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ABSTRACT

Weak, moisture-sensitive soils in deltaic environments present major constraints to
safe and durable infrastructure. This study provides a comprehensive geotechnical
characterization of natural (untreated) soil from Rukpokwu, Obio/Akpor LGA, Rivers
State, Nigeria, to assess its engineering suitability and establish a baseline for potential
improvement. Representative samples were collected from the subgrade horizon (=1.0
m) and tested in the laboratory according to BS 1377 procedures for Natural Moisture
Content (NMC), Specific Gravity (Gs), Particle Size Distribution (PSD), Atterberg
Limits (Liquid Limit [LL], Plastic Limit [PL], and Plasticity Index [PI]), and Standard
Proctor Compaction to determine Maximum Dry Density (MDD) and Optimum
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Moisture Content (OMC), as well as California Bearing Ratio (CBR) and Unconfined
Compressive Strength (UCS). Results show a mean natural moisture content of ~18.0%,
specific gravity between 2.63 and 2.70, and a predominantly fine-grained matrix
dominated by silt and clay. Index tests returned LL = 38%, PL = 17%, and Pl = 21%,
classifying the soil as a highly plastic clay with significant shrink—swell potential.
Compaction tests yielded an MDD of approximately 1.72 g/cm® at an OMC of about
14.2%. Strength indicators were poor, with a CBR of roughly 3.99% and a UCS of
about 433 kPa. Collectively, these findings demonstrate that the natural soil is
moisture-sensitive, highly plastic, poorly graded, and of low bearing capacity,
unsuitable for direct use as pavement subgrade, shallow foundation support,
embankment fill, or backfill without treatment. The study concludes that stabilization is
necessary and highlights the potential of sustainable pozzolanic additives from

agricultural waste as viable options for improving the soil’s engineering performance.
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1. Introduction

Weak and moisture-sensitive soils constitute one of the most persistent challenges in
geotechnical engineering, particularly within tropical and deltaic environments where high
rainfall, shallow groundwater, and fine-grained sedimentary formations dominate (Ahmed et
al., 2024a; Reijers 2011). These soils typically exhibit undesirable engineering characteristics
such as low shear strength, high compressibility, poor bearing capacity, elevated natural
moisture content, and significant shrink—swell potential (De Albuquerque, et al., 2021; Lee et
al., 2023). Such behaviors directly influence the performance and durability of foundations,
embankments, and pavement structures. In many parts of Nigeria, especially the Niger Delta
region, these problems are widespread due to the predominance of young, unconsolidated, and

water-sensitive clay and silt deposits (Amajor, 1989; Etu-Efeotor & Akpokodje, 1990).
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The engineering challenges posed by these soils have long necessitated various forms
of soil treatment and stabilization. Traditional stabilizers such as cement and lime have been
widely used because of their ability to enhance soil strength, reduce plasticity, and improve
load-bearing performance (Abdi et al., 2021; Chuo & Tsai, 2021). However, growing
environmental concerns and the high carbon footprint associated with cement production,
combined with the rising costs of industrial stabilizers, have motivated the search for more
sustainable and cost-effective alternatives (Mallela et al., 2004). This shift aligns with modern
sustainability principles and global engineering efforts aimed at reducing emissions,
maximizing resource recovery, and extending infrastructure life cycles (Ma et al., 2022). Before
selecting any stabilization strategy, whether conventional or innovative, it is essential to
conduct a comprehensive geotechnical characterization of the natural soil. Soil characterization
provides insights into essential properties such as particle size distribution, consistency limits,
compaction behavior, bearing resistance, and unconfined strength (Javdanian & Lee, 2019).
These parameters inform foundational engineering decisions regarding suitability, material
behavior under load, moisture susceptibility, and expected performance in the field (Jiang et
al., 2019; Iravanian et al., 2022). Without such baseline understanding, stabilization measures
may be ineffective, uneconomical, or even detrimental to long-term structural integrity.

Rukpokwu, located within Obio/Akpor Local Government Area of Rivers State, is
emblematic of the geotechnical limitations common to the Niger Delta. The area is
characterized by silty clay and clayey sand deposits, high groundwater levels, poor drainage,
and intense rainfall, factors that collectively exacerbate soil instability (Omange et al., 1988;
Omange & Aitsebaomo, 1989). The region has witnessed rapid urbanization, with growing
residential, commercial, and roadway development. Unfortunately, these engineering activities
are frequently hindered by subgrade failure, foundation settlement, pavement rutting, and slope
instability, all of which are symptomatic of weak natural soils (Nwankwoala & Warmate, 2014;
Oghenero, Akpokodje, & Tse, 2014). These challenges underscore the pressing need for
detailed assessment and improvement of local soils to ensure safe, durable, and sustainable
infrastructure (Onomhoale et al., 2025a). Despite the recognized geotechnical difficulties of the
Niger Delta, there remains limited locality-specific data for Rukpokwu, particularly regarding
the mechanical behavior of its natural soils before stabilization (Afolayan et al., 2019). Most
existing studies focus on broader regional soil behavior or emphasize the performance of

stabilized soils without providing adequate baseline characterization. This creates a notable gap
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in understanding natural engineering properties of soils in Rukpokwu and their suitability for
construction projects without modification.

This study addresses this critical gap by conducting a comprehensive geotechnical
characterization of the natural soil in Rukpokwu using standard laboratory procedures in
accordance with BS 1377 (BSI, 2016). Key parameters evaluated include natural moisture
content, specific gravity, grain size distribution, consistency limits, linear shrinkage,
compaction characteristics, California Bearing Ratio (CBR), and Unconfined Compressive
Strength (UCS). By establishing a detailed baseline of the soil’s engineering properties, the
study not only determines its limitations but also provides foundational data for selecting
appropriate and sustainable stabilization strategies in subsequent phases of research.
Ultimately, the findings of this study contribute to improved geotechnical design practice in the
Niger Delta, support sustainable infrastructure development, and enable more effective

application of environmentally friendly soil stabilization technologies.

2. Study Area

Rukpokwu is a rapidly expanding peri-urban settlement situated within the Obio/Akpor
Local Government Area of Rivers State, in the eastern Niger Delta region of Nigeria (Opu-
Ogulaya, 1973; Ngulube, 2011). The locality lies geographically between latitudes 4°50'N and
5°10'N and longitudes 6°55'E and 7°10'E (Fig. 1), placing it within one of the most dynamic
geomorphic and hydrological environments in West Africa (Ahmed et al., 2024b). The Niger
Delta is well documented as a zone dominated by young, unconsolidated sediments that exhibit
significant geotechnical challenges, including low shear strength, high compressibility, and
moisture susceptibility (Reijers, 2011; Omange et al., 1988). These characteristics make
Rukpokwu a critical area for geotechnical evaluation, particularly in relation to sustainable
stabilization and infrastructure development.
2.1 Climate and Hydrological Conditions

Rukpokwu experiences a humid equatorial climate characterized by a long rainy season
from March to October and a short dry season between November and February. The region
records an annual rainfall ranging between 2,000 and 2,500 mm, aligning with observations for
the wider Niger Delta climate system, where high precipitation intensity and frequency
contribute to extremely wet soil conditions (Onomhoale, 2025b). Relative humidity remains
consistently high, often exceeding 85%, while temperatures typically fluctuate from 25°C to
32°C, creating conditions that promote elevated natural moisture content in near-surface soils

(Adejuwon, 2012). Hydrologically, the area is influenced by a shallow groundwater regime,
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which is common throughout the coastal alluvial terrains of the Niger Delta (Abam & Fubara,
2022). Groundwater levels often rise to near-surface elevations during the rainy season, leading
to prolonged soil saturation and significant reductions in soil strength. Seasonal variations in
moisture lead to repeated wetting and drying cycles, which are known to enhance shrink—swell
activity in clayey soils and accelerate deterioration of pavement and foundation performance
(Akpoborie & Ovuru, 2021). These climatic and hydrological dynamics play a central role in

defining the engineering behavior of Rukpokwu soils.
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2.2 Topography and Drainage Characteristics

The topography of Rukpokwu is predominantly flat to gently undulating, with
elevations ranging from approximately 10 to 15 meters above sea level. This low-relief
landscape is typical of the Niger Delta floodplain environment, where sediment accumulation,
shallow gradients, and poor natural drainage converge to produce persistent waterlogging
(Njoku et al., 2020). Numerous depressional areas within the terrain act as seasonal retention
basins, enhancing infiltration and inhibiting runoff. Drainage challenges are further
compounded by inadequate urban drainage infrastructure, leading to localized flooding during
high-intensity storms (Musa et al., 2014; Abam & Fubara, 2022). Waterlogging significantly

alters the geotechnical performance of fine-grained soils by decreasing their apparent cohesion,
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increasing plasticity, and reducing shear strength, conditions widely associated with settlement
instability and pavement failure in the Niger Delta (Nwankwoala & Warmate, 2014). Thus, the
drainage setting is not only a defining environmental attribute but also a major contributor to
the engineering problems encountered in Rukpokwu.
2.3 Geological and Soil Characteristics

Geologically, Rukpokwu is underlain by Quaternary sediments composed of coastal
plain sands, silty clays, clayey sands, and localized lateritic soils (Reijers, 2011). These deposits
represent the uppermost units of the Niger Delta stratigraphic sequence, which is characterized
by weakly consolidated, fine-grained, and moisture-sensitive materials (Etu-Efeotor &
Akpokodje, 1990). The silty clay soils found across much of the study area exhibit medium to
high plasticity, poor drainage, and pronounced shrink—swell behavior (Oghenero et al., 2014).
Such soils undergo significant volume changes during seasonal moisture fluctuations, leading
to cracking, settlement, and loss of bearing capacity, conditions that have been documented
extensively in tropical clay environments and Nigerian subgrade studies (Omange et al., 1988).
Clayey sands present in some locations provide marginally better drainage and shear strength,
but they still fall below desirable thresholds for subgrade applications without modification.
Lateritic soils, while stronger due to their ferruginous composition, can soften considerably
when subjected to prolonged wetting, a common event in Rukpokwu due to its climate and
hydrology (Abam & Fubara, 2022). The geological composition of the area provides inherent
limitations for construction activities, underpinning the necessity for stabilization efforts.
2.4 Engineering Context and Construction Challenges

The increasing rate of urbanization in Rukpokwu has amplified the demand for reliable
and stable ground conditions to support buildings, transportation networks, and drainage
infrastructure. However, the predominance of weak fine-grained soils has contributed to
recurrent foundation settlement, pavement deformation, embankment failure, and erosion-
related instability (Omange & Aitsebaomo, 1989). These geotechnical deficiencies often
necessitate costly remediation measures and can critically affect the longevity and structural
integrity of civil engineering works (Ahmed et al., 2024a). Studies conducted in similar Niger
Delta environments highlight that the combination of high rainfall, low-lying terrain, high
groundwater levels, and expansive clayey soils produces a suite of engineering challenges not
easily addressed through conventional construction methods (Nwankwoala & Warmate, 2014;

Oghenero et al., 2014). This complex interplay of geologic, climatic, and hydrologic factors
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forms the foundation for characterizing the natural soil in Rukpokwu and identifying

sustainable strategies for improvement.

3. Materials and Methods

3.1 Research Design

This study employed an experimental laboratory research design to characterize the
physical and geotechnical behavior of the natural, untreated soil collected from Rukpokwu,
Rivers State. This design was considered appropriate because laboratory experimentation
allows direct measurement of soil consistency, strength, compaction behavior, and bearing
resistance under controlled conditions. Following the principles of standardized soil testing, all
procedures adhered strictly to the British Standards for Soil Testing (BS 1377:2016) to ensure
methodological integrity, accuracy, and reproducibility (BSI, 2016). The research design
focused on determining index properties (moisture content, specific gravity, particle size
distribution, Atterberg limits, linear shrinkage) and engineering strength characteristics
(compaction behavior, California Bearing Ratio, and Unconfined Compressive Strength). All
tests were performed in triplicate to strengthen statistical confidence and minimize the effects
of sample variability (ASTM, 2017).
3.2 Sample Collection

Soil samples were obtained from a representative location within Rukpokwu at 1.0 m
depth, corresponding to the typical subgrade horizon in road and foundation engineering. This
depth was selected to avoid the influence of organic-rich topsoil and to capture the natural
engineering properties of the soil profile most commonly subjected to structural loading.
Disturbed samples were collected for classification tests, including moisture content, Atterberg
limits, particle size distribution, shrinkage, and compaction (ASTM, 2017). These samples
were extracted using hand augers and small excavation tools. Where soil consistency permitted,
undisturbed samples were collected using thin-walled Shelby tubes specifically for Unconfined
Compressive Strength (UCS) testing. Immediately after retrieval, each sample was placed in
airtight polyethylene bags, labeled with location, depth, date, and sample identification code,
and transported promptly to the geotechnical laboratory to preserve moisture content and
structural integrity (IAEA, 2006). This procedure ensured the accuracy of laboratory test results

by maintaining the natural condition of the soil.
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3.3 Laboratory Testing
A full suite of geotechnical tests was performed on the untreated soil to determine its
baseline physical and engineering characteristics. All laboratory tests followed the procedures
outlined in BS 1377 (BSI, 2016). The tests conducted were:
e Natural Moisture Content
e Specific Gravity
o Particle Size Distribution (Sieve + Hydrometer Analysis)
o Atterberg Limits (Liquid Limit, Plastic Limit, Plasticity Index)
e Linear Shrinkage
e Standard Proctor Compaction Test
o California Bearing Ratio (CBR)
e Unconfined Compressive Strength (UCS)
Table 1 is presented below to summarize all laboratory tests performed in this study

along with their corresponding standards and engineering purpose.

Table 1: Summary of Laboratory Tests Conducted

Test Parameter Measured Standard Purpose
Natural Moisture Content | Water content (%) BS 1377-2 Soil consistency & classification
Specific Gravity Gs of soil solids BS 1377-2 Compaction & strength calculations
Particle Size Distribution | Grain size gradation BS 1377-2 | Soil classification
Atterberg Limits LL, PL, PI BS 1377-2 | Plasticity & engineering behavior
Linear Shrinkage Shrinkage (%) BS 1377-2 | Volume change potential
Standard Proctor Test OMC, MDD BS 1377-4 | Compaction suitability
California Bearing Ratio CBR (%) BS 1377-5 | Bearing capacity
UCS Axial compressive strength BS 1377-5 | Cohesive soil strength

3.3.1 Natural Moisture Content

The natural moisture content represents the percentage of water in the soil at the time
of sampling. It provides insight into soil workability and strength behavior (Ahmed et al.,
2024a). Before applying the formula used to determine moisture content, it is important to
define the three primary mass values measured during testing: Where, m: = mass of empty
container, m> = mass of container + wet soil sample, and ms = mass of container + dried soil
after oven-drying. Using these masses, the natural moisture content was calculated using
Equation (1), which expresses moisture content as the ratio of the mass of water lost during

drying to the mass of oven-dried soil solids.
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w= ﬁ X100 (1)
3.3.2 Specific Gravity
Specific gravity (Gs) determines the ratio of the density of soil solids to the density of
water (ASTM, 2017). Before presenting the governing equation, it is essential to describe the
masses involved in the density bottle method: Where, m: = empty bottle, m- = bottle + dry soil,
ms = bottle + soil + water, and m+ = bottle + water only. To compute specific gravity, Equation

(2) accounts for the displaced water volume caused by soil addition.

3.3.3 Particle Size Distribution
Particle size analysis combined wet sieving and hydrometer testing following BS 1377
(BSI, 2016). Soil was soaked for 24 hours, washed through a No. 200 sieve (75 um), oven-
dried, and dry-sieved. The <75 um fraction was dispersed using sodium hexametaphosphate
and analyzed by hydrometer to obtain percent fines and a complete gradation curve. Wet
sieving removed coarse fractions, while hydrometer analysis quantified sedimentation behavior
in suspension (Stokes’ law). These results were used to classify the soil according to
geotechnical classification systems and compared against Nigerian subgrade studies (Okeniyi
et al., 2022).
3.3.4 Atterberg Limits
Liquid limit (LL) was measured using the Casagrande cup and plotted on semi-
logarithmic paper to determine the moisture content corresponding to 25 blows, while the
plastic limit (PL) was obtained through thread rolling until crumbling occurred at
approximately 3 mm in diameter (BSI, 2016). The Atterberg limits classify soil consistency
across varying moisture states and provide essential insight into its potential for deformation,
swelling, and shrinkage (ASTM, 2017). Tests conducted included:
e Liquid Limit (LL) determined using the Casagrande apparatus
e Plastic Limit (PL) measured using the thread-rolling method
o Plasticity Index (PI) calculated as PI=LL — PL
Together, these parameters quantify the soil’s plasticity and moisture sensitivity, both
of which are critical for predicting engineering performance. High values of LL and PI typically

indicate the presence of active clay minerals capable of absorbing significant amounts of water,
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resulting in substantial volume changes under wetting and drying conditions. This behaviour
directly influences shear strength, compressibility, and overall stability.
3.3.5 Standard Proctor Compaction Test

Standard Proctor tests (BS 1377-4) used a 100 mm diameter mould and 2.5 kg rammer
(25 blows per layer, three layers). Soil passing 4.75 mm was mixed at incremental water
contents (2% steps), compacted, and bulk densities measured. The Standard Proctor Test
determined the Optimum Moisture Content (OMC) and Maximum Dry Density (MDD) (BSI,
2016). To introduce the compaction equations properly; Bulk density (p) is computed first,
using mould mass values: Where, M; = mass of empty mould + base, and M: = mass of mould
+ compacted soil. Bulk density was calculated using Equation (3):

Mz;— M,
Volume of mould

p= 3)

After determining moisture content (w), dry density (pd) was obtained using Equation

:

Pa = —— 4)

1+w

3.3.6 California Bearing Ratio (CBR) Test

Conducted per BS 1377-5. Soil passing 2 mm sieve was compacted in the CBR mould
in three layers (56 blows per layer), conditioned (soaked for soaked CBR where applicable),
and penetrated with the standard plunger. CBR (%) was calculated as the ratio of applied
penetration force to standard force (1370 kg at 2.5 mm or 2055 kg at 5 mm) x 100 (BSI, 2016).
Applied force was obtained from proving-ring readings and instrument calibration. The

readings were recorded and plotted and the CBR calculated using Equation (5).

Applied force

CBR = X 100% (5)

standard value

The applied load was calculated using plunger readings and calibration values, as shown

in Equation (6):

plunger reading x proving ring factor

1000 (6)

Applied force =
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Where; the standard value = 1370Kg for 2.5mm penetration and 2055Kg for Smm
penetration.

3.3.7 Unconfined Compressive Strength (UCS)

Per BS 1377-5, cylindrical specimens (where undisturbed samples were available) were
tested at a constant axial strain rate until failure. Peak axial stress (corrected for changing cross-
sectional area) was recorded as UCS (BSI, 2016). When undisturbed samples were not
available, remolded specimens compacted at OMC and target dry density were used and results

interpreted with caution.

4. Results and Discussion

The laboratory investigation produced a comprehensive dataset describing the physical
and geotechnical behaviour of the natural (unstabilized) soil from Rukpokwu. The results
reported below establish the baseline characteristics required to judge the soil’s suitability for
construction and to justify the need for stabilization.

4.1 Natural Moisture Content

The natural moisture content of the soil was determined using three replicate samples,
with values ranging from 17.90% to 18.10%, and an average of 18.02%. This moisture level is
characteristic of fine-grained, cohesive soils typical of humid tropical environments, where clay
soils retain significant moisture due to their high surface area and capillary suction (Akpoborie
& Ovuru, 2021; Ahmed et al., 2024a). A natural moisture content around 18% suggests that the
soil is moderately wet relative to its likely plastic limit. Such moisture levels influence both the
soil’s shear strength and its compaction response, often resulting in reduced bearing capacity
and increased compressibility (Okeniyi et al., 2022; Abija et al., 2025). The low variability
among the three tests also reflects uniformity in the soil profile at the sampling depth and
reliability in sample handling. The measured moisture content supports field observations of
soft, plastic soil conditions in Rukpokwu and aligns with typical values reported for clayey
soils within the Niger Delta region (Ehibor et al., 2022). This moisture condition indicates that
the soil is prone to large deformation under load and requires modification for engineering
applications. The detailed mass measurements and computed moisture contents for each

replicate are summarized in Table 2.

Table 2. Natural Moisture Content

S/N Test Sample No. 1 2 3
Observations
1 Mass of container alone(m1) 39.67 39.58 39.93
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2 Mass of container + wet soil (m2) 132,52 132.03 132.02
3 Mass of container + oven dry soil (m3) 118.29 117.88 118.04
5 m3-ml 78.62 78.3 78.11
6 m2-m3 14.23 14.15 13.98
7 Applying Equation (3.1), w 18.10 18.07 17.90

4.2 Specific Gravity

The specific gravity values obtained for the untreated soil samples ranged from 2.63 to
2.70, with an average of 2.66. This falls within the normal range for inorganic clay minerals
(2.60-2.80), indicating that the soil is predominantly composed of aluminosilicate minerals
typically found in tropical clay deposits (Onomhoale et al., 2025b). Specific gravity is an
important index parameter because it influences compaction characteristics and volumetric
relationships. The value obtained here suggests that the soil has a moderately dense mineral
structure consistent with kaolinitic or mixed-layer clays commonly recorded in the Niger Delta
(Okeniyi et al., 2022; Ahmed et al., 2024a). A Gs of 2.66 is neither excessively high nor low,
implying that the soil is not unusually organic or ferruginous. Given this typical mineral
density, any challenges associated with the soil’s engineering performance are not due to
unusual mineral composition but result from its plasticity, fine-grained nature, and moisture

sensitivity. Table 3 presents the raw mass readings and computed Gs values for each trial.

Table 3. Specific Gravity Test

S/N Test no 1 2 3
Observations
1 Mass of density bottle alone(m1) 27.65 27.55 27.50
2 Mass of density bottle + oven dry soil (m2) 53.06 53.49 53.50
3 Mass of density bottle + oven dry soil + distilled water (m3) 96.17 96.68 96.27
4 Mass of density bottle + distilled water (m4) 80.36 80.36 80.17
5 m3-m2 43.11 43.19 42.77
6 m4-m1 52.71 52.81 52.67
7 (m4-m1)-(m3-m2) 9.60 9.62 9.9
8 m2-ml 25.41 25.94 26
9 Applying Equation (3.2), Gs 2.65 2.70 2.63

The measured Gs supports the PSD and Atterberg-limit results in indicating a
predominantly inorganic, fine-grained soil that derives its weakness from texture and moisture
rather than unusual mineral density (Okeniyi et al., 2022).

4.3 Particle Size Distribution
The particle size distribution curve demonstrates that the soil contains a predominantly

fine-grained matrix, with the majority of particles passing the 0.075 mm sieve. This
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classification confirms that the soil is dominated by silt and clay fractions, typical of alluvial
and residual soils in the Niger Delta basin (Abija et al., 2025). Such fine-grained soils typically
exhibit low permeability, high water retention, poor drainage characteristics, and a pronounced
susceptibility to consolidation settlement (Akpoborie & Ovuru, 2021). These inherent
properties significantly limit the soil’s natural engineering performance and contribute to the
challenges associated with its use in structural or transportation infrastructure without

modification. Figure 2 is the PSD curve and highlights the percentage of fines (<0.075 mm).

CLAY SILT H FINE SAND ‘
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Sieve size (mm)

Figure 2. Particle Size Distribution (Gradation) Curve for Untreated Soils

These characteristics collectively reduce soil strength and increase deformation
potential under loading, making such soils unsuitable for pavement and foundation applications
without treatment. The PSD curve also shows a narrow gradation, indicating poor soil structure
and inadequate particle interlocking, an important factor contributing to low CBR and UCS
values. According to Howard (1986), soils with more than 50% fines behave as cohesive soils,
and their engineering suitability depends heavily on their Atterberg limits. The PSD result
confirms that the soil is fine-grained, poorly graded, highly plastic, and moisture susceptible,
supporting the need for stabilization. The PSD curve’s narrow gradation and dominance of
fines explain the observed high plasticity, low CBR and reduced compaction efficiency. Poor
particle interlocking, typical of such soils, contributes to low shear resistance and high

compressibility under load (Okeniyi et al., 2022).
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4.4 Atterberg Limits

The liquid limit (LL), plastic limit (PL), and plasticity index (PI) results were
approximately 38.21%, 17.36%, and 20.85%, respectively. These values place the soil within
the high plasticity (CH) classification according to the Unified Soil Classification System
(ASTM, 2017). A PI above 20% indicates substantial clay activity and strong moisture
dependence. High-plasticity soils tend to swell upon wetting and shrink significantly during
drying, leading to differential settlement and structural distress in lightly loaded foundations
(Abija et al., 2025). These values align with thresholds reported by Akpoborie and Ovuru
(2021) for highly compressible Nigerian clays and indicate that the soil possesses low shear
strength, high compressibility, poor workability, and a pronounced tendency to undergo shrink—
swell behaviour. Together, these characteristics further underscore the soil’s unsuitability for
engineering applications without appropriate modification or stabilization. Such soils are
considered problematic for engineering use and require modification to reduce plasticity and
improve strength (Okeniyi et al., 2022). The Atterberg limits therefore reinforce the soil’s
classification as a weak, moisture-sensitive clay. Table 4 and 5 summarizes the LL and PL test

data used to compute PI, and Figure 3 shows the liquid-limit determination plot.

Table 4: Liquid Limit (LL) Results

Liquid Limit (%)

Container No. 1 2 3
No. of Blows 36 24 12
Wet sample + Container (mt+mc) 234 237 235
Dry sample + Container (md-+mc) 183 184 182
Water (mw= mt- md) 51 53 53
Container, mC 46 45 47
Dry soil, md 137 139 135
Moisture Content,w=(mw/md)*100 37.23 38.13 39.26

Table 5: Plastic Limit (PL) Results

Container No. 1 2 3
Wet sample + Container (mt+mc) 72 74 71
Dry sample + Container (md-+mc) 67.5 69.2 66.7
Water (mw= mt- md) 4.5 4.8 4.3
Container, mC 42 41 42
Dry soil, Wd 25.5 28.2 24.7
Moisture Content,w=(mw/md)*100 17.65 17.02 17.41

The high LL and PI corroborate the clayey classification from PSD. Such index

properties predict swelling and shrinkage tendencies that are detrimental to shallow foundations
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and pavement subgrades. Practical implications include excessive post-construction settlement
and potential for heave, necessitating stabilization or removal/replacement in engineering

works (De Albuquerque et al., 2021).

39.50
__30.00
38.50

38.00

Moisture content (%

37.50

37.00
10 15 20 25 30 35 40

No. of blows

Figure 3: Liquid Limit Determination for Untreated Soils

4.6 Standard Proctor Compaction Characteristics

he compaction curve for the soil indicates a Maximum Dry Density (MDD) of
approximately 1.72 g/cm?® and an Optimum Moisture Content (OMC) of about 14.2%, values
that fall within the typical range for fine-grained lateritic clays reported in Nigerian
geotechnical studies (Okon et al., 2022). The combination of a relatively low MDD and a
moderate OMC reflects the soil’s high fines content, elevated plasticity, and substantial water
absorption capacity. These characteristics collectively contribute to reduced compaction
efficiency and increased sensitivity to moisture fluctuations, emphasizing the soil’s poor
performance under standard compactive effort (Omotoso et al., 2012). Due to these
characteristics, compaction in the field would be highly sensitive to moisture fluctuations. Even
slight increases in moisture content above the OMC could significantly reduce dry density and
strength, complicating construction operations and compromising long-term performance
(Abija et al., 2025). The compaction results confirm that the soil in its natural state is unsuitable

as a load-bearing subgrade without stabilization. Figure 4 displays the compaction curve with
MDD and OMC annotated.
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Compaction Curve of Untreated Soils
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Figure 4: Compaction Curve (Dry density vs Moisture Content) for Untreated Soils

The comparatively low MDD and moderate OMC reflect the high fine content and
plasticity of the soil; such soils achieve lower peak densities under standard compactive energy
than coarse, granular materials. Field compaction will therefore be sensitive to moisture
control, if moisture increases beyond OMC, dry density and strength can decline markedly,
leading to poor subgrade performance (Okeniyi et al., 2022).

4.7 California Bearing Ratio (CBR)

The CBR value of the untreated soil was determined to be approximately 3.99%, a value
significantly below the minimum requirement for subgrade soils, which typically ranges
between 5% and 10% depending on design specifications (Ehibor et al., 2022). Soils with CBR
values below 5% are commonly classified as very poor subgrade materials. A CBR of 3.99%
therefore indicates poor resistance to penetration, a high susceptibility to rutting under traffic
loads, and a very low load-bearing capacity, all of which reinforce the conclusion that the soil
is unsuitable for pavement or other load-bearing applications in its natural state (Irokwe et al.,
2022). This performance is expected given the soil’s high plasticity, high moisture content, and
fine-grained structure. Low CBR values are commonly reported for clayey Niger Delta soils
and form the basis for using stabilizers in road construction (Okeniyi et al., 2022). The result
here further demonstrates that the soil cannot support pavement layers or structural foundations
without improvement. The penetration loads and computed CBR values with the corresponding

load—penetration curve is plotted and presented in Table 5.
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CBR of Untreated Soil
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Figure 5: Load Penetration Curve (CBR Determination) for Untreated Soils

A CBR of 3.99% classifies the soil as a very poor subgrade, unsuitable for pavement
sub-bases or bases without improvement (ASTM, 2017). Low CBR values stem from high
plasticity, high moisture content, and lack of granular interlock. This quantifies the need for
stabilization or subgrade replacement in road construction designs for the area.

4.8 Unconfined Compressive Strength (UCS)

The UCS test yielded a peak compressive stress of approximately 433 kPa, which falls
within the expected range for weak to moderately strong clay soils (200-500 kPa), as noted by
ASTM (2017). The corresponding stress—strain curve demonstrates an initial linear elastic
response, followed by a gradual transition into a plastic deformation phase before failure occurs
at relatively low axial stress levels (Okeniyi et al., 2022). A UCS value of 433 kPa therefore
confirms that the soil possesses low shear strength, exhibits high deformability under load, and
has a limited capacity to withstand compressive stresses, characteristics that further underscore
its unsuitability for structural applications in its natural state (Akpoborie & Ovuru, 2021). The
interpretation of UCS and its use as a performance indicator follows established practice. These
findings are consistent with earlier results from the Atterberg limits and CBR tests, reinforcing
the soil’s classification as a weak clay unsuitable for structural applications in its natural state.
Omange et al. (1988) similarly reported UCS values around 400—450 kPa for untreated lateritic
clays prior to stabilization, underscoring that the soil has minimal natural strength and requires
modification. The full load—displacement data are given in Table 6 and the stress—strain curve

is plotted in Figure 6.
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Table 6: UCS Result for Untreated Soils

Compression, Al

Strain, € = Al/10 Force, F (N)

Corrected Area (mm?2),

Compressive Stress(kPa),

(mm) A= A0/1-¢ ol=1000F/A

0 0.00000 0 2642 0
0.042 0.00036 44 2643 17
0.107 0.00092 109 2644 41
0.215 0.00185 181 2647 68
0.325 0.00280 235 2649 89
0.403 0.00347 267 2651 101
0.513 0.00442 294 2654 111
0.626 0.00540 347 2656 131
0.703 0.00606 385 2658 145
0.787 0.00678 412 2660 155
0.834 0.00719 433 2661 163
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Figure 6: Stress-Strain Curve for Untreated Soils

Strain

The UCS result corroborates other indicators of limited natural strength (CBR,

Atterberg limits). Although 433 kPa lies within reported ranges for unstabilized clays, it is

insufficient for many structural applications without modification or deeper foundations

(Iravanian et al., 2022). The stress—strain curve’s shape, linear elastic behavior followed by

plastic deformation, indicates limited ductility and strength mobilization under axial loading,

warning against reliance on the natural soil for shallow load-bearing structures (Nwankwoala

& Warmate, 2014). The combined laboratory data, natural moisture content (~18%), specific
gravity (~2.66), predominance of fines in the PSD, high Atterberg limits (PI = 20.85%), MDD
~ 1.72 g/cm? at OMC = 14.2%, low CBR (~3.99%), and UCS = 433 kPa, collectively indicate

that the natural soil in Rukpokwu is fine-grained, highly plastic, moisture-sensitive, and of low

engineering strength. These characteristics render the soil unsuitable for direct use in pavement
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subgrades, shallow foundations, or load-bearing embankments without improvement,
stabilization or replacement (Okeniyi et al., 2022). The combination of high fines, elevated
LL/PI, and low MDD under standard compaction underscores the vulnerability of the soil to
moisture variations and mechanical loading. The results provide a baseline for planning
stabilization strategies and for the subsequent comparative studies of soil improvement

techniques.

5. Engineering Suitability Evaluation

The engineering evaluation of the natural soil from Rukpokwu was based on a synthesis
of its physical, index, compaction, and strength properties. Taken together, the results indicate
that the soil exhibits the characteristic behaviour of weak, fine-grained clay soils prevalent in
the Niger Delta, which are known for their instability under varying moisture and loading
conditions (Omotoso et al., 2012). The parameters measured, including natural moisture
content, specific gravity, particle size distribution, Atterberg limits, compaction characteristics,
California Bearing Ratio (CBR), and Unconfined Compressive Strength (UCS), provide a
comprehensive appraisal of its engineering performance (Irokwe et al., 2022).

First, the high natural moisture content (~18%) reflects the soil’s strong affinity for
water, consistent with cohesive soils whose hydrophilic clay minerals retain moisture and cause
volume changes. This moisture sensitivity decreases shear strength and increases settlement
potential under load (Okon et al., 2020). Second, the specific gravity (~2.66) aligns with typical
inorganic clays, suggesting that the soil’s poor engineering performance is not mineralogically
driven but primarily due to its fine texture and plasticity (Azam et al., 2013). The particle size
distribution confirms that the soil is dominated by fines, with a large proportion passing the
0.075 mm sieve, indicative of a silt—clay matrix with low permeability and high compressibility
(Okeniyi et al., 2022). This directly correlates with the results from the Atterberg limit tests,
where the Plasticity Index (~20.85%) positions the soil in the high-plasticity (CH) category.
High-plasticity soils typically undergo significant shrink—swell cycles, posing challenges to
structural integrity, particularly in lightly loaded systems such as pavements and shallow
foundations (Abija, 2025).

Compaction test results further reinforce these deficiencies. The Maximum Dry Density
(MDD = 1.72 g/cm?®) and Optimum Moisture Content (OMC = 14.2%) suggest a soil that
compacts poorly and requires tight moisture control to achieve adequate field performance
(Hejazi et al., 2012). Such soils tend to lose density rapidly when moisture deviates even

slightly from the optimal range, complicating construction operations (Ahmed et al., 2024a).
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Structurally, the soil displays inadequate strength. The CBR value (~3.99%) places it
significantly below accepted subgrade standards (ASTM, 2017), classifying it as a very poor
load-bearing material. The UCS (~433 kPa), while within the range for weak clays, is
insufficient for supporting sustained compressive stresses typically encountered in geotechnical
systems. These combined strength indicators confirm that the natural soil cannot safely
accommodate traffic loads, foundation stresses, or embankment pressures without modification
(Niyomukiza et al., 2021). Overall, the engineering assessment demonstrates that the natural
soil from Rukpokwu is unsuitable for subgrade, embankment, or foundation applications in its

untreated state. Table 7 summarizes the engineering behaviour of the soil.

Table 7: Summary of Soil Engineering Behaviour and Implications.

Property Implication for Engineering Use

High Plasticity Index (=20%)

Predicts high shrink—swell potential; unstable for subgrades and
pavements

High fines content

Promotes poor drainage and high compressibility

High natural moisture content

Increased deformation risk; low shear strength

Low CBR (~3.99%)

Unsuitable for traffic loading; poor pavement support

Low UCS (~433 kPa)

Weak load-bearing capacity; unsuitable for foundations

Moderate OMC and low MDD | Difficult moisture control; poor compaction behaviour

These findings lead to the clear conclusion that the soil is not appropriate for direct use
in road pavement layers, shallow foundations, embankment construction, or backfilling
operations (Akpoborie & Ovuru, 2021). Its high plasticity, moisture sensitivity, low bearing
capacity, and weak compressive strength collectively increase the likelihood of excessive
settlement, shrink—swell behaviour, loss of density, and premature structural failure when
subjected to loading or environmental fluctuations (Gidebo et al., 2023). Given these
engineering deficiencies, the natural soil cannot safely or reliably support infrastructural
systems in its untreated state, making stabilization an essential requirement for any sustainable

construction application in the area.

6. Sustainable Soil Stabilization Approaches

Given the significant geotechnical deficiencies identified in the natural soil from
Rukpokwu, stabilization becomes an essential intervention to its engineering performance.
Stabilization alters the physical and chemical properties of soil to improve its strength, reduce
plasticity, limit moisture susceptibility, and enhance bearing capacity (Hejazi et al., 2012).

Conventional stabilizers such as cement and lime have historically been effective (Mo et al.,
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2016); however, their production contributes substantially to global carbon emissions, and
increasing costs have raised concerns regarding economic and environmental sustainability
(Aamir et al., 2019; Alqaisi et al., 202). This has accelerated the search for alternative, low-
carbon stabilizers that can deliver comparable engineering improvements.

Agricultural waste-based pozzolanic materials, including sawdust ash (SDA), rice husk
ash (RHA), and palm kernel shell ash (PKSA), have gained prominence as viable, sustainable
soil stabilizers (Afolayan et al., 2019; Biswas et al., 2021). These ashes contain high proportions
of amorphous silica and alumina, which react with calcium-containing minerals in the soil to
form cementitious bonds that improve soil strength and reduce plasticity (Almuaythir et al.,
2024; Manaviparast et al., 2025). By repurposing agricultural waste that would otherwise
contribute to environmental degradation, such stabilizers support circular economy principles
while reducing dependency on carbon-intensive materials (Arjmandi et al., 2015; Butt et al.,
2016).

For the weak clay soil characteristic of Rukpokwu, these pozzolanic waste ashes offer
several documented benefits. First, they reduce plasticity by decreasing the proportion of active
clay minerals through pozzolanic reactions, thereby diminishing the soil’s susceptibility to
shrink—swell behaviour (Alqaisi et al., 2020; Benhaoua et al., 2020). Second, the formation of
additional cementitious compounds enhances both unconfined compressive strength (UCS) and
California Bearing Ratio (CBR), increasing the soil’s load-bearing capacity to meet engineering
requirements (Afolayan et al., 2019; Barisi¢ et al., 2019). Third, stabilized soils often
demonstrate improved compaction behaviour, where higher maximum dry density and reduced
optimum moisture content improve workability in the field (Ikeagwuani & Nwonu, 2019).
Fourth, the reduced affinity for moisture contributes to long-term durability and resistance to
deformation under repeated wetting and drying cycles (Sivapullaiah & Baig, 2011). A summary

of the benefits of sustainable stabilizers is presented in Table 8.

Table 8: Comparative Benefits of Agricultural Waste-Based Stabilizers for Weak Soil

Improvement.

Stabilization Benefit Effect of SDA, RHA, and PKSA Engineering Implication
Reduction in Pozzolanic reactions reduce active Lower swell-shrink behaviour;
plasticity clay minerals improved soil consistency
Strength Formation of cementitious compounds | Increased load-bearing capacity;
improvement increases UCS and CBR improved structural performance

Better compaction
behaviour

Higher MDD and lower OMC after
stabilization

Enhanced field compaction control and
improved density
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Moisture resistance

Lower water absorption and reduced
permeability

Increased long-term durability and
reduced deformation risk

Environmental
sustainability

Utilizes waste materials; lowers
carbon footprint

Supports green construction and cost-
effective soil improvement

Moreover, adopting agricultural waste-based stabilizers directly aligns with global
sustainability objectives (Aamir et al., 2019). These materials are not only low-cost and widely
available in Nigeria but also mitigate waste disposal challenges and significantly reduce carbon
emissions when compared to cement or lime stabilization (Afolayan et al., 2019). Their
integration into geotechnical practice therefore supports environmentally responsible
construction, particularly in regions where problematic soils are widespread and resources are
limited (Biswas et al., 2021). Although this study focuses exclusively on the baseline
geotechnical characterization of the untreated soil, the findings provide an essential foundation
for assessing the potential benefits of stabilization. Establishing the natural behaviour of the
soil is critical for determining whether and to what extent stabilizing agents, particularly
sustainable, pozzolanic materials, can enhance its engineering performance (Hejazi et al., 2012;
Biswas et al., 2021). The baseline data presented herein therefore serve as a crucial reference
point against which improvements in plasticity, compaction efficiency, strength, and moisture

resistance may be evaluated when suitable stabilization methods are applied.

7. Conclusion

This study conducted a comprehensive geotechnical characterization of natural soil
samples obtained from Rukpokwu, Rivers State, Nigeria, with the aim of evaluating their
suitability for engineering and construction applications. The results uniformly demonstrate
that the soil is a fine-grained, highly plastic clay with significant moisture sensitivity, low dry
density, poor compaction characteristics, very low bearing capacity, and inadequate
compressive strength. Index and strength properties, including a Plasticity Index of
approximately 20.85%, a Maximum Dry Density of 1.72 g/cm?, a CBR of 3.99%, and a UCS
of 433 kPa, collectively indicate that the soil is unsuitable for direct use in pavement subgrades,
shallow foundations, embankments, or other load-bearing infrastructural systems. The
observed behaviour is consistent with problematic clay soils across the Niger Delta known for
shrink—swell movements, settlement issues, and premature failure when used untreated. Given
these limitations, stabilization is indispensable. The study highlights the necessity of adopting

sustainable and cost-effective stabilization approaches, particularly through agricultural waste-
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based pozzolanic additives, to enhance soil performance and support environmentally
responsible engineering.
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