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Reinforcing will lead to improved mechanical properties of soil. Using different additives can help to increase bearing capacity, 
strength, or other important properties. In this study, poorly graded sandy soil was improved by adding synthetic fiber, and a strip 
footing was placed and loaded on unreinforced and reinforced soil. Samples were prepared in two relative densities of 50% and 
65% and the soil was reinforced in 1B, 2B, 2.5B, and 3B depths (B is width of model footing). Bearing capacity and shear failure 
surfaces of soil that were analyzed by the Particle Image Velocimetry (PIV) method at different settlement to footing width ratios 
were obtained and compared. At the same time, experimental conditions were modeled with finite element method, and the results 
of shear failure surfaces were compared with experimental modeling. Results showed that reinforcing the soil under the strip 
footing forwarded shear failure surfaces toward downer surfaces from 1B up to 3B. In soils with a relative density of 50%, the main 
reinforcing depth was 2B and after 2B reinforcing did not have a considerable effect on improving the soil. By increasing the 
relative density from 50% to 65%, the effective reinforcing depth increased from 2B to 2.5B. Experimental and numerical 
modeling of soil under strip footing showed that the optimum reinforcing depth was between 2B and 2.5B that by increasing the 
reinforcing depth, the general shear failure behavior went toward local shear failure surfaces. The results of the study can be used as 
a reinforcing method and applied to real soil improvement applications in industry depending on the purpose of soil reinforcing for 
economic and efficient improvement design. 
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Introduction 
In recent years’ different methods have been used 

for improving the mechanical and chemical properties 
of different materials used in civil engineering 
applications. These methods can involve adding some 
chemical additives, geopolymers, fly ash, or lime that 
affect the physico-chemical properties or binder 
bonds.1–3 Another method that can be used for 
improving the properties is using other materials 
without effecting the chemistry of the material. Using 
fibers is a method that has recently been offered as a 
discrete structure for the construction of fiber-
reinforced soil structures. The discrete structure can 
be used to predict the comparable shear strength of 
soil reinforced with fiber based on independent 
characterization of soil and fiber properties. Initially, 
plant roots were used as reinforcement in geotechnical 
projects for fiber reinforcement. Wu et al. (1988) 
discovered that plant roots will lead to an increase in 
shear strength of soil that will make the natural slopes 
more atable.4 Since the 1980s, when the first 

polymeric fiber research were undertaken, 
synthetic fibers have been used and effect of fiber 
reinforcement was investigated by doing unconfined 
compression, direct shear strength, and triaxial 
compression tests. Prior studies have demonstrated 
that reinforcement with fiber can significantly 
improve reinforced soil's peak shear strength 
while preventing loos of post-peak shear strength. 
Most of the experiments were carried out on 
granular soils. Gray & Ohashi (1983) used direct 
shear tests to investigate the mechanisms of fiber 
reinforcement.5 Al-Refeai (1990) investigated on 
reinforcement effect using various aggregates that 
reinforced with fibers. Results showed that fiber 
reinforcement of granular soil was more effective in 
sub-rounded fine sand than in sub-angular medium-
grained sand.6 

There appear to be fewer studies on the application 
of reinforcement with fiber in cohesive soil samples. 
Although reinforcement with fiber has been proven to 
strengthen the shear strength of cohesive soils, more 
research is needed and necessary for better 
understanding of mechanisms of load transfer at the 
fiber-clay interface.  
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Fiber-reinforcement design has historically been done 
by use of "composite" technique, that composite of 
fiber-soil is evaluated as a composite, an "equivalent" 
shear strength has been frequently used to determine the 
behavior of the material in shearing condition.5 Fiber 
self-weight may result in preferable fiber orientation 
during mixing procedures. Within geotechnical 
engineering, traditional soil reinforcing methods need 
the application of continuous planar reinforcement 
inclusions like metallic strips, geotexiles and geogrids. 
Only one direction of soil tensile resistance is provided 
by the components. Since the shear strength of interface 
is generally lower than the soil, lines of instability and 
weakness can be generated along the interface between 
reinforcement and soil. Fiber-reinforcement techniques 
are increasingly being used in geotechnical applications 
such as failed slopes repairing and thin soil veneers 
stabilization. While many studies have been performed 
on the modeling and construction of buildings with 
continuous planar reinforcement, further research is 
needed for better understanding of behavior of randomly 
distributed fibers reinforced soils. According to a 
previous study, adding fibers to soil increases maximum 
shear strength while minimizing loose of strength in 
post-peak area. The change in strength properties caused 
by reinforcement is often studied by an increase in 
friction angle and cohesion, which is generally evaluated 
by testing fiber-reinforced composites. In today's 
geotechnical industry, designing a fiber-reinforcement 
project includes analysis of project-specific fiber-
reinforced models, that can be costly and may need 
more time. A discrete approach based on independent 
characterisation of soil and fiber properties has  
recently been developed to prevent the needs for  
project-specific testing, even for small projects.7 
Reinforcing soil with fiber can affect different composite 
properties, like shear strength, stress-strain behavior; 
influence of fibers on soil compaction; hydraulic 
conductivity of fiber-reinforced soil. Reinforcement with 
fibers has also can be applied for stabilization of slopes, 
subbase or thin veneers and construction of 
embankments. The following are the general benefits of 
fiber reinforcement: 
 Fibers can be placed in the field using typical 

construction equipment. 
 Weather does not have a significant effect on 

fiber reinforcement. 
 Materials suitable for reinforcement with fiber are 

widely available. In addition to synthetic fibers 
made in a factory, recycled fibers, shredded  

tires and plant roots can be used as reinforcing 
materials.8,9 

Another application is the stability of landfill covers. 
Although continuous horizontal reinforcing is already 
used, it must be anchored into competent  
material beneath the soil veneer. In addition, parallel 
reinforcement to the slope necessitates the anchoring of 
the reinforcement at the top of the slope. Discrete fibers, 
on the other hand, do not require anchoring and are both 
economically and technically possible.10 Reinforcement 
with fiber can be applied for stabilizing subgrade soils in 
road construction, in sands and different kinds of clays. 
Fiber-reinforcement was found to increase the passes 
number to failure in road tests.11 Increasing the shear 
strength of the backfill materials by fiber reinforcement, 
the amount planar reinforcement requirement will be 
minimized and at the same time it may minimize the 
necessity for strengthening material. For reinforced 
slopes or walls, planar geosynthetics can be used with 
fiber reinforcement together.12 To evaluate the influence 
of fibers on stability, soil structures reinforced with 
randomly distributed fibers are generally generated 
using composite methods. The mixture is treated as a 
homogeneous composite material in these conditions. 
The role of fibers is previously studied using  
friction angle and soil cohesion. Several studies were 
discussed composite models for a better understanding 
of fiber behavior inside the soil. Mechanical,5 
statistical,13 and an energy-based limit analysis models 
are some of them.14 

Horizontal fiber reinforcement is a common 
method for subgrade reinforcement. The spacing and 
direction of reinforcing can lead to weak interfaces, 
causing only lateral subgrade deformation to be 
managed while the problem of subgrade settlement 
deformation remains uncontrolled. As a solution, 3D 
(three-dimensional) fiber reinforcement has been 
introduced for subgrade projects. This fiber reinforcing 
method is a technique used in geotechnical composite 
preparation that incorporates short or continuous 
fibers into the soil in a random and discontinuous 
manner.15 It is feasible to increase soil strength 
properties through friction between the soil and fiber 
as well as friction between the fibers in the 3D 
reticulated fiber system.16,17 In the study by Botero  
et al. (2105), triaxial shear tests were doneto study  
the mechanical characteristics of recycled PET 
(Polyethylene terephthalate) fiber-reinforced silt, and 
it was discovered that the fibers improved the soil's 
resistance to deformation.18 According to researchs, 
fiber characteristics, properties of soil, and other 
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external factors all influence the fiber-reinforced soil 
strength, with fiber content having the greatest 
impact.19,20 According to researchs, the stress-strain 
behaviour of soil reinforced with fiber did not differ 
from that in unreinforced soil and still showed strain-
hardening characteristics.21,22 

The influence of fiber incorporation on the fill's 
mechanical properties revealed that increasing of 
cohesiveness of soil (0 to 0.11 Mpa), lead to a 
decrease in the internal friction angle (38° to 37.7°). 
The increase in cohesion was even more noticeable 
with fiber incorporation when compared to the change 
in internal friction angle.22–24 In different studies, the 
effect of fiber content was studied, and it was found 
that the optimal fiber content used for reinforcing 
cohesive soils such as clays or silts depends on 
parameters such as fiber type, soil properties, and 
particle size. This content is mostly in the range of 
0.1% to 0.3%. For granular soils, fiber content  
can be more than the above range.25,26 Xiangwei et al. 
(2020) studied coral sand that was reinforced with 
microbially induced calcite precipitation (MICP).  
The engineering characteristics of samples were 
tested in this study, and the results showed that MICP 
decreased permeability and increased unconfined 
compressive strength. Additionally, while studying 
the the engineering properties, the effect of the fiber 
content of MICP-treated coral sand was greater than 
the fiber length. Fiber physical properties will affect 
the reinforcement results too.27 Zhao et al. (2021) 
investigated the effects of different fibers on 
calcareous sand. In this research, the small-strain 
dynamic properties of calcareous sand reinforced with 
hemp MICP and polyester mixture were studied. 
According to the results, hemp fiber with a rougher 
surface led to a greater damping ratio in samples.28 

Reinforcing of soil can affect the movement of 
aggregate particles. This can have an impact on 
settlement, shear failure surfaces, load distribution, 
and load transfer to subsoil layers. While the soil is 
forming two different layers, the soil failure 
mechanism will change. As seen in Fig. 1, it showes 
two-layer soil with a stronger layer at the top and a 
weaker one at the bottom, with failure zones of soil 
under strip footing. When the depth of the stronger 
layer is not enough, some parts of failure zones will 
occur in the second layer. This behaviour of different 
layyers can occur not only under footings but in other 
cases too. Ahmadi & Hajialilue (2012) presented a 
logarithmic spiral failure surface originating from the 
wall base for retaining structures in an active state.29 

Movements of soil mass can be investigated or 
even analyzed with experimental and numerical 
modeling. In a laboratory, different thin layers can be 
located inside soil to see the movement of soil mass 
under loading. Another better method is using PIV 
(Particle Image Velocimetry) methods. By taking 
high-resolution pictures during the experimental tests, 
settlement of footing or movement of aggregates  
can be obtained by processing the pictures.30,31 In 
numerical modeling for estimating bearing capacity, 
shear failure surfaces, and movement of soil, 
Different Finite Element (FEM), Discrete Element 
(DEM), or other methods can be used. 

The current study's main objective is to evaluate 
the optimal reinforced depth and depth-bearing 
capacity of randomly polypropylene fiber-reinforced 
sandy soil to improve the discrete framework for soil 
reinforcement and provide a better understanding of 
the behavior and mechanical properties of fiber-
reinforced soil. This study includes the experimental 
testing program. The soil, with two relative densities 
of 50% and 65%, was randomly reinforced with fiber. 
Unreinforced and reinforced soil samples were tested 
by loading under a strip footing in a model tank. The 
depth of reinforcement differed from B to 3B (where 
B is the model strip footing width). The behavior of 
unreinforced and reinforced soil was investigated and 
analyzed by the Geo-PIV method at different s/B 
ratios (s is the settlement of footing) and experimental 
results of shear failure surfaces were compared with 
the results of the finite element method (FEM) to find 
the optimal reinforcing depth of soil under strip 
footing. The results can be used in real engineering 
applications as optimum reinforcing depths to design 
and construct economic structure. 
 

Materials and Methods 
 

Soil 
The sand used for this study was obtained from the 

Birkum sand quarry that is 5 km away from Erzurum 
(39.84945, 41.18591). It was moved, washed, and 

 
 

Fig. 1 — Failure mechanism of two layers soil underlying a strip
footing29 
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dried in the laboratory at room temperature. The soil 
was sieved through 2 mm in diameter (No. 10) and 
500 μm diameter (No. 35) sieves according to ASTM 
D6913-04 standard. According to the Unified Soil 
Classification Systems (USCS) standard (ASTM 
D2487-17), the soil is classified as poorly graded sand 
(SP) with uniformity coefficient value of Cu=2.21 and 
curvature coefficient value of Cc = 80. The grain size 
distribution of soil used for preparing samples is 
shown in Fig. 2. 

According to ASTM D854, the specific gravity of 
the sand used was determined by the pycnometer test 
and found to be Gs = 2.67 that means the sand is 
classified as normal or silty sand range. Soil samples 
were prepared at two relative densities (Dr) of 50% 
and 65%. For preparing samples at the mentioned 
relative densities, the maximum and minimum unit 
weights of the sand used in the experiments were 
determined according to ASTM D4253-16e1 and 
ASTM D4254-16 standards. By doing a direct shear 
test, the friction angle of soil at relative densities of 
50% and 65% was obtained as 40° and 46°, 
respectively. The mechanical properties of soil were 
shown in Table 1. 

Polypropylene Fiber 
In the tests, wavy polypropylene bristles boughted 

from industry and cutted with a length of 20 mm and 
used as reinforcement. The tensile strength of the 
fibers was determined as 150 MPa and the density as 
9 kN/m3. The polypropylene fiber used is shown in 
Fig. 3(c). 

The volumetric fiber content is calculated using the 
following equation32 (Eq. 1): 

 

𝑋  … (1) 
 

in which, V is the fiber-soil composite control volume 
and Vf is the volume of fibers. The gravimetric fiber 
content (Y), which is commonly used in constructing 
specifications, can be defined as19: 

 

𝑌   … (2) 
 

where, Ws and Wf denote dry weight of soil and 
weight of fibers respectively. The dry unit weight of 
fiber-reinforced soil (γd) can be calculated as follow32: 
 

𝛾  … (3) 
 

and by considering previous equation the relationship 
between X and Y can be as below32: 
 

𝑋  
.

. .
 … (4) 

 

that γw is unit weight of water and Gf is specific gravity 
of fiber used as reinforcement. The aspect ratio describes 
the geometry of fiber, which is defined as: 
 

ƞ   … (5) 

 

that lf and df are length and equivalent diameter of 
fiber respectively. 
 
Model Tank 

Model plate loading tests on sandy soil were 
carried out with and without reinforcement. A rigid 
polyamide model foundation with a width of B = 50 

Table 1 — Mechanical properties of soil 

Mechancal properties of soil 

Soil Classification (USCS) SP 
D10 (mm) 0.67 
D30 (mm)  1.48 
D60 (mm) 2.21 
Cu = D60/D10 2.21 
Cc = (D30)

2 / (D60.D30) 80 
Specific Gravity 2.67 
Minimum Void Ratio 0.52 
Maximum void Ratio 0.84 
Friction Angle at Dr=50% 40° 
Friction Angle at Dr=65% 46° 
 

 
 

Fig. 2 — Grain Size distribution of Soil 

 
 

Fig. 3 — Different components of model tank: (a) Model Strip
Footing, (b) Model Tank, (c) Fibers 
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mm, a height of H = 40 mm and a length of L = 100 
mm was used in the laboratory tests for modeling a 
strip footing (Fig. 3a).30,31 The parameters affecting 
the bearing capacity of continuous foundations resting 
on polypropylene fiber-reinforced sandy soil were 
investigated experimentally. During the tests, two 
displacement meters (LVDT) were placed at the two 
corners of the foundation plate to check its settlement. 
If the two LVDT readings differed from each other, 
the experiments were repeated because they did not 
fulfill the central loading conditions. The test tank 
was formed with dimensions of 100 cm (length), 10 
cm (width), and 100 cm (height). Its front face is 
made of 20 mm thick fiberglass, and its rear and side 
surfaces are made of 5 mm steel sheet. In addition, the 
test tank is supported by boxes and L shape profiles to 
prevent deformation of tank. In order for the soil to be 
emptied easily, a discharge chamber is made at the 
bottom of the tank.30,31 The model tank and strip 
footing are shown in Fig. 3b. 

Loading System: In the experiments, a 5000 kg 
capacity hydraulic jack with adjustable loading speed 
was used to load the model footing at a constant 
speed, and a load cell was used to determine the loads 
on the foundation plate. The values taken from the 
load cells and LVDTs were transferred to the 8-
channel data acquisition device. Before starting the 
tests, each sensor was calibrated. The main function 
of the data collection device is to convert the slowly 
changing static or semi-static signals from the sensors 
into digital data and transfer them to the computer 
environment. 

Digital Camera: In the study, successive photographs 
were taken every 30 seconds with a camera with a 
resolution of 3264 × 1836 fixed on a tripod without 
any movement. The resulting photographs were 
analyzed with the program Geo-PIV8, and the 
deformations on the sandy ground were observed.33 

The optimum bearing depth relationship of the strip 
foundation on a medium-density sandy soil with and 
without reinforcement was investigated by laboratory 
tests. Unreinforced tests were carried out first, and 
then reinforced tests were done. In the unreinforced 
tests, the relative density of soil was chosen at 50% 
and 65%. In order to provide the desired relative 
firmness, the sand soil was placed in the tank in layers 
of 10 cm. The amount of reinforcement used was 1% 
of the weight of the sand in the tank. In the reinforced 
sample tests, reinforced soil was placed from the 
bottom of the foundation plate to the depths of B, 2B, 
2.5B, and 3B (B is the width of the footing). After 

compaction, the horizontal straightness of the upper 
surface of the foundation plate was checked with a 
spirit level, and the model strip footing was placed on 
a flat soil surface. To ensure the results, each test was 
repeated at least 3 times. The constant loading speed 
used for all tests is 1 mm/min. The friction between 
the footing and the glass surfaces is neglected. All 
instrument readings were reset before starting the 
tests. In all the tests, data was recorded every 10 
seconds from the LVDTs and the load cell. The 
settlement of the foundation plate and the central 
loading condition were checked with displacement 
meters placed at the two corners of the footing. The 
tests were repeated when different settlements 
occurred in the footing during the experiment, that is, 
if the central loading condition could not be met. 
 
Particle Image Velocimetry (PIV) Method 

The PIV method is a flow-free areal velocity 
measurement method and is used for the examination 
of flow in many branches. White et al. (2003) made 
some changes to the PIV technique and made it 
suitable for studies in the field of geotechnical 
engineering. Thus, it has become possible to define 
and evaluate the deformations of soils.33,34 Geo-PIV is 
a MATLAB module that can measure velocity with 
particle images in accordance with geotechnical tests. 
It is used to measure displacement fields from digital 
images. In this study, the PIV method was used to 
observe and describe the deformations that occur in 
an unreinforced and randomly reinforced with 
polypropylene fiber sand under a shallow strip 
foundation. During the tests, photographs were taken 
at 30-second intervals with a high-resolution camera. 
The camera is fixed in order to prevent minor 
vibrations that may occur during photographing. The 
resulting photographs were analyzed with the 
program Geo-PIV8 and the deformations in the sandy 
soil were observed.34 The program creates a mesh for 
the selected area. The Geo-PIV8 algorithm then 
searches for the first tile in the next photograph taken 
in motion and obtains the motion vector as soon as it 
achieves the highest similarity. Thus, motion vectors 
are obtained. Since each sand has a unique structure, 
there is no need to use target particles in the PIV 
method. This feature is one of the most important 
advantages of this method.34 

Unreinforced and randomly polypropylene fiber-
reinforced, poorly graded sand were subjected to 
model loading tests. The sand was placed at two 
different relative densities of 50% and 65% in the 
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model tank. For each relative density, the placed soil 
was reinforced at different depths. At the next step, a 
model strip footing was loaded. Plate loading test 
results for strip footing on medium-density sandy soil 
with and without reinforcement are investigated. The 
behavior of soil and shear failure surfaces was 
investigated by taking pictures every 30 seconds and 
analyzing them with Geo-PIV8. At the same time, the 
effect of reinforcement was calculated by stress-
deformation graphs at different conditions. In the next 
step, shear failure surfaces were investigated by FEM 
modeling and the results were compared with 
experimental results gained from the PIV method. 
 

Work Design/Program 
First, unreinforced tests were carried out without 

using polypropylene fiber. Sand with relative 
densities of 50% and 65% was placed in the model 
tank and tested. Loading was done at a speed of  
1 mm/min with the help of a hydraulic jack. With the 
aid of two LVDTs placed diagonally, the settlement 
of the foundation plate was observed. In the 
unreinforced test models, the average base pressure-
settlement curves were obtained as a result of the 
loading tests. In the unreinforced tests, the ultimate 
bearing capacity at the time of the formation of the 
slip surfaces was determined as an average of qu = 52 
kPa for Dr = 50% and an average of qu = 172 kPa for 
Dr = 65%. Terzaghi (1943) defined the ultimate 
bearing capacity for strip foundations resting on sandy 
soils.35 It is indicated by the expression qu= 0.5γBNγ. 
The ultimate bearing capacity obtained from the 
Terzaghi bearing capacity theory was determined as 
qu = 46 kPa for Dr = 50% and qu=167 kPa for Dr = 
65%. It is seen that the experimental and theoretical 
results are in good agreement with each other. The 
results obtained from the tests carried out by adding 
polypropylene fibers at different depths to the sand 

sample of different relative densities are given. All 
parameters used in the experiments were determined 
by scanning the literature. In the research, average 
base pressure-settlement curves and bearing capacity 
ratios were examined. The carrying capacity ratio is 
defined as follows: 

 

BCR =  … (6) 
 

Here, BCR is the bearing capacity ratio, q is the 
reinforced mean base pressure, and qu is the 
unreinforced mean base pressure. While determining 
the BCR values, the mean base pressure-settlement 
curves of the reinforced tests were examined. Since 
the settlements are relatively large, comparisons were 
made in terms of bearing capacities corresponding to 
a certain settlement ratio (s/B). In addition, the final 
bearing capacities were determined by intersecting the 
tangents taken from the start and end points of the 
mean base pressure-settlement curves in the 
reinforced tests. 
 

Results and Discussion 
 

Constant Relative Density and Different Reinforcement 
Depths Behavior 

The depth of reinforcement was changed and 
average base pressure-settlement plots were obtained 
for soil with Dr = 50% and 65% and the results are 
presented at Fig. 4. As seen in Fig. 4, the bearing 
pressure of soil increased by increasing the 
reinforcement depth in both soils with Dr = 50% and 
Dr = 65%. At the same time, in soil with Dr = 50% 
increasing the reinforcing depth changed the behavior 
of soil mass such that, by considering the Settlement-
Bearing Pressure graphs, it moved from punching 
shape toward local shear failure. On the other hand, in 
samples with Dr = 65%, the behavior of soil moved 
from local toward a general shear failure mechanism 

 
 

Fig. 4 — Average base pressure-settlement curves at different reinforcing depths (Dr = 50%) 
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that shows the effect of reinforcing depth on total soil 
mass behavior. The reason for these changes can be 
explained by the effect of reinforcement. Improving 
the upper layer will lead to transferring the load to 
deeper layers, and the effect of soil reinforcement will 
act like increasing the depth of footing. 

On continue, Fig. 5 shows the "reinforcement 
depth-carrying capacity ratio" relation corresponding 
to different settlement ratios and the "settlement ratio-
bearing capacity ratio" relationship corresponding to 
the use of reinforcement at different depths. By 
considering this figure, it shows that increasing 
reinforcing depth will lead to an increasing BCR 
ration in different s/B ratios in both soils with relative 
densities of 50% and 60%. In just soil with Dr = 50%, 
the BCR ratio increased up to s/B = 0.3 and after that, 
the amount of BCR started to decrease. 

For different reinforcement depths, "the settlement 
ratio-bearing capacity ratio" graphs were presented in 
Fig. 6. In this figure, soil with different relative 
densities of 50% and 65%, BCR was shown at 
different s/B ratios and different reinforcing depths. 
For all test conditions, the bearing capacity increased 
with increasing reinforcement depth or relative 
density of soil. By considering the graphs, it was 
found that the behavior of soil under strip footing 
loading changes by changing the relative density of 

soil. This is more noticeable when the reinforcing 
depth is equal to B.  

Generally, the BCR-increasing manner was changed 
to s/B = 0.3 in soils with a relative density of 50%. For 
s/B ratios greater than 0.3, the increase in value of BCR 
started to decrease or the increasing ratio was decreased. 
But in soils with Dr = 65%, the value of BCR was 
continuing its increasing behavior in all s/B ratios.  

At Dr = 50%, a significant increase in bearing 
capacity up to 2B reinforcement depth and a decrease 
in settlements at the same base pressure were observed. 
However, if the reinforcement depth is greater than 2B, 
the increase in bearing capacity and the decrease in 
settlements corresponding to the same base pressure 
did not change much. At a constant settlement ratio 
(s/B), the BCR value increased as the reinforcement 
depth increased. By considering the BCR equation, by 
increasing the reinforcement depth, the reinforced 
mean base pressure (q) will be increased that lead to 
increasing the BCR ratio. for For example, 

- If s/B = 0.1, BCR=2.2 at B reinforcement depth 
and BCR = 2.7 at 3B reinforcement depth. 

- If s/B = 0.2, BCR = 2.4 at B reinforcement depth 
and BCR = 3.0 at 3B reinforcement depth. 

- In case of s/B = 0.3, BCR = 2.5 at B 
reinforcement depth and BCR = 2.9 at 2B 
reinforcement depth. 

 
 

Fig. 5 — Reinforcement depth-BCR and s/B-BCR relationship corresponding to different settlement ratios and reinforcement depths 
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The value of BCR increased as the settlement rate 
increased at constant reinforcement depth. For 
example, 

- In the case of B reinforcement depth, BCR = 2.2 
corresponding to the ratio of s/B = 0.1, whereas BCR 
= 2.4 at s/B = 0.2. 

- In the case of 2B reinforcement depth, BCR = 2.1 
corresponding to the ratio of s/B = 0.1, whereas BCR 
= 2.9 at s/B = 0.5. 

- In the case of 3B reinforcement depth, BCR = 3.1 
corresponding to the ratio of s/B = 0.2, whereas BCR 
= 3.3 at s/B = 0.5. 

For tests on soil with Dr = 65%, the ultimate 
bearing capacity increased as the reinforcement depth 
increased and decreased proportionally at the same 
base pressure value. As the reinforcement depth 
increased, the slope of the initial part of the base 
pressure-settlement curve decreased. A significant 
increase in bearing capacity up to a reinforcement 
depth of 2.5B and a decrease in settlements at the 
same base pressure were observed. However, if the 
reinforcement depth is greater than 2.5B, the increase 
in bearing capacity and the decrease in settlements 
corresponding to the same base pressure did not 
change much. 

At a relative density of 65%, at a constant 
settlement ratio (s/B), the BCR value increased as the 
reinforcement depth increased. For example, 

- If s/B = 0.1, BCR = 1.5 at B reinforcement depth 
and BCR = 2.0 at 3B reinforcement depth. 

- In case of s/B = 0.2, BCR = 1.9 at 2B 

reinforcement depth and BCR = 2.1 at 3B 
reinforcement depth. 

- In case of s/B = 0.5, BCR = 1.9 at B reinforcement 
depth and BCR = 2.6 at 2.5B reinforcement depth. 

The BCR increased while the settlement  
ratio increased at constant reinforcement depth. For 
example, 

- In the case of 2B reinforcement depth, BCR = 1.7 
corresponding to the ratio of s/B = 0.1, whereas BCR 
= 2.0 at s/B = 0.3. 

- In the case of reinforcement depth of B, BCR = 
1.5, corresponding to the ratio of s/B = 0.1, whereas 
BCR = 1.9 at s/B = 0.5. 

- In case the reinforcement depth is 2.5B, BCR = 
2.1 corresponding to the ratio of s/B = 0.3, whereas 
BCR = 2.6 at s/B = 0.5. 

In the case of B of depth reinforcement (B), the 
BCR decreased as the relative stiffness increased at 
the fixed settling ratio. e.g. 

- BCR = 2.2 at 50% relative density at s/B = 0.1, 
while BCR = 1.5 at 65% relative density. 

- BCR = 2.4 at 50% relative density at s/B = 0.2, 
while BCR = 1.6 at 65% relative density. 

- BCR = 2.2 at 50% relative density at s/B = 0.5, 
while BCR = 1.9 at 65% relative density. 

In contrast to the reinforcement depth of B, in the 
case of using reinforcement of 2B, the BCR increased 
as the s/B ratio increased at constant relative stiffness. 
For example, 

- At Dr = 50%, BCR = 2.1 at s/B = 0.1 and BCR = 
2.9 at s/B = 0.5. 

 
 

Fig. 6 — Change in settlement ratio-BCR in different reinforcing depths and relative densities 
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- At Dr = 50%, BCR = 2.5 at s/B = 0.2 and BCR = 
2.9 at s/B = 0.3. 

- At Dr = 65%, BCR = 1.7 at s/B = 0.1 and BCR = 
2.2 at s/B = 0.5 

At the same time, BCR increased as the s/B ratio 
increased at constant relative stiffness. For example, 

- At Dr = 50%, BCR = 2.2 at s/B = 0.1 and BCR = 
2.5 at s/B = 0.3. 

- At Dr = 65%, BCR = 1.6 at s/B = 0.2 and BCR = 
1.9 at s/B = 0.5. 

- At Dr = 65%, BCR = 1.5 at s/B = 0.1 and BCR = 
1.7 at s/B = 0.3. 

For Dr = 50%, if the reinforcement depth is greater 
than 2B, the increase in bearing capacity and the 
decrease in settlements corresponding to the same 
base pressure did not change by a considerable 
amount. At a constant settlement ratio (s/B), the BCR 
value increased as the reinforcement depth increased. 
For example, if s/B = 0.2, BCR = 2.4 at B 
reinforcement depth and BCR = 3 at 3B 
reinforcement depth. The BCR increased as the 
settlement ratio (s/B) increased at 50% relative 
density at constant reinforcement depth. 

In the both cases of 2.5B and 3B reinforcements, 
the BCR value increased as the s/B ratio increased at 
constant relative density. For example, 

- At Dr = 50%, BCR = 2.8 at s/B = 0.2 and BCR = 
3.0 at s/B = 0.3. 

- At Dr = 50%, BCR = 3.1 at s/B = 0.2 and BCR = 
3.5 at s/B = 0.3. 

- At Dr = 50%, BCR = 2.8 at s/B = 0.1 and BCR = 
3.2 at s/B = 0.5. 

- At Dr = 50%, BCR = 2.7 at s/B = 0.1 and BCR = 
3.3 at s/B = 0.5. 

- At Dr = 65%, BCR = 2.0 at s/B = 0.1 and BCR = 
2.7 at s/B = 0.5. 

- At Dr = 65%, BCR = 1.9 at s/B = 0.1 and BCR = 
2.6 at s/B = 0.5 

and the BCR decreased as the relative density 
increased at the fixed settlement rate.  

- BCR = 2.7 at Dr = 50% at s/B = 0.1 settlement 
ratio, while BCR = 2.0 at Dr = 65%. 

- BCR = 3.1 at Dr = 50% at s/B = 0.2 settlement 
ratio, while BCR = 2.1 at Dr = 65%. 

- BCR = 3.3 at Dr = 50% at s/B = 0.5 settlement 
ratio, while BCR = 2.7 at Dr = 65%. 

For Dr = 50%, a significant increase in bearing 
capacity up to 2B reinforcement depth, and a decrease 
in settlements at the same base pressure were 
observed. For Dr = 65%, a significant increase in 

bearing capacity up to a reinforcement depth of  
2.5B and a decrease in settlements at the same  
base pressure were observed. However, if the 
reinforcement depth is greater than 2.5B, the increase 
in bearing capacity and the decrease in settlements 
corresponding to the same base pressure did not 
change much. At a constant settlement ratio (s/B), the 
BCR value increased as the reinforcement depth 
increased. For example, if s/B = 0.5, the BCR = 1.9 at 
B reinforcement depth and BCR = 2.6 at 2.5B 
reinforcement depth. 
 
Particle Image Velocity Analysis 

In this section, the PIV method was used to observe 
the formation of a slip surface, which is a result of the 
deformation behavior up to the collapse point, as a 
result of tests performed by adding reinforcement at 
different depths to a sand sample of different relative 
density under a strip foundation. The Geo-PIV8 
software running under the MATLAB R2013B 
program was used to observe the formation of the 
results. Slippages in the soil under model strip footing 
were analyzed with the PIV method when the 
foundation was settled by 1 cm (s/B = 0.2) and 2 cm 
(s/B = 0.4) at unreinforced samples and different 
reinforcement depths with two relative densities of Dr 
= 50% and Dr = 65%. Results of PIV method were 
obtained and presented in Figs 7 & 8. They show the 
shear failure surfaces of soil with Dr = 50% and Dr = 
65% respectively, under strip footing with different 
reinforcement depths and settlement values. 

From PIV results, it showed that, by increasing the 
reinforcement depth, the slip band stays higher. In 
other words, as the reinforcement depth increases, the 
soil depth affected by the foundation pressure 
decreases. It was observed that the movement of soil 
grains was greater in unreinforced tests. As the 
settlement increased, the affected depth area of soil 
under footing and shear failure surfaces also increased 
toward subsoil areas. Based on the Geo-PIV results, 
the lateral movement of the soil under footing 
decreased with the increase of reinforcement depth. 
Spiral-shaped slip bands were observed, especially in 
unreinforced modeling (Fig. 9). 
 
Finite Element (FEM) Analyzing 

To compare the results obtained from the PIV 
method, finite element modelling was done to 
understand soil behaviour and movement under strip 
footing in different unreinforced and reinforced soils. 
Here, the main purpose  of  modelling  was  to  better  
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understand soil behavior at different conditions of 
settlement and reinforcing. As seen in Figs 10 & 11 
varied by relative densities (Dr), by increasing the 
reinforcement depth, the failure mechanism of soil 
moves to deeper layers and the main displacement of 
aggregate happens in stronger layers. Generally, in the 

condition of 3B depth of reinforcement, there is  
no more displacement or movement in normal 
unreinforced layers. In just 2.5B of reinforcements, 
there are some movements in deeper areas of soil, but 
the amount of this movement is negligible. In both 
experimental and numerical modelling, the lateral 

 
 

Fig. 7 — Shear failure surfaces for different reinforcement depths using the PIV method (s = 0.2B and s = 0.4B, Dr = 50%) 
 

 
 

Fig. 8 — Shear failure surfaces for different reinforcement depths using the PIV method for Dr = 65% 
 

 
 

Fig. 9 — Spiral-shaped slip bands in unreinforced samples 
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movement of soil on the right and left sides of the 
footing decreased by increasing the reinforcement 
depths. It is because of transferring the load toward 
deeper layers that the shear failure mechanism of soil 
is changing by increasing the reinforcement depth. 

As seen in these figures, the effect of reinforcing 
shows itself by transferring the loads and 
displacement toward the lower layers. By looking at 
the results of the PIV and FEM methods, it was found 

that in unreinforced soil samples,  lateral  movements  
are more considerable under strip footing settlement 
than in different layers of soil reinforced under 
footing. At 1B or 2B depth of reinforcing, the 
movement of soil aggregate is seen on both the right 
and left side of the soil at the same time under the 
footing. But the heaving of soil on the left and right 
sides of the footing is less than the unreinforced 
condition. By increasing the reinforcing depth to 

 
 

Fig. 10 — Results of FEM modelling for soils with Dr=50% in different unreinforced and reinforced conditions in two different s/B ratios 
of 0.2 and 0.4 

 

 
 

Fig. 11 — Results of FEM modelling for soils with Dr = 60% in different unreinforced and reinforced conditions in two different s/B 
ratios of 0.2 and 0.4 
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2.5B, lateral movements decrease considerably, and 
displacement occurs more in the vertical direction 
than in the horizontal. Because of this, the area under 
footing is more critical than other areas. At this 
condition, some parts of the movement and effect 
depth are in reinforced layers and some parts are in 
lower unreinforced layers. While the reinforcement 
depth increased to 3B, the main movement happened 
under the footing and in the reinforced layer. 
Unreinforced layers were not affected by footing 
settlement so much in 3B of reinforcement depth. 
Both PIV and FEM modeling show the same behavior 
in the movement of aggregate. These findings are in 
agreement with the findings in the literature. For 
example, at the study of Jahanger et al., (2018) 
placing a strong layer on a weaker granular soil lead 
to failure surfaces moved toward deepr layer. Other 
studies shows the same results.29,36,37 
 

Conclusions 
For both relative densities of 50% and 65%, the 

ultimate bearing capacity increased when the depth of 
reinforcement increased and settlements decreased at 
the same base pressure value. For Dr = 50%, a 
significant increase in bearing capacity up to 2B 
reinforcement depth, and a decrease in settlements at 
the same base pressure were observed. For Dr = 65%, 
a significant increase in bearing capacity up to 2.5B 
reinforcement depth and a decrease in settlements at 
the same  
base pressure were observed. The amount of BCR 
increased as the settlement ratio increased at constant 
reinforcement depth. Based on results, in soil  
with medium densities (Dr = 50%) the optimal 
reinforcement depth can be selected as 2B while at Dr 
= 65%, the reinforcement depth can be selected up to 
2.5B, depending on the final purpose of improvement. 
Selecting the depth of 3B for reinforcing will not be 
so economical while the differences between 3B  
and 2B or 2.5B of reinforcements will not be 
considerable. The 2B or 2.5B of reinforcement depth, 
depending on soil density and purpose of reinforcing 
will give better results than the 1B or 3B. 
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