Available online at www.CivileJournal.org ?Wm@mwm
=] |OURNAL

Civil Engineering Journal

(E-ISSN: 2476-3055; ISSN: 2676-6957)

Vol. 11, No. 05, May, 2025

Analysis of Rock Quarry Sand and Bottom Ash Reinforced by
Randomly Distributed PET Rings

Jakub Stacho ', Ivan Slavik &, Monika Sulovska ©, Matus Kolenak !

! Department of Geotechnics, Faculty of Civil Engineering, Slovak University of Technology in Bratislava, Bratislava 810 05, Slovakia.

Received 16 January 2025; Revised 23 April 2025; Accepted 28 April 2025; Published 01 May 2025

Abstract

The study presented deals with determining the shear strength and deformation properties of coarse-grained waste
materials, such as rock quarry sand (RQS) and bottom ash (BA), which can be improved using randomly distributed
reinforcements made of polyethylene terephthalate (PET) rings. The tests were executed for a degree of reinforcement n,
i.e., aratio of a PET ring weight to the weight of the dry parent materials, which equals about n = 0.25%, 0.5%, and 1.0%
in the case of RQS, and n = 0.5%, 1.0%, and 1.5% in the case of BA. The results showed that the most effective
improvement in the shear strength properties can be achieved for n = 0.25 - 0.5% in the case of RQSand n =0.5- 1.0 %
in the case of BA. Reinforcing RQS by n = 1.0% or BA by n = 1.5% led to a significant decrease in the 1D deformation
modulus. The positive effect of randomly distributed PET ring reinforcements on the properties of RQS and BA materials
was also demonstrated using physical modeling. An embankment model made of RQS and reinforced by PET rings (n =
0.25 %) can carry up to a 2.8 times greater load than an embankment model made of the parent RQS. An embankment
model made of BA with PET rings (n = 0.5%) can carry up to a 2.3 times greater load than an embankment model made
of the parent BA.

Keywords: Soil Improvement; Soil Reinforcement; Distributed Reinforcement; PET; PET Rings; Rock Quarry Sand; Bottom Ash; Direct
Shear Test; Compression Test; Physical Modeling.

1. Introduction

In recent years, when designing buildings and civil engineering structures, more and more emphasis has been placed
on sustainable development or reducing environmental burdens, minimizing greenhouse gas emissions, and reducing
carbon footprints. This trend can also be seen in geotechnical engineering, where there is an effort to replace
conventional materials and technologies with "alternative™ materials and technologies that are more economical and
eco-friendly. Typical examples are earth structures reinforced with geosynthetics, which have been proposed since the
1980s. These structures are, for example, block-faced geogrid-reinforced earth structures [1, 2], wrapped geogrid-
reinforced earth structures [3-5], and reinforced railway embankments [6-8], or reinforced road embankments [9-11].
The embankments can also be founded on the geogrid-reinforced foundation supported by deep soil mixing columns
[12], or piles [13]. It has not been easy to summarize the results of all previous researchers because these technologies
are constantly being developed and used worldwide. These constructions can be considered ecological, but in most
cases, they are made of coarse-grained natural materials [1-4, 10], which need to be mined. Gravel pits or surface quarries
are thus created, which have a significant impact on the environment. These issues have inspired researchers to replace
conventional materials with alternative materials that are not commonly used in the construction of geotechnical
structures, such as embankments. In the study presented, two typical waste materials have been considered, i.e., rock
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quarry sand (RQS), which is produced in large quantities as waste from surface mining activities (Figure 1-a), and
bottom ash (BA), which arises as waste from thermal power plant energy production (Figure 1-b). It was necessary to
investigate non-traditional and alternative reinforcement methods, which are not typically used in practice, to improve
the mechanical properties of these waste materials.

| Sampling location - RQS |

Sampling location - BA

(b)
Figure 1. View of the sampling location: (a) Rock Quarry Sand (RQS), (b) Bottom ash (BA)

Over the last 40 years, many researchers have investigated the improvement of low-bearing soils and waste materials
using different natural or artificial reinforcing materials [14]. Researchers most often examine the impact of distributed
reinforcements on the improvement of the properties of fly ash (FA) [15, 16], bottom ash (BA) [17], volcanic ash (VA)
[18], black cotton soil (BCS) [19], rock quarry dust (RQD) [20], clay (C) [21], sand-clay (SC) [22], expansive soil [23-
26], sand [27-30], medium sand [17, 29, 31], or coarse sand [32-34]. These materials can be successfully improved using
distributed reinforcement made of polyester fibers [15, 18, 24, 28, 35], low-density polyethylene sheets [27], weak paper
fibers [36], bagasse fibers [25], coir fibers [26], corn-silk fibers [37], nylon fibers [33, 38], glass fibers [21], polymer
tire fibers [21], micro-synthetic fibers [29], treated Kenaf fiber bundles [22], carbon fiber polymer [30], jute fibers [23,
39, 40], polyethylene terephthalate (PET) fibers [31, 32, 41], polypropylene fibers [17, 42-44], PET strips [41, 45-47],
PET flakes [48], PET chips [49], or waste tire textile fibers [34, 50]. Some researchers have also focused on improving
soil or ash using PET reinforcements (rings from PET bottles) connected to create a cellular reinforcement [20, 51].

The effect of distributed reinforcement on improving the shear strength properties of materials, such as, e.g., sand or
ash, can be significant. Compared to the parent (unreinforced) sand, the shear strength of sand reinforced by a 1 %
amount of nylon fibers can increase by about 37 % [33]. In the case of sand reinforced by PET fibers, an increase in the
shear strength of about 39% can be achieved [32]. Festugato et al. [28] have found improvement in the angle of the shear
strength of sand reinforced by polypropylene fibers by about 1.34 times in a drained condition and 1.18 times in an
undrained condition. They have also reported significant improvement in undrained cohesion. Using kenaf fiber bundles
also can improve the cohesion of a sand-clay mixture by about 15% and the angle of the shear strength by about 13%
[22]. Moreover, the shear strength of fiber-reinforced expansive soil can be significantly improved, i.e., a 1.4-times
increase in the cohesion and a 1.44-times increase in the angle of the shear strength can be achieved [25]. The shear
strength of the materials tested using different types of distributed reinforcement can be improved in static and dynamic
or cyclic loadings [28, 34, 52]. Many researchers have used the triaxial tests in their studies to determine the
improvement in shear strength [20, 25, 27-29, 31, 32, 34, 36, 51]. Other researchers preferred the direct shear test [21,
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30, 33, 50]. A large-size direct shear test can represent one of the best options in determining the shear strength of the
material reinforced [16, 22, 53, 54], mainly when relatively large-length fibers are used as randomly distributed
reinforcement.

In most cases, existing studies have focused on determining the optimal amount of the type of distributed
reinforcement to improve the shear strength properties of the material tested. The degree of reinforcement usually ranges
up to 2 %, where the positive effect of the reinforcement can be expected to improve the shear strength properties of the
materials tested [21, 27, 33, 50]. The optimum degree of reinforcement depends on the material and the type of
reinforcement (material, shape, and size). In the case of sand reinforced by PET fibers, the optimum degree of
reinforcement is usually below 0.75 % [25].

Physical modeling can also play an essential role in investigating the effect of the different types of reinforcement
on the shear strength of the material tested [55-57]. Khan et al. [56] presented the results of a retaining wall in which a
shredded tire sand mixture was used as a backfill material. In the case of this reinforced backfill, they reported that at
stresses higher than 20 kPa, a significant reduction in horizontal deformations occurred. However, they also noted a
slight increase in the vertical deformations for the retaining wall with the reinforced backfill. They attributed the increase
in the vertical deformations to the shredded tire in the sand being more compressible than sand grains. As a reinforcement
material, the PET rings were analyzed by Lal & Mandal [58], and Nadaf & Mandal [59]. In both studies, the PET rings
were connected to each other, creating a cellular reinforcement. They presented all the results in the relative
deformations, which permitted an improved interpretation for further practical solutions. A fly ash material reinforced
by PET rings in the form of cellular reinforcement significantly reduces deformations of a reinforced retaining wall [58]
and a reinforced embankment [59].

The studies mentioned above clearly show that researchers mainly focus on utilizing the type of waste material that
is in excess. The statistics show that a total of 5 million tons of PET materials were found on the European market in
2022. About 2.8 million tons of PET bottles were collected and used for recycling [60]. Although that amounts to almost
60%, which could be considered a high number, around 40 % of PET bottles produced are not recycled and thus create
waste that could eventually be used as a distributed reinforcement for non-standard construction or fill materials. The
PET material has been analyzed as a reinforcing material so far only in the form of fibers [31, 32], flakes, strips, chips
[49], or PET rings, where rings were connected using plastic tapes [20, 51, 58, 59, 61, 62]. The PET rings connected to
each other can improve the strength and stability of a reinforced earth structure; however, the manual connection of the
cut PET bottles is very laborious, and it remains questionable whether it would be taken in practice. In contrast to the
studies, randomly distributed PET rings were used as the reinforcement material in the analysis presented. This has led
the authors to the idea of using the PET ring as a randomly distributed reinforcement, which has not been investigated
yet. The submitted study focused on determining the optimal amount of PET rings to improve the strength and
deformation properties of RQS and BA materials. The shear strength properties were determined using a large-size
direct shear test apparatus, and the deformation properties were tested using a large-sized 1D compression test. The
results obtained from the laboratory tests were further verified using physical modeling. The basic work process is
schematically shown in Figure 2.

RQS PET
|Sampling from quarry (Trstin)| Sampling from tailing pond Collection of non recycled
| (Zemianske Kostolany) PET bottles

| Determining index properties| I

[
Determining index properties Cutting PET bottles to PET rings of
| Material classification| | ning InCeX propert | g 10 mm thickness g
I

, [Material classification|
Material sample prepared I

for testing Material sample prepared
for testing

[
| | Reinforcement prepared for testing|

[
Sorting of PET rings
Diameter of 50 - 60 mm

| Mixing materialf with PET rings |

1
| Parent (unreinforced) material | 'Reinforced material
[ ]

—| Laboratory testing F[:Shear strength tests|

1D compression tests\

- Physical modeling — Embankment model|

Figure 2. A basic work process
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2. Properties of the Materials Tested

Both materials used in the study, i.e., RQS and BA, are considered to be waste materials. BA material, which is
created as a by-product of coal combustion in the Novaky thermal power plant (Slovakia), was taken from the definitive
tailings pond in Zemianske Kostolany (Slovakia). The RQS material was created as a by-product in an active quarry in
the village of Trstin, which is located in the Small Carpathians region (Slovakia). The exact sampling locations are
drawn in Figure 3 (More detailed views are presented in Figure 1).

4 Zen{ia}iske f(éstolanyw
Samplmg location - BA

"“j"‘"‘ Slovakna’ ;

Trstln
Samplmg Iocatlon RQS ‘

Figure 3. Sampling locations plotted on the map of Slovakia

The grain-size distribution curves (Figure 4) were determined according to the STN EN 1SO 17892-4:2023 standard
(Laboratory testing of soil: Part 4-Determination of particle size distribution). The grain size distributions of the samples
were determined using approximately 5 kg of the dried sample. According to the STN 72 1001:2010 standard
(Classification of soil and rock), RQS material can be classified as poorly graded sand (SP), and BA material can be
classified as sand with a fine content (S-F). The index properties and the shear strength properties of both materials were
determined concerning the STN EN ISO 17892-2:2023 standard (Laboratory testing of soil: Part 2-Determination of
bulk density) and the STN EN 1SO 17892-10:2023 standard (Laboratory testing of soil: Part 10-Direct shear test). The
bulk densities, which were determined using a container with a volume of 5930 cm?®, were repeated three times to
minimize any errors from the testing procedure. The shear strength properties were determined using a SHEARMATIC
27-WF 2304 large-size direct shear test apparatus. The authors previously presented the testing procedure for the parent
coarse-grained material [63]. The index and shear strength properties are summarized in Table 1.
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Figure 4. Grain-size distribution curves of the materials tested
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Table 1. Index properties and the shear strength properties of the materials tested

Parameter Symbol (Unit) Material
BA
The minimum dry bulk density pming (kg.m3) 14481 7845
%8 The maximum dry bulk density Pmaxd (kg.m3) 17511 1079.4
E “ﬂé_ The solid particle density ps (kg.m?3) 2511.8 2020.0
Fs The coefficient of the uniformity Cu(-) 338 350
The coefficient of the curvature Ce(-) 0.98 1.19
The peak angle of the shear strength ¢ (°) 3414 37.26
E %g g The apparent peak cohesion ¢ (kPa) 0 1.52
é % %g The critical angle of the shear strength  ¢'¢ (°) 30.30 35.80
The apparent critical cohesion ¢’ (kPa) 0 0

The PET rings used as randomly distributed reinforcement material in this study were made from 0.5-liter PET
bottles. They were collected in a bin for PET bottles, which were not used for recycling. The PET rings had a diameter
of 50-60 mm and a thickness of 10 mm. These PET rings were cut from PET bottles using a professional cutter. The
bottlenecks (the smaller diameter parts) were omitted from the presented study. The PET rings can also be seen as
reinforcing material in Figure 5.

300 i

Figure 5. View of the shear box: RQS reinforced by PET rings: (a) n =0.25 % and (b) n =1.0 %

3. Preparation and Procedure of the Laboratory Testing and the Physical Modeling

The laboratory tests were carried out in the first step of the testing. The aim was to determine the shear strength and
deformation parameters of the reinforced materials and to determine the optimal degree of reinforcement for both
materials, RQS and BA.

3.1. Laboratory Testing using a Large-Size Direct Shear Test Apparatus

The laboratory tests were done using a SHEARMATIC 27-WF 2304 large-sized, displacement-controlled shear
strength apparatus. The dimensions of the shear box used were equal to 300 x 300 x 200 mm (width x length x height).
In the beginning, the boundary conditions, which were observed for all the tests performed, were established. In the first
step, the sample was compacted in the shear box. The compaction took place on three levels using a rubber hammer. A
total of 20 kg of RQS or 13 kg of BA was used. Subsequently, the density index Ip was determined, which served as a
control for achieving the same degree of compaction.

The shear strength tests were divided into two main phases, i.e., the consolidation phase and the shear strength phase.
The tests were done for three normal stresses, i.e., o = 18, 42, and 92 kPa. In such a range of normal stress, there is no
damage to the distributed reinforcement. The consolidation phase took about 240 minutes, sufficiently ensuring steady
deformations before the shear tests. The horizontal movement applied in the second testing phase was equal to 0.2
mm/min. The maximum horizontal movement was about 60 mm, corresponding to a horizontal strain &, of about 20 %.
The tests were fully automated, and the digital recording contained normal and shear stresses as well as horizontal and
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vertical deformations. The first series of tests was executed on parent (unreinforced) materials. The shear strength test
results have already been presented in Table 1. Subsequently, the RQS and BA parent materials were reinforced with
PET rings (created by cutting non-recycled 0.5 liter PET bottles with a diameter of about 50-60 mm and a thickness of
about 10 mm). A separate container was used for mixing the parent material and PET rings (the homogeneous mixing
was only checked visually). A degree of reinforcement n was determined using the following formula:

. 1)

m

where m, is the weight of the PET rings, and m is the dry weight of the parent material.

In the case of RQS, the shear strength tests were performed for n = 0.25, 0.5, and 1.0 %. A higher degree of
reinforcement proved problematic in creating a homogeneous reinforced material sample, i.e., there were too many PET
rings. Because of its lower bulk density, in the case of BA, the degree of reinforcement n was selected at the values of
0.5, 1.0, and 1.5 %. Other authors have also noted the degree of reinforcement in the same way [15, 21, 22, 24, 25, 28,
29, 31, 33, 35, 49, 50, 53, 54]. The degree of reinforcement could also be stated as a ratio of the volume of the
reinforcement material to the volume of the parent material, as stated by Li & Zornberg [36]; however, from a practical
point of view, it is not used. Table 2 shows the degrees of reinforcement applied that express the weight ratios and the
corresponding degrees of reinforcement that express the volume ratios.

Table 2. The degree of reinforcement applied in the study

Material The degree of reinforcement n (%)

ROS dry weight of reinforced material / dry weight of parent material  0.25 0.50 1.00
volume of reinforced material / volume of parent material 0.289 0.579 1.157

BA dry weight of reinforced material / dry weight of parent material 0.50 1.00 1.50
volume of reinforced material / volume of parent material 0.377 0.734 1.067

An example of reinforcing the RQS material with the PET rings is shown in Figure 5. The shear strength properties
of the materials reinforced by PET rings, namely, the effective angle of the shear strength ¢’ and the effective apparent
cohesion ¢, were determined in the same way as for the parent materials, using Equations 2 and 3. The dilatancy angle
was determined according to Equation 4, which is the most common method applied for its evaluation from the direct
shear test results [64, 65]:

1

tan @ =m.(52‘[0’ Y1 Y0 (2)
_ 1 , Y , ;s
- o BTRE) -3 ET) @
ro Yy dy
tany)’ = ryx  du 4

where s is the number of specimens; ¢ and 7 are the normal and shear stresses, and &y and xx are the vertical
compressive and shear strains, while dy and d, represent the vertical deformation and the shear displacement.

The first phases of the shear tests, i.e., the consolidation phases, were used to plot the compression curves. This
allowed for determining the deformation behavior of the parent as well as the reinforced materials. The results of the
test were evaluated according to the procedure for the oedometer tests, but the evaluation has been presented as for an
axial compressibility test represented by an Eip parameter instead of an Eqeq parameter since the size of the shear box
was not in accordance with the requirement of the STN EN 1SO 17892-5:2023 standard (Laboratory testing of soil: Part
5 - Incremental loading oedometer test). This evaluation was sufficient to observe differences in the deformation
behavior between the parent materials and those reinforced by PET rings. The Eip parameter was determined according
to Equation 5 for three loading steps, i.e., & = 0 - 18, 18 - 42, and 42 - 92 kPa; where &; is the normal stress, and & is
the vertical strain.

Eyp, = 2574z ©)

Ei—€ji—1
3.2. Testing using a Physical Model

A physical model was built to verify the results of the laboratory testing. A large testing box (container) was created
for the physical model, the dimensions of which were inspired by the study presented by Won et al. [66]. The dimensions
of the testing box were as follows: length = 2.0 m, width = 0.5 m, and height = 1.0 m (Figure 6). The main frame of the
box was made of U80 steel profiles and RHS50/30/5 steel profile bracing ribs. The front wall was made of 10 mm thick
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Plexiglas, and the other walls were made of 2 mm thick sheet metal. The dimensions of the box permitted the creation
of a half part of an embankment model with a height of 600 mm, a width of 800 mm at the top, and a width of about
1550 mm at the bottom. The embankment slope was about 1:1.25 (Figure 6). These dimensions were applied in all the
models tested. The vertical load from a hydraulic piston was applied through a steel plate with dimensions of 300 x 300
x 10 mm (length x width x thickness). The vertical deformation of the loading plate was measured using a couple of
analog deformation sensors. The horizontal deformation of the slope was measured using digital LVDT sensors placed
at five different heights, i.e., 100 mm, 200 mm, 300 mm, 400 mm, and 500 mm from the bottom. The rods of LVDT
sensors were fixed with the embankment body using plastic plates embedded about 30 mm into the testing material. The
internal deformation of the body of the embankment was recorded in the following way:

e A 100 x 100 mm mesh was plotted on the Plexiglas wall of the model;

e Targets were placed on the side of the embankment's body, see Figure 6 (also, the geometry of the target is plotted
in Figure 6);

e The test was recorded in a 4K resolution using a fixed camera;

e The digital sequences were transferred into Corel DRAW graphic software, which made it possible to determine
the amount of displacement of the individual targets.

b=300mm

| ey !

- @

Figure 6. View of the geometry and instrumentation of the physical model

The embankment body was gradually built into 10 cm thick layers, which were compacted using a rubber hammer
to achieve approximately the same degree of compaction as in the laboratory tests. In the first step, the tests were
executed for the embankment models made of the parent materials. In the second step, the tests were executed for the
materials reinforced by PET rings. Only the lowest degree of reinforcement was tested, i.e., n = 0.25 % for the
embankment model made of RQS and n = 0.50 % for the embankment model made of BA. This was considered sufficient
to demonstrate the effectiveness of the PET ring reinforcement on the embankment models' behavior. The results of the
physical modeling were presented in relative values [58, 59].
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4. Results of the study
4.1. Evaluation of the Laboratory Tests

The reinforcement of RQS and BA with PET rings only had a negligible effect on the material's bulk density change.
As the volumetric weight of PET material was approximately 1350 kg.m and made up a maximum of 1.0 % of the
weight of the RQS sample or 1.5 % of the weight of the BA sample, changes in the bulk density were very small. Due
to the scope, they are not mentioned in the paper, as they were evaluated as insignificant. The laboratory tests were,
therefore, primarily aimed at determining the impact of the PET rings on the shear strength and deformation properties
of the materials tested.

4.1.1. Shear Strength Properties of RQS and BA Reinforced by PET Rings

The shear strength curves of the parent materials and the materials reinforced by the PET rings in the different
degrees of reinforcement determined by the large-size direct shear test are plotted in Figure 7 for o’ = 18 kPa, Figure 8
for & = 42 kPa, and Figure 9 for o’ =92 kPa. The density indexes Ip of the materials tested were about Ip = 0.7 - 0.75
for RQS and Ip = 0.65 - 0.70 for BA.
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The shear strength curves for the parent RQS and BA materials showed a typical shear stress path that could be
expected for such material types, i.e., increasing the shear stress 7 up to the peak stress state and subsequently slightly

decreasing to the critical stress state, when the shear stress remains constant with an increasing in the horizontal strain
& [63, 64].

In the case of the materials reinforced with PET rings, the greater peak (the equivalent of the peak) of the shear
strength was recorded depending on the degree of reinforcement. After reaching the peak (the equivalent of the peak)
shear strength, the course of the shear stress remained constant, e.g., Figures 8-b and 9-b, or even continued to rise
slowly with an increase in the horizontal strain, e.g., Figures 7-a and 8-a. Only in some cases was a neglected decrease
in the shear strength with an increase in the horizontal strain recorded, e.g., Figures 7-b and 9-b. The stabilization or
increase in the shear strength with the increase in the horizontal strain can be attributed to the mobilization of the
PET rings in the shear surface area. Since, in many cases, the shear strength increased with an increase in the
horizontal strain, the shear strength parameters were determined for the horizontal strain of 5, 10, 15, and 20 %. The
Coulomb's failure lines and the shear strength properties, i.e., the effective angle of the shear strength ¢ and the

effective apparent cohesion c’, are given in Figure 10 for &, =5 %, Figure 11 for & = 10 %, Figure 12 for & = 15 %,
and Figure 13 for &, = 20 %.
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Figure 11. The evaluation of the shear strength tests of (a) RQS and (b) BA for the horizontal strain of en = 10 %
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Figure 12. The evaluation of the shear strength tests of (a) RQS and (b) BA for the horizontal strain of &n = 15 %
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Figure 13. The evaluation of the shear strength tests of (a) RQS and (b) BA for the horizontal strain of &n = 20 %

The results showed that within the same value of &,, the angle of the shear strength as well as an increase in the
apparent cohesion with increasing the degree of reinforcement n. If the constant value of the degree of reinforcement is
considered, for RQS as well as for the BA materials, with an increase in the value of &, there is a slight decrease in the
angle of the shear strength ¢ and a slight increase in the apparent cohesion ¢”. The changes in the shear strength
parameters with an increase in &, are more pronounced in the case of RQS than BA.

The formulas, which exactly define the shear strength of both materials for different degrees of reinforcement and
the horizontal strains, are stated in Table 2. Also, the coefficients of determination R? are listed. Coulomb's strength line
equations are determined with a relatively high degree of accuracy (the lowest R? value is 0.948).

The angle of dilatancy for each sample tested, as determined by Equation 4, is presented in Figure 14. The angle of
dilatancy was determined individually for each normal stress, i.e., o° = 18, 42, and 92 kPa, as its value decreases with
an increase in normal stress [67-69]. For both materials tested, RQS and BA, the reinforcement using PET rings causes
an increase in the angle of the dilatancy, regardless of the normal stress value. With the increase in the degree of
reinforcement, the value of the dilatancy angle tends to decrease slightly; that is, the highest values of dilatancy angles
were determined at the lowest degree of reinforcement, i.e., n = 0.25 % for RQS and n = 0.50 % for BA.
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Figure 14. The evaluation of the dilatancy angles: (a) RQS and (b) BA

To evaluate the optimal degree of reinforcement, two dependencies were plotted to demonstrate the impact of the
reinforcement:

e The dependence between the 7',/ 7" ratio and the degree of reinforcement n, where 7', represents the shear

strength of the sample reinforcement material, and 7 represents the shear strength of the sample parent material
(Figure 15);

e The dependence between the ¢'; / ¢ ratio and the degree of reinforcement n, where ¢, represents the angle of

the shear strength of the sample reinforcement material, and ¢ represents the angle of the shear strength of the
sample parent material (Figure 16).
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Figure 16. The evaluation of the ¢'r / ¢ ratio for the different values of & and reinforcements: (a) RQS and (b) BA

In the case of RQS (Figures 15-a and 16-a), it can clearly be seen that the ratio of 7'/ 7 aswell as ¢,/ ¢ significantly
increases up to the degree of reinforcement n = 0.5 %. After this value has been overcome, there is only a very slow
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increase inthe 71/ 7 or ¢+ / ¢ with an increase in the degree of reinforcement. The optimum degree of reinforcement
of RQS is within the range of n = 0.25 - 0.5 %, whilst the most optimum is the value of n = 0.5 %.

In the case of BA (Figures 15-b and 16-b), the ratio of 7', / 7 constantly increases with increases in the degree of
reinforcement n (up to n = 1.5 %). The impact of the reinforcement on the apparent cohesion was relatively small. The
maximum value, which is only ¢” = 6 kPa, was measured for & = 20 % and n = 1.5 %,; this parameter can therefore be
ignored. The ¢+ / ¢ ratio significantly increases only up to n = 1.0 %. Based on these results, it can be stated that BA's
optimum degree of reinforcement is within the range of n = 0.5 - 1.0 %, whilst the most optimum is the value of n = 1.0
%. For both materials tested, the 7, / 7" ratio also increases with increases in the &n, which positively affects the shear
strength of the reinforced material and the properties of its shear strength (Table 3).

Table 3. Formulas determined and their accuracy for Coulomb's failure lines

RQS BA

& () 0 %) Shear strength 0 (%) Shear strength
7 (kPa) R? (-) 7 (kPa) R%(-)
0 0.645506 0.993 0 0.75246 0.995
0.25 0.6821¢6° +3.07 0.982 0.50 0.77176° +2.14 0.994
005 0.50 0.7839¢° +3.80 0.998 1.00 0.84226° +2.20 0.997
1.00 0.8408¢° + 4.68 0.998 1.50 0.84706° +3.35 1.000
0 0.60590 0.996 0 0.7551¢ 0.997
0.10 0.25 0.63340° +4.52 0.989 0.50 0.77736° + 0.42 0.998
0.50 0.75030" + 5.56 0.990 1.00 0.87080 +0.79 0.998
1.00 0.75950" +7.25 0.995 150 0.90350" +2.37 1.000
0 0.58640 0.996 0 0.74100 0.999
0.15 0.25 0.63500" + 3.50 0.972 0.50 0.77265° +0.80 1.000
0.50 0.7393¢° +7.50 0.979 1.00 0.86100° +1.41 0.999
1.00 0.74935° +8.72 0.982 150 0.89300" +4.07 1.000
0 0.58460 0.999 0 0.71980 0.998
0.20 0.25 0.63270 +3.03 0.948 0.50 0.75230° +1.76 1.000
0.50 0.69860° +11.1 0.955 1.00 0.8522¢° +2.37 0.999
1.00 0.69690° +14.271  0.957 150 0.87610° +6.16 1.000

4.1.2. Deformation Properties of RQS and BA Reinforced by the Distributed PET Rings

The results of the 1D compression modulus Eip are given in Figure 17 for both materials tested. The values of Eip
are given for each normal stress, i.e., o = 18, 42, and 92 kPa. In the case of RQS (Figure 17-a), the values of Eip are
approximately the same as for the sample parent material and the material reinforced by PET rings when n = 0.25 and
0.50 %. A significant drop in the Eip values of the reinforced RQS was recorded for n = 1.0 %. In the case of BA, the
increase in the degree of reinforcement up to n = 1.0 % led to a slight increase in the Eip values (Figure 17-b), i.e., a 23
% increase in Eip for o = 18 kPa, an 18 % increase in Eip for o = 42 kPa, and a 21 % increase in Eip for o = 92 kPa.
However, in the case of BA, a further increase in the degree of reinforcement (n = 1.5 %) led to a significant drop in the
Eip values. The ratio of the Eip of the reinforced material (marked Eip,) to the E1p of the parent material (marked Eip)
is stated in Figure 18-a for RQS and Figure 18-b for BA.

RQS BA
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0.5
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Figure 17. The evaluation of the Eip compression modulus: (a) RQS and (b) BA
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Figure 18. The ratio of the Eipr to Eip for different degree of reinforcement: (a) RQS and (b) BA

When the degree of reinforcement n reaches a relatively high value (n = 1.0 % for RQS or n = 1.5 % for BA), there
are too many PET rings in the material tested, leading to the reinforcement material being less compact and having
greater compressibility. Based on these results, increasing n by over 0.5 % for RQS and 1.0 % for BA is not
recommended.

4.2. Evaluation of the Physical Modeling

In the case of the physical model, the tests were carried out until a slip area was formed, and the embankment model
collapsed. The maximum value of the loading o that could be applied to the given embankment model during the tests
was as follows (increasing the load over these values led to the collapse of the embankment model):

e o =87.8 kPa for the embankment made of the parent RQS;

e o =247.0 kPa for the embankment made of RQS reinforced by the PET rings: n = 0.25 %;
e o =77.3 kPa for the embankment made of the parent BA;

e o =176.8 kPa for the embankment made of BA reinforced by the PET rings: n = 0.5 %.

The dependence between the ratio h; / H and Ax / H for the loading value o = 75 kPa that was achieved in each test
is shown in Figure 19, where h; is the height/position of the horizontal deformation recording (the height of the LVDT
sensor from the bottom of the model); Ax is the horizontal deformation measured; and H is the height of the embankment
model. The results show that the horizontal deformation mainly occurs in the upper part of the slope when the loading
o =75 kPa is applied. The horizontal deformation of the embankment made of the parent BA is almost 2 times greater
than for the embankment made of the parent RQS. At this loading stage, the horizontal deformation of the embankments
made of the PET ring-reinforced RQS and the PET ring-reinforced BA is almost negligible.
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Figure 19. The dependency between hi/ H and 4x / H for the equal loading o° = 75 kPa

The maximum values of the Ax/H ratios reached are presented in Figure 20. Right before the collapse of the model,
the maximum values of the Ax/H ratio of the embankment made of the parent RQS are similar to those for the
embankment made of the PET ring reinforced RQS. However, the loading of the embankment made of the PET ring
reinforced RQS was about 2.8 times greater than for the embankment made of the parent RQS. The maximum values of
the Ax/H ratio of the embankment made of the parent BA were about 75 % of the values measured for the embankment
made of BA reinforced by PET rings. However, the embankment made of PET rings reinforced BA resists about a 2.3
times greater loading than the embankment made of the parent BA.
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Figure 20. The dependency between hi/ H and A« / H for the maximum loading achieved

The deformations inside the body of the embankment, which were primarily located in the slope section, were
monitored using targets, as described in section 4.2. Figure 21-a shows the movement of the targets for the embankment
model made of the parent RQS for the loading o= 87.8 kPa, and Figure 21-b shows the movement of the targets for the
embankment model made of RQS reinforced with PET rings for the loading o= 247.0 kPa. The deformations inside the
embankment body are similar to each other; no negative aspects were observed in the stress-deformation behavior of
the embankment made of the PET ring-reinforced RQS material.
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Figure 21. Movement of the targets placed inside the slope: (a) parent RQS and (b)RQS reinforced by PET rings (n = 0.25 %)

Figure 22-a shows the movement of the targets for the embankment model made of the parent BA for the loading o
=77.3 kPa, and Figure 22-b shows the movement of the targets for the alternative to the embankment made of PET ring
reinforced BA for the loading o = 176.8 kPa. In comparison to the embankment made of the parent BA, where the
deformations are more concentrated in the upper part of the embankment, the deformation of the embankment body and
the slope made of BA reinforced by PET rings seems to be more compact (Figure 22-b): the deformation is measured
over the entire height of the embankment. Hence, the shear area is close to the bottom of the embankment model. This
effect can be attributed to the PET rings that connect the ash grains and, as it were, create a more "compact” material.

%: | BA |06 =77.3kPa] lo’ = 176.8 kPa
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Figure 22. Movement of the targets placed inside the slope: (a) parent BA and (b) BA reinforced by PET rings (n = 0.50 %)
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The vertical deformations of the embankment models are summarized in Table 4, where Ay; and Ay, represent the
vertical settlement of the front and rear edge of the loading plate (from the side of the slope), and b represents the width
of the steel loading plate (b = 300 mm). The evaluation was mainly focused on the absolute value of the Ay: deformation,
Ay: I b ratio, and uneven settlement (y1 - y2) / b for the given loading o. The results presented clearly show that the
distributed PET ring reinforcements have a positive impact on the behavior of the embankment model made of RQS as
well as BA.

Table 4. Evaluation of the vertical deformations of the loading plate

Material o (kPa) Ay (mm) Ayi/b (%)  (Ay:- Ay,)/b (%)

50 5.33 1.78 1.40

RQS
87.8 18.59 6.20 3.71
50 1.33 0.44 0.09
100 3.84 1.28 0.39

RQS + PET rings

(n = 0.25 %) 150 6.69 2.23 0.51
200 10.97 3.66 0.68
247 19.35 6.45 1.20
50 10.54 3.51 0.75

BA
77.3 35.13 11.71 1.85
50 4.63 154 0.78
BA + PET rings 100 11.84 3.95 1.46
(n=0.5%) 150 21.60 7.20 1.81
176.8 31.69 10.56 1.90

5. Discussion

The improvement of RQS or BA with distributed PET rings has not yet been analyzed by other authors; however,
the values of the degree of reinforcement recommended in this study are similar to those presented by other authors for
sand, clay, or fly ash reinforced by different types of fibers [21, 27, 31, 53]. The shear strength properties of RQS can
be significantly improved by adding PET rings in the degree of reinforcement range of n = 0.25 - 0.50 %, while the
highest increase in the shear strength can be expected when n = 0.50 %. In the case of the BA, which is based on the
¢l ¢ ratio, the optimal range of the degree of reinforcement n = 0.50 - 1.0 % can be recommended, while the highest
increase in the shear strength can be achieved when n = 1.00 %. These results correspond to those published by, e.g.,
[25, 31, 41], for the sandy soils reinforced using PET fibers. They stated that the optimum degree of reinforcement n is
up to 0.75 — 1.00 %. The optimum degree of reinforcement n = 1.00 % was declared also by Zhu et al. [47]. They
analyzed clayey soils reinforced using PET strips. The degrees of reinforcement recommended for RQS and BA
materials in the present study can be similar to those used to reinforce fine-grained and sandy materials using PET fibers
or strips. Existing studies have shown that the shear strength of a reinforced material can increase slightly even after
exceeding the optimal degree of reinforcement; for example, the summary of results presented by Khalid & Alshawmar
[41]. In the study presented, the shear strength of the reinforced RQS and BA continued to increase with increases in
the degree of reinforcement above the recommended ones; this was more significant for BA and less critical for RQS.
While the angle of shear strength only slightly increased, the increase in apparent cohesion was more pronounced. In
the case of a higher degree of reinforcement, i.e., n = 1.0 % or RQS and n = 1.5 % for BA, there was a significant
decrease in the compressibility modules (described below), leading to the conclusion that a higher degree of
reinforcement does not produce the desired improvement effect. An increase in the dilatancy angles was also observed
for the RQS and BA reinforced by the distributed PET rings, similar to the results presented by Sadek et al. [33].
Inhibition of the dilatancy, which was observed by Michalowski & Cermék [70] and Gray & Ohashi [71], has not been
recorded for the reinforced materials tested.

The compression tests showed that the 1D compression modulus of the deformation of the materials reinforced by
the PET rings remained similar (RQS) or slightly increased (BA) in comparison to the parent materials; however, after
exceeding the optimal degree of reinforcement (n < 0.5% for RQS and n < 1.0% for BA), a significant decrease in the
1D compression modulus occurred. This effect has been mainly attributed to the problem with preparing the reinforced
samples. Too many PET rings caused the vertical compaction to be insufficiently effective and led to "small cavities"
between the PET rings apparently being formed, which ultimately led to the higher compressibility of the reinforced
samples. Similar results were observed by Zhu et al. [47] for expansive clay reinforced by PET strips. They stated that
the stiffness of the reinforced sample decreased when the degree of reinforcement exceeded about n = 1%. They
attributed this finding to the large voids within the material matrix, which were formed at a high degree of reinforcement.
Since a high degree of reinforcement was not optimal even in terms of shear strength, it was not justified to search for a
way to eliminate the decrease in the compressibility of the reinforced samples (for example, by vibrating).
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Reinforcement of FA using PET rings has been investigated by Lal & Mandal [58] and Nadaf & Mandal [59].
However, in all these studies, the PET rings were connected to each other and created a "cellular reinforcement.” Their
studies have shown that this type of reinforcement can also offer significant benefits when building a geotechnical
structure; however, manually connecting PET rings can be considered very laborious and time-consuming. In the
presented study, PET rings were used as randomly distributed reinforcement. Mixing PET rings with the parent material
is a simple process. The only thing to be careful about is thoroughly mixing the PET rings with the parent material to
avoid clumping. The use of PET rings as randomly distributed reinforcement has not been investigated before, which
makes the presented study unique.

Physical modeling allows for a detailed investigation of the behavior of a reinforced earth body, as demonstrated by
previous studies [56-59]. Since the authors applied a different type of reinforcement and parent material in these studies,
a mutual comparison of their results with the results presented in this study was considered unfounded. However, the
physical model of the embankment presented in this study clearly demonstrated that the distributed PET ring
reinforcements positively strengthen the embankment body and significantly reduce its deformation behavior. The
results showed that the embankment model made of RQS reinforced with the distributed PET rings can resist up to 2.8
times greater loading than its alternative made of the parent RQS. In contrast, the deformation of the embankment slope
remains approximately the same. The embankment model made of BA reinforced with the distributed PET rings resisted
up to 2.3 times greater loading than the model made of the parent BA, while the horizontal deformation of the slope
increased only by about 1.3 times. The physical model was executed only for the lowest degrees of reinforcement of the
RQS and BA materials, i.e., n = 0.25 % for RQS and n = 0.50 % for BA. The physical models were not performed for
higher degrees of reinforcement, as the PET ring cutting process is currently not automated and tests with higher degrees
of reinforcement require manual cutting of a large amount of PET ring. Due to the size of the physical model, this was
evaluated as unjustifiable at the current study stage since even the lower degrees of reinforcement proved their validity.

We plan to build a smaller embankment in the future for the cycle path made of tested reinforced materials, which
permits supplementing the present study with the results of monitoring an actual construction.

6. Conclusions

This paper presents the results of testing coarse-grained waste materials, such as rock quarry sand (RQS) and bottom
ash (BA), which were improved using randomly distributed reinforcements made of polyethylene terephthalate (PET)
rings. The PET rings used as reinforcements were created by cutting non-recycled 0.5 liter PET bottles with a diameter
of about 50 - 60 mm and a thickness of about 10 mm. The shear strength properties of the RQS and BA reinforced by
the randomly distributed PET rings were tested using large-sized direct shear tests. The compression tests allowed for
determining the 1D deformation modules, which were evaluated based on the same principles used for oedometer
compression tests. The results of the laboratory testing can be summarized by the following points:

e The shear strength properties of the reinforced materials remain constant or slightly increase with an increase in
the horizontal strain after reaching the peak shear strength. A negligible decrease was recorded only in the case of
RQS when ¢ = 92 kPa or BA when ¢ = 18 kPa and n = 0.5 - 1.0 %. As a result, the shear strength properties
were evaluated at &, = 5, 10, 15, and 20 %.

e The optimum degree of reinforcement n of RQS is within the range of n = 0.25 - 0.5 %, whilst the most optimum
was the value of n = 0.5 %. For this degree of reinforcement, the shear strength of the reinforced RQS was improved
by about 1.42 times for &, =5 % up to about 1.63 times for & = 20 %. The angle of the shear strength of the
reinforced RQS was improved by about 1.16 times for &, = 5 % and about 1.15 times for & = 20 %. The apparent
cohesion of the reinforced RQS increased from about 3.8 kPa to about 11.1 kPa (when n = 0.5 %). Increasing the
n value above 0.5 % was associated with a significant drop in the 1D compression modulus of the deformation.

e In the case of BA, the optimum degree of reinforcement n was within the range of n = 0.5 - 1.0 %, whilst the most
optimum seems to be n = 1.0 %. The shear strength of the reinforced BA with the optimum degree of reinforcement
was improved by about 1.11 times for &, =5 % up to about 1.34 times for &, = 20 %. The increase in the shear
strength was also determined for the reinforced BA when n = 1.5 %; however, at this degree of reinforcement, a
significant drop in the 1D compression modulus of the deformation was observed.

e Reinforcing RQS as well as BA with PET rings led to an increase in the dilatancy angle for all the degrees of
reinforcement tested.

The results of the physical modeling confirmed the positive effect of the distributed PET ring reinforcement on the
mechanical behavior of the RQS and BA materials. The embankment model made of RQS reinforced by the distributed
PET rings resisted 2.8 times greater loading in a similar deformation than the embankment model made of the parent
RQS. The embankment model made of BA reinforced by the distributed PET rings, even for the degree of reinforcement
n =0.5 %, resisted up to 2.3 times greater loading than the embankment model made of parent BA, while the deformation
increased only about 1.3 times.
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The presented study thus clearly demonstrated that when building geotechnical structures, traditional materials such
as gravel and quarry aggregates can be effectively replaced by alternative materials like RQS and BA. These materials'
strength and deformation parameters can also be significantly improved using randomly distributed reinforcement in the
form of PET rings, a previously unexplored reinforcement type. The presented study also showed that PET rings, used
as randomly distributed reinforcement, can be an equally effective reinforcing material such as fibers, strips, and flakes.
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