be compacted at
higher densities (Diana et al., 2021, James and Pandian, 2016 and
Narendra Goud et al., 2018). The lowest hydraulic conductivity value of
5.26e-04 cm/s was recorded at 86 %LS + 6 %L + 7 %CBP + 1.0 %PP
sample while the highest value of 1.88e-04 cm/s was recorded at 81 %
LS + 10 % L + 7 % CBP + 2.0 % PP sample. This infers that a further
increase in stabilizer content increased the hydraulic conductivity as
the micropores within the mixes increased with an increase in the
plastic content. This is consistent with the findings of Dahale (2016)
and Safuan et al. (2017).

3.3.5. Effect of additives on the soil’s consolidation properties
Fig. 19 shows the consolidation curves of the untreated and stabi-

lized soil samples. The void ratio in the untreated sample reduced from

Fig. 14. Unconfined compressive strength of untreated and treated soil samples
at 21 days curing period.

Fig. 12. Unconfined compressive strength of untreated and treated soil samples
at 7 days curing period.

Fig. 11. Unconfined compressive strength of untreated and treated soil samples
at 24 h curing period.

Fig. 13. Unconfined compressive strength of untreated and treated soil samples
at 14 days curing period.
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0.83 to 0.66 on the completion of the loading cycle. (i.e., 25–1600 kN).
The addition of 10 % lime to the soil led to a decrease in the void ratio
and generally made the consolidation process faster (Ikeagwuani et al.,
2017; and Jawad et al., 2014). The soil’s compressibility is reduced
with an increase in stabilizer content as a reduction in the void ratio
reduces its compressibility. The stabilized samples generally performed
better than the untreated samples with the 6 % L + 7 % CBP + 1.0 %
PP sample experiencing the least amount of compression followed by
the 4 % L + 7 % CBP + 1.5 % PP sample. The same pattern was ob-
served in Figs. 20–21. This shows the effects of the additives on the

coefficient of volume compressibility and the coefficient of consolida-
tion. These results agree with the findings of Bolarinwa et al. (2017).

3.4. Durability analysis

Durability test was carried out on samples with 28 days curing
period following the procedure adopted by Diana et al. (2021). The
samples were subjected to three wetting and drying (w-d) cycles (one
wet-dry cycle is one day of immersion, one day of drying at room
temperature). Fig. 22 shows the strength ratio between soaked

Fig. 18. Effect of additives on hydraulic conductivity of soil samples.
Fig. 16. Effect of additives on CBR strength of the laterite soil.

Fig. 17. Effect of additives on internal friction angle of laterite soil.Fig. 15. Unconfined compressive strength of untreated and treated soil samples
at 28 days curing period.
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(specimens subjected to w-d cycles) and those without w-d cycles at a
certain curing time. The 10 % lime stabilized sample experienced a 32.1
% strength decrease while the 6 % L+ 7 % CBP+ 1.0 % PP treated
sample experienced the least strength decrease of 21.5 %. The decrease
in strength could be attributed to damage caused by cementation bonds
created by lime treatment breakage and damage. It could also be at-
tributed to the decreasing strength of specimens in the wetting condi-
tion. Another possible reason to attribute to the drying's detrimental
effect could be the fact that it stops the pozzolanic reaction that requires
a certain degree of humidity in the soil (Ikeagwuani et al., 2017; James
and Pandian, 2016; and Jawad et al., 2014).

4. Conclusions

An attempt was made to stabilize the Ado-Iworoko Lateritic soil
with lime Cow bone powder (CBP) and plastic waste (PP). Based on the
index, consistency limits, and XRD tests carried out on the soil, it was
classified as a CL group (clay with low plasticity) according to the
Unified Soil Classification System (USCS) as an A-6 material (silty clay).
This places the soil in the fair-poor category in terms of general ratings
as a highway subgrade material. The optimum content of lime required
to stabilize the soil was first determined and 10 % produced the best
results. To reduce the lime content required to stabilize the soil, Cow
bone powder, and polypropylene/plastic waste granules were used as
partial replacements for lime in stabilizing the soil.

Fig. 21. Variation of coefficient of consolidation with effective stress for
treated and untreated soil samples.

Fig. 22. Effect of wetting and drying cycles on UCS strength of 28 days cured
samples.

Fig. 19. Plot between void ratio vs pressure for treated and untreated soil
samples.

Fig. 20. Comparison of coefficient of volume compressibility for treated and
untreated soil samples.
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1. The results of the UCS tests (which were used as the primary in-
dicator to measure the effectiveness of the stabilizers) revealed that
the 6 % L+ 7 % CBP+ 1.0 % PP mix produced the best improve-
ment for its strength.

2. The direct shear tests indicated a reduced the soil cohesion (c) from
38 kN/m2 to 28 kN/m2 and an improved the angle of internal fric-
tion ( ) from 29º to 450 for the optimum waste-lime mix [6 % L+ 7
% CBP+ 1.0 %PP]. 10 % lime (L10) sample recorded comparatively
lower c and values of 33 kN/m2 and 41º, respectively. This implies
that the cow bone powder reacted effectively with the lime to form
cementitious materials enhancing the soil’s geotechnical properties.
The plastic waste granules also effectively improved the shear
properties of the soil.

3. The unsoaked and soaked CBR values were remarkably improved by
adding 6 % L + 7 % CBP + 1.0 % PP to 61.70 % and 37.6 %, re-
spectively, thereby upgrading the soil from a poor subgrade material
to a good sub-base material. Thus satisfying the Federal Ministry of
Works and Housing, Highway Design Manual, 30 % minimum
soaked CBR specification for road sub-base. 10 % lime addition also
produced Unsoaked and soaked CBR results of 57.8 % and 31.3 %,
respectively. This is lower than that of the waste-lime stabilized mix.
A similar trend was also observed in the hydraulic conductivity test
values.

4. The permeability of the soil was reduced from 3.22e-03 cm/s to
9.12e-04 cm/s on the application of 10 % lime however, the waste-
lime optimal mix produced a lower value of 5.26e-04 cm/s.

5. The results of the consolidation tests also revealed that the 6 % L
+ 7 % CBP + 1.0 % PP sample had fewer voids with a coefficient of
volume compressibility (Mv) of 1.065e-04 m2/kN as against that of
the untreated sample which is 1.365e-04 m2/kN implying the sta-
bilized mix is less susceptible to compressibility than the untreated
samples.

6. The durability results revealed that the sample recorded a strength
of 201.7 kPa after being subjected to 3 wet-dry cycles for 6 % L + 7
%CBP + 1.0 %PP sample while the 10 % lime stabilized soil was
found to have a strength of 148.5kPa strength.

Based on these findings, it is concluded that the 6 %L+ 7 %CBP+ 1.0
%PP soil-lime-waste mix performed better than the stabilized 10 % soil-
lime mix with the waste materials substituting for 4 % of the lime and
produced better results in terms of suitability as a highway sub-base
material. 6 %L+ 7 %CBP+ 1.0 %PP stabilized/reinforced lateritic soil is
recommended as highway sub-base material in tropical developing
countries. To get similar results as noted in the present study, care must
be taken to dry the cow bone sufficiently before use. Also, the plastic
waste has to be granulated properly so that it performs as intended.
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