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Abstract: Lime stabilisation is one of the traditional methods of improving the engineering properties
of lateritic soils for use as subgrade and foundation materials for the construction of road pavements
and highway embankments. Understanding the mechanical performance of lime-stabilised lateritic
subgrades in terms of their durability under continuous water ingress will improve environmental
sustainability by conserving scarce natural resources and reducing the environmental impacts of
repair and replacement of pavements. However, there are several conflicting reports on the durability
of lime-stabilised soils subjected to continuous water ingress and harsh environmental conditions.
Therefore, this paper evaluates the influence of leaching on the physicochemical behaviour and
durability of lime-stabilised lateritic soil under continuous water ingress, simulating the typical
experience in a tropical environment. Variations in the strength and durability of the lateritic soil at
various lime contents (0, 2.5, 5, 7.5, 10, 15, and 20 wt.%) and soaking periods (3, 7, 14 and 28 days)
were evaluated by performing the California bearing ratio tests before and after subjecting the lime-
lateritic soil (LLS) samples to continuous leaching using two modified leaching cells. Furthermore,
physicochemical analysis was performed to assess the variation of cation concentrations and changes
in the physical properties of the pore fluid as the leaching time progressed from 3 to 28 days.
The results show that the minimum strength reduction index of the soil corresponds to its lime
stabilisation optimum (LSO). Electrical conductivity decreased monotonically and almost uniformly
with an increase in leaching time, irrespective of lime content. So, too, was calcium concentration
and to a lesser degree for pH and potassium concentration. Adverse changes in the physicochemical
behaviour of the LLS samples occurred at lime contents below and slightly above the optimum lime
content of the soil. Whereas permanent pozzolanic reactions occurred at lime contents above the
LSO and thus resulted in a 45-fold increase in strength and durability. The results are significant for
reducing the detrimental effect of the leaching-induced deterioration of flexible pavements founded
on tropical floodplains.

Keywords: lateritic soil; lime stabilization; subgrade; leaching; CBR value; durability

Sustainability 2021, 13, 257. https:/ /doi.org/10.3390/su13010257

https:/ /www.mdpi.com/journal/sustainability


https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-5156-9980
https://orcid.org/0000-0003-0217-2108
https://orcid.org/0000-0002-5968-5089
https://orcid.org/0000-0003-3053-8189
https://doi.org/10.3390/su13010257
https://doi.org/10.3390/su13010257
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su13010257
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/2071-1050/13/1/257?type=check_update&version=2

Sustainability 2021, 13, 257

2 of 25

1. Introduction

The availability of sustainable civil infrastructure systems, such as transportation,
water and wastewater, electric power, and communications, is essential for the growth
and development of urban areas. The rapid growth in the population of urban areas,
as witnessed in Africa and Asia, has placed a need for the development of sustainable civil
infrastructure, including highways, runways, and earth dams on floodplains and reclaimed
lands. However, numerous regional and municipal infrastructure projects founded on
floodplains and reclaimed lands have failed as a result of the poor engineering properties of
the materials within these environments, in addition to the effects of intense precipitation
and other harsh environmental conditions [1]. These engineering failures have been
attributed to the high cost of excavating and replacing problematic soils with suitable
materials and the strict legislative rules that govern the utilisation of these scarce natural
resources for earthworks construction purposes. The adverse effect of rainfall-induced
water ingress into pavement structural layers and its impact on the service life of flexible
pavements and railway subgrades have been reported in recent literature [2-11].

Lateritic soils and other tropical residual soils constitute the dominant lithologic
units in many parts of southern Nigeria. These soils are end-products of the chemical
weathering of rock. Hence, their formation and physicochemical properties depend on
rainfall, temperature, topography, humidity, vegetation, time, and chemical composition of
the parent rock [12,13]. The main distinctive feature of lateritic soils is the high amount of
sesquioxides of iron and aluminium, with kaolinite being the dominant clay mineral [14,15].
Lateritic soils are extensively used as subbase and subgrade for the construction of runways,
road embankments and highways, and other civil infrastructure such as earth dams.
However, these soils are relatively unstable. They generally possess varying physical and
engineering properties which are influenced by several factors, including the nature of the
parent rock, age, topography, climate, and vegetation [16-18]. Furthermore, the engineering
properties of laterite and other tropical residual soils are subject to routine modifications as
a result of the permanent alteration of their mineralogical characteristics under varying
moisture conditions [19]. Hence, their susceptibility to changes under high temperature and
moisture conditions, especially in wet tropical regions, limits their utilisation as suitable
materials for earthworks construction [1,17,20-22]. Therefore, the stabilisation of lateritic
soils with suitable additives is crucial to increasing the long-term stability of highway
pavements, earth dams, and road embankments.

Extensive laboratory investigations have been carried out to evaluate the effect of
traditional stabilisers, such as lime and cement, on the mechanical performance of lateritic
soils and other residual soils [23-32]. The addition of quicklime (CaO) to lateritic soils
or clayey soil in the presence of water, leads to a hydration (exothermic) reaction that
produces hydrated lime Ca(OH),. The hydrated lime immediately dissociates in the pore
fluid to release calcium (Ca®") and hydroxyl ions (OH ™) and thus results in an increase in
electrical conductivity and pH of the pore fluid [33-35]. The highly alkaline environment
produced by the dissolution of Ca(OH), promotes the exchange of Ca?* cations from the
lime with the cations (e.g., Na*, K*, and AI>") on the surface of the negatively charged
clay minerals. The increased concentration of Ca?" ions in the pore fluid modifies the
thickness of the diffuse double layer (DDL), promotes the flocculation of the soil particles,
and causes a reduction in the plasticity index of the soil, thereby improving the workability
of the soil. These series of reactions, which occur at the optimum lime content (OLC) of the
soil, give rise to what is generally referred to as lime modified soils [33,36-38]. On the other
hand, long-term stabilisation occurs when lime is added above the soil’s OLC. The highly
alkaline environment of the pore fluid influences the dissolution of siliceous and aluminous
compounds within the lattices of the clay minerals, which then reacts with Ca?* ions in
the pore fluid to produce some cementitious products such as calcium-silicate-hydrate
(C-5-H), calcium-aluminate-hydrate (C-A-H) and calcium-aluminate-silicate-hydrate (C-
A-S-H). The long-term duration of these pozzolanic reactions within a highly alkaline
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environment promotes the formation of C-S-H and C-A-H, which bind the soil particles
together, causing a long-term increase in the strength and stiffness of the treated soil [39-48].

Although significant improvements in strength and stiffness of tropical residual
soils treated with lime and other calcium-based additives have been reported, their
durability and long-term stability under harsh environmental conditions have not been
fully understood. Some researchers reported that the durability of chemically-stabilised
soils tends to decrease with time under certain climatic conditions such as freeze-thaw
cycles [9,49], wetting-drying cycles [50,51], and leaching via continuous water circula-
tion [52,53]. Leaching-induced deterioration of chemically stabilised subbases and sub-
grades occurs as a result of rainfall-induced water ingress into pavement structural layers,
which adversely modify the physicochemical characteristics of the stabilised material by
the gradual removal of the chemical constituents of the stabiliser. Consequently, numer-
ous cases of distresses in pavement structures have been recorded even after standard
soil stabilisation design procedures have been followed [54-58]. Therefore, an in-depth
understanding of the physicochemical behaviour of lime-stabilised lateritic soil under
continuous water ingress is essential to improving the strength and stiffness of materials
used as subbases and subgrades for road construction.

There is sparse research to date on the durability and long-term stability of chemically
stabilised soils under continuous water ingress, especially in seasonally flooded tropical
environments. For instance, Chittoori et al. [53] investigated the long-term stability of lime-
and cement-treated expansive clays subjected to accelerated leaching tests by monitoring
the variation of pH and calcium concentrations in the leachate. The authors found that the
soils treated with 6 wt.% lime showed a slight decrease in strength, while the soils treated
with lower lime contents (3 and 4 wt.%) exhibited a considerable decrease in strength
after subjecting them to 14 cycles of leaching. Obuzor et al. [55] evaluated the durability
of pavement interlayers and embankments founded on floodplains by stabilising Lower
Oxford Clay with lime-activated ground granulated blast furnace slag (GGBS). The authors
found that the durability index of the lime-clay blends was significantly influenced by the
percentage of GGBS in the system, which amplified the formation of more C-5-H gels that
increased the strength and durability of the stabilised soil. McCallister and Petry [59,60]
evaluated the durability of lime-treated plastic clays subjected to continuous accelerated
leaching tests. The authors found that the soil-lime mixtures prepared with lime significantly
above their lime modification optimum (LMO) had the highest concentration of Ca®* ions in
their leachate, which decreased with a corresponding decrease in lime content. The authors
concluded that the durability of lime-treated soils depends on their LMO. Khattab et al. [61]
employed a combination of wetting-drying tests and leaching tests in an attempt to study
the durability of lime-treated clayey soil. The authors observed that leaching had no
detrimental effect on the mechanical properties of the soil due to the insignificant quantity
of lime recovered from the leachate. On the other hand, Le Runigo et al. [62] investigated
the long-term behaviour of lime-treated silt subjected to long-term hydraulic conditions.
The authors found that subjecting the soil-lime mixtures to water circulation caused a
considerable decrease in shear strength and durability. Deneele et al. [63] carried out
medium- to long-term (110 to 320 days) accelerated leaching tests to evaluate the durability
of lime-stabilised silt under continuous water circulation. Their results revealed that the
strength and durability of the soil-lime mixtures could be related to the soil’s LMO. They
concluded that long-term water circulation has the potential to reduce the durability of
water retaining structures unless lime is added in excess of the soil’s LMO. In addition
to many conflicting reports regarding the leaching-induced deterioration of pavement
structural layers, little or no research has been done on the durability and physicochemical
behaviour of lime-stabilised tropical residual soils under continuous water circulation, given
their unique mineralogical and physicochemical properties. Moreover, the majority of the
leaching tests were carried out using experimental devices that were designed to induce
accelerated water circulation through the soil [53,63,64], which tends to cause excessive
leaching that could lead to a decrease in the strength and durability of the soil.
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This paper presents a comprehensive experimental investigation designed to evaluate
the physicochemical behaviour of lime-stabilised lateritic soil subjected to continuous water
ingress. The main focus of this research was to investigate the influence of rainfall-induced
water ingress on the durability of lateritic soil treated with various quantities of lime.
In view of this objective, the LLS samples were prepared by adding lime in quantities
that were below and above the OLC of the lateritic soil. Fundamental geotechnical tests
such as particle size analysis, standard Proctor compaction tests, Atterberg limits tests,
and CBR tests were performed on the natural soil and the LLS samples to determine their
engineering properties. Column leaching tests were performed on the natural soil and the
LLS samples to evaluate the effect of water ingress on their durability and engineering
properties. Furthermore, scanning electron microscopy (SEM) and X-ray diffraction (XRD)
analyses were carried out to study the microstructural and mineralogical behaviour of the
soil samples at different lime contents and leaching periods.

Significance and Novelty of This Research

Lateritic soils are the most abundant earth material in the tropical and subtropical
regions of the world. These soils are mostly used in the construction industry for the
production of compressed earth blocks (CEBs). They are used as fill materials for the
construction of earth dams and road embankments, and as subbases and subgrades for
the construction of flexible pavements. Most lateritic soils are sensitive to drying, which
can lead to irreversible changes in their engineering properties due to the presence of
certain minerals, such as allophane, hydrated halloysite, gibbsite and goethite. These poor
engineering properties of lateritic soils affect the service life of civil engineering structures
built on them and can lead to periodic repair and maintenance. Therefore, the utilisation of
traditional stabilisers, such as cement and lime, is essential to improving the engineering
properties of lateritic soils, thereby improving the resilience and sustainability of civil
infrastructure, especially in developing countries.

However, lateritic soils are predominantly composed of silica and sesquioxides of iron
and aluminium. Hence, the addition of an excess amount of lime to the soils can detri-
mentally affect their engineering properties by increasing their liquid limit and plasticity
index. Furthermore, numerous studies have found that expansive soils stabilised below
their OLC are susceptible to leaching-induced deterioration via continuous water ingress.
One important criterion that must be met to ensure the sustainability and long-term per-
formance of roads and highway embankments founded on lime-stabilised lateritic soil in
seasonally flooded tropical environments is that the soil must be stabilised above its OLC
or at its LSO. Therefore, the significance of this research lies in the appropriate use of lime
as opposed to cement, and the considerable reduction of carbon footprint via the addition
of an optimum amount of lime required to improve the durability of stabilised lateritic
soils and reduce leaching-induced pavement deterioration. Improving the durability of
stabilised soils will ultimately reduce the socioeconomic impacts of road construction and
maintenance in seasonally flooded tropical environments. This would enhance the utilisa-
tion of lime-stabilised residual soils as subgrades and subbases for sustainable construction
of roads and highway embankments. The consumption of cement, on a per capita basis,
is second only to water, and there is no readily available substitute. Lime requires less
energy to produce compared to cement because the basic raw material (limestone) can
be burned at lower temperatures of 900 °C in comparison to the higher temperature of
1300 °C required for the calcination of argillaceous limestone during the production of
Portland cement (PC). Also, some of the carbon dioxide (CO,) produced during firing is
reabsorbed by lime as it hardens, and lime can be produced locally on a small scale, thereby
reducing pollution by limiting transport distances. Therefore, the appropriate use of lime
in the study of the behaviour of stabilised lateritic soil under continuous water ingress can
undoubtedly, be beneficial in creating and maintaining infrastructural systems that are
more green-friendly.
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Previous studies on the leaching-induced deterioration of pavement interlayers were
carried out using customised leaching cells that allow for the imposition of confining
pressures on the soil specimens. These imposed confining pressures, which range from 20 to
120 kPa, can induce excess pressure on the flow, which could potentially lead to accelerated
leaching of the chemical constituents of the stabilised soil. Therefore, the novelty of this
research lies in the replication of natural field conditions of leaching-induced pavement
deterioration by subjecting the soil samples to continuous water ingress with no confining
pressures imposed on the flow.

2. Materials and Methods
2.1. Materials

This research made use of lateritic soil obtained from a borrow pit along Idiroko
road, Ota (6°40'51” N, 3°9'10” E), in Ogun State, southwest Nigeria. The soil was initially
air-dried at room temperature (25 &= 1 °C) for a minimum of 7 days. Then, the air-dried soil
was manually pulverised and passed through No. 4 sieve (4.76 mm) to remove pebbles
and organic debris. The results obtained from particle size distribution analysis performed
following ASTM D6913/D6913M-17 [65] and ASTM D7928-17 [66] standards show that
the soil is dominantly comprised of sand (46%), silt (22%) and clay (32%). The soil’s av-
erage natural moisture content and specific gravity were 9% and 2.69, respectively, while
other physical properties of the lateritic soil are summarised in Table 1. Lateritic soils are
primarily comprised of primary minerals such as illite, kaolinite, feldspar (microcline),
mica (muscovite), and quartz, and secondary minerals such as limonite, hematite, gibb-
site, and goethite [16]. The traditional stabiliser used in this research was commercially
available quicklime (calcium oxide, CaO). About 95% of the lime, in its pulverised form,
passed through the ASTM No. 230 sieve (63 pm). The chemical compositions of the
materials, as determined by X-ray fluorescence, are summarised in Table 2.

Table 1. Geotechnical properties of lateritic soil.

Property Value
Percent passing sieve No. 200 53
Liquid limit (%) 49
Plastic limit (%) 21
Plasticity index (%) 28
AASHTO A-7-6
OMC (%) 16
MDD (kN/m?3) 17.95
CBR (unsoaked) (%) 5

Table 2. Chemical compositions of lime and lateritic soil.

Oxide Composition (wt.%)

Material
Si02 A1203 F8203 Ti02 K20 ZI‘OZ MgO CaO MnO Mn203 CuO Na20 LOI
Lateritic soil 53.56 11.62 23.45 1.31 0.98 0.04 0.53 0.03  0.09 - 0.02 0.18 7.44
Lime 1.0 0.3 0.5 - - - 2.0 94.0 1.2 - - -
2.2. Methods

2.2.1. Determination of Optimum Lime Content (OLC)

Before the soil was mixed with lime, the OLC test was carried out to determine the
minimum lime percentage for the lateritic soil following ASTM D6276-19 [67]. The OLC
has been defined as the smallest quantity of lime required for reducing the plasticity and
swell potential of a reactive soil, and for the initiation of mid- to long-term pozzolanic
reactions [36]. Eades and Grim [38] reported that a highly alkaline environment, which gen-
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erally corresponds to a pH value of 12.4, is required to initiate pozzolanic reactions that
enhance the crystallisation of cementitious products (C-S-H and C-A-H), due to the reac-
tions between the dissolved Ca®* ions of lime and Si** and AI*™ ions of the clay minerals.
Bell [68] noted that the lime fixation point of most soils, which is traditionally lower than
the OLC, ranges between 1% and 3% lime by dry weight of soil. The addition of lime
to a reactive soil results in cation exchange process that leads to a high concentration of
Ca®" ions in the pore fluid, which causes a reduction in the DDL thickness, followed by
flocculation-agglomeration of the clay particles.

The OLC test was conducted by mixing 50 g of an oven-dried soil containing various
percentages of lime (1~10%) with about 200 mL of distilled water to obtain an aqueous
solution. The solution was stirred at regular intervals while the pH values were taken
after 3 h. The plot of pH versus lime content determined at standard room temperature
(25 £1 °C) is shown in Figure 1. It is evident from the plot that the OLC of the soil is 4%.
Beyond this value, further increase in lime content did not cause any apparent increase in
pH. Therefore, in view of the primary objective of this research, which was to evaluate the
long-term stability of lime-stabilised lateritic soil under continuous water ingress, various
quantities of lime were added to the lateritic soil in percentages that were below and above
the soil’s OLC. Hence, the LLS samples were prepared by adding various quantities of lime
in the range of 0, 2.5, 5, 7.5, 10, 15, and 20% by dry weight of soil. Each of the soil samples
was manually mixed with distilled water to the desired compaction water content and left
in an air-tight container for a minimum of 3 h to ensure uniform moisture distribution.

13
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Figure 1. Trends of pH values determined from optimum lime content test.

2.2.2. Geotechnical Tests

Atterberg limits tests were performed to determine the liquid limit (LL), plastic limit
(PL), and plasticity index (PI) of the natural soil and the LLS samples following ASTM
D4318-17e1 [69] standards. The standard Proctor compaction tests were conducted to
determine the optimum moisture content () and the maximum dry unit weight (Yqmax)
of the natural soil and the LLS samples in accordance with ASTM D698-12¢2 [70] standards.
In the first place, the air-dried natural soil, which has been divided into five (5) different
samples and mixed with different volumes of distilled water, was placed in a standard
mould (dia., 101.6 mm) in lifts of 3 layers, with each layer receiving 25 number of blows
of the standard hammer. Subsequently, corresponding values of yYgmax and weps were
determined from the compaction curve followed by those of the LLS samples.

The CBR test was carried out to evaluate the durability and engineering behaviour of
the LLS samples when subjected to continuous water ingress. The CBR test is one of the
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methods used to evaluate the mechanical properties of earth materials in order to determine
their suitability for use as subgrades, subbases and base courses for highway construction.
The soil samples were compacted in a standard mould at their ygmax and wept as determined
from standard Proctor compaction test. A 4.5 kg surcharge mass was placed on each mould
before soaking in water for periods ranging from 3 to 28 days (Figure 2a). At the end of
each soaking period, a 4.9 cm diameter piston was allowed to penetrate the soil samples
at a constant penetration rate of 1.27 mm/min (Figure 2b—d). From the load-penetration
curves, the loads corresponding to 2.5 and 5 mm depths of penetration were divided by
the standard loads at the same depth of penetration to give the CBR value. The tests were
carried out in two phases: Phase I (pre-leaching phase) and Phase II (post-leaching phase).
In phase I, the CBR test was performed on the soil mixtures after they were soaked in water
for 3,7, 14, and 28 days and before subjecting them to column leaching tests. While in phase
II, the CBR test was performed at the end of each leaching period, which varied from 3
to 28 days. Both phases of the CBR tests were performed on the lateritic soil and the LLS
samples under soaked condition following ASTM D1883-16 [71] standards. All the tests
were performed at standard room temperature.

Figure 2. (a) Soaking of natural soil and lime-lateritic soil samples (b) Experimental device for
determination of CBR values of natural soil and lime-lateritic soil samples (c) Standard mould used
for the CBR test and (d) lime-lateritic soil samples extruded from the mould after CBR test.

2.2.3. Column Leaching Tests and Physicochemical Analyses

The effect of rainfall-induced water ingress on the physicochemical behaviour of the
natural soil (control specimen) and the LLS samples was evaluated by carrying out column
leaching experiments using two Perspex acrylic columns with an internal diameter of 7 cm and
height of 25 cm. (Figure 3). The details of the experimental setup and testing conditions adopted
for the leaching test coupled with the procedure for the physicochemical analysis have been
extensively described by [57,72]. Percolation through the soil samples was simulated using a
water tank containing distilled water. The water tank was set up such that it imposes a constant
hydraulic head of 1 m, which corresponds to a hydraulic gradient of 4. The hydraulic gradient
was applied to simulate flood inundation in seasonally flooded low-land areas [61,73]. Selection
of the hydraulic head for the leaching experiments was done based on two conditions [63].
Firstly, the hydraulic head must be at a critical value to ensure adequate interaction between
the leaching fluid and the soil. This condition was achieved by applying no confining pressure
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on the leaching fluid, in contrast to the methods adopted by several authors [52,53,60,61,63],
who imposed confining pressure values that varied from 20 to 120 kPa. Secondly, the hydraulic
head must be high enough to allow significant volume of leachate to be collected at appropriate
intervals. Preventive measures, such as covering the upper and lower parts of the soil sample
with a filter paper and wire mesh, were taken to minimise the erosion of fines into the leachate.
The leachate was collected at regular intervals and stored in pre-washed and properly labelled
0.5 L PET bottles.

(a)

Filter papers and
metallic plates

Figure 3. (a) Diagrammatic representation of the experimental setup for column leaching test
(b) Typical cylindrical Perspex cells used for the column leaching test (modified from [72]).

Physicochemical analyses were performed on the leachate before, during and after
each leaching period. A pre-calibrated multiparameter tester (Oakton PCTestr 35) was
used to determine the electrical conductivity (EC) and pH of the leachate immediately it
was collected. The determination of calcium and potassium concentrations in the leachate
was carried out using an inductively coupled plasma atomic emission spectrometer (ICP-
AES). Changes in the mineralogical composition of the soil samples under intense leaching
were evaluated by carrying out a series of X-ray diffraction (XRD) analyses. Furthermore,
SEM images of the soil samples were used to evaluate their microstructural characteristics.

3. Results
3.1. Effect of Lime on Soil Plasticity

The effect of lime on the Atterberg limits (liquid limit, plastic limit, and plasticity
index) of the soil is shown in Figure 4. The result indicates that the plastic limit (PL) of
the soil generally increased with an increase in lime content. In contrast, there was an
initial reduction in the liquid limit (LL) and plasticity index (PI) of the soil as lime content
increased from 0% to 5% (Figure 4a). This sudden decrease in LL and PI of the soil is closely
connected to the relatively high amount of Ca*" ions in the pore fluid, which results in
a decrease in the DDL thickness, and hence causes a decrease in the liquid limit of the
soil [68]. However, further addition of lime beyond 5% caused an adverse effect on the
soil as evidenced by the gradual increase in LL and PI of the soil (Figure 4b). The trends
in LL and PI are typical characteristics that distinguish silica-rich lateritic soils from other
problem soils [39]. Hence for silica-rich residual soils, further increase in liquid limit is
usually triggered by the enhancement of the cation exchange capacity, due to the highly
alkaline environment produced by the dissolution of Ca(OH),, which increases the pH of
the pore fluid [74]. Furthermore, Diamond and Dash, [37,39] observed that the flocculent
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nature of the soil fabric is an essential factor controlling its liquid limit. The more flocculated
the soil structure is, the higher the water-holding capacity of the soil, and thus the higher
the liquid limit. Similar trend in PI was observed by [27], who investigated the effect of
quicklime on the geotechnical properties of lateritic gravel from Burkina Faso. The authors
reported that PI decreased from 10.5% of the natural soil to 8.5% when treated with 3 wt.%
lime. However, treating the soil with 8 wt.% lime caused the PI to increase to 11.8%.

(a)eo -

50449 PR PL 48

XXX

< 39
40 135

0 5 10 15 20 25
Lime (%)

Figure 4. Effect of lime on (a) liquid limit, plastic limit, and (b) plasticity index of natural soil and
lime-lateritic soil samples.

3.2. Compaction

Figure 5 presents the moisture-density curves of the natural soil and the LLS samples
obtained using the standard Proctor compaction test method. From the results, it can be
observed that the dry unit weight of the soil decreased with the addition of lime (Figure 5a).
In contrast, optimum moisture content (wep) increased with an increase in lime, with minimum
and maximum wyy; values of 16 and 23%, for the natural soil and the soil treated with 20 wt.%
lime, respectively. Furthermore, the maximum dry unit weight (y4max) of the soils decreased
from 17.95 kN/m? of the natural soil to 14.1 kN/m? of the soil treated with 20 wt.% lime
(Figure 5b). Similar trends in wyyt and Ygmax have been observed by other researchers for lime-
stabilised lateritic soil and expansive soils [23-27,75]. Bell [68] observed that treating expansive
clays with lime resulted in a decrease in ygmax With a corresponding increase in we,+ under
similar compaction energy. The marked reduction in dry unit weight could be ascribed to the
agglomeration of the soil particles with the instantaneous formation of gelatinous compounds,
in addition to the low specific gravity of the stabiliser [28,68,76]. The increase in wyy: with
the addition of lime has been attributed to the high affinity of quicklime for water and the
subsequent dissolution of Ca(OH), to release Ca?" ions required for the cation exchange.
Furthermore, the increase in wy,t was as a result of an increase in pore size and water-holding
capacity within the flocculated soil fabric, coupled with the high demand of water needed for
mid- to long-term pozzolanic reactions [74].
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Figure 5. (a) Compaction curves of natural soil and lime-lateritic soil samples (b) Effect of lime on compaction properties of

natural soil and lime-lateritic soil samples.

3.3. California Bearing Ratio and Strength Reduction Index

The load-penetration curves of the natural soil and the LLS samples before and after
they were subjected to leaching via continuous water ingress are shown in Figures 6 and 7,
respectively. The results show that the resistance of the LLS samples to the penetration of
plunger generally increased as the soaking period increased from 3 to 28 days. The increase
in strength (i.e., increase in resistance to penetration of plunger) of the soil-lime mixtures
with respect to the soaking period is strongly associated with the highly alkaline nature of
the pore fluid, which favours the gradual dissolution of the aluminosilicate constituents
of the soil. The dissolved compounds then react with Ca?" ions to produce hydrated
cementitious products responsible for strength gain and long-term stability of the stabilised
soils [40,68,77]. However, the difference observed from the trends of the load-penetration
curves of the LLS samples before and after they were subjected to continuous water ingress
suggests a significant reduction in their resilient modulus. The observed reduction in
strength is closely linked to the detrimental effect of leaching on the engineering properties
of the soil mixtures due to the gradual depletion of Ca®" ions required for cation exchange
and long-term pozzolanic reactions.

Figure 8 shows the variation of CBR values of the LLS samples (at different lime
contents and soaking period) before and after they were subjected to continuous water
ingress. It is noteworthy to mention that the average pre-leaching and post-leaching CBR
values of the natural soil varied between 0.85% and 0.83%, respectively. The results of the
pre-leaching and post-leaching CBR values of the LLS samples indicate that they met the
minimum soaked CBR value of 10% required for use as subgrade for the construction of
flexible pavements in Nigeria [78]. This excludes the LLS sample treated with 2.5 wt.%
lime, which had average pre-leaching and post-leaching CBR values of 5.7% and 4.5%,
respectively. The overall trend of the results shows that the CBR values of the stabilised
soils increased with a significant increase in lime and soaking period, except for the LLS
samples treated with 15 and 20 wt.% lime, which had lower CBR values under the same
soaking and leaching periods. The highest pre-leaching CBR value of 47.1% was achieved
in the LLS sample mixed with 5 wt.% lime after a soaking period of seven days (Figure 8a).
However, the value decreased to 32.2% and 20.1% as the soaking period increased from
seven to 14 and 28 days, respectively. The rapid increase in strength of the soil mixture is
significantly correlated with two major processes: (1) the substitution of Ca?* ions for the
exchangeable cations present on the clay mineral surfaces, which leads to the flocculation
of the soil particles due to a decrease in the DDL thickness; and (2) the pozzolanic reactions
that lead to the formation of hydrated cementitious products [79]. Whereas the gradual
decrease in strength observed at longer soaking periods (14 and 28 days) is ascribed to a
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decrease in pozzolanic activity. This is because the percentage of lime added to the soil
sample was below the LSO of the natural soil. In contrast, the pre-leaching CBR values
of the LLS samples treated with 7.5 and 10 wt.% lime increased from 26.1% to 26.6% and
28.8% to 31.4% after a soaking period of 14 and 28 days, respectively (Figure 8b).
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Figure 6. Pre-leaching load-penetration curves of natural soil and lime-lateritic soil samples after a
soaking period of (a) 3 (b) 7 (c) 14 and (d) 28 days.
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Figure 8. Effect of lime on CBR values of lime-lateritic soil samples at different leaching periods. (a) Pre-leaching CBR

values, and (b) Post-leaching CBR values (dashed red lines indicate the minimum soaked CBR value for subgrade in Nigeria
according to FMW&H [78]).

Figure 9 shows the strength reduction indices (SRI) of the LLS samples determined
from the pre-leaching and post-leaching CBR values of the natural soil and the LLS samples.
The SRI values of the LLS samples at different lime contents and leaching periods were
determined as per the equation below:

_ CBRy — CBRy

SRI
CBRy,

@
where CBRy, = pre-leaching and post-soaking CBR value of a representative LLS sample,
and CBR,; = post-leaching CBR value of the same LLS sample. The analysis was performed
to evaluate the durability and engineering behaviour of the LLS samples under continuous
water ingress. The results indicate that the LLS sample treated with 2.5 wt.% lime had the
highest SRI value, which increased from 0.11 to 0.36 as the leaching period progressed from
three to 28 days. In contrast, the LLS samples treated with 7.5 and 10 wt.% lime presented
the lowest SRI values of 0.01 and 0.03 after a leaching period of 28 days. Further addition
of lime to the natural soil led to an increase in the (terminal) SRI values to about 0.09 and
0.11 for the LLS samples treated with 15 and 20 wt.% lime, respectively. The overall trend
of the results demonstrates the high susceptibility of the LLS samples treated with lime
below and slightly above the soil’s OLC (i.e., 2.5 and 5 wt.% lime) to leaching-induced
deterioration. The trends of the results are consistent with the results obtained by other
researchers (e.g., [55,80,81]).

3.4. pH

Figure 10 shows the variation of pH of the leachate obtained from the natural soil
and the LLS samples at different leaching periods. The trend of the result indicates that
the pH of the natural soil was constant at 10.2 as the leaching time progressed from three
to 28 days. The addition of various percentages of lime to the natural soil and leaching
for a minimum of three days caused the pH of the lateritic soil to increase from 10.2 to
12.1 and 12.46, which corresponds to the LLS samples treated with 2.5 and 20 wt.% lime,
respectively. Furthermore, the results show a marked decrease in pH values of the LLS
samples as the leaching time increased from 3 to 28 days. The rate of reduction in pH of the
treated soil samples was found to decrease with an increase in lime content. The highest
percentage decrease in pH (10.7%) after a leaching period of 28 days was observed in the
LLS sample treated with 2.5 wt.% lime, whereas the percentage decrease in pH of the soil
LLS samples treated with 5, 7.5, 10, 15, and 20 wt.% lime was 3.3%, 2.4%, 1.6%, 1.3%, and
0.8%, respectively. Furthermore, the pH values of the treated soil samples were above 12
after a leaching period of 28 days, except for the LLS samples treated with 2.5 and 5 wt.%
lime, which had pH values of 10.8 and 11.9, respectively, for the same leaching period.
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The gradual decrease in pH of the pore fluid was due to the leaching of Ca?>" and OH~
ions from the soils, which causes a reduction in the pozzolanic activity. Some researchers
(e.g., [40,68]) have attributed the highly alkaline nature of the pore fluid to the dissolution
of Ca?t and OH™ ions as a result of mixing the soil with CaO in the presence of water.
However, the decrease in pH of the pore fluid has been ascribed to: (1) the pozzolanic
reactions that result in the depletion of soluble calcium concentration, especially at lime
contents below the OLC of the soil [33,82], and (2) the removal of lime from the LLS samples
under continuous leaching [60]. Similar trends in pH reduction under continuous curing
and leaching have been reported by [34,61,83].
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Figure 9. Effect of lime on strength reduction index of lime-lateritic soil samples at different leach-
ing periods.

3.5. Electrical Conductivity

Figure 11 shows the variation of EC of the pore fluid as leaching time increased
from three to 28 days. According to [33], electrical conductivity (EC) is a physicochemical
parameter that can be used to determine the conductivity of solutions and thus is a function
of the amount of ions (cations or anions) in the solution. The addition of various amounts
of lime to the natural soil and leaching for a minimum of 72 h (three days) caused the
EC value to increase from 8.5 to 10.3, 11.4, and 12.5 mS/cm, for the LLS samples treated
with 2.5, 7.5, and 20 wt.% lime, respectively. The marked increase in EC values of the
stabilised soil samples signifies the dissolution of Ca(OH), to release calcium and hydroxyl
ions [33]. Beyond the 3 days leaching period, the EC values of the stabilised soils decreased
considerably as leaching time increased from 7 to 28 days. The low (terminal) EC value
of the LLS sample treated with 2.5 wt.% lime, relative to the LLS samples treated with
higher percentages of lime (5, 7.5, 10, 15, and 20 wt.% lime), could be ascribed to (1) the fact
that the amount of lime added to the natural soil was significantly below the soil’s OLC.
Consequently, the concentration of Ca?" ions in the pore fluid of the soil was significantly
insufficient to ensure complete flocculation and agglomeration of the clay fraction in
addition to ensuring long-term pozzolanic activity; and (2) the considerable depletion of
calcium ions from the pore fluid as a result of continuous leaching. The results further
indicate that the EC value of the natural soil slightly decreased from 8.5 to 8.25 mS/cm,
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while the EC values of the LLS samples increased with an increase in lime but generally
decreased as the leaching time increased from three to 28 days. Similar trends in EC values

have been observed by [33,34,84].
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3.6. Calcium and Potassium Concentrations

The trends of calcium concentrations in the leachate of the natural soil and the LLS
samples are given in Figure 12. The results reveal a general decrease in calcium concentra-
tion in all the leachate, except for the natural soil, where the concentration of calcium varied
from 82 to 85 mg/L. Furthermore, the concentrations of calcium in the leachate can be seen
to increase with an increase in percentage lime content. The soil specimens treated with 2.5,
5, and 7.5 wt.% lime had the lowest concentrations of calcium in their leachate (195, 203,
and 215 mg/L), which decreased to 115, 135, and 158 mg/L, as the leaching time progressed
from three to 28 days. In contrast, the initial concentration of calcium in the leachate of
the soil mixtures treated with 15 and 20 wt.% lime decreased from 235 and 255 mg/L to
195 and 220 mg/L under the same leaching period. It is important to note that the highest
and lowest rates of calcium washout were observed in the LLS samples treated with 2.5
and 20 wt.% lime, which gave a percentage decrease of 41% and 13%, respectively. This
behaviour has been found to occur in soil mixtures dosed with lime at or below the OLC
of the natural soil and has been ascribed to the immediate consumption of calcium, given
the very low alkaline nature of their pore fluid, which is responsible for enhancing cation
exchange and pozzolanic reactions [85]. Conversely, the high amount of Ca?" ions in the
pore fluid of the LLS samples stabilised above the OLC of the lateritic soil is responsible for
long-term cation exchange and pozzolanic reactions which produce hydrated cementitious
products that cause considerable improvements in strength, stiffness, and durability of the
stabilised soil samples.
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Figure 12. Variations in calcium concentrations in the pore fluid of the natural soil and lime-lateritic
soil samples at different leaching periods.

Figure 13 shows the variation of potassium (K™) concentrations in the leachate of the
natural soil and the LLS samples. The results reveal that the concentration of K ions in
the leachate of the LLS samples increased with an increase in lime but decreased as the
leaching time progressed from three to 28 days. However, the concentration of K™ ions in
the leachate of the natural soil increased from 9.6 to 12 mg/L and subsequently decreased
sharply to 1.7 mg/L, as the leaching time progressed from three to 28 days. The high
concentration of K™ ions in the leachate of the LLS samples stabilised above the OLC of the
lateritic soil is attributed to the highly alkaline environment produced by the dissolution of
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Ca(OH), to release Ca”?" and OH™ ions; this intensified the dissolution of the siliceous
and aluminous compounds from the lattices of the clay minerals to release K ions and
other ions such as AI>", Na™, and Si**. These ions then react with Ca?" cations from the
lime to form cementitious products responsible for long-term strength improvements in
the LLS soils following the reaction mechanisms as represented by Equations (2)—(5).
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Figure 13. Evolution of potassium concentrations in the pore fluid of the natural soil and lime-lateritic
soil samples at different leaching periods.

Step 1: Hydration of quicklime to form calcium hydroxide:

CaO + 2H,0 — Ca(OH), @)

Step 2: Dissolution of calcium hydroxide to release Ca>" and OH ™~ ions:

Ca(OH), +» Ca®" + OH~ (3)

Step 3: Formation of C-S-H and C-A-H via pozzolanic reactions:

Ca’t +20H™ +Si0, +C—-S—H (4)

Ca?* +20H" +ALO; - C—A—-H (5)

3.7. Microstructural Analysis (Scanning Electron Microscopy)

Figure 14 shows the photomicrographs of the untreated (natural) soil and the LLS
samples retrieved from the mould after a soaking period of 28 days. The SEM micrographs
of the soil-lime mixes presented here are only for the 5 and 15 wt.% lime-treated samples,
given that the microfabric and morphology of the treated LLS samples varied slightly as
lime content increased from 2.5 to 20 wt.%. The microfabric of the untreated lateritic soil
exhibits a honeycomb microstructure, which consists mainly of a mass of discordantly
shaped clay particles with sizes ranging from 30 to 150 microns (Figure 14a). The structure
is enhanced by the adsorption of colloidal sesquioxide gels on the surface of the clay
particles or at the face-to-face and edge-to-face contact points between successive clay
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lamina. The densely-packed and homogeneous nature of the aggregates reveal wedge-like
inter-aggregate pores with a few microcracks that run parallel to the orientation of the clay
particles, which are similar to the microstructures previously reported by [86-88].

Fibrous cementitious
compounds
7

Aggregated soil
particles

Figure 14. Scanning electron microscope images of (a) natural soil, (b) LLS + 5 wt.% lime,
and (c) LLS + 15 wt.% lime after a soaking period of 28 days.

In contrast, the microfabric and morphology of the LLS samples treated with 5 and
15 wt.% lime reveal a heterogeneous microstructure, which comprises highly aggregated
soil particles that are dispersed in a network of a reticulated fibrous mass of cementitious
products. It can be observed that the degree of flocculation and agglomeration of the soil
particles and the density of the fibrous compounds were lower in the LLS sample treated
with 5 wt.% lime than in the LLS sample treated with 15 wt.% lime. The microstructure of
the 5 wt.% LLS sample shows that the closely-knit structure of the untreated soil has im-
proved with the addition of lime, which results in the formation of several clusters of small
agglomerates (Figure 14b). The microfabric of the 5 wt.% LLS sample may demonstrate the
rapid depletion of lime (Ca" ions) from the pore fluid of the soil and the low concentra-
tion of Ca>" ions required for pozzolanic reactions that would result in the production of
cementitious binders. This justifies the results obtained from the CBR tests, where the CBR
value of the 5 wt.% LLS sample increased from 15.4% and reached a maximum value of
47.1% within seven days of soaking in water. The CBR value then decreased to 20.1% at
the end of the 28 days soaking period, signifying a decrease in the strength and stiffness of
the treated soil (cf. Figure 8).

The microfabric of the LLS + 15 wt.% lime sample reveals a very heterogeneous and
highly aggregated matrix with a microstructure that shows a well-cemented morphology
(Figure 14c). The morphology, therefore, indicates the disintegration of the bonds between
the clay particles and the evolution of medium to large-sized aggregates with clearly visible
macropores. Additionally, the cemented morphology further indicates the filling up of any
available interstitial pore spaces by the cementitious gels (C-S-H and C-A-H) formed from
pozzolanic reactions. This process is increased by the high concentration of Ca?* ions in the
pore fluid of the soil. The high amount Ca*" ions therefore promotes long-term pozzolanic
reactions, which lead to the formation of hydrated cementitious products (C-S-H and
C-A-H gels) that generally appear as white patches on the surface of the treated soil.

3.8. X-ray Diffraction Analysis

Figure 15 shows the X-ray diffractograms of the (natural) lateritic soil and the LLS
samples treated with 5, 10, 15, and 20 wt.% lime after a leaching period of 3 days. Min-
eralogical analysis was not carried out on the soil samples at higher soaking periods of
7,14 and 28 days because it was observed that short- to medium-term leaching periods
had an insignificant effect on the mineralogical composition of the LLS samples. The X-ray
diffractogram of the natural soil shows that kaolinite and chlorite are the dominant clay
minerals in the soil, while quartz and goethite constitute other essential non-clay minerals.
The presence of goethite and ferric oxide in the natural lateritic soil confirms its unsuit-



Sustainability 2021, 13, 257

18 of 25

ability for use as subbase and subgrade layers for the construction of flexible pavements
due to the following reasons: (1) goethite acts as a cementing agent in lateritic soils of
rhyolite origin, and thus makes lateritic soils susceptible to cracking when subjected to
differential stress; and (2) the presence of goethite, hydrated halloysite, allophane and
gibbsite in lateritic soils have been attributed to their sensitivity to drying, which causes
irreversible changes in their physical properties [13,89,90].
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Figure 15. X-ray diffractograms of natural soil and lime-lateritic soil samples admixed with 5, 10, 15, and
20 wt.% lime after a leaching period of 3 days. (NS = natural soil, L = lime, CI = chlorite, G = goethite,
K = kaolinite, Qz = quartz).

The X-ray diffractograms of the LLS samples reveal a marked reduction in the peak
intensities of some of the minerals as lime increased from 5 to 20 wt.%. The slight reduction
in the intensities of quartz and kaolinite within the LLS sample treated with 5 wt.%
lime relative to the LLS samples treated with 10, 15, and 20 wt.% lime demonstrates the
rapid depletion of Ca?" ions from the pore fluid as a result of flocculation-agglomeration
reactions that result in the modification of the soil’s physical properties. Further decrease
in peak intensities of chlorite, kaolinite and quartz was observed with the addition of
more lime to the lateritic soil. This may be ascribed to the release of Sitt, A13+, and KT
ions due to the dissolution of the clay minerals under a highly alkaline environment, and
subsequent pozzolanic reactions which result in the crystallisation of cementitious products.
The degree of alteration in the structure of the clay minerals was found to be influenced by
the amount of lime added to the lateritic soil.

4. Discussion
4.1. Influence of Water Ingress on the Durability of the Lime-Stabilised Lateritic Soil

The mechanisms of soil-lime reactions involve a complex process that leads to the
modification of the soil via several processes: cation exchange, flocculation-agglomeration,
carbonation and pozzolanic reactions. Therefore, the durability of chemically stabilised
soils depends on several factors, including the mineralogical and physicochemical con-
stituents of the soil, the amount of chemical additives added to the soil, and several
environmental factors. Considerable research has shown that climatic and environmental
factors majorly affect the durability and engineering performance of cement- and lime-
stabilised subbase and subgrade materials, leading to the deterioration and reduction in
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the service life of flexible pavements [51,53]. Numerous cases of deterioration in chem-
ically stabilised pavement interlayers and embankments founded on floodplains have
been attributed to leaching that removes the stabilising effect of the chemical additives via
rainfall-induced water ingress. Similarly, results from previous experimental investigations
performed to evaluate the adverse effect of the leaching-induced deterioration of pavement
interlayers and earth embankments revealed significant improvements in the durability of
soils stabilised significantly above their OLC (e.g., [62,72]). Lime treatment of soil at its OLC
improves its workability by causing a reduction in the DDL thickness, which subsequently
leads to long-term improvement in the engineering properties of the soil. However, the
rate of pozzolanic activity within the soil-lime system is influenced by the pH of the pore
fluid because the highly alkaline nature of the pore fluid amplifies the dissolution of A"
and Si** ions from the clay minerals.

The decreasing trends of EC and pH of the pore fluid after a leaching period of 28
days demonstrate the adsorption and leaching of lime, which leads to a decrease in the
concentration of Ca?t and OH™ ions in the pore fluid of the LLS samples. Initially, the
addition of quicklime and water to the lateritic soil leads to an increase in the pH and EC
of the pore fluid as Ca(OH), dissolves to release Ca?>" and OH ™ ions. It is noteworthy
that the level of alkalinity and EC of the pore fluid depends on the amount of lime added
to the natural soil. Before leaching, the rapid adsorption of Ca?* and OH ™ ions onto the
clay mineral surfaces results in the flocculation-agglomeration of the clay particles which
subsequently reduces the plasticity index of the soil (cf. Figures 4 and 10). The rapid
reduction in EC and pH values of the LLS samples treated with lime below and slightly
above the soil’s OLC under continuous water ingress is closely linked with the leaching
of lime from the pore fluid and the alteration of the amorphous or poorly crystallised
cementitious products (C-S-H and C-A-S-H). Therefore, the gradual reduction in strength
and stiffness of the LLS samples treated with 2.5 and 5 wt.% lime relative to the LLS samples
treated with 7.5 and 10 wt.% lime is indicative of a decreasing pozzolanic activity due
to the reduction in the concentrations of Ca?* and OH~ ions within the soil-lime system
(cf. Figures 8 and 12). Furthermore, the high SRI values of 0.36 and 0.12 obtained from the
LLS + 2.5 wt.% lime and LLS + 5 wt.% lime samples after leaching for 28 days demonstrates
that water ingress adversely affected the durability of the soil samples (cf. Figure 9).

In contrast, the high amount of lime in the pore fluid of the LLS samples treated
with 7.5 and 10 wt.% lime contributes to long-term pozzolanic reactions within the highly
alkaline environment. The high pH of the soil-lime system amplifies the crystallisation
of C-S-H and C-A-H, thereby causing long-term improvements in strength and stiffness
of the treated soil. Indeed, leaching seems to have little effect on the LLS samples treated
with lime above the soil’s OLC because the highly alkaline nature of the soil-lime system
amplifies the release of AI*™ and Si** ions from the clay minerals, which subsequently react
with Ca*" ions to form well crystallised cementitious products (cf. Figure 14). Furthermore,
the high strength, stiffness, and well-cemented morphology of the LLS + 7.5 wt.% lime
and LLS + 10 wt.% lime samples, in addition to their low (terminal) SRI values of 0.01 and
0.03, made them the least likely to deteriorate when subjected to long-term water ingress
or exposed to harsh environmental conditions.

4.2. Practical Engineering Implications

Improving the durability of lime-stabilised subgrades can significantly reduce the
amount of lime required for soil stabilisation and occasional road maintenance, thereby en-
hancing the sustainable performance of lime-stabilised soils through a significant reduction
in the amount of lime used in road maintenance and other activities that increase carbon
footprint. The permanency of lime stabilisation is one of the critical factors considered in
the design and construction of earth embankments, road pavements and hydraulic barriers
(landfill liners) for waste containment purposes. Indeed, the design and construction of
road pavements and highway embankments with lime contents above the soil’s OLC is
vital to mitigating the detrimental effects of pavement distress and for improving their
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service life. The issue of deterioration and unsustainability of pavement interlayers and
hydraulic structures treated with lime below their OLC has called for an improvement in
the mix design procedure considering the mineralogical characteristics of the soil and other
key environmental factors.

The results of this experimental investigation demonstrate that the soil mixtures
treated with 7.5 and 10 wt.% lime had the lowest SRI values. These low SRI values further
indicate that stabilising the lateritic soil with 8 wt.% lime would mitigate the adverse effect
of leaching via water ingress into the subbase and subgrade layers, thereby improving the
durability and service life of pavements founded on floodplains. Similar tests have been
carried out by [53] on eight (8) different soil samples stabilised with cement (3~4 wt.%)
and lime (3~8 wt.%). The authors found that the soil mixtures treated with 6 wt.% lime
retained about 97% to 98.8% of their strength after being subjected to 14 cycles of leaching;
the authors, therefore, recommended stabilising the soil samples with chemical additives
above 6 wt.% to ensure long-term stability. Furthermore, the results of leaching and
durability tests carried out by [62,63] on a silty soil stabilised with 1 and 3 wt.% lime
indicated a considerable decrease in strength (~85%) in the soil treated with 1 wt.% lime.
Mechanistic-empirical (M-E) pavement design carried out by [72] on a clay soil treated
with varying percentages of lime and waste ceramic dust (WCD) observed that the mixture
treated with 10 wt.% lime (i.e., an additional 6 wt.% lime above the soil’'s OLC) had the
lowest interlayer thickness and total cost of 393.7 mm and $20.2 million, respectively.
In contrast, the mixture treated with 4.5 wt.% lime + 1.5 wt.% WCD requires an interlayer
thickness of 635 mm with cost totalling up to $23.6 million.

In summary, leaching-induced deterioration of pavement structures and hydraulic
barriers is less likely in lateritic soils treated with lime significantly above their OLC and
slightly above their LSO. At these lime contents, the high concentration of Ca?" ions in the
soil-lime system coupled with the availability of AI*™ and Si** ions from the clay minerals
promotes long-term pozzolanic reactions. These reactions produce hydrated cementitious
products that modify the soil matrix by filling up any available interstitial pore spaces,
which reduces water ingress and thus increases the resilient modulus of the soil.

5. Conclusions

This study investigated the influence of continuous water ingress on the durability
and physicochemical behaviour of lime-stabilised lateritic soil. To achieve the aim of the
research, the lateritic soil was treated with lime in quantities (0, 2.5, 5, 7.5, 10, 15, and
20 wt.%) that were below and above its OLC. Column leaching tests were conducted in two
leaching cells to simulate rainfall-induced water ingress into pavement structural layers
and its effect on the durability of lime-stabilised lateritic soil. Based on the experimental
results, the following conclusions can be drawn:

e  Significant improvements in the workability of the LLS samples were obtained by
treating the lateritic soil with lime in quantities that were above the soil’s OLC of 4%.
For instance, the addition of 5 wt.% lime to the lateritic soil resulted in an optimum
reduction of the plasticity index of the soil (PI = 5%). However, further increase in lime
content above 5 wt.% caused both the soil’s liquid limit and plastic limit to increase
with a corresponding increase in lime content. This behaviour, which is commonly
observed in silica-rich residual soils, has been attributed to the high amount of C-S-H
gel produced by the reaction of lime with silica. Consequently, the C-S-H gel adversely
affects the plasticity index of the soil due to its high affinity for water.

e  CBR test results showed substantial improvements in the engineering properties of the
LLS samples as the soaking time increased from 3 to 28 days. This improvement were
ascribed to the slow pozzolanic reactions that produced cementitious gels responsible
for binding the soil particles together, except for the LLS sample treated with 5 wt.%
which showed a substantial decrease in CBR after attaining a peak value of 47.1% after
a soaking period of seven days.
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e  The EC values of the LLS samples showed a positive correlation with lime but gen-
erally decreased as the leaching time increased from three to 28 days. Similarly, pH
values obtained from the leachate of the LLS samples decreased with an increase in
leaching time but increased as lime increased from 0 to 20 wt.%. The leachate of the
LLS samples were all above 12.0 (pH > 12.0) at the end of a leaching period of 28 days,
except for the LLS sample treated with 2.5 wt.% lime which had a pH of 10.8 at the
end of the same leaching period.

e  The durability and engineering properties of the LLS samples are closely related to
their respective EC and pH values. Hence, the dissolution of the octahedral and tetra-
hedral sheets from the aluminosilicate constituents of the clay minerals, which occurs
at higher EC and pH values, favours pozzolanic reactions that produce hydrated
cementitious products responsible for improving the strength and stiffness of the
lime-stabilised soil.

e  Leaching tests conducted on the LLS samples showed that calcium and potassium con-
centrations increased with an increase in lime but decreased as leaching time increased
from 3 to 28 days. Furthermore, minimum and maximum cation concentrations were
observed at lime contents below and above the OLC of the soil.

e  Results obtained from SEM and XRD analyses revealed that lime addition made the
microfabric of the LLS samples to be very heterogeneous and aggregated, with a
well-cemented morphology that signifies improvements in strength and stiffness of
the soil mixtures. Similarly, the decrease in the peak intensities of chlorite, kaolinite
and quartz was attributed to cation exchange and pozzolanic reactions.

e  The LLS samples treated with 2.5 and 5 wt.% lime are not suitable for use as subgrade
material because leaching caused adverse changes in their engineering properties,
irrespective of the fact that the 5 wt.% LLS sample was treated with lime slightly above
the soil’'s OLC. This is because the amount of lime added to the soil mixtures was
significantly below the LSO of the natural soil. Consequently, the leaching of calcium
from the LLS samples could be related to the increase in the permeability of the soil as
a result of the predominant effect of cation exchange and flocculation-agglomeration
reactions. In contrast, leaching did not cause any obvious change in the durability of
the LLS samples treated with 7.5 and 10 wt.% lime due to the high concentration of
calcium that enhanced pozzolanic reactions.

e  The adverse effect of lime on the strength and stiffness of the LLS samples treated
with 15 and 20 wt.% lime tends to decrease with an increase in leaching time. This
behaviour is strongly linked to the leaching of the viscous C-S5-H gel and other water-
holding gelatinous compounds formed as a result of the mid- to long-term pozzolanic
reactions. Therefore, extensive leaching has the potential to decrease the high volume
of gel water adsorbed between the solid particles of the hydration products thereby
leading to a reduction in the liquid limit, and subsequent increase in strength and
stiffness of the LLS samples.

The results of this research highlight the significance of lime stabilisation of lateritic
soils and expansive clays above their OLC and at their LSO, to minimise the detrimental
effects of leaching-induced deterioration of highway pavements founded on seasonally
flooded tropical environments. The lateritic soil used in this study is characteristic of resid-
ual soils found within Ogun State, (southwestern) Nigeria, which has specific physicochem-
ical properties that may vary with lateritic soils of other regions. Therefore, a comparative
study is necessary to evaluate the different mechanical characteristics and durability of
lime-stabilised lateritic soils subjected to continuous water ingress. Furthermore, additional
research needs to be carried out using acidified water and deionised water as leaching fluid
and extending the leaching time to 365 days to examine the influence of leaching fluid and
extended leaching time on the durability of the stabilised soil.
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