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Abstract: Black cotton soil (BCS) forms a major soil group in Kenya and is characterized by high
shrink/swell potential when exposed to water. A comprehensive series of laboratory tests were
performed on BCS treated with lime (0–9%), volcanic ash (VA, 0–25%), and their combinations in
order to study the physical–mechanical properties and mineralogical changes of the stabilized BCS.
Moreover, a test road which replaced the BCS with the lime–VA-stabilized BCS was constructed to
investigate the moisture change and soil movement in the BCS foundation. The results revealed that
BCS stabilized with combinations of lime and VA shows larger California bearing ratio (CBR) and
unconfined compressive strength (UCS) values when compared with a single stabilizer. BCS stabilized
with 3% lime + 15% VA meets the performance requirements of roadbed materials in accordance
with JTG D30-2015. The increase of pH and electrical conductivity (EC) in the stabilized soil
promotes chemical reactions between the stabilizers and BCS to form new cementing agents,
which are confirmed by X-ray diffraction (XRD) and transmission electron microscope (TEM) findings.
The replacement of BCS with 3% lime + 15% VA-stabilized BCS shows an obvious effect on controlling
the moisture change and soil movement in the foundation BCS. This research provides a low-cost
strategy for making use of the vast resources of BCS in Kenya obtained from foundation excavation.

Keywords: black cotton soil; natural pozzolans; physical–mechanical properties; mineralogical
change; deformation control

1. Introduction

With the fast development of infrastructure construction in Kenya, many highways, municipal
roads, and railway lines have been constructed in recent years, such as the Nairobi–Mombasa
railway line and Southern Bypass in Nairobi. The construction of the subgrade frequently encounters
geotechnical engineering issues caused by black cotton soil (BCS). BCS is a type of clay with high
swelling potential when exposed to water [1,2] and is mostly found in the plain region of neighboring
Nairobi, in lowlands on the northeastern coast, and in the Victoria lake region of Kenya [3]. The major
components in the BCS were found to be clay minerals including montmorillonite, chlorite, vermiculite,
and illite, etc. [4]. Such a high content of clay minerals is the main reason for the high expansion of
the Nairobi BCS [5]. The water swelling behavior causes serious problems in highway construction if
BCSs are directly used for the foundation [6]; otherwise, the BCSs have to be excavated and thrown
away. A case in point found in Kenya is that the BCSs were always piled up by the roadside due to
the fast development of highway constructions. The increase of the discarded BCS results in serious
environmental disaster. To overcome these problems, a facile but low-cost strategy has to be found to
make use of such clay in highway construction.

Soil stabilization is the best-known method of making use of clays and can decrease the volume
change of such clay due to change in water with the help of stabilizers. Such stabilizers are mixed with
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the soil to reduce the swelling potential and plasticity of expansive clay, improving the durability and
strength of the soil [7–13]. The most commonly used stabilizers for soil modification are hydrated lime,
ordinary Portland cement, petroleum sulfonate, asphalt, and certain resins [14–18]. Al-Rawas et al. [19]
studied soil stabilization using the Atterberg limits, swell percent, and swell pressure tests, and found
that lime significantly improved the physical–mechanical properties of expansive soil. pH, electrical
conductivity, and X-ray diffraction (XRD) tests were conducted on an expansive soil treated with lime,
and Al-Mukhtar [20,21] researched the lime–soil reaction over a short term and the progression of the
pozzolanic reaction over a longer term. Industrial byproducts/wastes such as fly ash, cement kiln dust,
and rich husk ash can bind soil particles together and reduce water absorption by clay particles due
to their pozzolanic properties [22–27]. Atterberg limits, compaction, California bearing ratio (CBR),
and unconfined compressive strength (UCS) tests were performed on expansive soil, and Ene and
Okagbue [28] found that the optimum physical–mechanical properties of the expansive soil were
obtained with the addition of up to 8% pyroclastic rock dust content. However, the heavy use of these
stabilizers will cause a sharp increase in construction cost. A local natural material which is a vast
resource and easy for manufacturing needs to be found to decrease the use of conventional stabilizers.
Natural volcanic ash (VA), which is composed of mainly rock minerals with minor amounts of volcanic
glass fragments, is found abundantly in Kenya.

Its pozzolanic properties make VA able to bind clay particles together and reduce the water
swelling of clay. As a result, VA-stabilized soil presents a decrease in the plasticity index and expansive
potential and an increase in the strength and durability [29]. Unfortunately, the insufficiency of calcium
oxide means that VA cannot obviously improve the strength of clay [30]. The addition of natural
pozzolana has a minor effect on the plasticity index of the clays. Natural pozzolana is unsuitable for
use alone in soil stabilization. In limited research, VA was used to stabilize clay soil in association with
other stabilizers such as ordinary Portland cement and hydrated lime [31]. Clay reacts with VA–lime
or VA–cement composite stabilizer, and hydrated calcium silicate or hydrated calcium aluminate is
generated to improve the physical–mechanical properties of the clay. The combination of lime and
natural pozzolana provides the clay with higher strength than natural pozzolana or lime alone [32].
The use of VA will decrease the cement or lime dosage in the soil stabilization and ultimately results in
a low-cost subgrade material.

Unfortunately, research on BCS stabilization with lime and natural pozzolans is quite limited.
Although some research was performed to investigate the evolution of mineralogy [33], the use
of BCS as a subgrade material has not been yet reported. In this paper, the influence of VA, lime,
and their combinations on the physical–mechanical properties of BCS was researched using compaction,
Atterberg limits, California bearing ratio (CBR), and unconfined compressive strength (UCS) tests.
Meanwhile, the pH, Electrical conductivity (EC), and phase studies such as XRD and transmission
electron microscope (TEM) were performed to investigate the change in the chemical and mineralogical
characteristics of the stabilized BCS. For evaluating the effect of lime- and VA-stabilized BCS on the
controlling the moisture change and soil movement in a BCS foundation, test roads in the Southern
Bypass in Nairobi were constructed and observed.

2. Materials

2.1. Black Cotton Soil (BCS)

BCSs were sampled from the Southern Bypass at Nairobi, Kenya. The basic physical–chemical
properties of BCS are presented in Table 1. BCS is characterized by its high plasticity, free swell
index, and low strength. The grain size distribution of the BCS samples is presented in Figure 1.
The high clay content and cation exchange capacity (CEC) indicate that such soils have high surface
activity, which will lead to high potential for moisture absorption. The X-ray diffraction pattern
(Ultima IV diffractometer, Rigaku, Japan) measured in accordance with SY/T 5163-2010 [34] is
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presented in Figure 2. The major clay minerals of the BCS are montmorillonite (M) and interstratified
illite–montmorillonite (I/M) with small amounts of illite (I) and kaolinite (K).

Table 1. Physical properties and cation exchange capacity (CEC) of BCS.

Properties (Physical Properties) Test Values

Liquid limit (%) 64.3
Plastic limit (%) 33.6

Plasticity index (%) 30.7
Free swell index (%) 165

Optimal moisture content (%) 31.5
Maximum dry density (g/cm3) 1.35

California bearing ratio (%) 1.6
Unconfined compressive strength (MPa) 0.215
Cation exchange capacity (meq/100 g) 58.3

Sodium (Na) (%) 2.73
Calcium (Ca) (%) 47.1

Magnesium (Mg) (%) 4.78
Potassium (K) (%) 1.64Appl. Sci. 2019, 12 FOR PEER REVIEW  3 
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Figure 1. Grain size distribution of the black cotton soil (BCS) samples. 
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Figure 2. X-ray diffraction of a BCS sample. 

2.2. Natural Pozzolans 

Natural pozzolans were sampled from the Simba quarry near Nairobi. The chemical (oxide) 
compositions of BCS and VA measured by X-ray Fluorescence (XRF, ADVANT'XP, Thermo, United 
States) are presented in Table 2. The active components were mainly composed of silica (SiO2) and 
Alumina (Al2O3) in the BCS and VA. Some calcium oxide (10.69%) was found in VA, the hydration 
product of which can react chemically with the active components. 
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BCS 1.70 0.95 9.44 16.89 50.34 1.01 0.76 0.15 0.02 0.30 0.90 17.5 
VA 10.69 11.69 12.43 13.35 43.26 1.29 2.76 0.07 0.54 0.17 2.85 0.32 
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pozzolans were ground and passed through a 75 μm sieve. Then, the BCS, VA, and lime were mixed 
and cured according to JTG E40-2007. After 1 day of curing, the Atterberg limits and the standard 
Proctor test were performed, and the optimal moisture content (OMC) and the maximum dry density 
(MDD) of the stabilized BCS could be determined. Specimens for testing the CBR were prepared at 
the OMC under the compaction effort per volume, same as the standard Proctor test. After immersing 
the specimens in water for 4 days, penetration testing was carried out at a penetration rate of 1.25 
mm/min. The CBR value was determined based on standard pressure and the specific pressure of 2.5 
mm penetration. The UCS test on the stabilized BCS was conducted as per JTG E51-2009. The 
breakdown pressure was measured at a loading speed of 0.1 mm/min to compute the UCS values in 
the cross-sectional area of the specimen. 

Figure 2. X-ray diffraction of a BCS sample.

2.2. Natural Pozzolans

Natural pozzolans were sampled from the Simba quarry near Nairobi. The chemical (oxide)
compositions of BCS and VA measured by X-ray Fluorescence (XRF, ADVANT’XP, Thermo, United
States) are presented in Table 2. The active components were mainly composed of silica (SiO2) and
Alumina (Al2O3) in the BCS and VA. Some calcium oxide (10.69%) was found in VA, the hydration
product of which can react chemically with the active components.
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Table 2. Chemical (oxide) composition of BCS and volcanic ash (VA).

Oxides (%) CaO MgO Fe2O3 Al2O3 SiO2 K2O Na2O SO3 P2O5 MnO TiO2 LOI a

BCS 1.70 0.95 9.44 16.89 50.34 1.01 0.76 0.15 0.02 0.30 0.90 17.5
VA 10.69 11.69 12.43 13.35 43.26 1.29 2.76 0.07 0.54 0.17 2.85 0.32

a Loss on ignition.

2.3. Hydrated Lime

Hydrated lime was used as another additive to stabilize the BCS. The lime was sampled from
a local lime company. The passing rate of the lime through an 80 µm sieve was 100%, and its
composition was 96.2% Ca(OH)2 and 3.8% other oxides.

3. Experimental Methods and Tests

3.1. Physical–Mechanical Properties Measurements

The physical–mechanical properties of the stabilized BCS include compaction characteristics,
Atterberg limits, California bearing ratio (CBR), and unconfined compressive strength (UCS).
The laboratory tests were conducted in accordance with JTG E40-2007 and JTG E51-2009 (Chinese
standard) [35,36]. BCS particles were firstly ground and passed through sieves with 0.5 mm and 2 mm
openings to test the physical and mechanical properties, respectively. Meanwhile, the natural pozzolans
were ground and passed through a 75 µm sieve. Then, the BCS, VA, and lime were mixed and cured
according to JTG E40-2007. After 1 day of curing, the Atterberg limits and the standard Proctor test
were performed, and the optimal moisture content (OMC) and the maximum dry density (MDD) of the
stabilized BCS could be determined. Specimens for testing the CBR were prepared at the OMC under
the compaction effort per volume, same as the standard Proctor test. After immersing the specimens
in water for 4 days, penetration testing was carried out at a penetration rate of 1.25 mm/min. The CBR
value was determined based on standard pressure and the specific pressure of 2.5 mm penetration.
The UCS test on the stabilized BCS was conducted as per JTG E51-2009. The breakdown pressure was
measured at a loading speed of 0.1 mm/min to compute the UCS values in the cross-sectional area of
the specimen.

3.2. Measurements of pH and Electrical Conductivity

The pH test was conducted as per JTG E40-2007; during this process, the electrical conductivity
(EC) of the slurry was also measured. A quantity of 10 g of oven-dried stabilized soil constituting
particles passing through a 1 mm sieve was sampled and dispersed in 50 mL of distilled water.
The mixtures were poured into a wide-mouth bottle and oscillated for 3 min. After 1 and 3 h, and 1, 3,
7, and 28 days of curing, the EC and pH were measured using 25 mL of slurry taken from the mixture.

3.3. Mineralogical Phase Measurements

Characterizations including X-ray diffraction (XRD, Ultima IV diffractometer, Rigaku, Japan) and
electronic microscopy observation were conducted as follows. The oven-dried stabilized BCSs were
ground until all particles could pass through a 40 µm sieve. Then, the XRD patterns were determined
using an Ultima IV diffractometer (Cu Kα radiation). Data were recorded in the 2 Theta range of 5–60◦

with a speed of 0.02◦/20 s per step. For the transmission electron microscope (TEM, JEOL, Japan)
characterization, the slurry of stabilized BCS was dropped onto a glass sheet; then, TEM images of the
air-dried samples were determined using a JEOL JEM-2100F apparatus.

3.4. Measurements of Moisture Content and Settlement

Moisture content and settlement measurements were performed on the test roads. Twelve
NHSF48UR moisture sensors with an accuracy of ±2% were buried in the foundation at regular
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intervals to monitor the moisture fluctuation of the BCS. The settlement plate, which included
a baseplate (500 × 500 × 8 mm) and several measuring bars (40 mm external diameter, 30 mm inner
diameter), was installed on the surface of the BCS to measure the foundation deformation using
a leveling instrument.

4. Results and Discussion

4.1. Physical–Mechanical Properties

4.1.1. OMC and MDD

The OMC and MDD of the stabilized BCS as determined following JTG E51-2009 are presented in
Figure 3. It is quite clear to observe that MDD decreased and OMC increased with increasing lime
content. The VA-stabilized BCS presents an inverse variation tendency since the unreacted volcanic ash
coats BCS to form large aggregates and increase the dry density of the mixes. The results seem to not be
in accordance with the conventional conclusion. The conventional view suggests that the pozzolanic
reaction of VA with the soil constituents tends to increase the optimum moisture content [26]. In this
study, all mixes were tested at a curing time of 24 h. The pozzolanic reaction might only just be starting
in such a short time, and a small quantity of reaction products could be generated due to the low
content of calcium oxide (10.69%) in VA. The compaction characteristics of the stabilized soil depend
on both specific gravity and the grain size distribution of the soil and VA. The soils will be coated by
the VA to form large aggregates, and the unreacted VA tends to increase the dry density of the mixes.Appl. Sci. 2019, 12 FOR PEER REVIEW  6 
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4.1.2. Determining the Lime and Natural Pozzolans Dosage

Table 3 presents the liquid limit, plastic limit, and plasticity index of the stabilized BCS.
The lime-stabilized BCS presents a marginal decrease in liquid limit, which decreased from 64.3% to
58.3% on the addition of 9% lime. However, the liquid limit of BCS stabilized with VA, and combined
additives presented a rapid decrease with increasing additive content. With the addition of 25% VA
and the combination of 3% lime + 20% VA, the liquid limit of the stabilized BCS decreased from 64.3%
to 51.6 % and 46.6%, respectively. Similar behavior was observed by Al-Rawas et al. [19] using lime,
cement, and artificial pozzolan as soil additives. However, lime-stabilized BCS presented an obvious
decrease in plasticity index due to the increase of the plastic limit. The plasticity index of lime-stabilized
BCS decreased from 30.7% to 8.3% on the addition of 9% lime. The plasticity indices of BCS stabilized
with 25% VA and the combination of 3% lime + 20% VA were 22.7% and 22.2%, respectively.
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Table 3. Atterberg limits of unstabilized and stabilized BCS.

Samples Liquid Limit (%) Plastic Limit (%) Plasticity Index (%)

Untreated soil 64.3 33.6 30.7
1% lime 65.6 35.7 29.9
3% lime 68.1 41.9 26.2
6% lime 63.4 45.8 17.6
9% lime 58.3 50.0 8.3
10% VA 58.2 30.6 27.6
15% VA 56.5 31.5 25.0
20% VA 55.1 30.3 24.8
25% VA 51.6 28.9 22.7

1% lime + 15% VA 58.4 30.5 27.9
1% lime + 20% VA 59.4 32.2 27.2
3% lime + 15% VA 49.2 25.4 23.8
3% lime + 20% VA 46.6 24.4 22.2

The variation of the California bearing ratio (CBR) with dosages of stabilizers is presented in
Figure 4. The lime increases the CBR of the BCS from 4.7% to 25.2% and decreases the expansion ratio
of the BCS from 3.1% to 0.3% with the addition of lime from 1% to 9%. The BCS stabilized with VA
presents a poor result compared with the lime. VA increases the CBR of BCS from 2.2% to 4.5% and
decreases the expansion ratio of BCS from 2.6% to 2.1% with the addition of VA from 10% to 25%.
The CBR of BCS presents a rapid increase with the use of the composite stabilizer. The CBR of BCS
stabilized by composite stabilizer is 24.7% with the addition of 3% lime + 15% VA, and the stabilization
effect is similar to that of 9% lime.Appl. Sci. 2019, 12 FOR PEER REVIEW  7 
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According to JTG D30-2015 (Chinese standard) [37], the liquid limit and the plasticity index
of subgrade soils must be less than 50% and 26%, respectively. The CBR of the clay must meet the
requirements presented in Table 4. The VA-stabilized BCS can only be used as roadbed materials
for a low-volume road. The lime-stabilized BCS, as a roadbed material, can pave a high-grade road,
and BCS stabilized with only 3% lime can meet the highest CBR requirement. For this target, the least
amount of composite stabilizer required is 1% lime + 15% VA. Considering the requirement of the
Atterberg limits, BCS stabilized with 3% lime + 15% VA is well suited as a roadbed material.

Table 4. Minimum CBR of roadbed materials [37].

Traffic Classification Depth Under
Pavement (M)

Expressway/First-Class
Highway

Second-Class
Highway

Third-/Fourth-Class
Highway

Any Level ofTraffic 0.0–0.3 8% 6% 5%
Light/Medium Traffic 0.3–0.8 5% 4% 3%

Heavy/Very Heavy Traffic 0.3–1.2 5% 4% -
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4.1.3. Unconfined Compressive Strength (UCS)

The increase in the UCS of the stabilized BCS following the increase of stabilizer dosage and
curing time is shown in Figure 5. Lime-stabilized BCS presents a prominent increase in UCS. Lime
increases the UCS of BCS from 0.215 MPa to 2.2 MPa and 3.5 MPa with the additions of 6% and 9%,
respectively. This behavior is attributed to the reactions between the soil and lime, including cation
exchange, flocculation, carbonation, and pozzolanic reaction. The use of VA shows poor results when
compared with lime. Even when 25% VA was added, the UCS of VA-stabilized BCS only increased from
0.215 MPa to 0.81 MPa after 28 days of curing. Low pH can be observed in the VA-stabilized clay [38],
the few hydroxyl ions (OH−) provided by VA-soil mixes lead to slow progress of the pozzolanic
reaction, and a low UCS was observed in VA-stabilized BCS.

The combinations of lime and VA for stabilizing BCS present a better result than do the single
stabilizers. The UCS of BCS stabilized with a combination of 3% lime and 15% VA reaches 1.95 MPa
after 28 days of curing and is higher than the UCS of BCS stabilized with 3% lime or 15% VA, for which
the UCS values are 1.5 MPa and 0.56 MPa, respectively. The reason for this might be that the calcium
hydroxide in lime accelerated the pozzolanic reaction between the clay soil and VA. A similar trend
was observed by Harichane et al. [39] in stabilizing the clay obtained from a site situated near the
town of Chlef in west Algeria. The UCS of clays stabilized with the combination of 4% lime + 20%
pozzolana was 1.66 MPa after 28 days of curing, which is about 16 and 1.6 times those of clays stabilized
with 20% pozzolana and 4% lime, respectively. Natural pozzolana cannot be employed solely for
soil stabilization. However, lime-stabilized soils can be intensified by adding between 10% and 20%
natural pozzolana.Appl. Sci. 2019, 12 FOR PEER REVIEW  8 
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4.2. Mineralogical Changes of Stabilized BCS

4.2.1. Evolution of pH and EC

The variation of pH with stabilizer dosage and curing time is shown in Figure 6. The increase
in the pH of the stabilized BCS indicates that the solubility of aluminate and silicate in soil increases,
which can accelerate the pozzolanic reaction between the soil and stabilizers. The pH decreases with
increasing curing time due to the consumption of stabilizers.Appl. Sci. 2019, 12 FOR PEER REVIEW  9 
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The variation of electrical conductivity (EC) with stabilizer dosage and curing time is shown in
Figure 7. The increase in EC of the stabilized BCS indicates the increase of exchangeable cations in
the stabilizers–soil mixtures due to the dissolution of VA and lime in the stabilized soil, which can
accelerate cation exchange between the calcium cation of the stabilizers and the cations absorbed on
the surfaces of BCS particles. The effect of this process results in the closeness of soil particles and
the improvement of the physical–mechanical properties of the BCS. The EC of stabilized BCS suffers
a sharp reduction during the initial stage due to cation exchange, followed by a slow decrease due to
the consumption of cations and hydroxide ions for the pozzolanic reaction.
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4.2.2. Mineralogical Phase Analysis

The X-ray diffraction pattern of the stabilized BCS is presented in Figure 8. The similarity of the
diffractogram of 15% VA-stabilized BCS to that of natural BCS illustrates that only a small amount
of VA reacts with BCS. In this instance, only a few new minerals such as augite and wollastonite are
found in the mixture. The new diffraction peaks in 3% lime + 15% VA-stabilized BCS, which are found
at 2 theta angles of 18.20◦, 34.25◦, 47.20◦, 50.95◦, and 54.45◦, are ascribed to Ca(OH)2. After 28 days,
the disappearance of these diffraction peaks indicates the consumption of Ca(OH)2. Moreover, a new
mineral, calcium aluminate hydrate, is found at a 2 theta angle of 19.85◦.
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Figure 8. X-ray diffraction of unstabilized and stabilized BCS. (Annotations show M = montmorillonite,
Q = quartz, F = feldspar, A = augite, Z = zeolite, W = wollastonite, L = lime, and CAH = calcium
aluminate hydrate).

Figure 9 presents the TEM images of natural BCS, stabilized BCS with 15% VA, and stabilized BCS
with 3% lime + 15% VA. Multilayer sheet structures, which are the typical morphology of clay minerals,
are observed in the natural BCS [40]. This illustrates that clay minerals are the major components in
BCS, which is consistent with the XRD results. The block-shaped particles found in the VA-stabilized
BCS are ascribed to VA. The coexistence of BCS and VA can explain the poor effect of VA on the
physical–mechanical properties of the BCS. After 28 days of curing, sheet structures can still be found
in the 3% lime + 15% VA-stabilized BCS. However, the corrosion of such sheet structures and the
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appearance of the new small particles illustrates the decrease of the clay minerals and the formation of
new minerals.
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4.3. Field Tests and Observations

The effectiveness of replacing BCS with BCS stabilized with lime and natural pozzolans to control
the heave of a highway embankment was investigated. The test road was constructed at the Southern
Bypass of Nairobi where the soil profile is about 3 m thick black cotton soil followed by gravel
soil. Figure 10 shows the construction of the highway subgrade. The excavation depth of the BCS
foundation was 0.8 m; after embedding a moisture content sensor in the BCS, the 3% lime + 15%
VA-stabilized BCS was backfilled into the foundation ditch. In contrast, a test road was constructed
replacing the gravel soil with BCS. Before the construction of the highway embankment, settlement
plates located at the edge and center of the pavement were installed.
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Figure 11. Moisture change in foundation BCS with time during the period July 2016–November 2016. 
Replacement of BCS with (a) soil stabilized with lime and natural pozzolans and (b) gravel soil. 
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Figure 10. Schematic diagram of the field test replacing BCS with 3% lime + 15% VA-stabilized
BCS/gravel soil.

The moisture migration and soil movement of the foundation BCS were measured in a dry–wet
cycle from 13 July 2016 to 20 November 2016. Figure 11 presents the moisture change of the foundation
BCS below the treated soil cushion. There was a small change in moisture content of the BCS at the
different monitoring points. When the BCS was replaced with soil stabilized with lime and natural
pozzolans, the maximum decrease of moisture content located at the slope toe was 2.8%, and the
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maximum increase of moisture content located 7.5 m away from the slope toe was 2.67%. When the
BCS was replaced with gravel soil, the maximum variation of moisture content located at the slope
toe was 4.44 %. The moisture change in that BCS has no evident regularity and appears to be little
affected by soil surface evaporation and rainfall infiltration. Therefore, moisture migration in the soil
is ascribed to the uneven distribution of initial matric suction in the foundation BCS.
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Figure 11. Moisture change in foundation BCS with time during the period July 2016–November 2016.
Replacement of BCS with (a) soil stabilized with lime and natural pozzolans and (b) gravel soil.

The vertical displacement of the BCS foundation from July 13, 2016 to November 20, 2016 is
presented in Figure 12. The settlement and heave of the BCS foundation appear alternately during
the following dry season and rainy season, and the settlement shows an increasing trend. The small
vertical deformation of the BCS foundation was measured on the edge of the pavement and in the
center of the road. The maximum and minimum vertical deformations of the BCS foundation replacing
BCS with soil stabilized with lime and natural pozzolans, both measured on the edge of the pavement,
were 4 mm and 10 mm, respectively. The difference in vertical deformation of the BCS foundation
increased with increasing observation time. However, the measured vertical deformation differential
was not large, and the maximum value was only 12 mm. When BCS was replaced with gravel soil,
a smaller vertical deformation differential of only 5 mm was measured in the BCS foundation. Small
vertical deformation differentials were measured on the two test roads; one interpretation for this is
that the test roads were not constructed on the main line. The vertical deformation in the embankment
was not affected by traffic loading. Only rainfall and surface evaporation affected the test roads.
Either soil stabilized by lime and natural pozzolans or gravel soil can prevent rainfall from infiltrating
into BCS layers. Meanwhile, there was a small difference when replacing BCS with soil stabilized with
lime and natural pozzolans or gravel soil. Hence, soil stabilized with lime and natural pozzolans could
become one option for treating BCS.
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Figure 12. Vertical displacement of the BCS foundation during the period July 2016–November 2016.
Replacement of BCS with (a) soil stabilized with lime and natural pozzolans and (b) gravel soil.

5. Conclusions

In this research, the physical–mechanical properties of BCS stabilized with lime, VA, and their
combination were investigated using compaction, Atterberg limits, CBR, and UCS tests. pH, EC, XRD,
and TEM tests were conducted to observe the change in mineral phases. Test roads were constructed
replacing BCS with the stabilized soil and gravel soil to investigate the moisture change and soil
movement in the BCS foundation. The following conclusions are drawn:

1. BCS is characterized as having high clay mineral content, plasticity index, and swelling potential,
which indicate that BCS is a typical expansive soil.

2. Lime can vastly improve the physical–mechanical properties of BCS. VA can also decrease the
liquid limit and plasticity index of BCS and increase the CBR and UCS of BCS, but has no
significant effect. BCS stabilized with combinations of lime and VA presents a better effect than
a single stabilizer.

3. According to JTG D30-2015, BCS stabilized with 3% lime + 15% VA meets the performance
requirements of roadbed materials and could become one option for treating BCS in Kenya.

4. The consumption of stabilizers indicates that BCS reacts with stabilizers to form new minerals,
as observed by XRD and TEM.

5. BCS stabilized with 3% lime + 15% VA shows a better effect in controlling both the moisture
change and soil movement of the foundation BCS.
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