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Abstract: The use of dispersive soils, which are common in many parts of the world, in engineering
applications such as water structures, earthen dams and road embankments is possible with their
improvement. Recently, the effects of different chemicals on the stabilization of dispersive soils
have been investigated. The use of waste materials in stabilization is preferred both because of the
more sustainable environment and the economic advantages it provides. The use of silica fume
(SF) as a waste material in different engineering applications provides an important advantage in
environmentally and economically sustainable ways. Many studies have been carried out regarding
silica fume, especially in the construction industry. Although SF is used in many industries, there
is no study about its potential impact on the stabilization and dynamic properties of dispersive
soils. In this study, first, Atterberg limits and standard Proctor compaction tests were performed on
the mixtures prepared by adding different SF percentages (0, 5, 10, 15, 20, 25 and 30%). Afterward,
pinhole tests and resonant column tests were performed to determine dispersibility and dynamic
properties on the samples prepared by compaction characteristics for each SF percentage reached.
In general, it was determined that SF contributed to a change in soil class, and improvement in
dispersibility and dynamic properties of the soil sample, depending on SF content; positive effects of
SF were observed in terms of shallow soil improvement.

Keywords: dispersive soil; silica fume; stabilization; dynamic properties

1. Introduction

Some soils that tend to dissipate spontaneously in water are suspicious in terms of
erosion and piping. These soils are known in geotechnical engineering as dispersive clay or
dispersive soil. Dispersive soils, which are not structurally stable, can be easily dispersed
and eroded in the presence of water. When dispersive clay soils are used as building
material in hydraulic structures, embankment dams and road embankments, they can
cause serious problems and structural damage. Dispersive clays began to be defined in
civil engineering practice in the early 1960s. As a result of the research on piping collapse
in earth dams in Australia, it was revealed that it is caused by the presence of dispersive
clays. In the following years, qualitative and quantitative experimental methods for the
identification of dispersive clays were developed [1].

Although dispersive soils are thought to exist only in countries with arid or semiarid
climates, many countries around the world have encountered problems caused by dis-
persive soil [2–7]. Thirty-seven percent of earthen dams worldwide have collapsed due
to piping caused by dispersive erosion [8]. Dispersive soil-induced internal erosion also
occurred in the Teton dam failure, which caused financial losses of around US$ 400 million
and more importantly, resulted in the death of 14 people [9]. Treatment of dispersive soils is
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usually done with chemical additives having different properties. This process eliminates
the costs of transportation and material procurement that would occur when replacing
problematic soil with quality material. Thus, natural resources are preserved and carbon
dioxide consumption can be prevented for a sustainable environment during material
supply and transportation.

Recently, the effects of different chemicals and substances on the stabilization of
dispersive soils have been investigated. Bhuvaneshwari et al. [10] stated that 5% lime
additive is sufficient for the stabilization of dispersive soils; Umesha et al. [4] showed that
3% lime improved the dispersibility of the soil and additionally the unconfined compressive
strength increased. Indraratna et al. [2] and Savas et al. [11] demonstrated that class C
fly ash, which is rich in lime, can be used successfully in dispersive soil stabilization.
Turkoz and Vural [12] found a significant improvement on the stabilization and strength of
soils with different dispersive characteristics when mixed with natural zeolite in different
proportions with 3% cement. In the study conducted by Turkoz et al. [13], it was found
that the soil, which exhibits both dispersive and expansive behavior, was improved with
use of 5 to 7% magnesium chloride (MgCl2) solution; strength parameters increased at 7%
additive level, depending on the curing time. In another study by Joga et al. [14], xanthan
gum, which is preferred as a biopolymer, was used for the stabilization of dispersive soils.
In the study, both improvement in dispersion properties and increase in strength were
found. As a result, it has been observed that these chemicals and substances significantly
reduce the dispersion degree of the soil and at the same time create great increases in
its strength.

The use of industrial wastes as an engineering material for the improvement of prob-
lematic soils can lead to less environmental pollution and also provides economic benefits.
Silica fume is an abundant material, and it is about 40% cheaper than other materials
such as Portland cement [15]. Total annual silica fume production in the world is around
1 million tons. Of this total, 130,000 tons are produced in the USA and 120,000 tons are
produced in Norway. In North America, there are 13 plants where silicon, silica fume and
ferrosilicon are produced [16]. The use of silica fume (SF) in different engineering applica-
tions provides an important advantage in environmentally and economically sustainable
ways. SF has been used both as a partial cement replacement in concrete production [17–21]
and to improve the engineering properties of problematic soils [22–24]. SF was first used in
several countries during the industrial revolution of the mid-twentieth century to reduce
the release of material into the atmosphere [25]. Since then, many studies and various
applications have been carried out regarding silica fume, especially in the construction
industry [26]. Previous studies reported that in a cubic yard of concrete, 10% by weight
contains cement and around 0.9 tons of carbon footprint is generated per ton of cement.
In the cement production process, the enormous consumption of fossil fuels results in an
enormous carbon footprint. Therefore, the use of waste materials in concrete production
instead of cement contributes to less natural resource consumption and a smaller carbon
footprint [27].

Ay and Topçu [28] examined the properties of concretes prepared using silico fer-
rochrome fume containing 85.5% SiO2. For this purpose, SF was added in dosage ratios of
0–5% by weight of cement and a series of test samples were prepared from these concrete
mixes. From the test results, it was concluded that concrete containing SF with a low
additive ratio of 2% and a water/cement ratio of 0.50 provided satisfactory strength. In ad-
dition, hardness, ultrasound velocity and unit weight were improved. It is also stated that
it would be economical to use SF, which is industrial waste, in concrete. Tonak et al. [29]
examined the cost effect of using SF in cement production. In their research, they stated that
adding 10% SF to the cement mill during the grinding stage decreases the grinding time by
20–25%, and thus, 20–25% electrical energy savings can be achieved. It was stated that the
production capacity of the mill increased by approximately 25% due to the shorter grinding
time. Topçu and Kaval [30] also conducted a study on the economic analysis of the use of
silica fume in concrete. Ferrosilicon SF obtained from Antalya Etibank Electrometallurgy
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Corporation in Turkey was used in the study. With the use of 10% SF, the strength of 300-,
350- and 400-dosed control concretes was obtained in 235-, 254- and 325-dosed concrete,
and 17, 23 and 14% of the cost of binder material was saved, respectively. It was determined
that more economical concrete production could be made with the use of SF.

The higher specific surface area, cementation effect and pozzolanic activity of SF
attributed higher potential to use as an alternative of cement and lime [31]. Cement has been
used as a conventional chemical stabilizer to improve the engineering properties of soil,
such as strength and durability; however, it causes global warming due to CO2 emission.
Therefore, to reduce the carbon emission caused by cement required its substitute [32,33].
Liu et al. [34] conducted a study on the laboratory evaluation of environmentally friendly
pervious concrete pavement material containing silica fume. In the study, different levels
of silica fumes (3, 6, 9 and 12%) were used instead of cement by the equivalent volume
method. The results showed that the addition of silica fumes significantly increased the
strength and freeze–thaw resistance of pervious concrete. The positive effects of silica fume
on cement concrete properties have been reported by many researchers [35,36]. Sezer [37]
suggests a SF content of 5–10% to prevent the bleeding of concrete and increased protection
against sulfate attacks and chloride ions. Based on the superior performance, silica fumes
have been widely used in traditional cement concrete as a modifier.

In the literature, different studies were conducted to evaluate the effect of silica fume
on problematic soils [38–42]. In these studies, the performance of swelling and dispersive
soils treated with SF is evaluated in terms of the strength properties, mostly in the static
state, together with the change in their geotechnical index properties. Abd El-Aziz et al. [38]
found that the engineering properties of the soil were improved by adding lime (L) in the
range of 5–9% combined with 10% silica fume. Al-Zairjawi [39] examined the impact of a
cement and silica fume additive on the compaction characteristics and strength of a high
plasticity clayey soil. Test results showed that 8% cement + 6% silica fume decreased the
maximum dry density from 1.64 to 1.55 g/cm3 and increased the optimum water content
from 19 to 23%. In Bharadwaj and Trivedi [40], a series of laboratory experiments were
conducted on samples with 0, 5, 10 and 15% of silica fume by weight of dry soil. The
test results showed a significant change in the consistency limits of samples containing
silica fume. In addition, the differential free swell decreased from 48.46 to 9%, showing an
appreciable decrease in swelling behavior. It was shown that swelling potential decreased
with an increase in percent silica fume treatment. Amina and Rani [41] used hydrated lime
and silica fume as a waste material for treatment of the dispersive soil. They concluded that
the addition of suitable additives such as lime and lime + silica fume caused a significant
decrease in the dispersive characteristics of the soil. From the experiments, it was observed
that 5% L and 2% L + 12% SF decreased the dispersive characteristics of the soil. Al-
Soudany [42] investigated the feasibility of stabilizing and improving the geotechnical
properties of soft clay soil using different proportions of silica fume (0, 3, 5 and 7%).
Classification, specific gravity, compression properties and swelling pressure, California
bearing ratio (CBR) and unconfined compressive strength (UCS) tests were carried out
on modified soils. As a result, it was observed that the plasticity index and liquid limit
decreased depending on the increasing silica fume content. The increase in silica fume
resulted in an increase in optimum water content while the maximum dry unit weight
values decreased. UCS, CBR and swelling pressure are improved using silica fume.

From the literature studies on the use of silica fume for soil stabilization, it is under-
stood that generally the silica fume is used as an additive either alone or in combination
with different additives such as lime and cement to improve the engineering properties of
swelling soils [43,44]. Fattah et al. [43] found that the bearing capacity of a square foun-
dation built on soft clay soil mixed with lime–silica fume was increased. Using different
proportions of lime (2, 4 and 6%) and silica fume (2.5, 5 and 10%), the optimum silica
fume percentage was determined and mixed with lime percentages. The slurry mixture
was injected around the foundation at different depths and distances. An increase in the
bearing capacity in the range of 6.58–88% was obtained with injection at a distance of 0.5 B
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(B: width of foundation) near the foundation. Goodarzi et al. [23] explored the potential use
and effectiveness of expansive clay stabilization using a mixture of cement and silica fume
(CSF). Cement and CSF blend with 10% cement replacement were separately added to a
clay sample, and then a series of macro and micro level tests were performed under various
curing regimes to evaluate the responses to the changes. In the sample with CSF, a greater
strength (about 35%) and a lower compression index (up to about 50%) were obtained
compared to single cement. Partial replacement of cement with SF was found to reduce
both the binder dosage and curing time for successful treatment of the expansive clay,
with a fact that SF contributes to waste recycling. Kalkan [44] determined that silica fume
admixture effectively reduced desiccation cracks of expansive clays. In the other study
conducted by Kalkan [45], the effect of wetting–drying cycles on the swelling behavior
of a clay soil modified with different percentages of silica fume (10, 20, 25 and 30%) was
investigated. The positive effect on the swell percentage and swell pressure of modified soil
was observed in the samples prepared at 25 to 30% silica fume additive level. Tiwari and
Satyam [46] conducted an experimental study to evaluate the effect of polypropylene fiber
on the swelling pressure and expansion properties of silica fume stabilized clay soil. The
study was carried out in three stages and finally the effect of combinations of different fiber
proportions (0.25, 0.50 and 1.00%) and silica fume (2, 4 and 8%) was evaluated together.
The soil expansive behavior was improved, and the soil class changed from high plasticity
clay (CH) to low plasticity clay (CL) due to the decrease in the plasticity index and liquid
limit values. As a result of the research, it was stated that silica fume is a valuable material
to modify expansive clay property due to silica reaction with the calcium and the calcium
silicate hydrate (C-S-H) gel produced.

Silica fume, which is produced as a byproduct in the production of silicon and ferrosil-
icon alloys in the electrometallurgy industry, is a substance with high pozzolanic value due
to its high content of amorphous silica. Although SF is used in many industries, there is no
study concerning its potential impact on the stabilization and dynamic properties of dis-
persive soils. The dynamic properties of dispersive clay soils subjected to cyclic excitation
are important in terms of design and should be evaluated by considering the soil dynamic
properties, such as initial shear modulus (G0), shear modulus (G), modulus reduction
curve (G/G0) and damping ratio (D) with respect to variation of shear strain amplitude. To
summarize, it is seen that the effect of silica fume on the geomechanical properties of the
swelling soils is evaluated in the previous studies; however, the improvement effects on
dispersive soils are not fully known. In addition, there has been no study on the dynamic
properties of dispersive soils treated with silica fume under cyclic excitation.

It is obvious that the performance of the silica fume additive used for shallow stabi-
lization in engineering applications should also be addressed in dispersible soils. Lack
of experimental studies on the dynamic behavior of dispersive soils stabilized with silica
fume motivated this study.

2. Materials and Methods

The soil sample used in the experiments was excavated from a depth close to the
surface and identification and classification tests were performed to determine the priority
geotechnical properties of the soil sample based on the ASTM standards [47–51]. The
geotechnical properties of the soil are presented in Table 1. From the grain distribution
curve given in Figure 1, the soil sample contains 0% gravel, 23% sand, 46% silt and
31% clay. The soil sample having 51% liquid limit and 24% plasticity index values was
classified as high plasticity clay (CH) according to the Unified Soil Classification System [49].
From the chemical analysis results on the soil sample, exchangeable sodium percentage
(ESP = 30.2%), sodium adsorption ratio (SAR = 22.7%), sodium (Na = 79.5%) and total
dissolved salt (TDS = 112.9%), which are the primary indicators of dispersive soil behavior,
were determined.
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Table 1. Geotechnical properties of the soil sample.

Parameter Value

Grain Size
Gravel (%) -
Sand (%) 23
Silt (%) 46

Clay (%) 31
Atterberg Limits

Liquid Limit, LL (%) 51
Plastic Limit, PL (%) 27

Plasticity Index, PI (%) 24
Specific Gravity, Gs 2.65

Classification (USCS) CH
Activity, A 0.77

Maximum Dry Density (Mg/m3) 1.584
Optimum Water Content (%) 20.5

Figure 1. Particle size distribution of the soil sample used in the study.

As a result of the X-ray analysis performed on the soil sample to determine the
mineral types, it was determined that the clay is mainly composed of illite, and smectite
and kaolinite as accessories (Figure 2).

Figure 2. X-ray diffraction pattern of the soil sample.
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The chemical compositions of the soil and silica fume additive are presented in Table 2.
From Table 2, it is seen that the soil sample contains a high amount of SiO2 and low amount
of Al2O3, and this situation can be evaluated as an indicator that the soil has a dispersive
characteristic, as stated by Bell and Walker [52].

Table 2. Chemical composition of the soil and silica fume additive.

Property Silica Fume (%) Soil (%)

SiO2 66.92 52.27
MgO 9.52 1.68
K2O 4.66 3.42

Na2O 4.52 1.61
Cr2O3 3.48 -
Fe2O3 1.27 6.47
Al2O3 1.22 16.58
ZnO 1.08 -
CaO 0.98 5.13
Cl 0.70 0.10

SO3 0.43 0.13
MnO 0.14 0.15
PbO 0.11 -

Ga2O3 0.09 -
P2O5 0.07 0.11
TiO2 0.04 0.69

Loss on ignition 4.77 11.76

Silica fume (SF) used in this study was obtained from Antalya Electrometallurgy
Corporation in Turkey. The specific gravity of SF used in the study is 2.32. Chemical
analyses presented within the scope of the study were performed at Eskişehir Osmangazi
University Central Research Laboratory. The chemical properties of silica fume are shown
in Table 2. Silica fume, which has an annual production of approximately one million tons
in the world, is a byproduct in the manufacture of silicon and ferrosilicon alloys, and is
many times thinner than fly ash. Silica fume, which was previously discharged from the
chimneys of factories and caused air pollution, has low unit weight, low compressibility
and high specific surface area, but also has high pozzolanic activity due to its high silica
content [8,53]. The individual silica fume particles are extremely small: about 1/100 the
size of an average cement particle, with most particles (>95%) smaller than 1 µm [25].

2.1. Specimen Preparation for the Tests

The soil sample obtained by excavating from the field was laid in an open area in
the laboratory and left to dry for a long time. To ensure a homogeneous distribution, the
lump soil sample was first pulverized with a plastic mallet, then passed through a No.
4 sieve on a flat area and filled into bags after blending well. The air-dried soil sample
was mixed with silica fume added (0, 5, 10, 15, 20, 25 and 30%) as percentage of dry
weight of the soil. All mixing was performed manually, and special attention was paid
to obtaining a homogeneous mixture in each step. Compaction characteristics of the soil
samples mixed with different silica fume (SF) additive percentages were determined by
Standard Proctor test.

The specimens used in both pinhole and resonant column experiments were prepared
with the compaction characteristics found in each SF additive series. The specimen, which
were compacted in molds specific to each experiment, were removed from the molds and
after being wrapped in stretch film, they were kept in desiccators at approximately 25 ◦C
in the laboratory for one day. Resonant column experiments were performed under a wide
shear strain amplitude range (10−3–10−1%).

Although the silica fume used in previous studies contains 90% or more amorphous
silica, from the chemical analysis results presented in Table 2 it is seen that the silica fume
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used in this study contains 66.92% SiO2. On this basis, in this study, the silica fume additive
percentage used for soil improvement was increased up to 30%. In all experiments, distilled
water, free from mineral residues and chemical elements recommended by USBR 5410 [54],
was used to evaluate the dispersive characteristic of clay soil in the laboratory environment.

2.2. Experimental Study
2.2.1. Atterberg Limits

When clay minerals are present in fine-grained soil, that soil can be remolded in the
presence of some moisture without crumbling. This cohesive nature is due to adsorbed
water surrounding the clay particles. The engineering behavior of fine-grained soils varies
greatly depending on the water content they contain. Changes in the consistency of soils
depending on the water content are defined by the limit water content values such as liquid
limit (LL) and plastic limit (PL). These limits are also known as Atterberg limits. Atterberg
limit experiments were performed on air-dried soil fraction passing a 425 µm sieve. LL
and PL tests were carried out by following the procedure in ASTM [48] on the mixtures
prepared by mixing the soil sample using different silica fume additive ratios (0, 5, 10, 15,
20, 25 and 30%).

2.2.2. Compaction Test

In the construction of highways, railways, earth dams and many other engineering
structures, the soils brought to the fill area in loose condition are compacted under different
compression energies to increase the dry densities. The laboratory test commonly used to
obtain maximum dry density and optimum water content is called the Proctor compression
test. Standard Proctor compaction tests [51] were performed at each level of silica fume
additive, and the optimum water content and maximum dry density values required for
the preparation of the specimens were determined.

2.2.3. Pinhole Test

Dispersive soils cannot be determined from classical identification tests such as con-
sistency limits and soil grain distribution. Special test methods have been developed to
identify these soils. The pinhole test is an experiment developed to directly measure the
dispersibility property of fine-grained compacted soils. In the test, a 1.0 mm diameter hole
is drilled into a cylindrical soil sample of 25 mm length and 35 mm diameter prepared in
the compaction characteristics determined in the standard Proctor compaction test. Dis-
tilled water is passed through this hole under 50, 180 and 380 mm heads and at different
hydraulic inclinations (2, 7 and 15). The flow rate and the degree of turbidity of the water
are recorded. As shown in Table 3, the USBR 5410 procedure was taken into account in
evaluating the experimental results and determining the dispersibility classes [54].

Table 3. Pinhole test method and evaluation criteria for dispersive classification [54].

Head
(mm)

Total Time
Interval

(min)

Flow Rate
(mL/s) Effluence Appearance Action Required Classification

50 5 <1.0 Dark to clear Continue at 50 mm head -
50 5 1.0–1.4 Dark to cloudy Terminate D1 (Dispersive)
50 10 0.2–0.8 Clear to slightly cloudy Raise head to 180 mm -

50 10 0.8–1.4 Dark to slightly cloudy Terminate D2(1.0–1.4) (Dispersive)
ND4 (0.8–1.0) (Intermediate)

180 5 0.6–1.2 Clear to slightly cloudy Raise head to 180 mm -

180 5 1.2–2.8 Clear to slightly cloudy Terminate ND3 (1.2–2.0) (Intermediate)
ND4 (2.0–2.8) (Intermediate)

380 5 0.8–2.4 Clear to slightly cloudy Terminate ND1 (0.8–1.6) (Non-dispersive)
ND2 (1.6–2.4) (Non-dispersive)

380 5 2.4–3.2 Dark to cloudy Terminate ND3(Intermediate)
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2.2.4. Resonant Column Test

Initial shear modulus, G0, is a significant parameter in defining linear and non-
linear elastic soil behavior and is calculated from shear wave velocity in the field or
laboratory [55,56]. The laboratory test used to determine the initial shear modulus is the
resonant column test apparatus (RC), which is based on the theory of wave propagation in
prismatic bars [57]. Dynamic properties of soils such as damping ratio and initial shear
modulus can be determined using RC test apparatus between γ (%) = 10−4–10−1 shear
strain amplitude.

The RC test device used in the experiments (Figure 3) is a test apparatus with one side
fixed and the other free. The soil sample is fixed at the bottom and free at the top where
the harmonic load is applied. During the test, the soil sample is consolidated and then
subjected to dynamic torsional excitation that is controlled and supplied by an AC servo
motor at the top of the apparatus. The shear wave velocity was obtained by measuring
the first-mode resonant frequency. The maximum shear modulus was calculated from
this shear wave velocity and the soil density. Material damping obtained from the free-
vibration decay after the forced vibration was stopped. After the determination of the
maximum shear modulus and the minimum damping ratio, the cyclic torsional harmonic
load amplitude was increased to obtain the strain-dependent shear modulus and damping
values for a wide strain range [58].

Figure 3. Schematic cross-section of resonant column apparatus and pressure panel used
in experiments.

In this test, the samples were prepared by statically compacting soil into a 50 mm
diameter and 130 mm height stainless steel tube with the compaction properties found
in each SF additive contents. The prepared samples were wrapped in cling film, put in
a desiccator and exposed to cure for one day in the laboratory environment. Resonant
column experiments were performed at low effective cell pressures (20, 40 and 60 kPa)
because stabilization occurred at shallow depths in field applications.
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3. Results and Discussion

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

3.1. Effect of Silica Fume on Atterberg Limits

The effect of the silica fume additive on the change in the liquid limit (LL), plastic
limit (PL) and plasticity index (PI) values of the soil sample, depending on the silica
fume content, is presented in Table 4. Although the liquid limit gradually decreased with
increasing silica fume content, the change in the plastic limit was very limited. As a result
of this situation, the plasticity index, which is the difference between the liquid limit and
the plastic limit, decreased due to the increasing silica fume content. At 5, 10, 15, 20, 25 and
30% silica fume content, the LL value decreased by 10, 12, 16, 24, 25 and 29%, respectively.
Similarly, at the same SF contents, there was a 16.7, 21, 29.17, 50, 54.17 and 62.5% reduction
in PI values, respectively. The reduction in plasticity properties of the soil sample can
be attributed to the replacement of highly plastic clay particles with nonexpansive silica
fume particles. Besides, the addition of silica fume to clay soils causes flocculation, thus
reducing liquid limit and plasticity index. Similar situations were observed in the study by
Al-Soudany [42], Kalkan [45] and Phanikumar et al. [59]. As seen in Figure 4, the soil class
changed from CH (high plasticity clay) soil class to ML (low plasticity silt) soil class with
silica fume content above 15%.

Table 4. The effect of silica fume additive on Atterberg limits.

Silica Fume, SF (%)
Atterberg Limits

LL (%) PL (%) PI (%)

0 51 27 24
5 46 26 20

10 45 26 19

15 43 26 17
20 39 27 12
25 38 27 11
30 36 27 9

Figure 4. Locations of soil and soil–silica fume mixtures on the plasticity chart.
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3.2. Effect of Silica Fume on Compaction Test Results

The compaction curves obtained from the standard Proctor test on different percent-
ages of silica fume–soil mixtures are presented in Figure 5. The optimum water content
and maximum dry density values determined from the compaction curves are also given
in Table 5. As seen from Figure 5, compaction curves up to 15% silica fume additive level
show a wider curve formation, while silica fume contents greater than 15% offer narrower
curve formation. In other words, greater than 15% silica fume stabilization tightens the
compaction curve, resulting in dry density values in narrower water content ranges. When
assessed in terms of compaction characteristics shown in Table 5, a remarkable decrease
in maximum dry density was observed at 15% silica fume content. The maximum dry
density value, which was 1.584 Mg/m3 without additives, reduced to 1.559 Mg/m3 at
15% additive content. There were no significant changes in maximum dry density (MDD)
values with increasing SF contents. The increase in optimum water content (OWC) was
relatively limited. This was due to the lower specific gravity of the silica fume compared to
the soil, and therefore the additional void volume developed due to the low specific gravity
(Gs) and particle sizes of the specimens with additives. As a result of the replacement of
sodium cations in the dispersive soil with the silicon cations in the silica fume, the double
layer thickness decreased and eventually this situation caused the flocculation of the grains.
Similar results were obtained by Al-Azzawi et al. [60].

Figure 5. Compaction curves obtained from different additive content of silica fume–soil mixtures.

Table 5. Effect of silica fume additive on optimum water content and maximum dry density.

Silica
Fume
(%)

Optimum Water Content wopt, (%) Maximum Dry Density
qdmaks (Mg/m3)

Specific
Gravity

Gs

0 20.5 1.584 2.65
5 20.9 1.579 2.64

10 21.9 1.571 2.64
15 21.9 1.559 2.63
20 22.8 1.553 2.63
25 22.8 1.551 2.62
30 22.9 1.550 2.62

3.3. Effect of Silica Fume on Pinhole Test Results

The pinhole test results to evaluate the effect of silica fume on the dispersive behavior
of the soil sample are presented in Figure 6 on the basis of the flow rate–time relationships.
Table 6 also shows the effect of additive rate on dispersibility class collectively. From
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the chemical analysis results on the soil sample, it was determined that the exchangeable
sodium percentage, which is an important indicator of dispersive behavior, was 30.2%.
Elges [61] and Knodel [62] assessed the exchangeable sodium percentage (ESP) value
greater than 10 as an indication of the dispersive soil characteristic of the soil sample. As
a result of the pinhole test, it was determined that the soil sample had highly dispersive
properties and the dispersibility class was classified as D1. As seen in pinhole test method
and evaluation criteria for dispersive classification presented in Table 3, the dispersibility
classes of the soil are determined when the flow rates fall to a certain range. According to
this evaluation card, if the flow rate is between certain values, it causes the dispersibility
class to be the same. For example, while the flow rate of 0% SD additive is close to 1.4 mL/s,
it is around 1 mL/s at 5% SD additive rate (Figure 6). However, in both cases, the soil
dispersibility class is classified as “D1” dispersive. A similar situation is valid for the 10,
15 and 20% SD additive levels. The flow rate to all three additive levels is between 2 and
2.8 mL/s, and it is classified as “ND4” intermediate soil. For these three SD additive levels,
the difference in flow rates may be due to the hole geometry initially drilled.

Figure 6. Pinhole test results of soil samples mixed with different silica fume additive contents.

Dispersive clays will rapidly erode as water flows through the 1 mm hole under a
small water head pressure. Rapid enlargement of the hole is reflected in an increasing
flow rate and the turbidity of the collected water. From the image presented in Figure 6,
it can be seen how much the hole diameter increased by means of dispersive erosion.
With the increasing amount of silica fume additive, an improvement in dispersibility was
determined. Significant effect was achieved at 25% additive content and the dispersibility
class was classified as ND2 (nondispersive). At the same time, the fact that the measured
flow rate for nondispersive soils remains constant for each load stage is an indication that
the pinhole diameter did not change during the experiment. Dispersive erosion depends
on the clay content of the soil and the chemical properties of the clay, and the chemical
properties of the water [63].

One of the important factors causing dispersion is the ratio of sodium cations absorbed
on clay particle surfaces to multivalent cations (calcium and magnesium). The sodium
cation, which has a higher hydration diameter, causes an increase in diffuse double layer
thickness compared to other cations. This situation results in dispersion due to colloidal
grains repelling each other. On the other hand, the presence of higher valence cations in
the environment (e.g., Ca2+, Mg2+ and Si3+) contributes to the reduction of diffuse double
layer (DDL) thickness and repulsive forces. As a result of this situation, unlike dispersion,
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colloids approach each other and create a flocculated structure. This phenomenon, which is
part of the short-term reactions between the soil and the stabilizer, can lead to the formation
of the flocculated structure [64].

Changes in soil properties during chemical treatment are probably due to the decrease
in the thickness of the DDL resulting from the cation exchange between Na and Ca, Si and
Al, and consequently the decrease in the repulsive forces of the clay particles [62,65]. In
addition, the fact that the soil sample mainly contained illite and a small amount of smectite
minerals contributed to the acceleration of the pozzolanic reaction. The soil structure may
have changed from dispersive to flocculated structure due to the replacement of trivalent
cations such as Si in the silica fume with the monovalent sodium cation (Na+) present
in the soil sample. As a result of the chemical analysis, it was determined that the soil
sample had a very high sodium adsorption rate (SAR = 22.7%) and sodium percentage
(Na = 79.5%). The final improvement at 25% SF content was due to the high amount of silica
fume required to balance the high amount of sodium cation contained in the soil sample.

Table 6. Effect of soil–silica fume mixtures on dispersibility classes.

Test
Silica Fume Content (%)

0 5 10 15 20 25 30

Pinhole test class D1 D1 ND4 ND4 ND4 ND2 ND1
D1 and D2, dispersive; ND3 and ND4, intermediate; ND1 and ND2, nondispersive.

3.4. Resonant Column Test Results

Shear modulus test results of mixed samples with different silica fume ratios obtained
by the resonant column test are given in Table 7. When the results presented in Table 7
are evaluated in general, it was found that initial shear modulus increased in all series
with the increase of effective cell pressure. This is because the effective cell pressure, which
compresses the spaces between the soil particles, increases and then the density of the
sample increases. The initial shear modulus (G0) values calculated from samples with 15%
SF were the highest values compared to the initial shear modulus value of the samples
(0% SF) at γ = 0.001% shear strain amplitude and σ′0 = 40–60 kPa effective cell pressure
(Figure 7d, Table 7). In addition, at σ′0 = 20 kPa effective cell pressure and γ = 0.001% shear
strain amplitude, the initial shear modulus obtained in the mixed samples with 30% SF
was the highest value (Figure 7g and Table 7).

The value of secant shear modulus ratio G/G0 computed and the expression for the
secant modulus in the cyclic loading is obtained from the Equation (1) [66]:

G
G0

=
1

1 + γa/γr
, G =

τa

γa
(1)

It is noted that the secant shear modulus is reduced to half the initial shear modulus
when shear strain becomes equal to the reference strain [66]. According to this, the reference
shear strain amplitude (γr) is accepted as the shear strain amplitude at which the initial
shear modulus of a sample falls to half the value. The trend lines shown in the graphs
of the shear modulus and modulus reduction curves (Figures 7 and 8) were calculated
depending on the reference shear strain amplitude with the hyperbolic model described by
Ishihara [66].

Damping ratio (D) of soils reflects the energy dissipation properties subjected to the
cyclic or dynamic load. When the results presented in Table 7 are evaluated in terms of the
damping ratio in general, it can be seen that D decreases with the increase of the effective
cell pressure. Since the internal structure of the SF-mixed soil samples became denser with
the increase of the effective cell pressure and the bond between the soil particles became
stronger, vibration waves could be propagated more evenly from the top to the bottom of
the sample. Similar results were seen in the results of the resonant column test performed
by Lang et al. [67] on silty clay soils stabilized with fly ash and cement. When the damping
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ratio graphs were assessed, it was seen that similar results (D = 3–5%) were obtained for all
samples at low shear strain amplitude (γ = 0.001%) and at all effective cell pressure values
(σ′0 = 20, 40 and 60 kPa) (Table 7 and Figure 8)

The resonant column apparatus used in the study is capable of measuring at high shear
strain amplitude (γ = 0.1%), which is used to simulate earthquake loadings. Therefore,
the shear modulus and the damping ratio values of all the samples at high shear strain
amplitude (γ = 0.1%) were calculated in the experimental study (Table 7 and Figure 8).

Twenty percent SF-mixed samples had the lowest initial shear modulus values de-
pending on the test results (Table 7 and Figure 7e). The initial shear modulus values started
to increase depending on increasing the amount of mixture (25%, 30%). In this case, the
change in initial shear modulus values were interpreted as increased effectiveness of silica
fume on the mixed sample, as seen in Table 7.

Table 7. The effect of samples mixed with different ratios of silica fume on resonant column test results.

SF (%) σ′0 (kPa) G0 (MPa) G0/2 (MPa) γr (%) Gγ=0.1%
(MPa) Gγ=%0.1/G0

Dγ=%0.001
(%)

Dγ=%0.1
(%)

0
20 80.60 40.300 0.0563 26.67 0.330 6.0 16.0
40 84.93 42.470 0.0667 35.50 0.420 5.0 16.0
60 86.40 43.200 0.0785 39.39 0.460 4.0 17.0

5
20 74.42 37.210 0.0286 17.59 0.240 4.5 22.5
40 84.28 42.140 0.0450 26.46 0.310 4.0 20.5
60 88.70 44.350 0.0500 29.82 0.340 4.0 18.5

10
20 75.00 37.500 0.0439 21.97 0.290 4.0 17.5
40 80.00 40.000 0.0608 29.19 0.360 4.0 17.5
60 86.41 43.210 0.0582 33.64 0.390 3.0 15.3

15
20 81.39 40.700 0.0356 18.95 0.230 5.0 17.5
40 96.30 48.150 0.0516 32.47 0.340 4.5 15.0
60 99.43 49.720 0.0549 38.10 0.380 3.5 15.0

20
20 68.53 34.270 0.0501 20.59 0.300 5.0 18.2
40 75.28 37.640 0.0672 29.30 0.390 4.5 15.7
60 78.07 39.040 0.0715 30.17 0.390 4.0 12.5

25
20 76.37 38.185 0.0594 25.05 0.328 3.5 22.2
40 79.17 39.585 0.0715 32.72 0.413 4.0 15.7
60 80.59 40.295 0.0732 33.63 0.417 4.0 14.4

30
20 84.93 42.470 0.0440 19.79 0.233 4.8 20.0
40 90.89 45.450 0.0640 32.72 0.360 4.8 20.0
60 92.41 46.205 0.0715 40.40 0.437 4.8 14.5

SF = silica fume ratio; σ′0 = effective cell pressure; G0 = initial shear modulus; G0/2 = shear modulus at reference shear strain amplitude; γr = reference
shear strain amplitude; Gγ = 0.1% = shear modulus at 0.1% shear strain amplitude; Gγ = %0.1/G0 = modulus reduction ratio value at 0.1% shear strain
amplitude; Dγ = %0.001= damping ratio value at 0.001% shear strain amplitude; Dγ= %0.1= damping ratio value at 0.1% shear strain amplitude.

It was observed that increasing the silica fume did not always increase the shear
modulus. The silica fume–clay ratio should be sufficient to provide pozzolanic activity.
Fifteen percent SF-mixed samples had the highest initial shear modulus values according
to the resonant column test results since the silica fume–clay ratio was at the ideal level to
ensure pozzolanic activity.
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Figure 7. Shear modulus dependence on shear strain amplitude for all samples. (a) 0% SF, (b) 5% SF, (c) 10% SF, (d) 15% SF,
(e) 20% SF, (f) 25% SF, (g) 30% SF.

As mentioned, the study focused on shallow soil stabilization. Therefore, applied
effective cell pressure values on the samples are low (20, 40 and 60 kPa). It was seen in the
studies that the effect of effective cell pressure on the damping ratio occurs at high values,
especially in clay soils [66]. According to this, the damping ratio curves for all samples
were relatively similar since effective cell pressure on the samples was low in the study.
Therefore, it may be necessary to perform studies at different effective cell pressures for
deep improvements.
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Figure 8. Damping ratio and modulus reduction curves dependence on shear strain amplitude for all samples. (a) 0% SF,
(b) 5% SF, (c) 10% SF, (d) 15% SF, (e) 20% SF, (f) 25% SF, (g) 30% SF.

In Figure 9, the relations of the initial shear modulus of the samples created from 0,
5,10, 15, 20, 25 and 30% SF content according to the effective cell pressure (at 20, 40 and
60 kPa) at low shear strain amplitude (γ = 0.001%) are given. From the results, the initial
shear modulus values of the sample mixed with 15% SF were highest at 40 and 60 kPa
compared to other samples (Figures 7 and 9, Table 7), although the initial shear modulus
value of the 15% SF sample, even under the 30% SF sample, was relatively higher than the
0% SF sample at 20 kPA.
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Figure 9. Comparison of initial shear modulus values of mixed samples mixed according to the
effective cell pressure at low shear strain amplitude (γ = 0.001%.).

From the resonant column tests, the initial shear modulus values of the mixed sample
containing 15% silica fume at effective cell pressure 20, 40 and 60 kPa were found to be
higher: 1, 14 and 15% (Figure 9) with respect to initial shear modulus values of nonmixed
sample at low shear strain amplitude (γ = 0.001%). In addition, 15% silica fume samples
were calculated to have the highest initial shear modulus values, 40 and 60 kPa effective
pressures, of the all samples. After one-day curing, it is seen that 5% and 10% SF mixed
samples had low initial shear modulus since the silica fume–soil ratio that would interact
with pozzolanic was not at a sufficient level. In addition, since discontinuity occurs in the
samples with 20 and 25% SF, due to unreacted silica fume, these samples had the lowest
value of initial shear modulus due to the voids and discontinuity.

The initial shear modulus values of 30% SF mixed sample gave the second best values
at low shear strain amplitude. The increase in initial shear modulus values was considered
as increased effectiveness of silica fume on the mixed sample. It is thought to be caused by
the increase in the amount of silica fume and void filling in the sample. At 20 kPa effective
pressure, the difference between the initial shear modulus of 15% SF and 30% SF samples
was approximately 4% and at a negligible level. Otherwise, the 20 kPa cell pressure was
evaluated low to determine the increasing effect of cell pressure on the samples.

4. Conclusions

In this paper, the performance of the silica fume additive used for shallow stabilization
in terms of engineering applications in dispersive soils was studied by conducting Atterberg
limits, standard Proctor compaction, pinhole and resonant column tests. The findings are
summarized as follows.

• Silica fume reduced both the plastic index (PI) and liquid limit (LL) of dispersive soil.
Due to this alteration in the property of dispersive soil, the soil changed its USCS
classification, from high plasticity clay (CH) to low plasticity silt (ML). Due to the
transformation of the CH to ML, the plasticity of the reinforced sample was reduced,
and hence the reinforced dispersive soil showed a stable nature.

• The maximum dry density value, which was 1.584 Mg/m3 without additives, was
reduced to 1.559 Mg/m3 at 15% additive content. There were no significant changes
in maximum dry density values with increasing SF contents. The increase in optimum
water content was relatively limited.

• Based on the pinhole test result, the addition of 25% silica fume with one day curing
time changed the soil from D1 to ND2 classification. The improvement at 25% SF
content was due to the high amount of silica fume required to balance the high amount
of sodium cations in the soil sample.
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• From the resonant column tests, the initial shear modulus values of the mixed sample
containing 15% silica fume at effective cell pressure 20, 40 and 60 kPa were found
to be higher, 1, 14 and 15%, with respect to the initial shear modulus values of
nonmixed sample.

• For all the samples, relatively similar trends were obtained in terms of the damping
ratio and modulus reduction values under wide shear strain amplitude. In addition,
the relatively highest damping ratio values at γ = 0.1% was obtained from 5% SF
samples for all effective cell pressures.

• The initial shear modulus values of the 30% SF mixed sample gave the second best
values at low shear strain amplitude. The increase in initial shear modulus values
were considered as increased effectiveness of silica fume on mixed sample.

• When the modulus reduction curves are examined, it is seen that all the samples lost
more than half of their initial shear modulus values at high shear strain amplitude
(γ = 0.1%). The highest modulus reduction values, which were 0.330, 0.420 and 0.460,
were obtained from the nonmixed sample at high shear strain amplitude for all
effective cell pressures.

• At 20 kPa, the samples containing 15 and 30% SF with the highest initial shear mod-
ulus at low shear strain had the lowest modulus reduction values, 0.230 and 0.233,
respectively, at high shear strain amplitude γ = 0.1%. The reason for this was that
the initial shear modulus of the relevant samples at γ = 0.001% was higher than the
other samples.

In future studies, examining the effect of the silica fume additive on the dynamic
properties of dispersive soils at different curing times is considered important for the
long-term performance of the silica fume.
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30. Topçu, İ.B.; Kaval, M. Economical analysis of use of silica fume in concrete. J. Eng. Archit. Fac. Osman. Univ. 2001, 14, 18–31.
31. Asavapisit, S.; Nanthamontry, W.; Polprasert, C. Influence of condensed silica fume on the properties of cement-based solidified

wastes. Cem. Concr. Res. 2001, 31, 1147–1152. [CrossRef]
32. Mastali, M.; Abdollahnejad, Z. Carbon dioxide sequestration on fly ash/waste glassalkali-based mortars with recycled aggregates:

Compressive strength, hydration products, carbon footprint, and cost analysis. Carbon Dioxide Sequestration Cem. Constr. Mater.
2018, 299–348. [CrossRef]

33. Schneider, M.; Romer, M.; Tschudin, M.; Bolio, H. Sustainable cement production—Present and future. Cem. Concr. Res. 2011, 41,
642–650. [CrossRef]

34. Liu, H.; Luo, G.; Wang, L.; Wang, W.; Li, W.; Gong, Y. Laboratory evaluation of eco-friendly pervious concrete pavement material
containing silica fume. Appl. Sci. 2019, 9, 73. [CrossRef]

35. Živica, V. Sulfate resistance of the cement materials based on the modified silica fume. Constr. Build. Mater. 2000, 14, 17–23.
[CrossRef]

36. Wu, W.J.; Wang, R.; Zhu, C.Q.; Meng, Q.S. The effect of fly ash and silica fume on mechanical properties and durability of coral
aggregate concrete. Constr. Build. Mater. 2018, 185, 69–78. [CrossRef]
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