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Abstract: The aim of this study is to investigate the bearing capacity-settlement behavior of strip
footing settling on sand soil randomly reinforced with glass fiber, basalt fiber, macromesh fiber, and
four different hybrid fiber additives in which these fibers are used together. Model tests were carried
out in the laboratory on the strip footing and placed on the unreinforced and reinforced sand with
different fibers. In the study, model tests were carried out on seven types of randomly reinforced soils
by using glass, basalt, macrame, and mixtures of these fibers as reinforcement. In the model tests, two
different fiber contents, 1% and 2%, and two different fiber lengths, 24 mm and 48 mm, were used.
Tests were carried out with Dr = 30% and 50% relative density, and reinforcement depths 1B, 2B, and
3B were selected. In addition, the photographs taken during the test were analyzed with the particle
image velocimetry (PIV) method and the displacements on the soil were examined. As a result of
the reinforced and unreinforced model tests, the highest ultimate bearing capacity was measured
as 680 kPa from the tests with Dr = 50% relative density, 48 mm length, 2% contents, and 3B depth
macromesh fiber reinforced. In hybrid fibers, the highest ultimate bearing capacity was measured
as 495 kPa, with Dr = 50% relative density, 48 mm length, 2% contents, and 2D depth micromesh
and basalt fiber-reinforced tests. In the reinforced tests, it was concluded that the most effective fiber
on bearing capacity is macromesh fiber. It can be seen that in the PIV analysis, as the fiber additive
increased, the settlements made by the foundation decreased under the same pressure. It has also
been observed that adding reinforcement to the soil transfers the stresses occurring in the soil to a
wider area.

Keywords: basalt fiber; glass fiber; macro-synthetic fiber; hybrid fiber; bearing capacity ratio;
randomly reinforced soil; PIV

1. Introduction

The concept and principle of soil reinforcement were first developed by Vidal in 1969
when he found that adding reinforcements to a soil mass increases the shear strength of
soil [1]. The reinforcing effect of fibers in soil reinforcement was first noticed by Waldron
in 1977, when he observed that natural root fibers contribute to the improvement in soil
strength due to their reinforcing effect [2]. In general, in fiber-reinforced soils, it has been
observed that the added fiber can improve the mechanical properties of the soil due to
the interface friction between the fiber and the soil. That is, the shear stresses in the soil
actuate the tensile strength in the fibers and, as a result, give the soil more strength [3-5].
Randomly Distributed Fiber-reinforced Soil (RDFS) is a soil improvement technique in
which fibers of desired properties and quantities are randomly ordered and compacted in
place [6]. The RDFS method has become more popular in recent studies. Short staple fibers
can be easily added and mixed into the soil such as cement, lime, or other additives. In this
way, planes of weakness do not occur in the soil and an isotropic increase in the strength of
the soil composite can be achieved [7,8].
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Glass fiber improves the mechanical properties of the reinforced soil matrix such as
flexural and tensile strength. They contribute to the flexibility of the soil matrix they are
supplemented with and have a long period of use [9,10]. Glass fiber-reinforced sandy soil
matrices have attracted great interest in many applications because of their relatively low
weight, low cost, and good mechanical properties, which are desirable characteristics of
natural fibers [11,12]. Philley et al. [13], in this study, first stabilized the soil with Class
F fly ash and cement to improve the strength properties of the weak local soil and then
reinforced it with glass fiber reinforcement. In the study, different mixtures were prepared
with varying ratios such as fly ash (10, 30, 50), cement (0.5%, 1, 1.5, 2%), and glass fiber
(0.25%, 0.5 and 1%). It was observed that there was a significant improvement in the
pressure and shear strength parameters in the optimum additive percentage determined
for all three materials. Benzian et al. [14] conducted direct shear box tests for their study to
examine the effect of material properties and fiber content on the shear resistance of sand.
In the study, glass fiber, polypropylene fiber, and sisal fiber were randomly reinforced into
the soil mass at 50% relative density, 0.25%, 0.5, 0.75, and 1 ratio. It was observed that
samples reinforced with sisal fibers had a more significant increase in strength parameters
than samples reinforced with glass or polypropylene fibers. The reason one of the fiber
types used in the experimental study was chosen as glass fiber is that it was thought to
be suitable for comparing the results with basalt and macromesh fibers, as it is a familiar
material that has been studied in the past.

Basalt fiber has high performance, natural compatibility, electrical insulation, corrosion,
high temperature, and acid and alkali resistance [15,16]. When the studies in the literature
are examined, it has been seen that it is widely used in thermoset resin and concrete as
insulation, sound absorption, heat resistant materials, and reinforced materials [17,18]. In
addition, the mechanical properties of basalt fiber such as tensile strength and modulus
of elasticity, are much higher than polypropylene fiber [19,20]. Many studies have been
carried out on concretes in which basalt fiber is used as an admixture. However, the use of
basalt fiber additives in soil-related studies is relatively low [21]. Kale et al. [16] used three
different lengths of fiber (12 mm, 18 mm, and 24 mm) to investigate the effect of basalt fiber
additive on improving soil properties. They added 12 mm and 18 mm long fibers to the
ground at a rate of 1.5%, 3%, 4.5%, 6%, and 24 mm long fibers at a rate of 1.5%, 2%, 2.5%,
and 3% by weight. Xu et al. [22] reinforced loess soil with poor mechanical properties with
basalt fiber additives in three different fiber lengths (6 mm, 12 mm, and 18 mm) and four
different fiber contents (0.3%, 0.6%, 0.8%, and 1.0%). The maximum increase in strength
was observed in the experimental group with a fiber content of 0.6% with a length of 12 mm,
and it was determined that the shear strength of leucine of basalt fiber was improved. In
their study, Mukhtar and Kumar [23] showed that the addition of basalt fiber to the local
soil sample located in the Srinagar region increases the strength of the soil by decreasing
the liquid limit and plastic limit, and improves the properties of the soil by decreasing the
plasticity index by 62.64%. Chen et al. [24] concluded that the use of glass fiber and basalt
fiber would be effective as reinforcement for higher bearing capacity and fewer cracks
in granite residual soil. In their studies, fiber contents were chosen as 3%, 4%, and 5%,
respectively, and fiber lengths were used as 6 mm, 9 mm, and 12 mm, respectively. While
most of the studies on soil cover fine-grained soil groups, studies on cohesion-free sand
soils are insufficient. Therefore, it is particularly important to study basalt fiber-reinforced
cohesionless sand soil.

Macromesh fiber is a polypropylene (99%)-based macro synthetic fiber reinforcement
in copolymer structure. It is variously named macro polypropylene fiber, spun polypropy-
lene fiber, high-performance polypropylene fiber, macro synthetic fiber, and macro synthetic
twisted bundle fiber [25]. They are environmentally friendly and new-generation reinforce-
ments produced from high-performance polypropylene raw materials and have a longer
life than traditional reinforcements [26,27]. In recent years, its effect on fiber-reinforced
strengthening studies has begun to be investigated. Brasse et al. [28] strengthened the soil-
cement composites made with cohesionless soil with the addition of single fibrillated-tapes
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polypropylene fibers (SFPF) and bundles of coiled fibrillated-tapes polypropylene fibers
(BCFPF) and showed that the polypropylene fiber reinforcements used had a significant
effect on the bending behavior. Daneshfar et al. [29], twisted, barchip, and fibrillated, three
different macro polypropylene fibers were added to the concrete in three different volume
ratios 0.2%, 0.4%, and 0.6%, and the reinforcement of macro PP fibers affected the ductility
behavior and ductility of the concrete. investigated the effect on mechanical properties.
According to the results, the twisted, and barchip fiber-reinforced concrete has higher
compressive strength than the fibrillated fiber. It has been studied mostly on concrete and
polymer composites but the studies on their effects on soil are few [30,31].

A single fiber type chosen as an additive in fiber additives can often significantly
improve one or more of the material’s properties. However, each type of fiber often has
some weak points. For example, filament fiber can improve tensile strength but has the
problem of poor dispersion. Therefore, recently researchers have mixed different fiber
types to take full advantage of the reinforcing effect of each fiber especially in the field of
concrete. Studies have been carried out in different combinations such as polymer-polymer
hybrid fiber and polymer-natural hybrid fiber, steel-steel hybrid fiber, and steel-polymer
hybrid fiber [32,33]. As a result of the studies, it has been seen that hybrid fibers can
improve the toughness, ductility, energy dissipation capacity, and durability performance
of concrete [30,34]. When the existing studies on improvement with fiber additives are
evaluated, the effects on the soil are examined as a result of the addition of one or more
fibers to the soil separately under various varying conditions [35-37]. However, studies on
the effect of using two or more fibers together in a hybrid form on soil are very insufficient.

This study is aimed to contribute to the deficiencies in the literature mentioned above.
In this context, an average of 300 laboratory model tests were carried out to investigate the
effect of glass fiber, basalt fiber, macromesh fiber, and hybrid fiber-reinforced soils where
these three fibers are used together in different combinations on the bearing capacity. In
the experimental study, the scope of the study was expanded by investigating the effect
of fiber length, fiber content, depth of reinforcement layer, and different relative density
values, as well as fiber type. To investigate the effect of fiber length, two different fiber
lengths of 24 mm and 48 mm were used. To see the effect of fiber content, fiber additives
with two different contents of 1% and 2% were investigated. To see the effect of relative
density, tests were carried out on soils with 30% and 50% relative density. In addition, soils
were reinforced with fiber at depths of (B) 1, 2, and 3 times the foundation width, and the
effect of three different reinforcement depths on soil stabilization was evaluated. Finally,
to analyze the sand soil settlement behavior strengthened with different fiber types under
varying environmental conditions within the scope of the study, the GeoPIV-RG program,
an image analysis module running on MATLAB was used. For the image analysis of each
test, a series of photographs taken at regular intervals during the test were used as data.

2. Materials and Methods
2.1. Test Materials
2.1.1. Soil Samples

Sieve analysis was performed in accordance with ASTM D2487 [38] standards to
determine the grain diameter distribution of the soil used in experimental studies. The
grain diameter distribution curve of the sand soil used in the experimental study is given
in Figure 1. According to the Unified Soil Classification System (USCS), the soil class is
determined as poorly graded (uniform) sand (SP). The granulometry parameters of the
sand used in the tests are given in Table 1.
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Figure 1. Grain size distribution of sand soil.

Table 1. Sieve analysis results of sand soil used in experimental study.

Granulometry Parameters Value
Dy, Effective grain size (mm) 047
D30 (mm) 0.7
D60 (mm) 1.1
Cu (Dgo/Dyp), Coefficient of uniformity 2.34
C. (D30%/(Dgg-D1g)), Coefficient of curvature 0.95

In this study, model loading tests at approximately 30% and 50% relative density were
performed. The index properties of sand for 30% and 50% relative densities are given in
Table 2. Shear box (direct shear) tests were carried out in accordance with ASTM D 3080 [39]
standard. The sand soil was placed in a Shear box cell with dimensions of 60 mm x 60 mm
and a height of 38 mm at relative densities to be used in tests. Then, the soil sample was
sheared horizontally by pushing on the bottom ring while holding the top ring under
normal stresses of 30 kPa, 60 kPa, and 120 kPa, respectively. The sharing speed is set to
1 mm/min. According to the shear test results, the shear strength angle was obtained as
¢ =32.1° for Dr = 30% relative density and as ¢ = 40.1° for Dr = 50% relative density.

Table 2. Index properties of poorly graded sand soil used in model tests.

Relative Density Parameters Value
Specific gravity (Gs) 2.71
Maximum void ratio (emax) 0.84
Maximum dry unit weight (Yimax) (KN/m3) 17.93
Minimum void ratio (emin) 0.47
Minimum dry unit weight (Yimin) (KN/m3) 14.40
Void ratio (e) (Dr = 30%) 0.73
Void ratio (e) (Dr = 50%) 0.65
Dry unit weight (yy) (kN/ m?) (Dr = 30%) 15.30

Dry unit weight (vy) (kN/m3) (Dr = 50%) 15.96
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2.1.2. Fibers

Basalt fibers, glass fiber, and macromesh fibers used in the tests are shown in Figure 2.
The physical and mechanical properties of the fibers used in the study are given in Table 3.

Figure 2. Material diagram; (a) Basalt fiber; (b) Glass fiber; (c) Macromesh fiber.

Table 3. Physical and mechanical properties of basalt fiber, glass fiber, and macromesh fiber.

Properties Basalt Fiber Glass Fiber Macromesh Fiber
Fiber type Micro Micro Macro
Length (mm) 24 24/48 24/48
Average diameter (um) 16 14 850
Specific gravity (G) 2.65 2.60 0.91
Young’s modulus (GPa) 89 77 5.75
Breaking tensile strength (MPa) 4840 3400 750

2.2. Experimental Setup

The model tank has a length of 1000 mm, a width of 300 mm, and a height of 1000 mm.
The front is made of 20 mm thick glass fiber to display the displacement of the soil during
loading, and the back and sides are made of sheet steel. Experimental studies were carried
out under plane strain conditions using a strip foundation. For the model foundation,
a rigid steel plate with a length of L = 300 mm, a height of H = 20 mm, and a width of
B = 100 mm was used. The surfaces of the foundation in contact with the tank are covered
with thick rubber material to reduce the friction coefficient. Based on the model, a hydraulic
jack that can load up to 5000 kg according to the desired speed is used. To check the centric
loading, two Linear Variable Differential Transformers (LVDT) were placed diagonally at
the two corners of the footing plate and settlements were read. In the tests, an S-type load
cell with a capacity of 5000 kg was used to determine the load values on the model base
plate. During the tests, the settlements and stress values from the load cells and LVDTs
were transferred to the data collection device and converted into numerical values. The
schematic of the experimental setup is given in Figure 3.
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Figure 3. (a) Photograph of the model tank, and (b) schematic shape of the model tank.

2.3. Test Program

Relative density has a great influence on the mechanical behavior of sands. Soils with
low relative density are more likely to have settlement and bearing capacity problems. For
this reason, loose (Dr = 30%) and medium-dense (Dr = 50%) soils were preferred to stabilize
them with fiber additives. In the experimental study; firstly, loading tests were performed
on model strip footing at 30% and 50% relative density in unreinforced soil, and ultimate
bearing capacity was determined. Then, an experimental program was prepared for the
reinforced soil tests. While determining the ultimate bearing capacity, there are options
such as the 0.1B method (B is the width of model footing) [40], the tangential intercept
method [41], the log-log method [42], and the hyperbolic method, apart from using load-
deformation curves [43]. In the experimental studies, especially on reinforced soils, the 0.1B
method was used. While determining the experimental study program, six parameters were
taken into account. While determining the experimental study program, six parameters
were taken into account. These parameters are two different relative densities (Dr = 30%
and Dr = 50%), two different fiber contents (Fc = 1% and Fc = 2%), three different fiber
additives (glass fiber, basalt fiber, and macromesh fiber), four different hybrid fiber additives
(glass + basalt, basalt + macromesh, glass + macromesh, and glass + basalt + macromesh),
two different fiber lengths (Fl = 24 mm and FI = 48 mm), and three different reinforcement
depths (B, 2B, and 3B). In the experimental study, 120 experimental groups were formed
with the parameters given above. The representation of these groups is given in Table 4.
When using hybrid fibers, fibers in each group were mixed in equal percentages. The
randomly distributed fiber-reinforced sand soil with a relative density of 30% and 50%
were placed in the tank in horizontal layers of 5 cm. To provide the desired relative density,
the glass surface of the test tank was scaled from the outside, and the required sand and
fiber weight for each layer was calculated in advance, mixed manually (by hand), and
placed in the tank in a controlled manner.
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Table 4. Test program.
Fl =24 mm Fl =48 mm
B B (24 mm 7 group;
Fc=1% 7 group T 3 group T 1-glass
Dr = 30% 3B 3B 2-macromesh
B B 3-basalt
Fc=2% 7 group 2B 3 group 2B 4-glass + macromesh
3B 3B 5-glass + basalt
B B 6-macromesh + basalt
Fc=1% 7 group 2B 3 group 2B 7-glass + macromesh + basalt
3B 3B 48 mm 3 group;
Dr =50%
B B 1-glass
Fc=2% 7 group 2B 3 group 2B 2-macromesh
T T 3-glass + macromesh)
Total 84 group 36 group 120 group

2.4. GeoP1V Analysis

GeoPIV-RG application was used for the analysis of the images obtained from the
experimental studies. GeoPIV-RG is designed for geotechnical research applications and
is used in the analysis of problems involving large displacements and deformations. It is
capable of sub-pixel measurement resolution. At least a 10-fold improvement in measure-
ment accuracy was achieved over the most widely used particle image velocimetry (PIV)
approach for all deformation modes including rigid body displacements, rotations, and
strains (compression and share) [44].

In our study, GeoPIV-RG software was used to analyze the settlement formed as a
result of loading under model strip footing for each of the unreinforced and reinforced soil
groups. GeoPIV-RG: It is an image analysis module designed for geotechnical research
applications, running under the MATLAB R2019B program. To perform the analysis, a
fixed camera was placed in front of the test tank and pictures were taken at regular intervals
from the moment the soil was loaded. The basic principle of PIV is to look for changes in
the analysis points of images taken at different times. The cross-correlation function can be
calculated using the Fast Fourier Transform (FFT) to match the analysis points and obtain
the motion states. The normalized cross-correlation function can be expressed as

_ Y Xju(i,j)o(i+mj+n)
\/Zi Y ut(i, ) Xy X o2 (i+m, j +n)

Here, m, given in Equation 1 represents displacements in the horizontal direction, n
represents the displacements in the vertical direction, u(l,j) and v(l,j) represent the gray
distribution functions of the image before and after deformation [45]. The pictures taken
during the tests were analyzed with the GeoPIV-RG software and the displacements in
the soil were obtained. In the program, certain points are selected in the first picture.
The program has divided the first image entered as data into very small areas. FFT was
then used to compare each area with subsequent images in sequence. As a result of
the subsequent analyses, the program obtained image processing results such as vector
displacement, horizontal displacement, vertical displacement, general displacement, and
stress distributions of the soil from the movement of soil particles (Figure 4).

R(m,n)

)
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Figure 4. PIV results: (a) Vectorial displacements; (b) horizontal contours; (c) vertical contours;
(d) resultant contours; (e) incremental strain.
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3. Results Analysis and Discussion

The base pressure settlement curves obtained in this study as a result of the evaluation
of other parameters according to fiber types and the corresponding bearing capacity ratio
values were obtained as follows.

Glass Fiber;

The average base pressure-settlement curves obtained according to different fiber
lengths, different fiber percentages, and different reinforcement layer depths as a result
of model loading tests on sand soil randomly reinforced with glass fiber at Dr = 30%
and Dr = 50% are shown in Figure 5, and the reinforcement depth-bearing capacity ratio
relationship is given in Figure 6.

(a) (b)

(0 (d)

Figure 5. Average base pressure-settlement curves obtained as a result of model tests on sand soil
randomly reinforced with glass fiber: (a) Dr = 30%, FI = 24 mm; (b) Dr = 30%, FI = 48 mm; (c) Dr = 50%,
Fl = 24 mm; (d) Dr = 50%, Fl = 48 mm.
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Figure 6. Variation of bearing capacity ratio (BCR) with reinforcement depth (Dr = 30-50%,
F1 = 24-48 mm, Fc = 1-2%, and glass fiber).

In glass fiber-reinforced soils, the highest ultimate bearing capacity (qu) was de-
termined as 440 kPa in the case of adding glass fiber to the sand at Dr = 50%,
Fc = 2%, F1 = 48 mm, and 3B reinforcement depth. The highest bearing capacity ratio
(BCR = final bearing capacity of reinforced soil/final bearing capacity of unreinforced
soil) was determined as 6.7 by adding glass fiber to sand at Dr = 30%, Fc = 2%,
Fl = 48 mm, 3B reinforcement depth.

For all fiber lengths and percentages at Dr = 30%, there was a 48-73% increase in
BCR when reinforcement depth was changed from B to 2B, and there was a 30-52%
increase in BCR when changed from 2B to 3B. At Dr = 50%, there was a 94-153%
increase in BCR for all reinforcement lengths and percentages from depth B to 2B and
an 11-23% increase in BCR from 2B to 3B. Changing the reinforcement depth from 2B
to 3B at Dr = 50% had no effect on ultimate bearing capacity as much as the percentage
increase seen at Dr = 30%.

Changing the glass fiber length from 24 mm to 48 mm at all reinforcement depths and
contents at Dr = 30% increased the BCR in the range of 16-39%. Changing the content
of reinforcement from 1% to 2% at all reinforcement depths and lengths increased
the BCR between 28% and 61%. Changing the glass fiber length from 24 mm to
48 mm at all reinforcement depths and percentages at Dr = 50% increased BCR in
the range of 5-41%. Changing the percentage of reinforcement from 1% to 2% at
all reinforcement depths and lengths increased the BCR between 6% and 45%. The
increase in bearing capacity ratios obtained as a result of increasing the fiber length
from 24 mm to 48 mm by increasing the fiber percentage from 1% to 2% in 50% relative
density glass fiber-reinforced soils is similar. However, the increase in BCR obtained
as a result of increasing fiber content in soils with 30% relative density glass fiber is
higher than the increase in BCR obtained as a result of increasing fiber length.

Macromesh Fiber
The average base pressure-settlement curves obtained according to different fiber

lengths, different fiber percentages, and different reinforcement layer depths as a result of
model loading tests on sand soil randomly reinforced with macromesh fiber at Dr = 30%
and Dr = 50% are shown in Figure 7, and the reinforcement depth-bearing capacity ratio
relationship is given in Figure 8.
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(c) (d)

Figure 7. Average base pressure-settlement curves obtained as a result of model tests on sand soil
randomly reinforced with macromesh fiber: (a) Dr = 30%, F1 = 24 mm; (b) Dr = 30%, F1 = 48 mm;
(c) Dr = 50%, F1 = 24 mm; (d) Dr = 50%, F1 = 48 mm.

Figure 8. Variation of bearing capacity ratio (BCR) with reinforcement depth (Dr = 30-50%,
Fl = 24-48 mm, Fc = 1-2%, and macromesh fiber).
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In macromesh fiber-reinforced soils, the highest ultimate bearing capacity (qu) was
determined as 680 kPa in the case of adding macromesh fiber to the sand at Dr = 50%,
Fc = 2%, Fl = 48 mm, and 3B reinforcement depth. The highest BCR was determined
as 10.4 by adding macromesh fiber to sand at Dr = 30%, Fc = 2%, Fl = 48 mm, 3B
reinforcement depth.

When the reinforcement depth was changed from B to 2B and from 2B to 3B for
all fiber lengths and percentages at Dr = 30%, the BCR increased by 69-101% and
28-33%, respectively. For all reinforcement lengths and percentages, the BCR increased
at Dr = 50% by 53-135% from depth B to 2B and by —1.5-18% from 2B to 3B. The
ultimate bearing capacity did not rise by the same proportion when the reinforcement
depth was increased from 2B to 3B at Dr = 50%. Especially in the experimental group
with Dr = 50%, F1 = 48 mm, Fc = 2% macromesh fiber additives, when the depth was
increased from 2B to 3B, there was no increase in the bearing capacity.

In both relative densities, an increase in bearing capacity was observed with increasing

fiber length. The soil group, which is reinforced at depth B with Fc = 2% and examined at
30% relative density, has had the highest increase. In both relative densities, an increase in
bearing capacity was observed with increasing fiber percentage.

Basalt Fiber
The average base pressure-settlement curves obtained according to different fiber

percentages and different reinforcement layer depths as a result of model loading tests
on sand soil randomly reinforced with basalt fiber at Dr = 30% and Dr = 50% are shown
in Figure 9 and the reinforcement depth-bearing capacity ratio relationship is given in
Figure 10.

(a)

(b)

Figure 9. Average base pressure-settlement curves obtained as a result of model tests on sand soil
randomly reinforced with basalt fiber: (a) Dr = 30%, F1 = 24 mm; (b) Dr = 50%, Fl = 24 mm.
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Figure 10. Variation of bearing capacity ratio (BCR) with reinforcement depth (Dr = 30-50%,
Fl =24 mm, Fc = 1-2%, and basalt fiber).

e In basalt fiber-reinforced soils, the highest ultimate bearing capacity (qu) was deter-
mined as 467 kPa in the case of adding basalt fiber to the sand at Dr = 50%, Fc = 2%,
Fl = 24 mm, and 3B reinforcement depth. The highest BCR was determined as 7.5 by
adding basalt fiber to sand at Dr = 30%, Fc = 2%, Fl = 24 mm, 3B reinforcement depth.

e Atboth relative densities, the increase in bearing capacity is greater when reinforce-
ment depth is increased from B to 2B. However, the impact on the ultimate bearing
capacity of increasing the reinforcement depth from 2B to 3B at Dr = 50% is less
significant than the percentage increase seen at Dr = 30%.

Glass + Macromesh Fiber

The average base pressure-settlement curves obtained according to different fiber
lengths, different fiber contents, and different reinforcement layer depths as a result of
model loading tests on sand soil randomly reinforced with glass + macromesh fiber at
Dr =30% and Dr = 50% are shown in Figure 11, and the reinforcement depth-bearing
capacity ratio relationship is given in Figure 12.

(a) (b)

Figure 11. Cont.
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(©)

(d)

Figure 11. Average base pressure-settlement curves obtained as a result of model tests on sand
soil randomly reinforced with glass + macromesh fiber: (a) Dr = 30%, F1 = 24 mm; (b) Dr = 30%,
Fl =48 mm; (c) Dr = 50%, F1 = 24 mm; (d) Dr = 50%, Fl = 48 mm.

Figure 12. Variation of bearing capacity ratio (BCR) with reinforcement depth (Dr = 30-50%,

F1 = 24-48 mm, Fc = 1-2%, glass and macromesh fiber).

In glass and macromesh fiber reinforced soils, the highest ultimate bearing capacity
(qu) was determined as 580 kPa in the case of adding glass + macromesh fiber to the
sand at Dr = 50%, Fc = 2%, Fl = 48 mm, and 3B reinforcement depth. The highest
BCR was determined as 8.5 by adding glass + macromesh fiber to sand at Dr = 30%,
Fc = 2%, F1 = 48 mm, 3B reinforcement depth.

At 30% relative density, constant fiber content, and constant reinforcement depth,
when the fiber length increases from 24 mm to 48 mm, the group with the highest
increase in bearing capacity ratio is the group reinforced with glass + macromesh
fiber in 3B reinforcement depth with 1% fiber content, and the rate of bearing capacity
increased by 41%.

When the soil layer depth reinforced at 30% relative density passes from 2B depth
to 3B depth, the least increase in bearing capacity was observed in the 24 mm long
2% fiber-reinforced test. In both relative densities, the highest bearing strength was
observed in the 48 mm long soil sample with 2% fiber reinforcement. There is almost
no difference between the increase in bearing capacity as a result of improvement
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in 2B depth and 3B depth in 2% fiber-reinforced soil with a length of 48 mm at 50%
relative density.

Glass + Basalt Fiber
The average base pressure-settlement curves obtained according to different fiber

percentages and different reinforcement layer depths as a result of model loading tests on
sand soil randomly reinforced with glass + basalt fiber at Dr = 30% and Dr = 50% are shown
in Figure 13 and the reinforcement depth-bearing capacity ratio relationship is given in
Figure 14.

(a)

(b)

Figure 13. Average base pressure-settlement curves obtained as a result of model tests on sand soil
randomly reinforced with glass + basalt fiber: (a) Dr = 30%, FI = 24 mm; (b) Dr = 50%, F1 = 24 mm.

Figure 14. Variation of bearing capacity ratio (BCR) with reinforcement depth (Dr = 30-50%,
Fl = 24 mm, Fc = 1-2%, glass and basalt fiber).

In glass and basalt fiber-reinforced soils, the highest ultimate bearing capacity (qu) was
determined as 431 kPa in the case of adding glass + basalt fiber to the sand at Dr = 50%,
Fc = 2%, Fl = 24 mm, and 3B reinforcement depth. The highest BCR was determined
as 5.9 by adding glass + basalt fiber to sand at Dr = 30%, Fc = 2%, Fl =24 mm, 3B
reinforcement depth.

The ultimate bearing capacity is significantly affected by increasing the reinforcement
depth from B to 2B at Dr = 50%, However, the ultimate bearing capacity is little affected
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by increasing the reinforcement depth from 2B to 3B. Reinforcement depth for soil
reinforced with glass + basalt fiber at 50% relative density can be taken as 2B.

Macromesh + Basalt Fiber
The average base pressure-settlement curves obtained according to different fiber

percentages and different reinforcement layer depths as a result of model loading tests on
sand soil randomly reinforced with macromesh + basalt fiber at Dr = 30% and Dr = 50%
are shown in Figure 15 and the reinforcement depth-bearing capacity ratio relationship is
given in Figure 16.

(a)

(b)

Figure 15. Average base pressure-settlement curves obtained as a result of model tests on sand

soil randomly reinforced with macromesh + basalt fiber: (a) Dr = 30%, Fl = 24 mm; (b) Dr = 50%,
Fl =24 mm.

Figure 16. Variation of bearing capacity ratio (BCR) with reinforcement depth (Dr = 30-50%,
Fl = 24 mm, Fc = 1-2%, macromesh and basalt fiber).

In macromesh and basalt fiber-reinforced soils, the highest ultimate bearing capacity
(qu) was determined as 495 kPa in the case of adding macromesh + basalt fiber to the
sand at Dr = 50%, Fc = 2%, Fl = 24 mm, and 3B reinforcement depth. The highest BCR
was determined as 9 by adding macromesh + basalt fiber to sand at Dr = 30%, Fc = 2%,
Fl = 24 mm, 3B reinforcement depth.

For Dr = 50% Fc = 1% and 2%, basalt + macromesh fiber added experimental group
showed an increase of 91% and 100% in BCR when the reinforcement depth was
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increased from B to 2B, respectively, but when the reinforcement depth was increased
from 2B to 3B, the increase in BCR was 14% and —1.6%, respectively. As can be seen
here, when the reinforcement depth is increased from 2B to 3B in the 1% fiber added
sample, the increase in the bearing capacity ratio was very low, while there was no
increase in the bearing capacity ratio when the reinforcement depth was increased
from 2B to 3B in the 2% fiber added sample. In fact, there was a very small decrease.
Based on this, it was deemed more appropriate to choose 2B improving depth in
experimental groups with 2% basalt + macromesh fiber at 50% relative density.

Glass + Macromesh + Basalt Fiber

The average base pressure-settlement curves obtained according to different fiber
contents and different reinforcement layer depths as a result of model loading experiments
on sand soil randomly reinforced with glass + macromesh + basalt fiber at Dr = 30% and
Dr = 50% are shown in Figure 17, and the reinforcement depth-bearing capacity ratio
relationship is given in Figure 18.

(a) (b)

Figure 17. Average base pressure-settlement curves obtained as a result of model tests on sand soil
randomly reinforced with glass + macromesh + basalt fiber: (a) Dr = 30%, Fl = 24 mm; (b) Dr = 50%,
Fl =24 mm.

Figure 18. Variation of bearing capacity ratio (BCR) with reinforcement depth (Dr = 30-50%,
F1 = 24 mm, Fc = 1-2%, glass + micromesh + basalt fiber).
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e In glass + macromesh + basalt fiber-reinforced soils, the highest ultimate bearing
capacity (qu) was determined as 475 kPa in the case of adding glass + macromesh +
basalt fiber to the sand at Dr = 50%, Fc = 2%, Fl = 24 mm, and 3B reinforcement depth.
The highest BCR was determined as 8.3 by adding glass + macromesh + basalt fiber to
sand at Dr = 30%, Fc = 2%, Fl = 24 mm, 3B reinforcement depth.

e Depending on the fiber additive ratio, a decrease in the amount of increase in the
bearing capacity ratio was seen as the depth of layers grew. In tests with glass + basalt
+ macromesh fiber added with Dr = 50% relative density, 2B reinforcement depth can
be preferred.

3.1. The Effect of Different Fiber Additives on Soil Behavior

The graphs obtained within the scope of the study as a result of evaluating together
the different fiber types (glass, basalt, and macromesh fiber), hybrid fiber (glass + basalt,
glass + macromesh, basalt + macromesh, and glass + basalt + macromesh fiber), fiber length
(F1 = 24 mm and Fl = 48 mm), fiber content (Fc = 1% and Fc = 2%), relative density (Dr = 30%
and Dr = 50%) and reinforcement depth (B, 2B and 3B) is given in Figures 19 and 20. The
BCR values obtained as a result of the tests are also given in Table 5.

(a) (b)

() (d)

Figure 19. Reinforcement depth-ultimate bearing capacity relationship corresponding to fiber type in
tests with Dr = 30% relative density: (a) fiber content 1%, fiber length 24 mm; (b) fiber content 2%,
fiber length 24 mm; (c) fiber content 1%, fiber length 48 mm; (d) fiber content 2%, fiber length 48 mm.
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(©) (d)

Figure 20. Reinforcement depth-ultimate bearing capacity relationship corresponding to fiber type in
tests with Dr = 50% relative density: (a) fiber content 1%, fiber length 24 mm; (b) fiber content 2%,
fiber length 24 mm; (c) fiber content 1%, fiber length 48 mm; (d) fiber content 2%, fiber length 48 mm.

Table 5. BCR values obtained as a result of tests.

Gl M h Basalt Glass + Glass + Macromesh+  Glass + Basalt +
ass acromes asa Macromesh Basalt Basalt Macromesh
30% 50% 30% 50% 30% 50% 30% 50% 30% 50% 30% 50% 30% 50%
B 1.7 1.3 2.1 24 2.2 2.2 2.0 2.0 2.1 1.9 2.2 2.3 2.2 24
1% 2B 25 2.9 4.2 44 4.6 3.8 3.1 3.8 3.3 3.6 4.0 4.4 3.7 3.9
3B 39 3.6 5.4 5.2 6.0 49 4.6 4.6 5.2 4.4 5.8 5.0 5.5 49
24 mm
B 25 1.7 3.2 3.2 2.9 3.1 2.9 2.7 2.7 2.5 3.0 3.1 29 2.7
2% 2B 41 3.5 6.5 6.4 5.6 5.1 5.6 48 5.2 49 5.8 6.2 5.4 5.5
3B 53 3.9 8.4 6.3 75 5.8 6.4 5.6 5.9 5.4 9.0 6.1 8.3 5.9
2.0 1.8 2.8 2.6 25 24
1% 2B 35 34 5.4 6.1 4.2 5.0
3B 52 3.8 7.2 6.8 6.5 6.0
48 mm T
B 3.2 1.9 4.8 4.0 3.9 3.6
2% 2B 4.8 4.8 8.1 7.8 6.7 7.2

3B 6.7 55 104 85 8.5 73
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A thorough review of the literature revealed that the use of fibers in geotechnical engi-
neering is applicable in six fields, including pavement layers (road construction), retaining
walls, railway embankments, protection of slopes, earthquake, and soil-foundation engi-
neering. According to an existing study, the Bradshaw Field Training Area in Australia’s
Northern Territory stabilized aprons, taxiways, and a helipad using Portland cement and
PP fibers. According to some researchers, the use of fibers in conjunction with geogrids can
make it easier and more affordable to build tall vertical walls for railway embankments
in low-lying residential areas. Additionally, because they can accept the irregular shape
of failed slopes, soil mixtures containing randomly distributed fibers can be employed as
patches in the localized repair of slope failures. The fiber reinforcement can eliminate the
necessity for an anchorage that is present with planar reinforcement and also lessens gully
erosion in the reinforcement of soil veneer, such as landfill covers [46].

In the case of using random fiber reinforcement to improve the soil properties, the
differences in the results obtained according to the type of fiber selected as reinforcement are
significant [47]. Three different fiber types were used in experimental studies. These fibers
are glass fiber, basalt fiber, and macromesh fiber, respectively. Glass fiber and macromesh
fiber were used in two different lengths of 24 mm and 48 mm, while basalt fiber was used
only in 24 mm length. Therefore, in the comparison of these fibers, experimental groups
made with a length of 24 mm were evaluated. As can be seen in Figure 19a, using basalt
fibers as reinforcement with Dr = 30%, F1 = 24 mm, and Fc = 1% yielded higher ultimate
bearing capacity values compared to the use of glass fiber and macromesh fiber at all
reinforcement depths. In other groups, the ultimate bearing capacity values of macromesh
fiber-added soils are higher than basalt and glass fiber-added soils. Strength increases
are related to the shear stresses that occur in the soil as a result of the incorporation of
fibers into the soil, revealing the tensile strength of the fibers. Liu et al. [48] investigated
the effect of fiber additives of different types (polypropylene, basalt, and glass) on the
mechanical performance of sand, similar to our study. When the results were examined,
polypropylene fiber with the same content gave more strength to the treated floor due to
its good flexible structure and strength properties compared to other fibers. Malidarreh
et al. [49] reported that the better interconnection properties of polypropylene fiber also
contribute to the ductility gain. In addition, the superiority of macromesh fiber-reinforced
samples compared to glass and basalt fiber-reinforced samples is due to the higher surface
roughness. Tagnit-Hamou et al. [50] and Tang et al. [51] studies, they reported that the
fiber reinforcement mechanism is based on friction and the roughness of the surface of
the fibers strongly affects the sand fiber interaction. A fiber’s original surface roughness
has an impact on how well its strength is mobilized by nearby soil particles. Hard sand
particles that touch the fiber surface during the cutting process cut abrade it, causing plastic
deformation and even the loss of a portion of the surface layer. The development of holes
and grooves on the surface of the fiber increases the interactions between that surface
and the sand matrix by forming an interlock. Compared to basalt fiber and glass fiber
macromesh fiber, their positive effects on strength increase were more limited as they have
a smoother surface.

When the experimental results with hybrid fibers are examined, as observed in the
separate use of the fibers, the increase in the relative density, the increase in the depth
of reinforcement, the increase in the fiber additive ratio from 1% to 2%, and the increase
in the fiber length have positively affected the increase in the ultimate bearing capacity
value. In Zhang et al. [36], Ghadakpour et al. [52] and Soltani et al. [53]’s studies, it has
been stated that the simultaneous use of fibers with different lengths and aspect ratios
(hybrid) improves soil properties more effectively than a single fiber. However, in the
experiments, the ultimate bearing capacity values obtained from the soils with macromesh
fiber additives are mostly higher than the ultimate bearing capacity values obtained from
the soils with hybrid fiber additives. Among the hybrid experimental groups, the highest
ultimate bearing capacity was obtained from the group reinforced at 3B depth, Dr = 30%,
Fc = 2%, and in which basalt and macromesh fiber were used together. In addition, the
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ultimate bearing capacities obtained from the glass fiber-reinforced tests were lower than
all the other fibers used. However, much higher qu values were obtained when basalt and
macromesh were mixed with fiber. When hybrid fiber-reinforced soils are evaluated, it
has been observed that when glass fiber is used together with basalt or macromesh fiber,
dispersibility is better than when only glass fiber is added to the soil. With sufficient content
and length, two or more fibers form a good spatial network structure in the soil [30,34].
Due to the differences in fiber diameters, large-diameter fiber forms a large-scale spatial
skeleton structure, while small-diameter fiber created a smaller scale spatial structure, and
the combination of the two gave better results in soil reinforcement [37,54].

3.2. The Effect of Fiber Length on Soil Behavior

In this study, glass fiber and macromesh fiber were used in two different lengths of
24 mm and 48 mm, and the effect of the length of the fibers on the bearing capacity was
investigated. In order to examine the effect of fiber length on ultimate bearing capacity,
36 experimental groups were evaluated. Looking at the results, it was observed that the
increase in fiber length increased the ultimate bearing capacity in both glass fiber and
macromesh fiber added tests and glass + macromesh fiber added tests. Chen et al. [24] and
Tran et al. [55], in their previous studies, stated that the increase in fiber length positively
affects the carrying capacity. Fiber length affects the reinforcing effect by affecting the
contact area, but this effect is relatively small compared to the fiber content. In addition,
Moghal et al. [56] reported that the increase in carrying capacity with the increase in fiber
length was associated with the surface morphology of the fiber. When glass fiber and
macromesh fiber are compared among themselves, it was observed that the macromesh
fiber-reinforced soil bearing capacity increased more as a result of the increase in fiber
length. As seen in the experimental study, since the outer surface of the macromesh fiber
is rougher than the glass fiber, the resistance created on the surface of the fiber increased
as the fiber length increased. As the fiber length increases, the bonding and friction force
between the fiber and soil grains increases, and the bearing capacity increases. The shear
strength of the soil increases due to the tensile force formed as a result of the friction force
between the fiber and soil grains. Tabakouei et al. [57] said that the bridging effect of the
fibers increases as the fiber length increases. According to Liang et al. [58], their study
reported that when exposed to an external force, the effect between fibers of different
lengths and the soil takes different forms of failure. When the fiber length is short, the
failure patterns are characterized by shearing or slipping of the fiber. As the fiber length
increases, the failure patterns are characterized by fiber breakage. However, excessively
long fiber makes uniform fiber distribution in soil difficult. Because, in long fibers soil,
this can cause agglomeration and uneven distribution. As a result, when the length of
the fibers used to strengthen the soil is extended, more energy must be spent for a certain
deformation to occur in the soil. When the experimental groups were examined among
themselves, the effect of fiber length was seen mostly in the tests (49%) reinforced with
Dr = 50%, Fc = 2%, glass + macromesh fiber at 2B depth, and it was seen in the tests (48%)
reinforced with Dr = 30%, Fc = 2%, macromesh fiber at B depth, and it was seen in the tests
(40%) rein-forced with Dr = 50%, Fc = 2%, glass fiber at 3B depth.

3.3. The Effect of Fiber Content on Soil Behavior

Within the scope of the study, fiber reinforcement was added to the soil at two different
additive rates 1% and 2% by weight, and the effect of the fiber additive ratio on the bearing
capacity was investigated. The fiber contents determined in the experimental study were
selected as a result of the studies in the literature. When the fiber content is increased from
1% to 2%, it has been observed that the ultimate bearing capacity increases. When the fiber
content does not exceed a certain amount, the fiber is effectively dispersed. As the fiber
content increases, it affects the contact area between the fiber and the soil, affecting the
cohesion and friction between the fiber and the soil. Similar observations were made by
Zafar et al. [59] on natural and synthetic fiber-reinforced soil. Therefore, when the fiber
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content was increased from 1% to 2%, a larger contact area occurred in the soil and improved
mechanical properties. When the tests were examined among themselves, the effect of fiber
content was mostly obtained from tests with glass + macromesh fiber reinforcement (80%)
with Dr = 30% Fl = 24 mm, reinforcement depth 2B, and it was obtained from tests (73%)
with macromesh fiber reinforcement with Dr = 30% FI = 48 mm, reinforcement depth B.
However, as the fiber ratio increased, difficulties began to be experienced in placement.
In addition, as the fiber content increased, it was observed that the amount of increase
in the bearing capacity ratio decreased, especially in model tests performed at Dr = 50%
relative density. If the fiber content is increased too much, the fibers may begin to show a
tendency to agglomerate. As a result, the fibers do not effectively increase the contact area.
They can reduce the effectiveness of the fiber by creating a weak surface in the soil. These
results are consistent with those found by Tabakouei et al. [57]. According to Prabakar
and Sridhar [60], increasing the fiber content above a certain point lessens the interaction
between soil particles and, as a result, results in less cohesion being mobilized, which
lowers the shear strength of the fiber soil composite. Therefore, the contribution rate was
not increased above 2% in the tests. In addition, when the fibers were evaluated among
themselves, the increase in the bearing capacity with the increase in fiber content was
observed in the macromesh fibers the most. This is mostly related to the dispersibility of the
fiber [61]. Even after the glass fibers are added to the soil and mixed well, they are mostly
dispersed in the soil in bundles. This reduces the benefit to be gained from increased fiber
content. Although basalt fibers showed better dispersibility than glass fiber, they were not
as effective as macromesh fiber.

3.4. The Effect of Reinforcement Depth on Soil Behavior

Within the scope of the experimental study, the soils were equipped with 1, 2, and
3 times the width of the foundation under the foundation plate. To examine the effect of the
reinforced soil layer depth on the bearing capacity, the determined experimental groups
were evaluated. Determining the optimum reinforcement depth in soils is an important
parameter to design and build a more economical structure. As the depth of the reinforced
soil from the foundation base increased, the ultimate bearing capacity of the soil increased
has also been reported before by other researchers such as Li et al. [62], Dogan Kiiglikcongar
et al. [63]. In the model loading tests performed at Dr = 30%, the ultimate bearing capacity
increased proportionally as the reinforcement depth increased. At Dr = 50%, changing the
depth of reinforcement from B to 2B resulted in significant increases in bearing capacity,
but when changed from 2B to 3B, the rate of increase in bearing capacity decreased. When
compared according to fiber types, as the reinforcement depth increases, the increase in
ultimate bearing capacity was highest in glass fiber-reinforced tests and least in macromesh-
reinforced tests. In model tests with Dr = 50% Fl = 24 mm Fc = 2% macromesh fiber
reinforced and Dr = 50% Fl = 24 mm Fc = 2% basalt + macromesh fiber-reinforced tests,
there was no increase in ultimate bearing capacity when the reinforcement depth was
increased from 2B to 3B. Therefore, at Dr = 50%, it is considered sufficient to reinforce the
2B depth from the foundation base. It has been observed that the soil under strip footing
and the ideal reinforcement depth are between 2B and 3B according to the varying relative
density values [63,64].

3.5. The Effect of Relative Density on Soil Behavior

In the study, unreinforced and reinforced tests were carried out in loose and medium-
dense sand with Dr = 30% and Dr = 50%. Tests to examine the effect of relative density
on bearing capacity were evaluated. In all tests, increases in ultimate bearing capacity
occurred when Dr = 30% increased to 50%. Different relative densities mean different dry
densities. In previous studies on fiber-reinforced sand with different dry densities, it was
stated that the stiffness and bearing capacity of the fiber-reinforced soil with higher dry
density were higher [65]. In addition, the interfacial movement between the fiber and the
soil increases significantly with increasing relative stiffness [54]. A larger relative density
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means smaller porosity and smaller porosity means increased cohesion and friction as a
result of increased contact area between fiber and soil particles. Similar observations were
made by Belkhatir et al. [66] on fiber-reinforced soil. The authors reported that a high
relative density causes a further increase in the effective contact area between soil particles
and fiber. Yixian et al. [67] and Li-Hua et al. [68] indicated that increasing the relative
density and increased fiber deformation increased the mechanical interaction between
fiber and soil. Thus, it can be noted that the relative density positively affects the soil’s
mechanical behavior. In the reinforced tests, the bearing capacity ratios obtained in the
tests performed at Dr = 30% relative density at all fiber types, fiber length, fiber percentage,
and reinforcement depths were higher than the bearing capacity ratios obtained from the
tests performed at Dr = 50% relative density. Maximum bearing capacity ratios according
to relative density were: BCR = 6.7 at Dr = 30%, BCR = 5.5 at Dr = 50% for glass fiber;
BCR = 7.5 at Dr = 30%, BCR = 5.8 at Dr = 50% for basalt fiber; BCR = 10.4 at Dr = 30%, and
BCR = 8.5 at Dr = 50% for macromesh fiber. It is seen that the effect of reinforcement is
more effective in loose soils [69]. The highest increase in ultimate bearing capacity was
determined as 280% in glass fiber-reinforced tests with Fl = 24 mm Fc = 1% reinforcement
depth 2B; as 277% in the tests with macromesh fiber reinforcement with Fl = 48 mm Fc = 1%
reinforcement depth 2B, and as 286% from the tests with macromesh fiber reinforcement
with Fl = 24 mm Fc = 1% reinforcement depth B. Especially in soils reinforced with 2B
and 3B depths, as the relative density increased, the ultimate bearing capacities increased
significantly.

3.6. GeoP1V Analysis Results

The analysis of pictures taken while the tests were carried out to monitor the de-
formation at the time of collapse and the formation of the slip band in the unreinforced
and reinforced model tests in the soil under different conditions were analyzed using
the PIV method. To use this method, GeoPIV-RG, an image analysis module designed
for geotechnical research applications running under the MATLAB R2019B program was
used [70]. First, the image analysis of the tests carried out on unreinforced soil was made.
Afterward, PIV analyses of the experimental groups with 1% and 2% fiber content at 30%
relative density were performed, and the PIV analyses of the experimental groups with 1%
and 2% fiber content at 50% relative density were performed, respectively. Although the
images obtained according to the fiber type are similar, the analysis results obtained from
the macromesh fiber-added soils, which have the greatest effect on the bearing capacity in
general, are given. The shear strain images resulting from the PIV analyses are shown in
Figures 21 and 22.

(a) (b)

Figure 21. Cont.
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(0) (d)
(e) ®)
Figure 21. PIV results with Dr = 30%: (a,b) Unreinforced; (c,d); Fiber content 1%; (e,f) Fiber con-
tent 2%.
(a) (b)

Figure 22. Cont.
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(c)

(e)

(d)

®
Figure 22. PIV results with Dr = 50%: (a,b) Unreinforced; (c,d); fiber content 1%; (e,f) fiber content 2%.

When the analyses were examined, it was seen that the grain movement in the unrein-
forced soil was deeper than in the reinforced soil. When the data on reinforced soils were
evaluated, it was observed that the displacement decreased as the relative density increased.
In general, it can be said that with the increase in the relative density and increasing the
fiber reinforcement ratio from 1% to 2%, the displacement decreases and the effect of the
loads from the foundation is not transmitted to deeper [45]. In unreinforced model tests,
shear surfaces at Dr = 30% relative density were observed to form as punching shear failure,
and slip surfaces at Dr = 50% relative density were observed to form as a local shear failure.
When reinforcement is added to the unreinforced soil, the slip surfaces of the soil go from
a punching shear failure to a local shear failure at Dr = 30% soil. When the percentage of
reinforcement was increased from 1% to 2%, the stresses were distributed over a larger area,
and a larger area was affected on the right and left sides of the foundation. In general, the
addition of reinforcement to the soil transferred the stresses in the soil to a larger area that
was observed in the current paper in the case of fiber-reinforced specimens has also been
reported before by other researchers such as Celik et al. [71], Yazdandoust et al. [72]. In this
way, the area over which the stress is distributed has increased and it has been observed
that the ultimate bearing capacity is higher in reinforced soils than in unreinforced soils.

Limitations and Future Work

Since basalt fiber with a length of 48 mm could not be supplied in the study, the effect
of fiber length could not be investigated in the basalt fiber-added experimental groups. In
hybrid fiber groups, the fibers were limited by mixing them at the same length and in equal
proportions. In the future, the fibers used in the studies to be carried out with random
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hybrid fibers can be added to the soil at different percentages, and model tests can be made.
The effects of hybrid fibers, which will be prepared by using fibers of different lengths, on
soil behavior can be investigated by laboratory and field tests. In addition to the fibers
used in the study, the use of different fibers as hybrid reinforcement in the ground can be
investigated.

4. Conclusions

1. It has been observed that the effect of macromesh fiber on improving the strength
properties of the soil is higher than basalt and glass fiber.

2. It was observed that the increase in fiber length and fiber percentage increased the
ultimate bearing capacity.

3. When the situation where glass fiber and basalt fiber are added separately to the soil
and the use of macromesh fiber in the hybrid form are compared, it is seen that the
hybrid fiber has positive effects on soil bearing capacity.

4. BCRvalues obtained as a result of reinforcement with fiber are higher in soils with
low relative density. It is seen that the positive effect of reinforcement with fiber
reinforcement is greater in loose soils.

5. It has been observed that the soil under strip footing and the ideal reinforcement
depth are between 2B and 3B according to the varying relative density values.

6.  Asaresult of the PIV analyses, when the fiber is added to the unreinforced soil, it was
seen that the settlement in the soil decreases and the effect of the loads coming from
the foundation is not transmitted to deeper.
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