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Keywords Abstract

Soil stabilization In civil engineering, some soils cause many problems in terms of geotechnical engineering.

Basalt fiber Especially high plasticity clayey soils cause serious problems in road, airport, pavement and

XRD highway construction. Such soils can be stabilized using the chemical stabilization method.

SEM Additives such as lime, cement, fly ash and blast furnace slag are generally used in chemical

R . stabilization. In addition, in recent years, there have been many studies on the use of natural
esearch Article

and artificial fibers in ground stabilization. In this study, the effects of basalt fiber and mineral
additives on the microstructure of clay soil were examined. Microstructures of pure and
additively mixed clayey soil specimens were investigated for this purpose. X-ray diffraction
(XRD) and scanning electron microscopy (SEM) analyses were performed on compacted soil
specimens. In sum, it has been shown that the addition of lime, fly ash, and silica fume is
effective in improving the compactivity properties. Pore sizes in SEM images vary depending
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M, on additive addition. SEM images showed that the soil particles adhered to the basalt fiber
5 check for surface, which contributed to the force and friction between the soil particles and the basalt
\/j updates fib
N/ iber.

1. Introduction

Expansive soils are frequently encountered in
geotechnical engineering applications. In general, soils
with low strength, high compressibility, and high
volumetric changes cause a slew of problems. Before
using clayey soils in roads, airports, sidewalks, and
highways, they must be improved. Soil stabilization leads
to a decrease in the soil's plasticity and swelling potential
while increasing soil strength and workability [1-2].
Chemical or mechanical techniques can be used to
achieve stabilization. In situations where mechanical
stabilization is inadequate, chemical stabilization is
utilized. Chemical stabilization involves adding various
chemical additives to the soil to initiate reactions that
enhance its strength, durability, and compression
properties.  Chemical stabilization is  wusually
accomplished by incorporating additives into the soil,
such as cement, asphalt, lime, and fly ash [3-5].

Stabilizations with cement and lime are widely used
globally. Stabilized soils go through cementation and ion
exchange reactions, which enhance the soil's chemical
and mechanical characteristics. Previous studies have
focused on the improved soils' geotechnical behavior [6-
9].
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Lime and cement are useful additives for fine-grained
soils. When lime or cement additives are mixed with soil,
cation exchange, flocculation and agglomeration,
cementitious hydration, and pozzolanic reactions take
place, which improve the clay's properties [10]. While
cation exchange occurs in a short time, pozzolanic
reactions take place over a longer period. When lime is
added to the soil, pozzolanic reactions result in the
formation of products such as hydrated calcium silicate
(CS), hydrated calcium aluminate/silicate (CAS/CAH)
[11-13]. Calcium silicate/alumina hydrate gels improve
soil's mechanical properties by filling voids. A number of
researchers have investigated the relationship between
improved soil microstructure and geotechnical
engineering behavior [14-16].

In the last few years, in addition to such additives, the
number of studies involving fibers in ground
stabilization has increased. One of these fibers is basalt
fiber. Basalt fiber is obtained by melting basalt rock at
high temperatures and then pulling it as fibers. Studies
have shown that fibers have good properties and can
interact with soil particles to increase overall strength
when mixed with soil. In geotechnical engineering, the
use of fiber reinforcement in soil stabilization enhances
soil strength, prevents the formation of tensile cracks,
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prevents swelling tendencies in expansive soils,
improves hydraulic conductivity and liquefaction
resistance, and reduces soil brittleness. Furthermore,
basalt fiber, among other fibers, is an environmentally
friendly and pollution-free high-tech fiber. The three-
dimensional structure created among the fibers reduces
soil deformations, forms a friction surface between the
soil particles and the fibers, and improves the mechanical
properties of the soil [17-21].

In this study, the effect of basalt fiber and mineral
additives (lime, fly ash, and silica fume) on the
microstructure of high plasticity clayey soil has been
investigated. To investigate the effects of additives on
soil composition, both X-ray diffraction (XRD) and
scanning electron microscopy (SEM) were conducted on
samples with and without additives.

2. Method

2.1.Soil properties

In the study, a high plasticity clay (CH) soil exhibiting
swelling properties was used. The clayey soil used in the
study was obtained from an area in Konya province,
Selguklu district, 2 Organized Industrial Zone. About 5
tons of clayey soil were excavated from a depth of 6-7 m
below the surface, put into a truck, and driven to the
geotechnical laboratory at Konya Technical University.
Sieve analysis, hydrometer test, Atterberg limits, and
pycnometer test were conducted according to the
relevant ASTM standard to determine the basic physical
properties of the soil (Table 1).

Table 1. Physical properties of soil.

Liquid limit, wL (%) 105
Plastic limit, wp (%) 31
Plasticity index (Ip) (%) 74
Specific gravity 2.65
Maximum dry density, pxmax (g/cm3) 1.45
Optimum moisture content, wopt (%) 28.5
Soil classification (USCS) CH

2.2. Properties of additive materials

Lime (L): In the study, Erciyes TS EN 459-1 CL 80-S
hydrated lime has been used.

Fly ash (FA): The experimental study used fly ash
obtained from the Kiitahya Seyitomer Thermal Power
Plant. The obtained fly ash meets the ASTM C 618
standard, with a combined SiO2+Alz03+Fe203 content of
84.34% (S+A+F > 70%) and a CaO content of less than
10%, categorizing it as Class F (low-calcium) fly ash.

Silica fume (SF): The silica fume additive used in the
study was obtained from Antalya Elektrometalurji A.S.

The compositions of the chemicals of the additives are
shown in Table 2. The chemical analysis results of the
additives have been obtained from the companies from
which they have been supplied.

2.3.Basalt fiber (BF)

Basalt fibers have been supplied by Spinteks Textile
Construction Industry and Trade Inc. (Denizli/Tiirkiye)
(Figure 1). The fibers are 6, 12, 18, and 24 mm in length.
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Table 2. Chemical composition of additives used in the

study.
Chemical Silica Fume Fly ash Lime
Composition (SF) (%) (FA) (%) (L)
SiO2 79.94 54.49 -
Alz03 0.83 20.58 -
Fe203 0.41 9.27 -
Ca0 2.53 4.26 =80
MgO 7.68 4.48 <5
K20 - 2.01 -
SOs3 - 0.52 <2
C 1.22 - -
S 0.923 - -
CO2 - - <7
Free lime 265
Loss of ignition 2.96 3.01

Two different experimental design tables have been
created using the Taguchi method for experimental
studies. The Taguchi method is an experimental design
method that tries to minimize the variability in the
product and process by choosing the most appropriate
combination of levels of controllable factors against the
uncontrollable factors that create variability in the
product and process. The Taguchi experimental design
method involves a series of steps: Firstly, identifying the
problem requiring improvement, then selecting and
standardizing the variables affecting performance
characteristics. Next, selecting an appropriate
orthogonal array, assigning factors and interactions to
columns, and choosing quality loss functions along with
performance statistics. Following this, conducting
experiments, recording results, analyzing data, and
determining the optimal values for controllable
variables. Within this method, measurement outcomes
are transformed into Signal/Noise (S/N) ratios. These
ratios represent the ratio of the desired actual value from
the system to a factor not initially considered but
influencing the test outcome. In this context, 'signal’ is
denoted by S, and 'noise’ by N. Enhanced product quality
is achieved through higher S/N ratios, achieved by
maximizing signal and minimizing noise. Calculation
methods for S/N ratios vary, with the most common
being 'Larger is Better’, 'Smaller is Better’, and 'Nominal
is Best' approaches [22].

3% lime was added to all designs containing basalt
fiber-fly ash and basalt fiber-silica fume additives to
increase pozzolanic interaction. The percentage of lime
added to the soil may vary depending on its use to
stabilize the soil or increase its workability. Small
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amounts of lime are required to increase workability,
while large percentages of lime are required to increase
stability. Previous studies have shown that a minimum of
3% lime addition is required for the stabilization of high
plasticity clay soil [23-24]. For this reason, the lime
percentage was chosen as 3% in this experimental study.
Additionally, additive contents were determined by
taking into account the optimum additive percentages
obtained in studies in the literature.

Unconfined compressive tests (UCS) were performed
on samples prepared at optimum water content and
maximum dry density values. Average unconfined
compressive strengths (qu) were obtained by performing
experiments on three samples for each design. The test
design table, compaction parameters and unconfined
compressive strengths are given in Table 3 and Table 4.

Table 3. Taguchi Lis orthogonal experiment table (BF+SF) and unconfined compressive strength values

Parameters
Design A B C D
No BF Length BF content  Curing Time  SF content ( p/k'cn:lz) Wopt (%) qu (kPa)
(mm) (%) (days) (%) &
1 6 0 1 0 1.394 32.0 296.7
2 6 0.5 7 5 1.380 32.6 874.9
3 6 1 28 10 1.360 32.7 1299.9
4 6 1.5 56 15 1.336 33.7 1326.5
5 12 0 7 10 1.358 33.0 1081.4
6 12 0.5 1 15 1.333 33.5 593.6
7 12 1 56 0 1.386 319 961.3
8 12 1.5 28 5 1.367 32.7 1157
9 18 0 28 15 1.340 33.7 1181.6
10 18 0.5 56 10 1.351 33.0 1521.3
11 18 1 1 5 1.375 32.7 558.5
12 18 1.5 7 0 1.379 31.8 761.6
13 24 0 56 5 1.374 32.7 881.5
14 24 0.5 28 0 1.384 31.9 847.3
15 24 1 7 15 1.339 33.8 1282.4
16 24 1.5 1 10 1.352 32.9 565.4

Table 4. Taguchi Lis orthogonal experiment table (BF+FA) and unconfined compressive strength values

Parameters
Design A B C D
No BF Length BF content  Curing Time  FA content ( p;:;:;;) Wopt (%) qu (kPa)
(mm) (%) (days) (%) &
1 6 0 1 0 1.394 32.0 296.7
2 6 0.5 7 5 1.349 33.0 813.7
3 6 1 28 10 1.340 33.5 1205.1
4 6 1.5 56 15 1.314 34.4 1194.0
5 12 0 7 10 1.338 33.7 1005.7
6 12 0.5 1 15 1.311 34.3 529.7
7 12 1 56 0 1.386 319 961.3
8 12 1.5 28 5 1.356 33.1 1064.4
9 18 0 28 15 1.320 34.3 1119.7
10 18 0.5 56 10 1.332 334 1354.0
11 18 1 1 5 1.350 33.0 513.8
12 18 1.5 7 0 1.379 31.8 761.6
13 24 0 56 5 1.356 33.2 819.8
14 24 0.5 28 0 1.384 319 847.3
15 24 1 7 15 1.311 34.4 1179.8
16 24 1.5 1 10 1.327 33.6 531.1

XRD and SEM analyses were carried out on the pure
soil sample, Design 10 samples with the highest
strengths, and Design 7 and Design 9 samples with lower
strengths to determine the effect of changes in fly ash and
silica fume content on microscopic structure. XRD and
SEM analyzes were carried out on selected designs in
order to observe and interpret the microstructures of
pure and added soil samples prepared by compaction at
optimum water content and maximum dry density
(Figure 2). Additionally, the microstructures of soil-lime-
basalt fiber and fly ash/silica fume mixtures were
investigated in correlation with UCS results.
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3. Results and discussion

The crystal phases determined by X-ray diffraction
(XRD) analysis for different mixtures and the pure soil
sample are given in Figure 3-8. The XRD analysis results
revealed the formation of Tobermorite (calcium
silicate/aluminate hydrate (C-S-H)) mineral due to the
pozzolanic reaction of lime, fly ash, and silica fume
additives. The calcium silicate hydrate peak formed at
29.7°, and according to the analysis results, the presence
of quartz (SiOz) has been observed in the samples. The
density of quartz has decreased due to the pozzolanic
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reaction of the additives. Tiwari et al. [25] reported that
this situation is due to the consumption of quartz
minerals during the C-S-H formation.

The density of the calcium silica/alumina hydrate
mineral was found to be higher in the designs with the
highest strength (design no 10). This indicates that the
formation of hydrated gel during curing occurs at higher
concentrations with longer curing times and the use of
optimal strength parameter levels. XRD analysis results
of Design-7 (3% lime and basalt fiber-added sample) and
Design-10 (3% lime, 10% fly ash/silica fume and basalt
fiber-added samples) cured for 56 days showed that the
intensity of C-S-H mineral increased by adding fly ash or
silica fume to the lime.
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are given in Figure 9-14,
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When the SEM images of the pure soil sample were
examined, they showed a more dispersed and void
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structure (Figure 9). When adding lime to the soil, the
lime comes together to form a more cohesive mass due
to pozzolanic and cation exchange reactions. The clayey
soil exhibited a more granular structure with 3% lime
contribution (Figure 10).

In addition to the lime additive, the addition of fly ash
and silica fume led the particles to reorganize and
increase structural integrity (Figure 11-13). This finding
can be explained by the increased silica concentration
due to the addition of both fly ash and silica fume and the
rapid agglomeration of particles, leading to an increase in
particle size. The addition of fly ash/silica fume
developed the arrangement of clay particles to change
from dispersed to lumped, resulting in the formation of
some new cement-like compounds. The surfaces of the
particles are generally coated with hydration gels and the
soil pores are largely filled. This situation is caused by the
beneficial effects of lime + fly ash or lime + silica fume
additives on the formation of additional cementitious
phase.

EHT = 15.00 kV
WD=125mm

Signal A = SE1 Mag= 500KX
| Probe = 100 pA

This improvement in soil properties is attributable to
the quick development of the silicate gel and the
increased synthesis of a new cementitious compound
composed of calcium ions (Ca*?) from lime and silicon
dioxide (Si02) from silica fume [24, 26]. This can quickly
fill soil voids and firmly interlock clay particles. As a
result of the increased additive content, the soil's
geotechnical properties improved. Increased lime and
silica fume or lime and fly ash mixtures produced higher
strength values than mixtures with 3% lime additives,
owing to larger particle size and aggregation dimension.

SEM images show that soil particles adhere to the
surface of basalt fiber, contributing to the force and
friction between soil particles and basalt fiber (Figure
14). Tang et al. [27] reported that the contact area of
fibers and surface roughness have significant effects on
the micro-mechanical properties of the fiber-clay
interface and that soil particles adhering to the fiber
surface improve the interface bond.
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Figure 10. SEM image of design 7 (3%L+1%BF additives) a. 2500X magnification; b. 5000X magnification.
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Figure 14. SEM image of design -10 (%3L+%0 5BF+%10SF addltlves) a. 2500X magnification; b. 5000X magnification.

In the area shown in Figure 14, it is observed that the
basalt fiber surface, which is a good indicator of a strong
bond between clay particles and basalt fibers, is held by
many clay minerals. Due to the tightly reinforced
interaction between basalt fibers and clay particles, they
can collectively carry external loads, and the interfacial
force between clay particles and basalt fibers gradually
increases to resist the external load applied to the treated
test specimens [28-29]. In this case, the surface
roughness of the fiber plays an important role in
improving the interfacial friction between the fiber and
clay particles and enhances its resistance to external
loading. Additionally, the main hydration products
resulting from pozzolanic reactions (C-S-H gels) formed
enhance the physical bonding strength among clay
particles by cementing fine grains and filling pore voids.
Hydration products also facilitate better adhesion of
basalt fiber with the cementitious soil matrix.

When lime is added to clay, calcium ions react with
clay minerals to form silicate gel. The filling effect of C-
S-H also strengthens the bond between fiber and
composite material, resulting in a more stable interfacial
structure. Figure 14 clearly shows cementitious products
on the fiber.

4. Conclusion

In this study, experimental studies were conducted to
determine the effect of combinations of basalt fiber with
fly ash and silica fume on the microstructure of a highly
plastic clay. In order to increase the pozzolanic
interaction, 3% lime was added to all mixtures in the
experimental studies.

Based on SEM images, the untreated soil sample had
a dispersed and porous structure as opposed to the
treated combinations. Samples treated with just lime,
lime combined with fly ash, and lime combined with
silica fume showed a denser and more compact matrix
structure, which was attributed to pozzolanic and cation
exchange  reactions. Particle = surfaces  were
predominantly coated with hydration gels, which
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effectively filled soil pores. The images obtained
supported the results of the strength tests.

SEM images revealed that soil particles adhered to the
surface of the basalt fiber, enhancing the friction between
the soil particles and the basalt fiber.

XRD analysis demonstrated the formation of calcium
silica/alumina hydrate (C-S-H) minerals attributable to
the pozzolanic reaction involving lime, fly ash, and silica
fume additives. Moreover, the analysis results indicated
the presence of quartz (SiOz) in the samples. The density
of quartz decreased due to the pozzolanic reaction
induced by the additives.

The density of the calcium silicate/alumina hydrate
mineral has been found to be higher in designs with high
strengths. This situation indicates that during the curing
period, the formation of hydrated gel occurs at higher
concentrations with the use of optimum parameter levels
for strength and an increase in curing time.
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