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ABSTRACT

INVESTIGATION OF LIQUEFACTION POTENTIAL OF SAND-TIRE
GRANULATED RUBBER MIXTURE THAT USED AROUND THE
BURIED PIPES WITH SHAKE TABLE TESTS

Liquefaction causes major deformations in infrastructures. The rapidly increasing
of scrap car tires causes to find new areas to recycle them. It has been seen that granular
rubbers to be an effective filling material with their density, permeability, compressibility
and also damping characteristics for liquefaction remedation. Firstly, this study aims to
explain the effect of rubbers mixed with sand on the liquefaction potential of the mixture
during and after earthquakes. For this reason, one-dimensional shaking table experiments
were carried out with granular rubbers-sand backfills in a large scale laminar box with
varying rubber diameters and varying ratios of rubber. Secondly, the study aims to
explain the effect of these mixtures on pipeline performance when used as filling around
buried pipelines. Lastly, this study focuses on the possibility of rubber to contaminate
groundwater with inorganics. For this purpose, a series of batch tests and column leaching
tests were performed. Consequently, mixing rubbers with sand is effective in liquefaction
remedation. They reduce the pore water pressure thanks to the high permeability, affect
the consolidation characteristics with its permeability and compressibility, also reduce
the earthquake loads with their damping facilities. In order to prevent the buried pipelines
from uplifting during an earthquake, a limit criteria is suggested to design of the pipe
diameter, burial depth and filling conditions with a predicted seismic load. Rubbers aren’t
hazardous for contaminating the inorganics into groundwater. If granular rubbers are used
in environmentally sensitive areas, it is recommended to use them after a prewash process

or soaking in water for a day.

Keywords: Liquefaction, Shake Table, Buried Pipeline, Mitigation, Scrap Tire Rubber,
Granulated Rubber.



OZET

GOMULU BORULAR ETRAFINDA KULLANILAN KUM- LASTIK
GRANUL KAUCUK KARISIMININ SIVILASMA POTANSIYELININ
SARSMA TABLASI DENEYLERI iLE INCELENMESI

Sivilasma yeralt1 yapilarinda bliyiik deformasyonlara ve yikimlara sebep
olmaktadir. Dinyada hizla artan hurda araba lastigi, geri doniistiiriilebilecegi alan
arayislarina yol agmustir. Lastik granll kauguk gibi doniistiiriilmiis malzemelerin,
yogunlugu, gecirimliligi ve sikisabilirligi ile etkili bir dolgu malzemesi oldugu
goriilmiistiir. Bu calisma ilk olarak deprem sirasinda ve sonrasinda graniil kauguklarin
kumla beraber kullanilmasinin karigimin sivilasma potansiyeline etkisini agiklamayi
amaclamistir. Bu sebeple, farkli yaricaplarda hazirlanan graniil kaucuklar farkli oranlarda
kum ile karistirilmig, biiylik boyutlu laminer kutu i¢inde gevsek, suya doygun dolgu
olarak yerlestirilmis, tek eksenli sarsma tablas1 deneyleri yapilmistir. Ikinci olarak ise bu
karisimlarin gémiilii boru hatlar1 etrafindaki dolgular olarak kullanilmasi durumunda
boru hatlar1 performansi iizerine etkisini agiklamayr hedeflemistir. Bu ¢alismanin son
kismi, graniil kauguk-kum dolgularinin, yeralti suyunu sizan inorganikler ile kirletme
ihtimali tizerine odaklanmistir. Bu amacla karisimlarla bir dizi karisim deneyi ve kolon
sizma deneyleri yapilmistir. Sonug olarak, graniil kauguklarin kumla karistirilmasinin
stvilasma iyilestirmesinde etkili oldugu, graniil kauguklarin yiiksek gecirimliligi
sayesinde sadece olusacak bosluk suyu basincini azaltmakla kalmadigi, sikisabilirliligi
ile de dolgunun konsolidasyon Kkaraterini ¢ok etkiledigi ve deprem yiikiinu
sonlimlendirdigi goriilmiistiir. Gomiilii borularin deprem sirasinda yukari hareketini
engellemek i¢in bir boru c¢apr boru gomiilii derinliginin, dolgu kosullarinin ve sismik
yiikleme kosulunun beraber degerlendirildigi dizayn igin bir limit kriteri sunulmustur.
Sonug olarak granul kauguklarin dogal ortamda inorganik elementlerin yeralt1 suyuna
karismasi agisindan tehlikeli degildir. Graniil kauguklar cevresel kosullar agisindan
hassas alanlarda kullanilacak ise kullanmadan 6nce 6n yikama yapilmasi ya da bir giin

stireyle suda bekletilmesi 6nerilmistir.

Anahtar Kelimeler: Swvilsama, Sarsma Tablasi, Gomiilii Borular, lyilestirme, Hurda
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CHAPTER 1

INTRODUCTION

1.1. Statement of the Problem

Soil liquefaction is a difficult geotechnical phenomenon when it is considered in
terms of understanding its causes, predictability of its consequences, and what needs to
be done to prevent it. Determining the liquefaction potential of the soil under seismic
effects is a very important and common research topic for geotechnical researchers.
Beyond that, how the liquefaction mechanism effects infrastructures or superstructures
during and after liquefaction constitutes a wide range of geotechnical issues. Researchers
focus on many improvement methods that they think increase the liquefaction resistance
of the soil (Containment and Reinforcement Mixing Techniques, Compaction
Techniques, Drainage Techniques, etc.). Reinforcement and replacement techniques are
divided into many sub-topics according to different purposes such as increasing the
strength properties of soils, increasing the permeability, drainage, etc., and according to
the wide variety of used materials.

One of the common applications to increase the liquefaction resistance of soil and
also to decrease the effects of liquefaction on infrastructures is to add some granular
materials into soils or to place them around the infrastructures. As known, conventional
granular materials used as backfill are usually gravels or gravelly soils like gravel-sand
mixtures due to their high permeabe structures. On the other hand, the stresses on buried
structures caused by these backfill materials are important parameters for the design of
such structures.

In recent years, researchers have focused on liquefaction treatments by using
materials with a lower unit weight than gravel to both provide good drainage and reduce
stresses on buried structures. The use of scrap car tires as a new filling material in
geotechnical applications has become widespread. Scrap car tires attracted noticeable
attention with their low unit weight, high permeability, high compressibility, and as well
as with dynamic properties such as higher damping for seismic load. The increase in scrap

car tires all over the world and the need for recycling them have also triggered these
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studies. Scrap car tires began to be used whole, granulated or shredded, also alone or
mixed with soils in backfills. It has been revealed that using scrap tire granulated rubbers
by mixing with sand provides many benefits in terms of geotechnical aspects. But under
seismic loads such as earthquakes, how it affects the liquefaction potential has been a
matter of curiosity.

The pipelines used for conveying gases and fresh or sewage water in urban areas
are usually buried at shallow depths like a maximum depth of 1.5m. When these pipelines
cross loose liquefiable sand deposits under groundwater level, and liquefaction occurs
due to seismic loadings, the pipelines are deformed or displaced upward due to the
buoyance effects of pore water pressure. The effects of granulated rubber and sand
mixture backfill on the response of a buried pipeline during or after liquefaction were not
examined clearly in the literature yet.

Although the granulated rubber usage in filling material has advantages from a
geotechnical point of view, another concern is whether the materials in the granulated
rubber particles are a threat or not for groundwater quality from an environmental point
of view. The materials that leachate from granulated rubber (GR) to groundwater also
should be examined.

This thesis focused on the granulated rubber sand (GRS) mixtures using as
backfill and investigated not only the effects of GR on the liquefaction potential of sand
deposits but also the effects of GR on pipeline behavior during and after liquefaction.
Also, the leaching effects of GR on groundwater quality were another concern of the
thesis.

In this chapter, the questions that the thesis seeks to answer were described. The
scope and objective of the thesis were explained. Afterward, the outline of the thesis was
listed. Last, the liquefaction phenomenon and its mechanisms were briefly explained, and

ground improvement methods for liquefaction remediation were briefly summarized.

1.2. Objective and Scope

In this thesis, the main aims are to determine the benefits of using recycled scrap
tire granulated rubber (GR) by mixing them with sand under varying conditions. For these
purposes, the studies were divided into three chapters. The granulated rubbers (GR) were

grouped according to three different equivalent diameters. The equivalent diameters (in
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the thesis, called “size”) of GR were 2.5-5mm, 5-10mm, and 10-15mm. These GRs were
mixed with clean sand in different ratios by volume. These ratios were 10%GR/90%sand,
20%GR-%80sand, and30%GR-%70 sand in volume. Several experiments have been
carried out using these GR and sand mixtures (GRS) and clean sand. In this section, the
experimental studies were explained after the objectives of the studies were listed. The
objectives can be classified into three main groups;

1) To determine the effects of the diameter of GR or mixing ratio of GR on the
liquefaction potential of GRS backfill.

2) To determine the effects of the diameter of GR or mixing ratio of GR on
pipeline behavior when GRS is used as backfill around the pipeline.

3) To investigate the leaching effects of GRS mixture on groundwater quality
when the surface water leachate through the GRS mixture when the diameter
of GR or mixing ratio of GR are varying.

For these purposes, several experimental studies were conducted as follows;

a) A series of shake table tests were conducted with loose saturated GRS
mixtures for addressing objective #1.

b) A series of shake table tests were conducted with buried pipeline models into
loose saturated GRS mixtures as backfill material for addressing objective #2.

c) Several batch tests and column leaching tests were performed for addressing

objective #3.

1.3. Outline of the Thesis

Chapter 1 is an introduction chapter consisting of the statement of the problem,
objectives, and scope of the thesis. Also, the liquefaction phenomenon and its
mechanisms are briefly explained. Ground improvement methods for liquefaction
remediation are briefly summarized in this chapter.

Chapter 2 is a literature review study section and is divided into five sub-sections.
Firstly, the reasons for the widespread usage of scrap tires are explained with a brief
industry and market research. Next, scrap tires' mechanical and physical properties are
mentioned to figure out why scrap rubbers are advantageous for geotechnical

improvements. An overview of the studies performed with granulated rubbers and sand
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mixtures is presented. The literature studies about Chapter 3, Chapter 4, and Chapter 5
are given in Chapter 2 under the divided sub-titles.

The purpose of Chapter 3 is limited to the effects of recycled granulated rubber
on the liquefaction potential of sand. In this chapter, the shake table tests performed with
GRS mixture with varying GR and sand mixture conditions are explained in detail. The
results of tests and comparative discussions are represented. As a result, it is determined
that using GR in sands as a mixture backfill is a successful remediation method against
liquefaction and its consequences.

Chapter 4 is related to liquefaction remedation with recycled rubber sand mixtures
and its effect on buried pipelines. In this chapter, the shake table tests are performed with
buried pipeline models into a GRS mixture with varying conditions. The pipe response
and the effects of GR on the pipe behavior are discussed. A novel design limit is suggested
which was related to backfill condition, burial depth of pipe and diameter of the pipe, and
also the seismic load to prevent the pipelines against the liquefaction and also the uplift
force of pore water pressure in backfill.

Chapter 5 presents a series of batch tests and column leaching tests performed
with GRS backfills to figure out the change in contamination of inorganic elements in
groundwater when the GRS mixture varies. The results are discussed, and the
contaminant is compared with varying GR. As a result, it is figured out that GR is not
toxic material for groundwater and the environment if it is used above the groundwater
level. Also, it was suggested that they should be rewashed or soaked in water for 6 hours
to 1 day if they are used below the groundwater level as a mixture in sand deposits.

Chapter 6 summarizes the concluding remarks of each chapter and gives

suggestions for future studies.

1.4. Liquefaction Phenomenon

Liquefaction is a phenomenon in which the strength and stiffness of a soil decrease
under earthquakes or rapid cyclic loads. In other and simpler terms, it is the phenomenon
that saturated or partially saturated sand/silty-sand behaves like a liquid even though it is
normally solid under cyclic load. “Liquefied”, as a term in soil mechanics, was first used
in Hazen's (1920) publication describing the failure of the Calaveras Dam in California
in 1918. The soil deformations and related structural deformations observed after many
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major earthquakes, especially the 1964 Niigata, Japan earthquake, made it necessary to
understand the liquefaction phenomenon, define the liquefaction mechanism, and develop
the improvement methods.

Generally, soil mechanics accept soil as a continuous mass and analyze it with the
principles of continuum mechanics. It divides the continuous mass into infinitesimal
pieces and defines the properties of the whole mass for these pieces. However, the soil
consists of grains and voids (water and air) and, in reality, does not fit this continuum
concept. Sand behavior is based on principles of effective stress and dilatancy. Effective
stress is defined as the difference between the total stress and pore pressure in fully
saturated soil. The number of the modes to be considered is found using the expression
inEgql.l,

c'=0-Uu (1.2)

where o is the total stress, o’ is effective stress, and u is pore water pressure.

Dilatancy means the change in volume of granular material subjected to shear
deformation. As shown in Figure 1.1.a, the loose sand grains are subjected to shear force
under the drained condition. Particles move into pores and reduce the volume. In Figure
1.1.b, dense sand particles are subjected to shear force, and the particles move on each
other and cause to increase in volume. A material is called dilative if its volume increases
with increasing shear (positive dilatancy), and contractive if the volume decreases with
increasing shear (negative dilatancy). Dilatancy is a property specific to granular
materials.

As shown in Figure 1.1.a, loose dry sand subjected to an earthquake simply
compacts and densifies. On the other hand, if the loose sand is completely saturated (water
fills the voids between the particles), densification cannot occur until the water is
displaced (water in voids is incompressible). Therefore, the first reaction of loosely
saturated sand to cyclic loading is the pressure increase in the pore water. Before cyclic
loading, the soil element is subjected to confining stress due to the weight of the overlying
soil (Figure 1.2.a). Before any volume change, the initial response of loose saturated sand
to cyclic loading is an increase in pore water pressure. When cyclic shear stresses are
applied, loose sand tends to reduce its volume, but this does not happen immediately.
Because initially, the loading duration is shorter than the duration passes to start water to
drain. Confining stress decreases equal to the increase in pore water pressure to keep the

volume constant.
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Figure 1.1. Concept of dilatancy

(a) initially loose sand, (b) initially dense sand under drained conditions

As a result, contact stresses between soil particles disappear, and soil loses its
strength. If the sand deposit is loose enough, the magnitude of cyclic loading is great
enough, pore water pressure increases until it becomes equal to confining pressure
(Ishihara,1985). This state is called liquefaction, and there is no effective stress in this
state (Figure 1.2.b). After liquefaction, soil particles begin to settle, and excess pore water
pressure decreases and dissipates. Effective stress between particles increases, and the
sand grains settle denser than the initial state (Figure 1.2.c). As seen in Figure 1.2, there
are three stages in the process of soil liquefaction; a) before liquefaction; excess pore
water pressure built up, b) during liquefaction; excess pore water pressure is equal to total
confining stress, and effective stress is zero, ¢) dissipation of excess pore water pressure;

L

soil grains are settling.

a) b) c)

Figure 1.2. Saturated loose sand when subjected to cyclic loading;

(a) before liquefaction; (b) during liquefaction, (c) after liquefaction.
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Investigating the causes and effects of soil liquefaction can be summarized in a
few steps by looking for answers to the questions given below;

e Are the soils at the site liquefiable or not? (susceptibility)

e Is the ground motion of an earthquake (or design earthquake) strong enough to
trigger liquefaction? (triggering)

e If liquefaction occurs, what will be the final ground deformation? (ground
deformations)

e What will be the effect of the liquefaction on the seismic performance of
structures? (effects on structures)

e If the liquefaction-induced deformations are not tolerable, what remediation

method should be used? (mitigation)

The next two sections will describe the liquefaction susceptibility of soils and the
remediation methods.

1.4.1. Liquefaction susceptibility

Soil liquefaction susceptibility depends on three main effects; soil properties,
geological conditions, and ground motion characteristics. In short, the logic is that; if the
site is a loose sandy deposit, the groundwater table is high, the soil is saturated, and the
magnitude of the earthquake is large enough, the duration of the earthquake is long
enough, liquefaction is expected. All the factors are summarized in Figure 1.3.

The geological conditions give us both to find the physical properties of the
deposits and the information about groundwater and the topographic characteristics of the
site. Youd and Perkins (1978) investigated the relationship between geomorphology and
the liquefaction susceptibility for various regions and summarized it in a table. Table 1.1
shows the susceptibility of sedimentary deposits to liquefaction during strong seismic
shaking (Youd and Perkins,1978). Generally, the younger and looser sediment is more
susceptible to liquefaction than the old and dense ones. Holocene delta, river channel,
flood plain, Aeolian deposits, and poorly compacted fills are most vulnerable to

liquefaction.
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Figure 1.3.Factors affecting liquefaction susceptibility

Particle size, gradation, and shape of particles are also highly related to
liquefaction susceptibility. Uniformly graded soils are more susceptible than well-graded
soils to changing the volume and tend to build up pore pressure more easily. Tsuchida
and (1970) has proposed zones in terms of grain size distribution expressed highly
potentially liquefiable, potentially liquefiable, and not liquefiable soils (Figure 1.4). There
are two charts, Figure 1.4. a can be used when the uniformity coefficient (Cu = Deo/D10)
is less than 3.5, also Figure 1.4. b can be used when C, is bigger than 3.5. Although current
studies show that these limits are not always correct, they still have widespread use.
Certainly, the grain size distribution is not a decisive criterion alone, but it gives a

significant insight into the soil liquefaction susceptibility.
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Table 1.1.

Susceptibility of sedimentary deposits to liquefaction
(Edited from Youd and Perkins, 1978)

Type of deposits

General

distribution of

Susceptibility of cohesionless sediments to liquefaction

when saturated, by age of deposits

cohesionless <500 years  Holocene  Pleistocene Pre-Pleistocene
sediments

Continental Deposits
River channel Locally variable | Very High High Low Very low
Flood plain Locally variable High Moderate Low Very low
Alluvial fan, plain Widespread Moderate Low Low Very low
Marine terraces, plain Widespread - Low Very low Very low
Delta and fan-delta Widespread High Moderate Low Very low
Lacustrine and playa Variable High Moderate Low Very low
Colluvium Variable High Moderate Low Very low
Talus Widespread Low Low Very low Very low
Dunes Widespread High Moderate Low Very low
Loess Variable High High High -
Glacial till Variable Low Low Very low Very low
Tuff Rare Low Low Very low Very low
Tephra Widespread High High - -
Residual soils Rare Low Low Very low Very low
Sebka Locally variable High Moderate Low Very low
Coastal zone
Delta Widespread Very High High Low Very low
Estuarine Locally variable High Moderate Low Very low
Beach
High energy Widespread Moderate Low Very low Very low
Low energy Widespread High Moderate Low Very low
Lagoonal Locally variable High Moderate Low Very low
Foreshore Locally variable High Moderate Low Very low
Artificial
Uncompacted fill Variable Very high - - -
Compacted fill Variable - - - -
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Figure 1.4. Relationship between grain size and liquefaction potential

a) soil with a low coefficient of uniformity, C, < 3.5;
b) soil with a high coefficient of uniformity, Cy> 3.5

1.4.2. Liquefaction Remediation

Ground improvement methods for liquefaction remediation are very diverse and

are based on one or more of the following principles; (a) solidification, (b) reinforcement

and containment, (c) drainage, (d) increasing in-situ stress, and (e) soil replacement.

Ground improvement applications for liquefaction remediation and their principles are

summarized in Figure 1.5.
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Figure 1.5. Summary of the most common liquefaction remediation methods.

Densification or compaction methods allow the voids in soil to be reduced and the
density to be increased. Compaction methods increase the shear strength and liquefaction
resistance of the soil. Vibratory or impact compaction methods are the most common
method for loose sand layers. Dynamic compaction, rapid impact compaction,
compaction, impact roller compaction, deep vibro-compaction, vibro-rod compaction,
compaction piling, and stone or sand columns are the most common densification
techniques.

The production of more stable soil particles is also a method of liquefaction
improvement. This can be achieved by mixing additives such as cement and bentonite
with the soil and filling the voids in the soil with these binders. These methods not only
prevent excessive pore water pressure but also increase the shear strength of the soil
thanks to the increased cohesion. The most common solidification methods are deep soil
mixing, jet injection, and permeation injection techniques.

Reinforcement is made to reduce the shear deformation of the ground during an
earthquake and reduce the development of excess pore water pressures. It also has tasks
such as increasing the bearing capacity and preventing large deformation of structures by

limiting the lateral spreading of the soil during and after an earthquake. Reinforcement is

26



carried out by placing diaphragm walls, sheet piles, case walls, or a grid of rigid column
elements such as piles.

It is possible to prevent or reduce excess pore pressure by placing drains. These
drainage methods are made using gravel, geosynthetics, or piles with a drainage function.
The main purpose of these methods is to delay the development of excess pore pressure
and allow water to flow from the liquefaction zone to the non-liquefaction zone.

Another parameter affecting the liquefaction resistance is the initial stress state of
the soil. Increasing the lateral stresses in the soil can decrease the shear stress, thus
increasing the liquefaction resistance. Stone columns, compression piles, or compression
grouts are used to increase lateral stress. Preloading (temporarily loading the soil to
consolidate it) is another technique to increase the lateral stress.

In addition, if the water table is lowered under the liquefiable soil layer,
liquefaction is prevented because the absence of water makes it impossible to create
excessive pore water pressure. The water table can be lowered under the liquefiable soil
layer with any dewatering method. Because if there is no water, pore pressure does not
occur (Cox and Griffiths, 2010).

The replacement method, which is defined as removing liquefiable material and
replacing it with non-liquefiable material, is also an important and common liquefaction
improvement method. Since the grain size distribution is a very effective parameter in the
liquefaction potential of soils, it was mentioned in the previous section (Figure 1.4). Well-
compacted gravel is the most common filling material. On the other hand, with the
increase in the variety of materials in geotechnical applications, many artificial filling
materials have been developed in recent years. Because these materials are human-made,
they can be easily tested and their properties can be determined clearly. This makes the
replacement method reliable (Idriss ve Boulanger, 2008).

Mixing the removed liquefiable sand with another granular filling material and
replacing it again can also be considered as a combination of replacement and
reinforcement methods. These materials are usually fiber, recycled concrete, recycled
rubber, etc. It is pretty common to use them as backfill materials for geotechnical
applications such as diaphragm walls, retaining walls, caissons, and sheet piles. Also, the
usage of these materials as backfill around infrastructures (i.e., buried pipelines, galleries,

utility holes, shafts, etc.) is increasing day by day all around the world.
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CHAPTER 2

LITERATURE STUDY

2.1. Introduction

Several literature studies related to the use of granulated rubber and sand mixture
are given in this Chapter. First, scrap tire recycling industries and market researches are
given and the main motivations for using the recycling scrap car tire granulated rubbers
in geotechnical applications are described in terms of economic reasons. Next, scrap tires'
mechanical and physical properties are mentioned to figure out why scrap rubbers are
advantageous for geotechnical improvements. An overview of the studies performed with
granulated rubbers and sand mixtures is presented.

The background information of research about the use of scrap tire-granulated
rubber on liquefaction improvement in sands are represented in detail as a literature
survey of Chapter 3. The history of research on the usage of scrap granulated rubbers and
their effect on buried structures are explained in detail for Chapter 4. The relevant history
of research is given about how the granulated rubbers used in geotechnical applications

effects groundwater and aquatic life environmentally for Chapter 5.

2.2. Recycling of Waste Tire

The use of car tires is rapidly increasing due to the increase in vehicle usage and
highway networks worldwide. The number of waste tires produced worldwide is
tremendous, with over 1 billion tons growing each year (Thomas and Gupta, 2016). The
United States Tire Manufacturers Association (USTMA, 2020) reported 264 million
scrap tires (about 4.5 megatons) were generated in 2019. According to USTMA (2020),
the usage of generated scrap tire disposition is shown in Figure 2.1. As seen in Figure
2.1.a., The usage areas of crap tires in 2019 were 36.8% of the total as tire-derived fuel,
24.4% of the total as ground rubber; 14.3% as land disposed of; and 5.1% in civil
engineering applications, and 9.7% in other industries. Also, USTMA (2020) gave some
of the market trends of scrap tires, which show the increase of waste tires from 2011 to
2019 in detail (Figure 2.1. b-c). The European Tire and Rubber Manufacturers’
Association (ETRMA, 2019) published data covering 32 countries and mentioned that
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3.5 megatons of scrap tires were generated in 2018. As a summary of the report, 53.6%
of total scrap tires were used as granulated in several industries; 34.8% of total scrap tires
were used for energy recovery in cement kilns, fuels, etc.; and 2.6% of the total was used
in civil engineering application while 8% of total scrap tires were unknown or stocked
(ETRMA, 2019), (Figure 2.2).

U.S. Scrap Tire Management Summary (2019)
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Figure 2.1. USA Scrap Tire Market,
a) 2019 waste tire management summary, b) Trends summary between 2016—
2019, and ¢) Trends summary between 20162019 in detail.
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As seen in Figure 2.1 and Figure 2.2, scrap tire management is a huge industry
and is growing rapidly year by year all around the world. As a natural result, recycling is
becoming more important with the rapid growth of scrap tires in the last decade. Figure
2.1 shows that despite all recycling applications, there is still an increment of unknown
or uncontrolled stock lands and landfills in the United States of America. Similarly,
Figure 2.2 shows that the recycling applications covering 32 European Union countries
have been successful, but the ratio of uncontrolled or stocked scrap tires is still high.

Europe Scrap Tire Management Summary (2019)
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Figure 2.2. Europe Scrap Tire Market,

a) 2019 waste tire management summary, b) Trends summary between 2016—
2019, and ¢) Trends summary between 2016-2019 in detail.
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Recent reports have indicated that the recycling of waste tires was improving both
in America and Europe. This improvement was achieved by governments’ regulations
mandating the recycling of rubber tires and by the efforts of tire manufacturers. Despite
improving recycling industries and regulations, stocking and uncontrolled landfilling of
rubber tires are still common in many countries. Another interesting result in the reports
Is that the use of recycled scrap tires in civil engineering applications is very low and has
not increased significantly over the years. Figure 2.3 shows an example of a wildly
landfilling of scrap tires. These wild stock areas pose many dangers and threats. It is true
that scrap tires, which are very difficult to store, take up a lot of space, but this is not their
most harmful effect.

In addition to effects such as environmental and visual pollution, their extremely
flammable structures make them very dangerous areas for large fires. Considering that
such illegal wild stockpiles are generally located in urban areas and industrial zones in
developing countries, they are seen to be of great danger. For all these reasons, it is very
important to use the products obtained from the recycling of scrap tires in engineering

applications.
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Figure 2.3. Wild landfill of scrap tires

(Source: ETRMA, 2019)
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The most common and important method of recycling scrap tires is to use tires by
cutting them into small pieces. ASTM D6270-22; Standard Practice for Use of Scrap
Tires in Civil Engineering Applications explains the scrap tires classifications according
to the shape and size of the pieces. These are commonly referred to as tire-derived
aggregate, granulated rubber, shredded rubber, or powdered rubber (ASTM6270-20).
There are many scrap tire rubber size classification methods in the literature (ASTM6270-
20; Mitchell and Soga., 2005; Li et al., 2016; Busic et al., 2018). The most common ones
are summarized in Table 2.1.

Thanks to the widespread scrap tire recycling and shredding technologies, it has
attracted the attention of researchers working in civil engineering. Granulated rubber has
been the subject of many studies. Granulated rubber will be referred to as “GR” in this
study. GRs are considered to be very useful in geotechnical applications due to their
suitable mechanical and physical properties. The following section will briefly explain
the reasons for using GRs mixed with sand in geotechnical applications.

Table 2.1. Definition and size of waste tire rubber
(Modified from Liu et al., 2020).

Definition Size Shape Referance

Granulated rubber <0.425-12mm Irregular
Ground rubber <0.425-12 mm Irregular

Powdered rubber <0.425 mm Irregular
Tire chips 12-50 mm Basic geometrical ASTM6270-20
Tire-derived aggregate 12-305 mm Basic geometrical
Tire shreds 50-305 mm Basic geometrical
Whole Tire Unprocessed
Cuts >300 mm Irregular
Shred ~50-300 mm Irregular
Chips ~10-15mm Irregular
Granulate ~1-10 mm - Mitchell and Soga
Powder <lmm - (2005)
Fine Powder <500 um Finely dispresed

Buffings 1-25mm Elongated
Whole tire Untreated

chipped/ shredded/ 13-76 mm i

rubber aggregate

crumb rubber 0.425-4.75mm - Busic et al. (2018)
ground rubber <0.425 mm -

. average length
fiber rubber aggregate of 12.5 mm -

rubber chips 10-25mm
ground rubber 0.5-4.75mm Li et al. (2016)
crumb rubber 0.5-1.5mm
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2.3. Granulated Rubber and Sand Mixtures

GR's mechanical and physical properties make it very suitable for most of the civil
engineering applications. The most significant one is lightweight. Its lightweight feature
reduces forces on embankments, retaining walls, bridge abutments, and slopes. This
makes it suitable to replace the conventional backfill materials. GR has high hydraulic
conductivity, which makes it a good drainage material. GR has been used as an
embankment fill material, a retaining wall backfill material, and backfill material around
buried pipelines thanks to its lightweight and high permeable characterisitcs. Also, GR's
viscoelastic properties make it a good material for seismic projects with dynamic/cyclic
loading. Figure 2.4 shows an example application of filling GR around the natural gas
pipeline from Kiefer Landfill Sacramento County, California, USA.

The ASTM D6270-20 standard divides GR used in engineering applications into
two basic types, Type A and Type B. The size of Type A material is roughly 75 to 100
mm, and the size of Type B material is roughly 150 to 300 mm. There are also two classes
of filling layers associated with them; Class | and Class II. Class I is GR filling layers that
are less than 1 m in height, and Class Il defines GR filling layers between 1 and 3 meters
in height. Generally, Type A materials are used for Class 1 fillings, and Type B materials

are used for Class 2 fillings.

Figure 2.4. Example of GR filling application around the pipeline.

(Source: California Department of Resources Recycling and Recovery Report,
2016)
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One of the most common applications of GR is mixing with sands to use as
backfill material. Studies on GR in sand generally focus on shear properties, permeability,
compression and deformation behavior, and dynamic properties of GR-sand mixture
(GRS).

2.3.1. Compressibility

The coefficient of compressibility indicates the compression properties of rubber-
sand mixtures. Liu et al. (2018) stated that the increase in the GR ratio in the mixture
under the same vertical stress can increase the compressibility coefficient, especially
when it exceeds 20%, and the increase in the compressibility coefficient is drastical.

Bosscher et al. (1997) explained that embankments made of sand and reinforced
with GR perform well even under heavy traffic loads. Edil et al. (1994) indicated that
elastic deformations can be eliminated in embankments by preloading sand-GR mixtures,
thanks to the high compressibility of GR.

Humphrey et al. (2000) also noted that laboratory-measured GR deformation was
overestimated compared to field measurements. Previous studies performed for

determining the compression characteristics of GR are listed in Table 2.2.

Table 2.2. Summary of Compression tests for GR in literature
(Edited from Liu et al., 2020)

Referance Compaction Method Loading Method  Gay (kPa) €max (%)
Constant
Humphrey et al., . .
1993 Standard Compaction Deformation Rate 480 43
(CDR) =13mm/min
Edil etal., 1994  standard Compaction - 690 37
Each load level for
Yoon etal., 2006 40times with spatula ) 120 23
10 min
Moo Y tal, 5l ith 60% standard
oo Young etal., ayer wi % standar CDR =13mm/min 480 40
2003 comp. energy 110 ~8
110 ~35
Rowe atal., 2005 No compaction - 110 ~50
110 ~50
Applying stress to 150 48
Warith., 2006 No compaction PRl g . 150 44
determined strains
252 47
510 47
Shalaby etal., 2005 No compaction 700 47
150 30
150 43
Wartman., 2007  Standard Compaction CDR =13mm/min 150 50
190 28
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2.3.2. Shear Properties

Edil and Bosscher (1994) performed a series of large-scale shear tests and derived
that the sand-GR mixture had higher strength than the clean sand. Additionally, dense
sand-GR mixtures have stronger shear strength than that of a lower dense mixture.
Additionally, when the volume ratio of GR was 10%, a greater shear strength occurred
compared with the pure sand under low or medium loads.

Tatlisoz et al. (1998) performed a large-scale shear test on sandy silt/sand-GR
mixtures and obtained that the shear strength of the sand-GR increased with the increasing
GR ratio when the volume ratio of GR was less than 30%.

Ghazavi and Sakhi (2000) indicated that the nonlinear phenomenon was observed
in the shear strength under different GR ratios. While Zhang et al. (2018) proposed a
linear relationship between the internal friction angle and GR ratio.

Gotteland et al. (2005) showed that the orientation (i.e., horizontal and vertical
directions) of GR generate a significant influence on the internal friction angle of the
sand-GR mixtures.

There are several studies which were performed shear tests to analyze the sand-
GR mixtures’ shear strength behavior under various conditions. All were concluded that
the addition of GR can improve the internal friction angle (Attom., 2006; Christ and Park.,
2010; Marto et al., 2013). A summary of shear strength parameters obtained from
previous studies is presented in Table 2.3 (Edincliler et al., 2010.; Liu et al., 2020).

Table 2.3. Summary of Shear Strength data for Sand-GR mixture in literature
(Edited from Liu et al., 2020)

) UnitWeight  Shear Strenght Parameters
Referance Test Method Material —_—

3
(kn/m) clka) b ()
7.0 8.6 25
Humphrey etal., Large Scale Direct Shear )
1003 305x305%228mm Tire Chips <76mm 6.8 115 19
7.7 25
Sand/Tire Chips =9/1 15.6 2 16
Tatlisoz etal., Large Scale Direct Shear Sand/Tire Chips=8/2 145 ) 0
1998 D=280mm H=300mm ~ >one/ 11T ENIPS= -
Sand/Tire Chips=7/3 133 2 52
14.0 2 30
Large Scale Direct Shear . .
Attom et al., 2006 300x300mm Sand/Tire Shred =9/1 15.0 2 37
15.5 2 41
2<Tire B. <40mm 52 104 282
Sand/Tire Buffines =95/5
Edil etal., 2007 Larggeosoiaa\gom;gact Shear  Sand/Tire Buffings =9/1 14.9 10.4 282
x300mm Sand/Tire Buffings =8/2 142 104 282
Sand/Tire Buffings =7/3 13.6 10.4 282
8mm <Tire B. <10mm 55 76 282
Sand/Tire Buffings =9/1 i : g
Edinglileretal., Large Scale Direct Shear Sand/Tire Buffings =8/2 1o 104 282
2010 300x300x300mm Sand/Tire Buffings =7/3 135 104 28.2
12.0 104 282

10.1 10.4 282
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2.3.3. Hydraulic Conductivity

GRS is a suitable drainage material in geotechnical drainage applications due to
their high hydraulic conductivity which is attributed to their large void structure. Edil et
al., (1994) studied about effects of the GR ratio in sand or vertical pressure on the
permeability of mixtures. GR has high hydraulic conductivity (nearly 1 cm/s) under
unconfined pressure conditions. Additionally, the overburden pressure could dramatically
decrease the hydraulic conductivity because the void between particles is narrowed, and
the seepage path between particles is reduced. (Edil et al. 1994).

2.3.4. Dynamic Properties

GR has high damping characteristics. Hence, GRS mixtures can provide a
significant reduction in stress or displacements under the conditions of vibration or cyclic
loading. This makes sand-GR mixtures an important material to be studied in earthquake
engineering. There are several investigations in the literature focused on the dynamic
behavior of rubber-sand mixtures, as numerical studies (Kenada et al., 2007; Pitilakis et
al., 2011; and Tsang et al., 2009) and as experimental studies (Edil et al., 1994; Zornberg
et al., 2004). Feng et al. (2000) analyzed the dynamic properties of sand-GR mixtures
with the grain size of Dgr/Dsand=6. They figured out that the maximum shear modulus
reduced significantly without clearly enhancing the damping ratio for a small strain range.

Anastasiadis et al. (2012) indicated that the initial shear modulus decreased and
the damping ratio increased with the increase of the GR ratio. However, the increasing
confining pressure enhanced the initial shear modulus and decreased the initial damping
ratio. Senetakis et al. (2012) indicated that the confining pressure, GR content, and
particle size affected the small-strain shear modulus. Similarly, Li et al. (2019) concluded
that the GR particles’ size had a significant influence on the shear modulus in the small
strain range.

Edingliler and Yildiz (2021) studied a comprehensive literature review and
summarized the dynamic tests performed on sand and rubber mixtures, together with their
results. The researches and their results, which are edited from Edingliler and Yildiz
(2021) are shown in the Table 2.4.
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Table 2.4. Dynamic tests performed on sand-granulated rubber mixtures and results
(Edited from Edincliler and Yildiz , 2021)

. Confining
Reference Soil type Rubber type Rubber Type of Dynamic Pressure Comments
content Tests
(kPa)
Feng and Sutter (2000) Ottawa sand Granulated Rubber 0,27, Resonant Column Test 69, * Shear modulus and damping ratio of sand-rubber
29,42, 207, mixtures are influenced by rubber inclusion.
45,49, 345, * Damping ratio increased slightly with confinement
73,76, 483 pressure for the 100% rubber, an opposite response from
100 soil. This may be because under increasing confining
(%) by weight stress, the size of inter-particle contacts between particles
increases significantly due to the presence of rubber.
Edincliler et al. (2004) Sand Tire buffing 0,10 Dynamic Triaxial Test 20, *Addition of 10% by weight tire buffing to sand decreased
(%) by weight 40, the shear modulus, while causing a major increase in
80 damping.
Pamukcu and Ottawa sand and Ground tire rubber 0,48, Resonant column test 34, *Shear modulus of the mixture increased with the addition
Akbulut (2006) Georgia kaolinite 6.9,9.1, 103, of rubber particles.
clay 11.1,13 207 * Similar to the damping ratio behavior, this improvement
(%) by weight increased after about 30% rubber volume by soil mineral
volume.
Anastasiadis et al. Dry sand Saturated Granulated rubber material 0,5, Low-amplitude, 25, *Small-strain shear modulus of the sand/rubber mixtures
(2012a) sand composed of recycled tire 10, 15, High-amplitude 50, decreases and the damping ratio increases with increasing
shreds 25,35 torsional resonant 100, rubber content and decreasing mean confining pressure.
(Dsp: 0.40, 1.50, 2.80) (%) by weight  column test 200, * The specimen’s geometry affects the small-strain

400 behavior of the specimens.

Anastasiadis et al. Rounded fluvial Granulated rubber 0,5, Fixed free type 25, * Due to the deformability of rubber particles as well as to

(2012b) sand, angular (Dsp: 0.34-2.80) 10, 15, longitudinal-torsional 50, the interaction of soil rubber particles, soil-rubber mixtures
sandy gravel 25,35 resonant column test 100, exhibit higher small-strain damping ratio as the percentage
(Dsp: 0.27-7.80) (%) by weight 200, of rubber increases.

400 * Three main factors are affecting the response of soil-
rubber mixtures: (a) the percentage of rubber, (b) the
relative size of soil particles in comparison to the rubber
particles, and (c) the grain size characteristics of the soil
part of the mixtures.

Nakhaei et al. River type granular Granulated rubber 0,8, Large scale cyclic 50, * Shear modulus decreased with an increase in rubber
(2012) soil 10, 14 triaxial test 100, inclusion and confining pressures.
(%) by weight 200, * Damping ratio decreased with an increase in rubber

300 inclusion at 50 and 100 kPa confining pressures. However,
for 200 and 300 kPa confining pressures, the results were
vice versa.

* Damping ratio in granular soil-granulated rubber mixtures
increased as the confining pressure increased. This was
the reverse for granular soil without rubber inclusion.
Senetakis et al. Fluvial sand, quarry Granulated rubber 0,5, Torsional resonant 25, The small-strain shear modulus and damping ratio of the
(2012a) sandy gravel (Dso: 0.34-2.80) 10, 15, column test 50, sand rubber mixtures are affected by the confining
25,35 100, pressure, the content of rubber, the grain-size
(%) by weight 200, characteristics and dynamic properties of the intact soils

400 (having 0% rubber) and the relative size of soil versus

rubber particles.
Senetakis et al. Dry river sand, Granulated rubber 0,5,10,15,25,  High-amplitude 50, 100, At a specific confining pressure, sand-rubber mixtures
(2012b) saturated river 35,0,5,10,15 torsional resonant 200, 400 exhibit more linear G/Gy-logy and Dy-log y curves as the
sand (%) by weight  column test rubber content increases.
Ehsani et al. (2015) Firoozkooh sand Fine, coarse granular rubber 10,15, Cyclic triaxial test, 300 * Tire inclusion significantly reduces the shear modulus and
30 resonant column test increases the damping ratio of the mixtures.
(%) by weight * Higher damping ratio is observed in mixtures compared
to pure sand.
* Shear modulus of sand and both coarse and fine rubber
mixtures are influenced by rubber content.
Senetakis and Dry, moist, saturated Coarse, medium grained 0,5, Resonant column test 25, 50, * Increase of rubber content in the sand-rubber mixtures
Anastasiadis sand granulated rubber 10,15 100, 200, decreased the small-strain shear modulus, G,, and
(2015) (%) by weight 400 increased the small-strain material damping, Ds,.
Lietal. (2016) Dry, saturated Fujian Granulated rubber 0,5, Resonant columnand 50, * At a lower confinement pressure, the shear modulus
sand (Ds0:0.20-0.80 mm) 10,20 cyclic triaxial test 100, decreased as the rubber fraction increased. At higher
(%) by weight 200 confinement pressure, the shear modulus increased as the
rubber fraction increased.
* Sand-rubber mixtures had slightly higher damping ratios
at a lower confinement pressure. Generally, for a lower
rubber fraction, the damping ratio was not significantly
affected by the rubber fraction and size.
Mashiri et al. Sand (Dsg: 0.35) Tire chip 0, 10, 20, Bender element test, 23,46, * Shear modulus of sand-tire chip mixtures at large strains
(2017) 30,40 cyclic triaxial test 69, 138 was influenced by the proportion of tire chip in the sand-
(%) by weight tire chip mixture.
Sanchez et al. Leighton Buzzard Shredded rubber 0,10, Cyclic triaxial test 100 * Shear modulus of sand-rubber mixtures decreases with
(2018) sand (Ds: 0.85) (Dsp: 1.30) 20,30 adding greater rubber inclusions.

(%) by weight

* Damping ratio of mixture is influenced by the percentage
of rubber, size ratio between rubber and sand particles,
number of cycles and shear strain amplitude.

Cont. on next page.
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Table 2.4. (Cont.) Dynamic tests performed on sand-granulated rubber mixtures and

results.

Confining

Pressure Comments

(kPa)

Okur and Umu Sand (Ds: 0.53) Chipped rubber 0,5, Resonant 50, Rubber-sand mixtures have smaller shear modulus than

(2018) 10, 15 column-cyclic 100, clean sand, but display similar behavior at lower confining
(%) by weight  torsional test 150, pressures.

200 * The confining stress varying between 50 and 200 kPa
has almost no effect on the strain-dependent damping
behavior of the mixtures with 10% and 15% rubber
content.

Madhusudhan River sand Tire shred 0,10, Cyclic triaxial test 100 * The inclusion of rubber tire shreds results in a decrease

etal. (2019b, 30, 50, of damping ratio.

2019c) 100 * The shear modulus of pure rubber is the same at all the
(%) by weight strain levels for both dry and saturated testing conditions.

In general, the damping ratio of dry sand-rubber tire shred

mixtures is found to be higher than saturated mixtures at all

axial strain levels.

Rubber Type of Dynamic

Reference Soil type Rubber type content Tests

Sarajpoor et al. Firoozkooh D2 sand Crumb rubber 0,17, Dynamic hollow 100, * As the relative density of pure sand and sand-rubber
(2020) (Dsp: 2.30) (Dso: 0.83,2.33,6.0) 31,43, cylinder test 300, mixtures decreased, their shear modulus decreased as well.
100 600 A decrease in relative density of pure sand led to an
(%) by weight increase in damping ratio.
*With increasing the confining stress level, shear modulus
of pure sand sample increased and its damping ratio
decreased.
* Dynamic properties of the mixtures depended on their
rubber content.
* Shear modulus of the mixtures decreased with increasing
rubber content.
* When the relative density and content of the mixtures
were constant, as the rubber size increased, the shear
modulus increased while the damping ratio decreased.

Rios et al. (2021) Uniform quartz sand Powdered 0,9, Bender element test, 50 * The specimen with 33% rubber content displayed more
(Dso: 0.35 mm) rubber(<0.425mm) 33 cyclic triaxial test elastic behaviour with less accumulation strain than lower
ground rubber (%) by weight rubber content containing specimen
(<0.425-2mm), granulated * The increase in shear strength with 9% rubber addition
rubber (<0.425-12 mm), tyre higher than of %33 rubber content.
chip (12-50 mm), * The addition of rubber decreases the initial soils stiffness
tire shred (50-305 mm) moduli Go and Eo.
* The damping ratio is reduced to its minimum with the
addition of rubber.

Fakharian and Artificially produced Granulated rubber 0, 10, Cyclic triaxial test 100 * The addition of granulated rubber decreased shear
Ahmad (2021) Firuzkuh sand (Ds:3.1mm) 15 modulus and increased damping ratio between %
F-161 (Dsy: 0.27) (%) by weight 0.002-0.004 shear strain.

* Initial anisotropic consolidation is not an affecting
parameter on dynamic properties of granulated rubber.
* The decrease in shear modulus and increase in damping
ratio with increasing shear strain amplitude are independent
of cycle number, rubber content and consolidation ratio.
*After a certain shear strain amplitude, anisotropic
consolidation has an influence on dynamic properties of
rubber-sand mixtures.

Ding et al. (2021) China I1SO standard Granulated rubber 0, 10, Cyclic triaxial test 50, * The shear modulus is directly proportional to confining
sand (Dso: 0.52) (D5p:0.71) 20, 30, 100, pressure and inversely proportional to rubber content and
40 150 frequency.

(%) by weight * A direct correlation of damping ratio with rubber content
and inverse correlation with confining pressure and loading
frequency indicates that granulated rubber can be used as
a seismic insulation and energy dissipation material.

Edingliler and Yildiz (2021)  Silivri sand (Ds:0.50) Crumb rubber 0, 10, Cyclic triaxial test 40, * Shear modulus and damping ratio of the mixtures are
(Dso: 2.80), 20, 30 100, strongly influenced by the percentage of the tire crumbrtire
buffing rubber (%) by weight 200 buffing inclusions and confining pressure.

(Dso: 3.20) * Tire waste-sand mixtures at same content have lower
shear modulus and higher damping ratios that those of
clean sand. The increasing confining pressure has the
effect of increasing the shear modulus and decreasing the
damping ratio.

* Under the same experimental conditions, inclusion of tire
crumb displayed higher shear modulus and damping ratio
that of tire buffing inclusions.

* Processing type is one of the most important factors
controlling dynamic behavior of the mixtures.

As a summary of Table 2.4, it can be said that, rubber inclination increases the
shear modulus and also decrases the damping ratio in most of the studies. But, in some of
the studies, the conditions where the opposite occurred have been observed. It is common
result for all the studies that, changing in the damping ratio and shear modulus are related
to granulated rubber sizes and ratios in mixture and also confining pressures and loading

conditions.
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2.4. Literature Study on Liquefaction Potential of Tire Granulated
Rubber - Sand Mixture

In literature, there are several studies focused on the tire granulated rubber and
sand mixtures engineering properties, but they are limited when the subject is granulated
rubber effects on liquefaction potential when it is used with sand as backfill.

Edil and Bosscher (1994) indicated some significant engineering properties of tire
chips soil mixtures. They observed that the unit weight of tire chip fillings varies between
3 to 6 kN/m®. Granulated rubber sand mixtures’ benefits were related to the tire chips size
and compaction characteristics of the mixture. The specific gravity of tire chips varies
between 1.13- 1.36 and depends on the metal contents. Tire chips can be used as a mixture
with sand or clay, and the major parameter to design the mixture should be
compressibility characteristics. When they are used with sand, they have a higher elastic
modulus. On the other hand, it can be difficult to mix the tire chips with clay in the field.

Edil and Bosscher (1994) showed that the density of a rubber sand mixture can be
reduced from 17.4 kN/m?® (of pure sand) to 9.5 kN/m? as rubber content varies from 0-
75%, this may lead to a decrease in the shear strength and potentially change the
possibility of liquefaction occurrence. However, there is evidence to show that the shear
strength of loose sand becomes greater than that of dense sand with an addition of more
than 10% tire chips (Edil and Bosscher, 1994).

Hyodo et al. (2007) performed undrained cyclic triaxial and monotonic shear tests
with sand and tire chips-sand mixture which were mixed at various ratios by volume.
Based on the results, the tire chips were significantly efficient in controlling the
generation of the excess pore-water pressure induced by cyclic and monotonic shearing
and also the increase of tire chips content increases the efficiency.

Promputthangkoon and Hyde (2007) investigated that adding a small amount of
tire chips reduces the cyclic shear strength of rubber soil mixtures. They also suggested
that random mixing of tire chips and sand caused a better shear strength than pure sand
when they are at their densest state. Also, densifying the mixture can reduce the void ratio
to minimize liquefaction.

Hyodoet. al. (2007) suggested that tire chips are successful drainage materials to
mitigate the liquefaction because excess pore water pressure does not generate inside tire

chips.
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Tsang (2008; 2009) said that the damping effects of rubber-sand mixtures reduce
the probability of liquefaction occurrence by decreasing both the peak and root-mean-
square accelerations, which have a significant influence on the liquefaction potential of
the backfill soils.

Hazarica et al. (2010) performed a series of undrained cyclic shear tests and model
shake tests, including a cession type retaining wall with varying ratios of tire chips in
sand-tire chips mixture to evaluate the liquefaction potential of mixtures. They observed
that when tire chips ratio is 50% by the total volume of sand the prevention against to
liquefaction is most effective. Also, the tire chips and sand mixtures have lower relative
density compared to sand. There was no liquefaction behind the wall, and the earth
pressure on the wall and residual displacement of the wall were reduced.

Bahadori and Manafi (2013) observed that tire chips can control the pore water
pressure of the mixture during the earthquake and increase liquefaction resistance using
a series of shaking table tests. Pure sand changed its stiffness during earthquake due to a
rapid increase of excess pore water, while there was no decrease in stiffness of sand tire
chips mixture. The maximum shear modulus of reinforced soil increased with increasing
tire chips content in mixture due to decreasing excess pore water generation. Also, mean
damping ratio is increased with increment of tire chips in sand tire mixture.

Kaneko et al (2013) conducted a series of online pseudo-dynamic response tests
that a one-dimensional modeling algorithm uses directly the data obtained from soil
samples. Tests were conducted on models consisting of either tire chip-mixed sand or
varying layers of sand and tire chips to investigate the response characteristics of tire
chips and tire chip-sand mixtures to seismic loads. The test results showed that when tire
chips with low stiffness were either mixed with sand or placed alone as layers, more
significant damping and seismic isolation effects were observed. Tire chips also reduced
the accumulation of excess pore water pressure in the layer, preventing the liquefaction.
In addition, when tire chips are installed as layers under the sand, liquefaction is not
generated in the upper sandy layer because the amplitudes of the seismic waves are
decreased. Also when the tire chips ratio is increased in mixture, they are more effective
to prevent the liquefaction.

According to the Mittal and Gill (2016) review study, the common results of
studies which focused on the liquefaction potential of granulated rubber and sand
mixtures are as follows; 1) tire rubbers/chips or tire granulated rubbers have high

permeability and not allow the excess pore water pressure to increase and the liquefaction
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to occur 2) thanks to its compresibilty facilities, tire chips decrease the seismic load and
its effects.

Noorzad and Raveshi (2017) performed triaxial tests to investigate the behavior
of the sand-tire chip mixtures. The results showed that the shear strength of the mixtures
decreased with the increase in the number of tire chips. These results were in contrast to
previous studies, which indicated that tire chips increased the shear strength of sand-tire
mixtures.

Bahadori et al. (2018) performed several shake table tests comparing the effects
of rubber and gravels on liquefaction resistance and also drainage of excess pore water
pressure under varying drainage column diameters. They investigated that rubber
drainage columns perform better than gravel drainage columns at high relative density
and high input acceleration. On the other hand, gravel drainage columns are more
effective than the rubber drainage column to reduce the liquefaction effects at moderate
input acceleration and low relative density. After shaking, the drainage rate is higher in
gravel drains than in rubber drains.

Fakharian and Ahmad (2019) conducted a series of cyclic triaxial tests on
granulated rubber-sand mixtures (GRSM) with different granulated rubber percentages
(by weight) and at two different shear strain amplitudes to examine the effects of a
granulated rubber and the number of cycles on the shear strength, excess pore water
pressure (PWP), shear modulus and damping ratio of GRSM. They found that adding the
granulated rubber decreases the shear strength, the generated excess pore water pressure,
and shear strength degradation rate at any strain amplitude. Increasing rubber content
within 0 to 15%, at any shear strain amplitude, has decreased the shear strength and the
shear strength degradation rate because of the incompressibility and isotropic nature of
granulated rubber. And at any shear strain amplitude, increasing rubber content has
decreased the excess pore water pressure.

Hazarica et al. (2020) performed a series of small-scale 1g model shake table tests
and cyclic undrained triaxial tests with gravel and tire chips mixture layers under a
residential building foundation. They investigated that when the thickness of the
reinforced layer is bigger than 2m and the gravel/tire chips ratio is 1/1 by volume in
mixture, the horizontal layering method reached its best performance to prevent vibration-
induced and liguefaction-induced damage to residential buildings during earthquakes.

Mukherjee and Mishra ( 2021) performed several consolidated undrained triaxial

tests by adding tire fibers to a sand-bentonite mixture and observed that adding tire fibers
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reduced the excess pore water pressure. Adding 15% tire fiber increased the effective
friction angle from 21° to 24° and the effective cohesion from 15 to 24kPa. Also, tire fiber
reduced the time for 90% consolidation of mixture increasing by the coefficient of
consolidation.

As seen in the literature, adding the granulated rubber into sand causes a
significant change in the mechanical and dynamic behavior of the mixture. However, the
influence of granulated rubber ratio and granulated rubber diameter is still not clear on

liquefaction and settlement behavior of mixture backfills.

2.5. Literature Study on Liquefaction Potential of Tire Granulated
Rubber - Sand Mixture Around the Buried Pipes

2.5.1. Earthquakes in history that triggered the liquefaction of soil and

damaged the pipelines

Pipelines are usually named as lifelines because of their importance in human life.
These are fresh water, sewage, gas, or oil distributions. Transportation tunnels for
vehicles, railways, or cables are also consisting the lifelines. In history, there have been a
number of earthquakes caused to failure of lifelines. The failure of pipelines usually
occurred due to the strong ground motion or large displacements when the pipeline
crosses the fault mechanism. Another most effective reason for pipeline failure is
liquefaction. Lateral spreading, landslides, or uplift movements due to pore pressure are
the main mechanisms of liquefaction acting on the pipelines.

Investigated pipeline failures during and after large earthquakes showed that
pipelines have a significant role in the urban or rural areas for human life. To understand
the failure mechanism and design of prevented pipelines has become a big concern for
geotechnical researchers. Nair et al. (2018) investigated the pipeline performances during
the earthquakes from 1906 to 2018 and highlighted the reasons for the failures. In Table
2.5, the earthquakes were listed whose damages on pipelines were induced by liquefaction

directly or indirectly by modifying the review table of Nair et al. (2018).
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Table 2.5. Earthquakes in history damaged the pipelines due to the liquefaction
(Modified from Nair et al. 2018).

Year Earthquake M, Damage Source
1906 San Francisco, 7.8 Water supply pipeline damages resulted from surface O’Rourke et al. (1988)
California faulting, severe dynamic distortion of pipeline bridges and
lateral spreading of loose granular fill caused by soil
liquefaction.
1933 Long Beach, 6.4 Over 500 pipeline breaks reported among which greatest ~ O’Rourke and McCaffrey (1984)
California concentration of pipeline failures were near bays, rivers and

flood control channels
1971  SanFernando, 6.7 Liquefaction-induced landslides caused a butt-welded steel O’Rourke and Liu (1999),

California pipeline to fail in tension at weld at the edge of the landslide g gurke and McCaffiey (1984)
area. Ariman (1984),
Manshoori (2011)
1975 Haicheng, China 7.3 Main reason for damage was liquefaction Quan (1988),
Sun (1979,1991),
Liang and Sun (2000)
1976 Tangshan, China 7.8  In Tianjin City, pipelines through many alluvial valleys were ~ Sun and Shien (1983),
heavily damaged due to liquefaction O’Rourke and Liu (1999),
Sun (1979, 1991),
Liang and Sun (2000),

Fu-Lu (1983)
1978 Muiyagi Ken-Oki, 7.7 Damage was mostly restricted to small-diameter buried Kubo and Isoyama (1980)

Japan pipelines.
Nihonkai-Chubu, Damages occurred at joints, and such damages were Kitaura and Miyajima (1988)
1983 . 7.8 . .
japan caused at liquefied sites.

1989  LomaPrieta, 6.9 More than 123 failures to the water distribution pipelines in - O’Rourke et al. (1991),
California San Francisco were reported due to liquefaction-induced  °Rourke (1996)
settlement or lateral spread of ground.

1995  Kobe, Japan 6.9 Around 2,000 repairs had to be done in the water Eidinger and Avila (1999)
distribution system due to significant ground shaking, ground
distortion, and liquefaction in the artificial fills constructed
near the bay.

1999  Chi-Chi, Taiwan 7.6 Main causes for break and ruptures of water pipelines were Shih et al. (2000),
vibration/ground shaking (48%), caues by liquefaction Wang (2000), and

(2%). Shih and Chang (2006)
1999  Izmit (Kocaeli), 7.6 An80-km long water pipeline between Golcuk and Yalova Erdik (2001)
Turkey was damaged at a number of locations. Main cause ofthe  Ansal et al. (2008)
damage was due to ground deformations associated with
liquefaction and softening of alluvial sediments.
2001 Bhuj, India 7.7 Most of the observed pipeline damages were due to Eidinger (2001)
liquefaction
2004  Cheutsu, Japan 6.8 Widespread damage to sewer pipelines was reported due  Kang et al. (2013),
to uplift behavior caused by ground settlement after Hamada (2014)
Hasegawa et al.(2006)
2007 Peru 8  Evidence of liquefaction-induced landslides was reported. ~ Taucer et al. (2009)
More than 100 underground water pipelines were
destroyed.
2011 Christchurch, 6.3 Damage was caused predominantly by liquefaction. Cubrinovski et al. (2011)

Differential settlement and lateral spreading disrupted both

otable water pipelines and wastewater pipelines.
P PP PP Cubrinovski et al. (2014)

To get down more to the effects of the liquefaction on pipelines, several cases as
examples were explained in detail. The Northridge Earthquake, 1994 (Mw=6.7) caused

the most extensive damage to a U.S. water supply system since the 1906 San Francisco



earthquake. Three major transmission systems, which provide over three-quarters of the
water for the City of Los Angeles, were disrupted. LADWP and Metropolitan Water
District (MWD) trunk lines were damaged at 74 locations, and the LADWP distribution
pipeline system was repaired at 1013 locations. Figure 2.5 shows a fire ruptured by failed
gas pipeline behind a crater in the city center of Granada Hills, which caused several
nearby homes burned. (Jeon and O’Rourke, 2005).

Figure 2.5. A fire ruptured by failed gas pipeline

in the city center of Granada Hills The during Northridge Earthquake, 1994
(Mw=6.7) (Jeon and O’Rourke, 2005).

According to the report by Orense et al. (2011), several buried structures, such as
gasoline tanks shown in Figure 2.6 and buried pipes, were uplifted due to the buoyant
force generated by the liquefied soil during Luzon Earthquake, 1990 (Mw=7.7). A buried
water pipe along Rizal Street buckled and was thrust upward. Immediately after the
earthquake, much of the town was coated in dark-grey mud and water ejected from

fissures in the ground.
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Figure 2.6. Uplifting of gasoline tank during Luzon Earthquake, 1990
(Mw=7.7) (Orense et al., 2011)

Yamaguchin et al.(2012) reported that six manholes were uplifted, and the
maximum uplift movement was 0.5 m in the Tohoku district during the Pacific Coast of
Tohoku Earthquake, 2011 (Mw=9.1). While manholes of sewage lifelines were uplifting,
the manholes belonging to rainfall lifelines were not uplifted. Although sewage manholes
were 3 m in depth and rainfall manholes were at 1.5 m depth, the uplifting were observed
at sewage manholes. The reason of that was the liquefaction occurred at the depth of
around 3m and above the liquefied soil there was silty clay layer which have low
liquefaction potential.  Figure 2.7.a, b, and ¢ show the sewage manholes, while Figure

2.7.d shows the rainfall manhole after the earthquake.
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Figure 2.7. Uplifting manholes during Pacific Coast of Tohoku Earthquake,
2011 (Mw 9.1) a-c) sewage network manholes, d) rainfall network manhole

Kang et al. (2014a) reported that a lot of pipeline and manhole was uplifted by
liquefaction. A sewage tank in San Pedro del Valle was uplifted by approximately 1.2m
in the 2010 earthquake in Maule, Chile (M\=8.8) (Figure 2.8).

Kang et al. (2014b) observed that during the Niigata-ken Chuetsu Earthquake,
2004 (Mw=6.6). Total 1453 manholes was disturbed over a total distance of 152.2 km.
The total loss of sewerage facilities was valued at 20.6 billion yen. The most severely
damaged areas were in Nagaoka city, Ojiya city, and the town of Kawaguchi. The
sewerage systems suffered damage mainly because of disrupted sewer pipelines. Four
hundred thirty-six manholes were uplifted over a distance of 62.9 km out of a total of

1258 km of sewer pipeline in the city. (Figure 2.9)
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Figure 2.8. Uplifted sewage tank after the Maule-Chile Earthquake, 2010
(Mw=8.8) (Kang et al., 2014a)

Figure 2.9. Uplifted manholes and settlement of sidewalks
after the Earthquake in Niigata-ken Chuetsu, 2004 (Mw=6.6) (Kang et al., 2014b)
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Figure 2.10. Uplifted manhole after the Earthquake in Niigata-ken Chuetsu, 2004

(Mw=6.6) (Tobita et al., 2009)

Figure 2.11. Uplifted manholes and settled backfill after the Noto Peninsula Earthquake,
Japan, 2007 (Mw=6.9) (Kang et al., 2013)
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More case studies observed a similar failure scenario consisting of pipeline uplift
movements induced by liquefaction in literature, such as; Tobita et al., (2009) (Figure
2.10), Kang et al. (2013) (Figure 2.11).

One of the most recent and significant research is Cubrinovski et al. (2011) report
which said buried pipe networks suffered extensive liquefaction-induced damage in the
2010-2011 Christchurch Earthquakes over approximately one-third of the city area.
According to Cubrinovski et al. (2011), the wastewater system of Christchurch was hit
particularly hard, resulting in numerous failures and loss of service to large areas. Out of
the 1766 km long wastewater pipe network, 142 km (8%) were out of service, and 542
km (31%) were with limited service nearly one month after the earthquake. Watermains
and submains are located at shallow depths, usually at about 0.8m to 1.0m depth.

Cubrinovski and Taylor (2011) determined the location of repairs/faults on the
watermains network (red symbols in Figure 2.12) following the 22 February 2011
earthquake and superimposed in the background of the Figure 2.12 (with red, orange and
yellow colors) is the liquefaction map. They indicated the severity of liquefaction (and
associated land damage) induced by this earthquake. Preliminary GIS analyses of
Cubrinovski et al. (2011) using the pipe network damage data and liquefaction
observation maps showed a clear relation between the damage to the pipe network and
liquefaction. Approximately 58% of the damaged pipes were in areas of moderate to
severe liquefaction (red area in map), 20.2% were in areas of low to moderate liquefaction
(yellow area in map), 2.5% in areas where traces of liquefaction were observed (green
area in map) and the remaining 19.3% in areas where no signs of liquefaction were
observed (blue area in map). They highlighted that there is a clear increase in the affected

length (percentage of damage) with increasing liquefaction severity.
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Figure 2.12. The map superimposed the liquefied areas and damaged pipeline locations
(Cubrinovski et al., 2011)

2.5.2. Researches Related to the Tire Granulated Rubber-Sand Mixture
Around the Buried Pipes

Several methods have been recommended in recent years to avoid the uplift of
buried pipes during liquefaction (Orense 2015). Mohri et al. (1999) placed gravel above
the pipe to resist flotation by increasing the dead weight. Gravels and geosynthetic
materials were also applied around large-diameter buried pipes by Ling et al.(2003). The
usage of these countermeasures reduced the pipe uplift by about 10%.

Uchimura et al. (2007) performed several shaking table tests on buried pipes in a
tire chip—sand mixture with different tire chip contents. They realized that the sand-tire
chip layer around the pipes could relieve the uplift of buried pipes and diminish the excess
pore water pressure ratio.

Hazarika et al. (2010) conducted both shaking table and cyclic triaxial tests to
study the effect of reinforced sand with tire chips on quay walls' liquefaction
susceptibility and displacement. The results demonstrated that the excess pore water
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pressure ratio decreased with the tire chips’ volumetric ratio. In addition, the residual
displacement of the quay wall decreased in the reinforced case.

Kaneko et al. (2013) studied the seismic isolation effects of tire chips and their
effectiveness as a remedy for saturated sand liquefaction during earthquakes. They
showed that a significant damping ratio and dynamic isolation effects could be detected
when tire chips were mixed with sand.

Chian and Madabhushi (2014) performed both numerical model and centrifuge
experiments with shallow circular structures to investigate the floatation failure at
different buried depths of the structure. They also studied the influence of the magnitude
of input sinusoidal earthquake shaking. They proposed a simplified mechanism and the

net upward force acting on the pipe due to the liquefaction as follows;
Frer :(FB+FEPP)_(FT +Fsp+FWS) (2.1)

where; Fg is the buoyant force of the structure is governed by the Archimedes principle
and equal to to the displaced volume of water multiplied by the unit weight of water
(yw=9.81 kN/m?®) where the structure is buried, Fr is the weight of the pipe structure, Fepp
is the generated force by excess pore water pressure, Fws is the weight of the overlying
soil considering the effective surcharge of the soil acting on the structure, and Fsp is the
shear force developed in soil. When the soil liquefaction occurs due to the earthquake, Fsp
is reduced significantly, and the excess pore pressure generated near the invert of the
structure (Fepp) also contributes to the uplift force acting on the structure. When there is
a positive net uplift force (Fnet), the structure floats as a result. Figure 2.13 shows the
mechanism of forces acting on pipe during liquefaction proposed by Chian and
Madabhushi (2014).
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Figure 2.13. Force acting on pipe during soil liquefaction
(Chian and Madabhushi, 2014)

51



Chian and Madabhushi (2014) observed a higher uplift displacement of the
structure for shallower buried depth, indicating the influence of overlying soil weight
against floatation. They also showed that the structures commenced floatation in the
presence of high excess pore pressure, but they dissipated when the earthquake shaking
stopped. A stronger earthquake causes a higher rate of uplift. A constant rate of uplift of
the structure was occurred after the soil liquefied, hence postulating a possible limit to
shear modulus degradation of the surrounding soil caused by soil-structure interaction.
This is the result of the lower excess pore-pressure generation near the structure of rigid
pipelines in the liquefiable soil deposit.

Otsubo et al. (2016) conducted series of shaking model tests to investigate the
performance of the recycled backfill materials to mitigate the liquefaction-induced
floating of sewage pipes. One of the examined recycled materials was a mixture of tire
chips and sand. They performed the shake table tests with both unliquefiable (sand with
Dr=80%) and liquefiable (sand with D/=30%) surrounding subsoils with varying
thickness of granulated rubber layers. They applied shake table test with a rigid box, and
to reduce the boundry effects of box, they used 1/5 scaled model with a longer horizantal
witdh and smaller depths. Also to reduce the scale effects they prepeared the soil two
times looser than the expected in real-life. Figure 2.14 shows schematic illustration of

shaking model tests and instrumantaitons conducted by Otsubo et al. (2016).
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Figure 2.14. Schematic illustration of shaking model tests conducted by Otsubo et al.,
2016.

They focused on the influence of the thickness of the tire chips-sand layer (H) and
they filled upper part of the tire-chips-sand layer with dense sand. They founded that,

despite the mitigation, the excess pore water pressure ratio was generated up tol1.2 during
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the shaking when H=35cm which is the question for further studies. They indicated that
the excess pore water pressure ratio decreased as the thickness of the mixed layer (H)
decreased. They noted that, the quick dissipation occurred thanks to the dense sand layer
above the mixture layer.

Castiglia et al. (2019) performed four shaking table tests to study the effectiveness
of gravel bags placed above and below the pipe to increase the stability of pipelines
subjected to uplift in liquefiable soils. Also, Castiglia et al. (2020) used geogrid sheets as
a remediation for the liquefaction-induced uplift of buried pipelines. They indicated that
both methos effectively reduce the uplift movement of the pipe.

Izadifar (2021) evaluated the effect of using soil-rubber mixture (SRM) around
the buried pipes to absorb the vibration energy, protect the pipe, and reduce pipes'
deformation. According to lzadifar's (2021) results, the optimum dimension of area for
using SRM around the pipe, which will reduce the pipe deformation and simultaneously
makes the design economical, is a square by the dimension of three times the diameter of
a circular pipe, through which the pipe is placed in the middle.

Abdullah et al. (2021) performed several California bearing ratio tests and direct
shear tests to investigate the feasibility of using sand—crumb mixtures for applications
such as embankment fills, backfilling for subgrades, and retaining walls, and assess the
optimum crumb contents in the mixture. Mixtures of fill sand and rubber crumbs were
prepared with sizes of 1-2 mm at crumb contents of 0%, 10%, 20%, and 30% by weight
of dry sand. They found that the dry unit weight, CBR, dilation, and friction angle
decreased as the crumb content increased, while apparent cohesion was introduced in the
mixtures with the addition of crumbs, and it increased with the crumb content. Sand-
crumb mixtures were effective as lightweight fill materials over soft soils. They suggested
that the sand-crumb mixtures with an optimum crumb content of 20% provided the
maximum reduction in lateral earth pressure when they were used as backfill materials
behind retaining walls.

Li et al. (2022) presented a sensing solution for evaluating the uplift capacity of
pipelines buried in sand using fiber optic strain sensing (FOSS) nerves. They investigated
the upward pipe-soil interaction (PSI) through a series of scaled tests, in which the FOSS
and image analysis techniques were used to capture the failure patterns.

Alzabeebee (2022) suggested a finite element model to study the efficiency of
tire-derived aggregate (TDA) as a mitigation technique to reduce the additional forces

applied on the pipe due to transient seismic shake. He considered a wide range of transient
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seismic shakes by using earthquake records with a predominant frequency range of 0.63—
2.90 Hz and a peak ground acceleration of 0.15-0.50g. Alzabeebee (2022) illustrated the
effectiveness of using the TDA as a sustainable solution to reduce the shear forces and
bending moments developed in the pipe wall due to the earthquake effect.

Dadkhah et al. (2022) conducted a numerical analysis to evaluate the ability of
sand-tire shred mixtures to reduce peak blast pressure, which is the leading cause of
damage to underground structures under surface explosion. They performed different
scenarios are created by using mixture layers with different thicknesses (2, 4, and 6 m)
and tire shred contents (10%, 20%, and 30%) that are subjected to various surface
explosion charges (100, 500, 1000, and 5000 kg). They figured out that the thickness of
the mixture layer is directly related to the dissipation of explosion energy. On the other
hand, the percentage of the rubber content in the mixture is only effective in reducing
peak blast pressure when the mixture layer is thick enough and successful in protecting
the underground structure from surface explosion hazards.

As seen in the literature, the granulated rubber sand mixture has the benefits of
decreasing earth pressure on the pipe line, decreasing the earthquake effects on pipelines
in terms of reducing the seismic load, also increasing the permeability, and decreasing
the excess pore water pressure, etc. However, how the granulated rubbers and sand
mixtures mitigate the liquefaction and prevent or reduce the uplift movement of pipelines

under the varying granulated rubbers is less known.

2.6. Literature Study on Environmental Effects of Recycled Tire

Granulated Rubber on Groundwater Quality

Usage of scrap tires has become common in geotechnical and environmental
engineering applications. Most of the geotechnical applications used granulated tires as
retaining wall backfill, bridge abutment backfills, embankment fill, drainage or insulation
layer of earth fill, and infrastructure fill (TCTC,1990; Edil and Bosscher, 1992; Edil and
Bosscher, 1993; Humphrey and Katz, 2000; Humphrey and Katz, 2001; O’Shaughnessy
and Garga, 2000; Aydilek et al., 2006; Edil et al., 2008; Finney et al., 2013; Hennebert et
al., 2014; Selbes et al., 2015; Maeda et al., 2017). According to the physical and
mechanical requirements, scrap tires can be evaluated in different sizes as whole tires,
granulated or shredded (ASTM D 6270-20, 2012). As mentioned before, different
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classifications in the literature divide the waste tire rubbers into the granulated rubber, the
powdered rubber, the rough shreds, the tire chips, the tire-derived aggregate, etc.,
according to the rubber size (Li et al., 2016; Busic et al., 2018, Mitchell and Soga, 2005)
(Table 2.1).

One of the most common usages of scrap tires is a granulated rubber (GR)
produced by granulating tires and removing the fiberglass and steel belts. GR is a
lightweight fill material with high compressibility and permeability. Several studies were
conducted to understand the benefits of GR in geotechnical applications in terms of
mechanical and physical properties. Alternatively, the environmental effects of leaching
components of GR have become an issue that needs to be investigated. Several
researchers have focused on the leaching characteristics of GR in terms of contamination
of inorganics and organics into groundwater by field and laboratory leaching tests (TCTC,
1990; Edil and Bosscher, 1992; Bosscher et al., 1993; Humphrey and Katz, 2000;
Humphrey and Katz, 2001; Maeda, 2017).

The batch test is the most commonly used test to identify the leaching
characteristic. The rubbers, solution properties, and tools used in each test are different,
and difficult to compare the results. For this reason, the batch test has been standardized
with a procedure named Toxicity Characteristic Leaching Procedure (TCLP) to determine
if a material is hazardous and regulate the level of contaminants in water (United States
Environmental Protection Agency (USEPA) 1992). The EP-Toxicity test (Extraction
Procedure Toxicity Test), which was developed before TCLP, is also used for classifying
a waste material as hazardous. (RMA,1990). According to the RMA report (1990); there
was no significant difference between the EP-toxicity and TCLP results. Another batch
leaching test is Water Leach Test (WLT) (ASTM D 3987), typically used for non-
hazardous materials to assess the leaching potential. In this test, the tire rubber is
combined with 1400 ml of ASTM Type Il deionized water in a 2L sealed container. This
mixture is agitated continuously in a tumbler for 18 hr. The mixture is allowed to settle,
and then the leachate is sampled and subjected to chemical analysis. TCTC (1990)
performed leaching tests under four pH conditions and figured out that the highest level
of metal leaching from GR occurred under acidic conditions.

Lerner et al. (1993) studied three GR sizes (2.54 x 2.54 cm; 5.08 x 5.08 cm; 10.16
x 10.16 cm), which were subjected to nine solutions with three pH levels of 5.4, 7, and

8.6 for contact time of 91 days.
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Downs et al. (1996) prepared several mixtures with GR with a size of 7.62 cm x
7.62 cm (steel belted and fiberglass) and three types of soil (till, clay and peat) and sealed
them for ten months.

Selbes et al. (2015) performed several leaching tests with three varying pH
conditions and six different sizes of tires. They collected leachate samples 15 times in 28
days to determine the contamination as a function of tire chips’ surface area. They used
four sizes of GR (2.5x2.5¢cm, 5x5cm, 10 x 5¢cm, 15 x 5 cm) and crumb rubber (between
1.41 mm - 2.38 mm), and used three leaching solutions with pH 4, 7, and 10. They focused
on dissolved organic carbon (DOC), dissolved nitrogen (DN), and inorganic constituents.
Selbes et al. (2015) indicated that increasing pH increased poly-aromatic hydrocarbons
(POHSs) while decreasing metal contamination and natural pH conditions is most suitable
for GR applications. Selbes et al. (2015) also concluded that the degree of leaching
increased with the decreasing tire size. The inorganic analyses showed an increase in
Aluminum (Al), Barium (Ba), Iron (Fe), Zinc (Zn), Manganese (Mn), and they exceeded
their respective drinking water standards while leaching of the following elements
relatively negligible: Boron (B), Cadmium (Cd), Chromium (Cr), Lead (Pb), Selenium
(Se), Cooper (Cu), Calcium (Ca), Magnesium (Mg), Sodium (Na), Potassium (K),
Chloride (CI), Fluoride (F), and sulfate (SOa4) (Selbes, 2015).

Liu (2018) performed a series of batch tests with two different sizes of tire chips
under the different pH conditions and focused on the leaching of Zinc. Liu (2018)
examined that the Zinc leaching was reduced by increasing the tire particle size and pH.

Another common laboratory test is the column leaching test (CLT) which
represents the leaching characteristics more realistic than batch tests. First, Waste
Management of Pennsylvania (1989) investigated tire chip leaching in CLT (20.3 cm
diameter and 121.9 cm long).

Kim (1995) used steel containers (61 cm diameter and 91.4 cm long) for soil and
tire chip column testing.

O’Shaughnessy and Garga (2000) performed CLTs on GR embedded in quartz
sand with three leaching solutions with pH 3.5, 6.5, and 9.5. Aluminum, Iron, Zinc, and
Manganese exceeded their drinking water standards (DWS) initially, and all other
elements were below detection limits or background levels for tire chips embedded in
clay.

Rowe et al. (2005) performed four CLTs (using an internal diameter of 287 mm

and a total length of 813 mm columns) filled with two different shaped tire shreds (G and
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P) and gravel for two years. Aluminum, zinc, iron, and copper leached from the Pand G-
shreds when exposed to typical municipal solid waste leachate. The highest concentration
of metals was found in the P-shred, and this is attributed to the greater abundance of
exposed steel in these shreds.

Lee (2011) performed column leaching tests (CLTs) to evaluate the leaching
characteristics of bottom ash, waste tires (WT), and mixtures of ash and WTs (65:35 by
weight) under the different pH (4.0, 6.0, and 8.0) conditions. Lee (2011) compared the
CLT results with drinking water standards of the US Environmental Protection Agency
(US-EPA), the World Health Organization (WHO), and the Korea Ministry of
Environment (KME). Lee (2011) evaluated that the initial concentration of Pb and Zn
were slightly above the standards, while the initial concentrations of SO4 from ash and
ash-WT were 8-10 times greater than the standards.

Downs et al. (1996) performed small-scale field tests using different sizes of tire
chips and pH conditions. They concluded that Fe and Mn exceeded their secondary
(aesthetic) drinking water standards when tire chips were placed below the water table.
Hence, the usage of GR below the groundwater level is only suitable if the Fe and Mn
leachate is tolerable (Downs et al., 1996).

Humphrey and Katz (2001) performed a five-year period of field tests with tire
shreds with a maximum size of about 75 mm, and the soil types were marine clay, glacial
till, and peat. The field experiment suggested that GR can be used as a water-saturated
fill material without risking long-term water quality degradation.

Avydilek et al. (2006) conducted several laboratory and field studies to investigate
the performance of tire chips as a drainage medium in landfills by comparison with the
traditional filling material; gravel. They indicated that tire chips can be used as a landfill
leachate collection layer, even though they may not be suitable if placed near drinking
water sources.

There are several extensive review studies on the use of GRs in geotechnical
applications, compiling both the advantages and disadvantages. According to Edil (2008);
in GR applications, groundwater pollution caused by tire leaching was very limited in
terms of many inorganics, although iron and manganese levels are increasing. If the
rubber particles are placed under the groundwater level, these leaching are more effective
and can be used with precautions. Contrary to this concern about environmental pollution,

the substantial absorbent capacity of tire material makes it a potential material for
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environmental protection and improvement when in contact with contaminated waters
and leachate.

Mohajerani et al (2020) said that the common result of studies conducted in recent
years is the leachate of metals is much more at low pH values, so waste tire scraps with
steel belts are more suitable for use in soil or groundwater environments with neutral pH
values. Mohajerani et al. (2020) added that the leaching results from laboratory
procedures such as TCLP can be much higher or lower than the leaching results of scrap
tire pieces used in natural soil environments.

Liu et al. (2020) listed the studies in which scrap tire particles were mixed with
soil and revealed that the maximum leached metals when mixed with clay are Copper and
Nickel, while the maximum leached metals when mixed with sand are Fe and Mn. They

also emphasized that the mixing ratio and environment are quite effective.
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CHAPTER 3

THE LIQUEFACTION POTENTIAL OF TIRE
GRANULATED RUBBER - SAND MIXTURE: SHAKE
TABLE TESTS

3.1. Introduction

As mentioned in Chapter 1, one of the main scope of the thesis is investigating the
effects of GR on the liquefaction potential of sand deposits when GR mixed with sand.
For this purpose, three different GR groups with varying diameters were mixed with clean
sand with three mixing ratios and filled into a large-scale laminar box mounted on a one-
direction shake table. After get the mixtures saturated, a total of ten shaking tests were
performed. Excess pore water pressure, surface settlement of soil deposits, and seismic
motion of shake table were recorded. According to the results, the liquefaction potentials
of filling materials were compared, and the outcomes were discussed. As a result of the
comparative study, the GR can be a suitable mitigation material against liquefaction when
used with sand as a mixture. GR size and their ratio in sand mixture significantly affect
the change of liquefaction potential and settlements of sands.

This chapter first presents when soil deposits were remediated with granulated
rubbers, tire chips, tire-derived aggregates etc. Then, the materials and experimental
setups used in experimental studies were explained in detail. The experimental matrix and
the methods used to perform the experiments were explained. Lastly, the results were

discussed, and the comparative outcomes were concluded.

3.2. Materials

A number of laboratory tests have been performed to identify the physical and
mechanical properties of sand and GR used in experiments. Also, this section describes
the experimental setup consisting of a shaking table, laminar box and instrumentations.

In the next section, shake tests are explained in detail.
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3.2.1. Silica Sand

The sand used in this study was sieved and classified as silica sand. The silica
sand was purchased from a local supplier company in the Babaeski-Kirklareli region.
Several experimental studies were carried out with the silica sand to define physical and
mechanical properties, which were sieve analysis (ASTM D6913/D6913M-17),
maximum and minimum void ratio (emax-emin) (ASTM D4253-16, ASTM D4253-00), and
specific gravity test (ASTM D854-10). The properties of silica sand can be seen in Table
3.1 and the gradation curve in Figure 3.1. Also, the pictures and Scanning Electron
Microscope (SEM) of silica sand were shown in Figure 3.2. As seen in Figure 3.2, silica
sand particles were semi-ground shape. Silica sand was classified as Poorly Graded Clean
Sand (SP) according to the Unified Soil Classification System (USCS). Table 3.1. shows
the elements and their proportions in the sand particles found by X-ray fluorescence
spectrometers (XRF) analysis. As seen in Table 3.1., silica sand contains a large amount
of Silica (Si), Aluminum (Al), Iron (Fe), and Potassium (K) elements. The methodology
of SEM and XRF analysis were explained in detail in the following sections.

Table 3.1. Properties of Silica Sand
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Figure 3.1. Gradation curve of silica sand
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Figure 3.2. Silica sand’s a) photo b) SEM pictures

Table 3.2. Elemental analysis (XRF) result of Silica Sand

Symbol  Element EEI:;Z?;L??OH
Sio, Silicon 85.75%
Al,O4 Aluminum 9.09%
K0 Potassium 2.19%
Fe, 04 Iron 0.75%
Ca0O Calcium 0.65%
P,0s5 Phosphorus 0.50%
MgO Magnesium 0.45%
Ba Barium 0.38%
Na, O Sodium <0.11%
CuO Copper 0.083%
Zro; Zirconium < 0.068%
Sro0 Stronfium 0.04%
MnO Manganese 0.03%
Te Tellurium 0.02%
503 Sulfur 0.01%
Cl Chlorine 0.01%

3.2.2. Tire Granulated Rubber

The Granulated Rubber (GR) used in this study were waste tire rubber pieces

purchased from a local supplier in big barrels. GR was sieved and classified into three

groups according to their equivalent diameters; 2.5-5mm, 5-10mm, and 10-15mm. While
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granulating, fiber and steel belts inside the waste tire were removed. The GR groups and
their pictures are shown in Figure 3.3.a, while all of the GR stock in big barrels are shown
in Figure 3.3.b, and the SEM picture of 2.5-5mm GR particle is shown in Figure 3.3.c.
GR particles have irregular shape as seen in Figure 3.3.c.

Several experimental studies have been carried out with the GR to define physical
properties, which were sieve analysis (ASTM D6913/D6913M-17) and specific gravity
test (ASTM D854-10). Figure 3.4 shows the gradation curves of granulated rubbers.
Checking the gradation curve of granulated rubbers (Figure 3.4) and the photos given in
Figure 3.3 together, it can be said that nominating the scrap tire rubbers as “Granulated
Rubber” is correct according to the ASTM D5681-20 (Table 3.).

Table 3.3. Properties of Granulated Rubbers

Granulated

Rubber Size Dso (Mm) Dig (MmM) Deo (MM) Dsp (MM) Cu Cc Gs
2.5-5mm 4 3.4 4.02 3.9 1.18 1.11 1.12
5-10mm 5.8 4 6 5.6 1.50 1.31 1.19
10-15mm 10.2 10 10.4 10.1 1.04 0.98 1.28

Figure 3.3. Granulated Rubber’s pictures
a) groups and pictures, b) stock in big barrels, and ¢) SEM picture of 2.5-5mm GR
particle.
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Table 3.3 shows the elements and their proportions in the granulated rubber
particle with a 2.5-5mm equivalent diameter found by XRF analysis. As seen in Table 3.,
GR contains a large amount of Zinc (Zn), Sodium (Na), Calcium (Ca), Sulfur (S04), and

Magnesium (Mg) elements.
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Figure 3.4. Gradation curves of Granulated Rubbers

Table 3.4. Elemental analysis (XRF) result of Granulated Rubber

Symbol  Element C_:once_n tration
(in weight)

ZnO Zinc 21.31%
Na,O Sodium 25.95%
CaO Calcium 22.26%
SO; Sulfur 11.12%
MgO Magnesium 6.96%
AlLO; Aluminum 3.63%
Cl Chlorine 1.21%
WO;3 Tungsten 0.95%
CuO Copper 0.238%
Fe, 03 Iron 0.113%
ZrO, Zirconium <0.068%
MnO Manganese 0.037%
Bi Bismuth 0.032%
Ba Barium 0.024%
SrO Strontium 0.020%
NiO Nickel 0.019%
Mo Molybdenum 0.018%
Br Bromine 0.012%
Nb,Os Niobium 0.011%

Ag Silver 0.008%




3.3. One Dimensional Shake Table and Laminar Box

In order to understand the liquefaction resistance of sand and GRS mixtures with
varying GR content, 1g shake table tests were conducted in this study. Laminar box
system and CPTu system were designed for the test setup (Ecemis, 2013). One-
dimensional laminar box system is consisted of a strong floor, a 1-D shake table, a servo-
motor actuator, a computer-controlled system (to give shaking to the 1-D shake table), a
laminar box, and a membrane. Instrumentation and data acquisition system are described
in this section in detail. The components consisting of the shake table and laminar box
are explained briefly in this study; for more information about these components in detail,
please see Kahraman (2013) and Ecemis (2013).

3.3.1. Strong Floor

IZTECH - Civil Engineering Department's structural laboratory, which is well
equipped for static and dynamic structural tests, has a strong floor. The strong floor has
1m thickness, and it was constructed with heavily reinforced concrete (C25) and

reinforced steel (S420). The shake table was mounted on this strong floor.

3.3.2. One-Dimensional Shake Table

Dimensions of the aluminum shake table have the length of 2.04 m, the width of
0.82 m, and the thickness of 0.08 m. The load capacity of the shaking table is 16 tons, its
maximum displacement is +1m, its maximum velocity is £1m/s, and its maximum
acceleration value is 1.2g. Figure 3.9 and Figure 3.10 show the shake table and the first
laminate of the laminar box mounted on the table. A servo-motor actuates the sinusoidal
one-dimensional shaking of the table. A schematic representation of the shake table and
actuator can be seen in Figure 3.5, and a picture of the shake table were shown in Figure

3.6. Photos of the servo-motor actuator can be seen in Figure 3.9 and Figure 3.10.a.
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Figure 3.5. Schematic view of Shake Table
a) Side View, b) Top View (Source: Kahraman,2013)

Figure 3.6. Shake Table and first laminate mounted to shake table

3.3.3. Laminar Box

The laminar box consisted of 24 laminates, each 1.834m long and 0.62m wide.
Laminates were made of | beams with a height of 0.57 and a width of 0.108m. The total
height of the laminar box was 1.55m. Roller and stopper mechanisms allow them to move
in one direction and stop at maximum displacement between laminates placed on top of
each other (see Kahraman, 2013). The laminar box was designed by Ecemis (2013) to
simulate earthquake-induced shaking conditions in the free field in the most realistic way
based on the criteria by Whitman and Lambe (1986). The maximum displacement of each

laminate is 0.014m in longitudinal directions; the cumulative displacement of the laminar
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box was 0.322m. Schematic illustrations of the laminar box were shown in Figure 3.7.a,
while the picture of the laminar box was shown in Figure 3.8.a at the resting position.
Also, the schematic illustrations of the laminar box were shown in Figure 3.7.b, while the
picture of laminar box was shown in Figure 3.8.b at maximum displacement position.

Figure 3.9 and Figure 3.10 show the laminar box pictures.
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Figure 3.7. Schematic illustrations of the laminar box
a) at the resting position, and b) at maximum displacement position.
(Source: Kahraman,2013)
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Figure 3.8. Laminar box pictures,

a) resting position, b) during its’ flexible movement

3.3.4. Membrane

In this study, a Imm thick membrane made of EPDM rubber material was used
so that the shaking table simulated undrained conditions and did not prevent the free field
conditions provided by the laminar box. EPDM membrane was synthetic rubber produced
from ethylene and propylene materials. The dimensions of the membrane were larger than
the laminar box to allow it to move freely within the laminar box. The length of the
membrane was 1.8m, and the width was 0.8m. The EPDM membrane was carefully
placed in the laminar box. The membrane was provided to take the same shape as the
laminar box, and it was temporarily attached to the top laminate so that its form would
not deform during filling the soil materials and water (Kahraman 2013, Ecemis 2013).

Figure 3.9 and Figure 3.10.b show the membrane attached to the laminar box.
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3.4. Instrumentation

Shake table tests that were conducted for this part of the experimental work
required high-density sensors consisting of five pore water pressure transducers and three
linear potentiometers. For Chapter 4, more instrumentations were added to this setup and

explained in detail in Chapter 4.

3.4.1. Potentiometers

Three identical linear potentiometers (LPM) were used with a 300mm
displacement capacity. One of the potentiometers named "X-P5" measured the horizontal
displacement of the shake table tests during the shakings, while the other two
potentiometers named Z-P1 and Z-P4 were placed vertically on the surface of the soil
model to measure the settlement of the soil during and after shakings. Figure 3.11.a shows
the linear potentiometer, which was horizontally placed to measure shake table
displacement, while Figure 3.11.b shows the LPMs, which were vertically placed to
measure soil settlement during and after the shaking. Figure 3.9 and Figure 3.13 show the
places of the potentiometers.

The wooden plate above the laminar box setup was used to fix the LPMs placed
vertically which used for measuring the level soil surface. LPM tips were intended to
measure soil surface settlements, but the tips could sink into the soil that making it
difficult to measure the level of the surface. For this reason, a polymer plate with a density
of about (1.5gr/cmq), (less than saturated soils (1.8gr/cm?®), and more than water (1gr/cm?)
was placed on the ground surface. This plate did not sink into the saturated soil before
liquefaction and did not float on the water during and after liquefaction. Thus, the plate
always remained on the surface of the settled soil. By mounting the tips of the vertical
LPMs on this plate, soil settlement was clearly measured during and after shaking. Figure

3.11.b shows the plate on surface of soil and it was named as “settlement plate”.
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Figure 3.11. Linear Potentiometers (LPMs)
a) horizontally placed to measure shake table displacement b) vertically placed to

measure the settlement of soil during and after the shaking

3.4.2. Pore Water Pressure Transducers

Excess Pore Water Pressure Transducers (EPWPT) were also placed inside the
soil deposits to monitor the data of excess pore water pressure (EPWP). These data
indicated soil liquefaction has occurred and recorded the initiation time of the
liquefaction.

The type of the EPWPT is KPC-500, and the capacity is 500kPa. They were
bought from Tokyo Sokki Kenkyujo Co. Ltd. The EPWPTs’ had a cylindrical shape with
40mm diameter and 57mm length. The connection cable of the EPWPT was 0.5mm? and
its length was 10m. EPWPT was made of strong steel materials, can resist high lateral
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soil pressures, and can be buried into the soil. EPWPTSs have porous filters with 30mm
diameter at bottom to allow the water through inside a cell in it and can read pore water
pressure values up to 500kPa with precision. These porous filters were kept waiting in

water before being mounted to the EPWPTSs.

EPWPT mounted to net

Wooden plate <
placed above

=1| the laminar box

: to mount the
= LPMs and nets

EPWPTs
PP5 (0.20m)
PP3 (0.40m)
PP4 (0.63m)
PP2 (0.63m)
PP1 (1.05m)

na R
~> Nets <]

Steel plate
placed bottom of
a) the laminar box ||L9

Figure 3.12. Pictures of Excess Pore Water Pressure Transducers (EPWPT)
a) EPWPTs mounted to nets and steel plate at bottom, b) an EPWPT, and c) nets

mounted to wooden plate above the laminar box

EPWPTSs were tied on nets to place in the laminar box with different depths. Three
EPWPTSs were placed on a net, and two EPWPTSs were placed on another net. These nets
were mounted to a steel plate at the bottom of the laminar box and mounted to a wooden
plate that was placed above the laminar box. Hence, nets and EPWPT were placed in two
rows vertically in the soil model. Figure 3.12.a shows the nets, EPWPTSs, steel plate
placed at the bottom, Figure 3.12.b shows the nets mounted to wooden plate above the
laminar box, and Figure 3.12.c shows a EPWPT mounted on the nets. Name of the
EPWPTs were PP1, PP2, PP3, PP4, and PP5, and their depths from the surface of the
filling soil in the laminar box were 1.05m, 0.63m, 0.40cm, 0.63m, and 0.20cm

respectively. A schematic representation of EPWPTSs’ places in the test setup was shown
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in Figure 3.13. After the soil filling was completed in each trial, the nets and cables of the

instruments were unmounted from the wooden plate and released.
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Figure 3.13. Schematic illustration of instruments of the laminar box tests.

3.4.3. Data Acquisition System and Software

LPMs and PWPTs were connected to a data acquisition box (DAQ). DAQ was
used for collecting the signals from instruments and converting these signals into the

proper units and engineering data which recorded during the experiments. The name of
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DAQ was National Instruments’ (NI) DAQPad-6259 Pinout. Figure 3.14.a shows the
DAQ, Figure 3.14.b shows the DAQ with energy cable, Figure 3.14.c shows the DAQ
and signal cables of all instruments, and Figure 3.14.d shows the DAQ connected to the
computer. DAQ had 32 channels consisting of 16 analog and 16 digital channels. Sample
rate of a single channel is 1.25MS/s, timing resolution is 50ns, timing accuracy is 50 ppm
of sample rate, input coupling is DC. The input range is between +01V and +10V, and
maximum working voltage for analog inputs is +11V. For more information, see the

manual of DAQ at www.ni.com/pdf/manuals/37521c.pdf.

Figure 3.14. Photos of Data acquisition box (DAQ) and instruments’ connections,
a) DAQ, itself, b) and ¢) DAQ with instruments’ connection cables, d) reading the
data from DAQ

All of the instruments were connected to the DAQ properly by evaluating their
calibration values and features. The LabVIEW software was used to record the data of
the shake table tests. LabVIEW code was written in accordance with the characteristics
of the instruments, and it was ensured that all values were recorded in appropriate units.

The schematic form of the LabVIEW code is shown in Figure 3.16. Preparing the code
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on the schematic form is one of the features of LabVIEW. As seen in Figure 3.16, signals
(as a form of voltage changes) that were collected from instruments by DAQ were defined
as input by LabVIEW code in the first step. These signals were converted into engineering
parameters and proper units in the second step. In the third step, a low-pass digital filter
with a limit of 100Hz was applied to clear the data from noises. Also, Figure 3.16.b shows
the interface of LabVIEW low-pass filtering. The user interface of LabVIEW during data
recording is shown in Figure 3.15.

LabVIEW was designed to record the data with two different frequencies. Two
different text files that recorded 500 data per second and 2 data per second were obtained
as output for each shaking trial. As records, the data was saved as two different text files.
High-frequency data (500 data per second) was used to accurately examine rapid pore
water pressure or settlement changes during the shaking time (first 20 seconds). Low-
frequency data (2 data per second) was used to examine the dissipation of excess pore
water pressure and settlements after shaking for a long period after the shaking (4-5

minutes).
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Although low pass digital filtering codes were added in the LabVIEW code and
all the cables were shielded, there were a lot of noises in the recorded data for all
experiments. DIAdem, a mathematical software product of National Instruments, was
used to filter the noises of the data as post-operation works. All the noises in the data were
cleared by applying a low pass digital filter with varying limits (0.5-50 Hz) using by
DIAdem. Figure 3.17.a shows the DIAdem screen while filtering data, and Figure 3.17.b

shows an example of data consist of the original and filtered data.
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Figure 3.17. Examples of DIAdem filtering process
a) Screen view of the DIAdem, b) Example of raw and filtered data of EPWP.



3.5. Piezocone Penetration Test (CPTu) System

Piezocone Penetration Tests (CPTu) were performed for all shaking tests after
saturating the soil deposit and before the shaking tests. The Cone Penetration Test (CPT)
is a method used to determine the geotechnical engineering properties of soils and
delineate soil stratigraphy. The Piezocone Penetration Test (CPTu) is a type of electrical
CPT, which includes additional instrumentation to measure the pore water pressure
during penetration at the level of the base of the cone.

The first electrical cone penetrometer was developed in 1948 by the municipal
engineer Bakker in Holland, which was called as the ‘‘Rotterdam cone’’(Massarsch,
2014). Schmertmann (1974) added a feature in a probe to measure pore water pressures
during cone penetrations and called this cone and probe as a piezometer probe. CPTu
measure three major data continuously for all depth; the cone resistance (qc), local shaft
friction (fs), and pore water pressure (u). In the late 1970’s, another CPT system was
developed by Geotech Co. and has become popular for the last three decades. This CPTu
system does not require a cable to transmit the measured data from probes, it uses a
microphone and transmits the data acoustically. In this study, the wireless CPTu was used
before all the shake table tests. The CPTu is a field test, and the cone must be penetrated
in the field with a constant velocity. In the field, this work is usually done with a pushing
mechanism on the truck. In this study, a special system consisting of a hydraulic pump
and a platform was used to penetrate the CPTu cone into the soil model placed in the
laminar box. The platform and hydraulic pump setup were developed by Ecemis (2013).
In this section, the CPTu system was described in detail.

The CPTu pieces of equipment can be divided into three parts; cone penetrometer,
pushing equipment, and data acquisition system. Piezocone consists of a 60° cone with a
10 cm? base area (35.7 diameters) and a 150 cm? friction sleeve located above the cone.
This model is the most widely used and accepted reference test equipment. In the
piezocones, pore pressure is typically measured at three different locations, as shown in
Figure 3.27. These pore pressure sensors are known as: on the cone (uz), behind the cone
(u2), and behind the friction sleeve (us). For this study, the data acquisition system,
piezocone, and other equipment for the CPTu test were manufactured by Geotech Co,

Sweden.
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Figure 3.27. Schematic presentation and bictdre of the piezocone,

(@) shematic presentation, b) piezocone with its filter and O-ring elements

The wireless piezocone probe is shown in Figure 3.18. Components of the probe
were numbered in the figure as follows; 1) Cone, 10 cm?, 2) O-ring, 3) Filter Ring, 4) X-
ring, 5) Support Ring, 6) O-ring, 7) O-ring, 8) O-ring, 9) Friction Sleeve, 10) Cone Body,
11) O-ring.

Figure 3.18. CPTu Probe with components

(Source: Geotech Nova CPT Acoustic Manual)

The data acquisition system is a part of the CPTu setup which is including a
number of electrical components and software. The components of the system were listed
and described as follows and also illustrated in Figure 3.19. Components of the CPTu
data acquisition system were numbered in the figure as follows;

1) CPT probe,

2) Microphone,

3) Depth encoder,

4) Computer interface box,



5) Computer,
6) Nova,
7) Rod.

(a) (b)
Figure 3.19. a) Schematic illustration and b) picture of Geotech Nova CPT Acoustic

Probe and Data Acquisition System

As mentioned before, the system did not require a cable to transmit measured data
from the probe to the soil surface. This was done acoustically; the digitized coded data
string was converted into a high-frequency acoustic signal by a piezoelectric element in
the nova. The signal was then transmitted up through the steel of the rods to a microphone
on the rig or penetrometer. No cable was used for transmitting the data from the probe to
the recorder at the surface. From the microphone, the signals were transmitted to a
computer interface box, which also received depth information from a depth encoder.
The data was then sent to a computer. The data were presented simultaneously on the PC
screen as engineering data and graphics (Figure 3.19).

The pore water pressure meter was normally a pressure transducer of steel type.
It communicated with a porous filter on the surface of the cone penetrometer via a liquid
chamber. The filter element and other parts of the pore pressure system were saturated
with a liquid before use. This saturation should be maintained until the cone penetrometer
reaches the groundwater surface or saturated soil. The filter should be saturated with de-
aired glycerin, silicone oil, or similar which makes it easier to maintain saturation
throughout the test. It was good practice to cover the filter element with a rubber

membrane, which will burst when the penetrometer came into contact with the soil. The
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cone penetrometer was designed in such a way that it was easy to replace the filter and
that the liquid chamber was easy to saturate. In general, filter elements were saturated in
the laboratory and kept saturated in airtight containers. One commonly used procedure to
assemble and saturate the piezocone, when using glycerin or silicone oil, was to use a
plastic funnel (Figure 3.20).

In this study, the filter rings were kept in glycerin in a container until they were
used (Figure 3.20). To saturate the piezocone with a plastic funnel, the following
procedure was done: First, the cone penetrometer was turned upside down, and the cone
was removed. The funnel was mounted and slowly filled with glycerin or silicone oil.
Using a plastic syringe and hypodermic needle, the cavities in the penetrometer were
saturated. The filter was carefully transferred from its container to the funnel and all parts
were assembled while submerged in the liquid. In this study, the excess pore water

pressure data obtained from CPTu tests were not used.

Figure 3.20. a) Filter rings in glycerin b) mounting the ring on a cone in a glycerin

funnel

The nova is powered by four pieces of alkaline ‘C’ batteries. The batteries were
installed in nova, and the probe and nova were mounted. The total height of the probe and
the nova was 720mm, while their diameter was 34.8mm. The microphone should be
mounted under the pushing system. The probe and the nova were placed under the
microphone. This process is essential for achieving good sound transmission. The rod,
which was added to the cone, was made from the best quality of steel available. The height
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of this rod was 750mm. The total depth capacity of the CPTu system was 1470mm. A
computer interface box and a depth encoder were the electronic components of the CPTu
system. The computer interface box collected data from the depth encoder and the
microphone, and transferred the data to the computer (Figure 3.19).

The hydraulic pump was carried by a platform made with a 1470mm x 750mm
beam. Six plates were welded perpendicular to the beam. The capacity of the system was
5 tons. Four 281cm high U profiles were used as bearings. The bottom and top points of
the U profiles were welded to 160mm x 160mm square plates which are connected to I-
beams resting on the strong floor (Figure 3.21). Figure 3.21.a shows the schematic
illustration and Figure 3.21.b shows the picture of CPTu system. Figure 3.22 shows the
side view of the CPTu system illustrations. Figure 3.23.a shows the CPTu system
consisting of the hydraulic pump and platform in detail while Figure 3.23.b-c show the

CPTu test during the conducting of the penetration.

L Hydraulic Pump
(Stroke Length=1m)

CPTu Probe
60°, d=10cm

Figure 3.21. CPTu system a) schematic illustration b) picture
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Figure 3.23. Pictures of CPTu System
a) the platform and hydraulic pump, b) and ¢) while performing the CPTu test

To sum up, the hydraulic pump mounted to the platform above the laminar box
were used to penetrate the CPTu probe, and nova set through the soil with a constant
penetrating velocity. Thanks to the wireless CPTu system, signals were transmitted from
the probe to the microphone acoustically. These signals were transmitted to the computer
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interface box and converted to the data there. CPTu tests allowed to record qc, fs and u
measured over the entire depth of the soil model before all shaking tests. The results
helped to calculate the relative density of the soil model prepared in the laminar box and
give a clear view to check the soil models density values through the entire depth and to
discuss whether the soil model were prepared well or not. The CPTu tests results and

calculations were discussed in detail in the results sections.

3.6. Shake Table Tests

For this chapter of the study, a total of ten shake tests were conducted under
different backfill conditions to reach comparative results. CPTu tests were also performed
to determine the relative density of the soil in the model before each shaking test started.
In this section, the filling process of the GRS mixtures, determinations of unit weight of
soil models by using buckets, CPTu tests, shaking tests, and the unfilling process were
described for each trial. The experimental matrix of ten tests and their results are given

below.

3.6.1. Seismic motion

First, the experimental matrix of the shaking test was explained to clarify the
scope of the comparative study. All ten shaking tests were performed under the same
seismic shaking conditions. The shaking acceleration was 0.36g, the duration was 20sec,
and the frequency was 2Hz for all trials.

The seismic motion of the shake table was recorded by the linear potentiometer
(LPMs), which was mounted on the laminar box horizontally and named “X-P5”. The
displacement by time and acceleration by time plots derived from displacement-time
values were showed in Figure 3.24.a and Figure 3.24.b, respectively. As seen in Figure
3.24, the shake table motion was sinusoidal, and the first and last 1 second were starting
and ending part of the shaking, while the maximum acceleration was 0.35 g for 18 s

duration.
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Figure 3.24. Shake table sinusoidal motion displacement and acceleration by time

The bottom layer of the laminar box was filled with compacted medium dense
with 65cm thickness, and this layer was not changed during the ten tests. The upper layer
of the laminar box was filled with backfill materials consisting of granulated rubber and
sand mixture (GRS) with a thickness of 75cm. The Granulated Rubber (GR) size varied
in three groups 2.5-5mm, 5-10mm, and 10-15mm, and used by each group three different
mixtures were prepared with varying mixing ratios; Granulated Rubber/Sand; 10/90%,
20/80%, and 30/70% in volume. So total GRS mixture trials were nine. Another test was
performed before the GRS mixtures tests with loose clean sand.

The experimental matrix of the laminar box shaking test is shown in Table 3.2.
Note that in Table 3.2, the test name represents the filling deposits’ conditions; “T1”
represents the Tests with only Sand. For the other nine trials, the latter “T” is for “Test”;
letters “GR” are for Granulated Rubber, S for small size of GR (2.5-5mm), M for middle
size of GR (5-10mm), L is for large size of GR (10-15mm), and lastly, number of 1, 2
and 3 represents the ratio of GR in mixture for 10%, 20% and 30% respectively. In Table
3.2, “Acc” means maximum acceleration of shaking and it was derived from displacement
data recorded by LPM. D10, Dso, Cy, and C. represent the effective particle size, mean
particle size, uniformity coefficient, and the coefficient of gradation, respectively. ¥sat IS

saturated unit weight, and it was determined using small buckets. D represents the
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relative density of samples, and it was derived from CPTu test data. Gradation curves of
all GRS mixtures are shown in Figure 3.25. Pictures of small portions of GRS mixtures

are shown in Figure 3.26.

Table 3.2. Experimental matrix of shake table tests

. GR Ratio GR Ratio
Test Name GR Size (by volume) (by weight) Dio Dso Cu Cec Yaat D

- mm % % mm mm - - kN/m? %

TS 0 0 0 0.09 0.16 2.22 1.42 20.90 37
T-GR-S-1 10 6.76 0.11 0.2 2.05 1.31 19.27 2
T.GRS-2 255 20 10.12 0.11 0.2 2.01 1.34 19.16 35
T.GR-S-3 30 14.35 0.12 0.2 1.91 1.28 18.65 39
T-GR-M-1 10 4.74 0.12 0.2 1.83 123 20.08 29
T.GRM-2  5-10 20 9.08 0.11 0.2 210 1.18 19.47 12
T-GR-M-3 30 13.46 0.11 0.2 1.91 111 18.55 28
T-GR-L-1 10 6.43 0.11 0.2 1.91 1.28 20.08 10
T.GRL2  10-15 20 11.95 0.11 0.2 200 1.31 19.37 M
T-GR-L-3 30 13.77 0.11 0.2 2.00 1.02 17.94 20

100
5 —=Sand
90 |
: -B-GR-S (2.5-5mm)
80 | —4—GR-M (5-10mm)
70 | GR-L (10-15mm)
— e T-GR-S-1
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Figure 3.25. Gradation curves of GRs, Sand and GRS mixtures
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Figure 3.26. Pictures of small portions of GRS mixtures

3.6.2. Sample Preparation and Filling Process

As explained in detail in the previous section, the instruments placed on the nets
were mounted vertically in the laminar box, and the EPWPT locations were rechecked.
The laminar box was filled step by step with the sand. A fully saturated silica sand deposit
was placed into the box by the hydraulic filling technique, allowing sand grains to sink
slowly through the water and simulating the process of alluvial deposition of soils in
rivers or coastal areas.

The hydraulic filling technique starts with mixing the sand with water in a
preparation box and turning it into sand water slurry. This fluid slurry is filled into the
laminar box with the help of a slurry pump. Then it is waited until the soil particles are
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settle. When the soil particles are separated from the water and settling is completed, the
remaining water is transferred back to the preparation box with another water pump
placed in the laminar box. Water is mixed with sand for reuse. The slurry pumping process
was repeated until the laminar box was filled. Thanks to the hydraulic filling technique,
the sand was filled into the laminar box in a loose and saturated state. Figure 3.27.a shows
the schematic illustration of hydraulic filling technique while Figure 3.27.c shows the
picture pf hydraulic filling process. Water-soil sullry pump, hose and preparation box are

shown in Figure 3.27.b.

Soil-Water
Slurry
Pump Soil-Water
4 Slurry Hose
] I Water Hose I i Water Pump |
| |
- —
!
a) Preperation Laminar Shake
Box Box Table

Figure 3.27. Hydraulic filling technique
schematic illustration, b) preparation box, sullry pump, c) filling process
( Modified from Kahraman,2013)

The dimensions of the preparation boxes were as follows; the length of the boxes
was 1260mm, the width of the boxes was 650mm, and their height was 510mm. The
volume of each box was 420It. Figure 3.28 shows the preparation boxes.

After filling the sand into the laminar box up to 65cm height, the laminar box was
shaken with various accelerations for several minutes to densify the soil. This dense sand
layer was prepared to represent the non-liquefiable soil layer at the bottom of the laminar
box. Two small buckets tied to rope were placed into the soil each step during the filling
process, and water-saturated sand samples were taken from the buckets and weighted.
Figure 3.29 shows the sample of saturated silica sand in the small bucket while weighting.
The unit weight and relative density of the soil model were calculated thanks to these
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samples. Preparation of the dense sand layer and sampling with buckets were
schematically summarized in Figure 3.30. The calculated unit weights of the samples
taken with the buckets were checked to be sure that the sand deposit was uniform and had
the same density through the depth.

Figure 3.29. Weighting the sample in the small bucket
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Figure 3.30. Filling the dense sand layer and sampling with buckets

Then, the upper 75 cm loose sand layer was started to be filled for the test “T1”.
After the dense sand layer was prepared, the fully saturated silica sand deposit was placed
into the box by the hydraulic filling technique for the upper layer. This loose sand layer
was prepared to represent the liquefiable soil layer laying on non-liquefiable dense sand.

Similarly, buckets were placed for different depths during filling and it was keeping the



collecting of the samples. Preparation of the loose sand layer and sampling with buckets

were schematically summarized in Figure 3.31. Average unit weights of bucket samples

were calculated and summarized in Table 3.2 as saturated unit weights of the layer.
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Figure 3.31. Filling the loose sand layer and sampling with buckets
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For the other nine tests prepared with granulated rubber and sand (“T.GR.S.1 -

“T.GR.L.3”), the upper part of the laminar box couldn’t be filled by the hydraulic filling

method because of the particle segregation problem. As mentioned before, granulated

rubbers’ specific gravity was about 1.1-1.3, while the specific gravity of silica sand was

2.6. In literature, it’s reported that particle segregation occurs when mixtures are prepared
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with two materials and the specific gravity of materials is significantly different
(Mahboub and Massie, 1996). To prevent segregation, GR and sand were mixed in a
graduated cylinder beaker with a volume of 10 liters (Figure 3.32.a) and placed in a larger
bucket (Figure 3.32.b). These mixtures were slowly poured by hand into the laminar box
from a height of 20 cm from the soil model surface. Then water is added to the laminar
box up to the same level of the deposit for each step. No segregation was observed. The
samples of the GRS mixtures, which became saturated at each step, were taken with
cylindrical buckets, too. Preparation of the loose GRS layer and sampling with buckets
were schematically summarized in Figure 3.33. Unit weights were summarized in Table
3.2. The graduated cylinder beaker, larger bucket, filled laminar box surface, and

preparation box are shown in Figure 3.32.

Figure 3.32. Preparation of GRS mixture
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Figure 3.33. Filling the GRS mixture layer and sampling with buckets

3.6.3. Saturation of Soil Model

A series of calibration tests were conducted to ensure that the soil models became
saturated with a cylindrical column with an inside diameter of 19cm and a height of
105cm. This cylindrical column was designed to perform water leaching tests, and it was
described in Chapter 5 in detail. Nine different GRS mixtures at a prescribed ratio were
prepared and filled for 75cm height laying on the 25cm dense sand layer into the
cylindrical column. This cylindrical column and soil models were prepared to represent
the soil models in the laminar box.

First, after filling the clean sand layer of 25 cm thickness at the bottom, it was
compacted with the help of a hammer. Then water was added and waited for two days for
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the sand to become saturated. This underlying layer represented the dense saturated sand
layer in the laminar box. Then, GRS mixtures were placed on this layer with the same
method as in the laminar box for 75cm thickness. Water was added to the loose dry
backfill layer from the top of the column, and the water level was marked. As the water
seeped downward, the surface's water level decreased. Meanwhile, the decrease in water
level was measured in terms of velocity. While the mixture in the column was getting
saturated and the water level dropped, water was slowly added after each measurement,
and the level remained constant. The speed decreased as the saturation level of the deposit
increased. These trials were conducted for each sample for at least 2 hours.

After a certain time, there was no change in the water level for all of the trials.
Figure 3.34.a shows the soil model and cylindrical column. The slow process of saturation
ensured that the deposit was not disturbed. Figure 3.34.b shows the water level at the top
of the soil. Figure 3.35 shows the velocity of the water at the surface of the deposits for
different GR diameters and ratios. A typical saturation process for each mixture took less
than 1.5 hours. Therefore, for the full saturation process of the mixture deposits inside the
laminar box, the sample was left quietly for at least 2 hours after the water was added

slowly.

Water level at
the surface

GRS
——  Mixture
75cm

Dense
— Sand

ZSCQ

Figure 3.34. Cylindrical column to determine the duration of saturation
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Figure 3.35. Duration for stabilization of water level above the soil surface

3.6.4. CPTu Tests

As mentioned before, CPTu is a field test, and adapting this test to a laboratory
large-scale test such as the laminar box had some difficulties. One of the main concerns
was the effects of the laminar box walls in terms of boundary conditions of CPTu. The
boundaries of the laminar box should be far away enough from the CPTu probe to assume
the boundary effects were negligible and represented the free field conditions. Phillips
and Valsangkar (1987) determined a ratio between the dimeter of the box (Ruox) and the
diameter of the CPT probe (Rcer) as Ra=Ruox/Rcpt. They stated that the side-boundary
effects are negligible, even when Rqis at least equal to 5. Renzi et al. (1994) determined
that Rq should be equal to 11. CPTu tests were performed at a position where the Ryox Was
45cm, and the CPTu cone diameter was 3.57cm, so Rq¢=12.5 for the tests. This approves
that the CPTu tests can represent the free field conditions without being influenced by
side boundaries of laminar box. Figure 3.36 shows the position of the cone during the

CPTu tests and the concentric circle of CPT in plan view.
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Figure 3.36. Position of CPTu test in laminar box.

CPTu tests were performed using a hydraulic pump as an actuator before each
shaking. CPTu penetration velocity was 2cm/s and constant during penetration (ASTM
D3441-16). A depth coder was mounted to the CPTu platform, and the tip of the depth
coder wire was mounted to a rod that added to the tip of the CPTu pushing system and
allowed the wire to move vertically. Before the penetration started, CPTu zero loading
calibration was done. The tip of the CPTu cone was placed on the surface of the deposit,
and the depth coder was calibrated as “0 cm” depth. Each test was performed until the
cone reached the middle of the dense sand layer at the bottom of the laminar box. The qc,
fs, and u2 values were recorded for 2 cm intervals through the depth.

The relative density (D) throughout the soil depth was determined from the
measured CPT resistance using the equation proposed by Lunne et al. (1997). Lunne et
al. (1997) proposed that;

D, = -98 + 66 log (q—J (%) (3.1)
(@)

where; Dy is relative density, qc is cone tip resistance (kPa), and oy’ is effective vertical
stress (kPa) of soil at a cone depth.

The relative density reported in Table 3.2 for each test sample was obtained from
the average amount of the initial relative density for the loose upper layer. Figure 3.37
shows the qc and Dy values versus depth for all tests. In Figure 3.37.b, Dr values are
negative which is physically unfeasible at the firsth 0-20cm depth of CPTu tests. The
reason of this is the Equation 3.1 was proposed for field tests where the ground water
level is at the surface of the soil or lower. In this studies, water level of the deposits in
the laminar box is 1-2cm higher than the surface of the soil deposits. Thanks to these
small diferenceses between level of water and soils, for the first 0-20cm depth, Dr values

are neglectable.

95



0 2000 4000 6000 | 0 25

)G

Depth (m

0.25

0.5

0.75

Figure 3.37. CPTu results of all tests,
(a) Variation of gc and (b) Dr values by depth
As seen in Figure 3.36, the first 75cm loose sand or GRS mixture layers tip
resistance values were low, corresponding to the bottom layer. The gc values started to
increase significantly when the CPTu cone started to penetrate through the dense sand
layer for all tests. The results of CPTu tests prove that the dense sand layer and loose-fill
layers existed as intended. The filling methods were successful for both dense sand and

GRS mixture layers in terms of density and uniformity.

3.6.5. Unfilling Process

GRS layer was unfilled from the laminar box after performing each shaking.
These saturated GRS deposits were dug by hand and poured into preparation boxes using
big buckets. The water was drained with valves at the bottom of the preparation boxes.
The deposits in the boxes were kept for at least one day for total drainage of the water.
Then, these deposits were used to prepare another mixture by adding more GR, if the

GR/Sand ratio and GR size were suitable for the subsequent trial. If it was not, the mixture
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was poured into barrels, and empty preparation boxes were cleaned for the following trial.
After the emptying of the upper layer of the laminar box, the instruments, the nets carrying
the instruments and membrane were checked. The upper surface of the dense sand layer

was cleaned and leveled for the next trial.

3.7. Results and Discussions

In this section, the result of ten tests which were conducted with a maximum
acceleration of 0.35¢g and with clean sand and GRS mixture, were represented. These tests
were listed in Table 3.4. In this section, excess pore water pressure (Au) values during
and after the shaking were observed in the sand and varying GRS mixture, effects of using
the GR in sand as mixture backfill on liquefaction were discussed below. Also, the
settlement of sand and GRS deposits were compared. Lastly, the effects of GR size and
ratio on consolidation characteristics of backfills were obtained when the backfill was
under the dynamic loading conditions. According to the findings, the discussions were
defined in two sections; the effects of GR size and ratio on

a) excess pore water pressure and liquefaction,

b) settlement behavior of the backfill, and

c) consolidation characteristics of the backfill.

3.7.1. Effects of GR on Liquefaction Potential of GRS

Excess pore water pressure (Au) values during and after the shaking were
observed at five depths of deposits for all tests. Figure 3.38, Figure 3.39, and Figure 3.40
show the Au changes during and after the shaking for tests performed with GR sizes of
2.5-5mm, 5-10mm, and 10-15mm, respectively. In this study, the pore pressure ratio (ry),
which is the ratio of excess pore water pressure (Au) to the initial effective vertical stress
(ow’), was used to assess the full liquefaction. In general, liquefaction occurs when ry
reaches 1.0. So, the ry values were also plotted in Figure 3.41, Figure 3.42, and Figure
3.43 for the test performed with GR size of 2.5-5mm, 5-10mm, and 10-15mm,
respectively. Note that, for all six figures (Figure 3.38 - Figure 3.43); there are ten plots
and plots in left column show the time depend values during shaking (for 0-20" sec),

while plots in right column show the time depend values after shaking (for 20" -200%"
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sec). Also, in the figures each row belongs to the data obtained from a depth, the depth of
the data from up to down are 0.20m, 0.40m,0.63, and 0.63m.

As seen in Figure 3.41-Figure 3.43, there were significant fluctuations for all data.
Despite of fluctuations, it could be observed that, a short after the shaking started the Au
values in sand deposits increased, then kept its value until the shake stopped, after the
shaking it started to dissipate. On the other hand, in GRS mixtures, Au was generated
immediately after the shaking started and reached the average values which were 1.5-2
times smaller than the values obtained from sand tests. From this perspective, it can be

said that, using the GR in sand as a mixture material decreases the generated Au.
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Figure 3.38. EPWP of the tests performed with 2.5-5mm GR
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Figure 3.40. EPWP of the tests performed with 10-15mm GR

As seen in Figure 3.41-Figure 3.43, ry values reached the limit of r,=1,
liquefaction occurred in all depths of sand deposit. The starting times of liquefaction were
listed in Table 3.5. There were also liquefactions observed in the tests of GRS, but the ry
values reached 1 and decreased immediately, so it could be a data fluctuation caused by
the dislocation of EPWPTS, but these values also were taken into consideration, and data
were accepted as liquefaction occurred in these cases and listed in Table 3.5. as liquefied.
As seen in figures of ry by time, the ry started to increase just after the starting of shaking,
and it reached its limit value at a time between 1% -5" sec, then it continued to fluctuate
until the shaking stopped (20 sec). Between these two times (from 1%-5% sec to 20 sec),

the average Au and ry values were calculated and listed in Table 3.5. In the Table 3.5., ¥m

100



is the unit weight of the mixture, depth is the depth of EPWPTS, oy’ is the effective

vertical stress of soil in this depth, Au is excess pore water pressure generated during

shaking, Auavgand ry-avg are average excess pore water pressure and average pore water

ratio, to-iiq IS the time of liquefaction has started, to-qis Is the time of dissipation has begun,

and tr.qis IS the time when dissipation has completed.
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Figure 3.41. Pore water ratio of the tests performed with 2.5-5mm GR
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Figure 3.43. Pore water ratio of the tests performed with 10-15mm GR

Average ry values during the shaking (ru-avg) Were plotted for two depths 0.40m

and 0.63m, for each case in Figure 3.44. According to Figures 3.43 and Table 3.5, average

ru values varied between 0.16-0.56. In other words, the GRS mixture decreased the excess

pore water pressure 2-5 times than that generated in the sand. According to Figure 3.44

there was no a clear relation between the reduction of ry and GR size or ratio.

103



1.0 .
0.bs Depth: 0.40m

0.8
0.6 0.54
S 0.46

1 59

0.4
0.22
0.17
0.2 ' 0.6 0.13 i 013
N
0.0 10%  20% 30% 10% 20% 30% 10% 20% 30%
Sand GR 2.5-5mm GR 5-10mm GR 10-15mm
1.0
0.95 Depth: 0.63m

0.8
0.6

- 04

017 0.17 0.1
006
0.0 10% 20% 30% 10% 20% 30% 10% 20% 30%
Sand GR 2.5-5mm GR 5-10mm GR 10-15mm

Figure 3.44. Average ry values grouped by GR sizes

On the other hand, when the ratio of GR in the mixture was kept constant for each
case and the sizes of GR and r, values were compared, there were varying relation for
each mixing ratio. When the GRS mixture was prepared with 10% of GR in volume,
increasing the GR size from 2.5mm to 15mm caused a small decrease in ry, quite the
opposite, increasing GR size caused a clear increase of ry for the mixtures prepared with
30% of GRs. On the other hand, for the 20% of GR in the mixture, using the 5-10mm of

GR gave a much more reduction in ry than bigger or smaller sizes (Figure 3.45).
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Table 3.3. Summary of all test results

GR Settlement
Test GRsize .. ¥ Depth 6w Aumax AUag Fyayg loaig Togis trdis  Ch  During  During Total
Shake Dissipation
- mm % KkN/m® m kPa  kPa kPa - sec sec sec  cmifsec MM mm mm
0.2 2.20 7.85 5.57 2.53 1.65 28 192
0.4 441 5.64 4.20 0.95 1.77 29.00 185.50
Sand : - OB 63 689 725 619 095 713 205 1s05 o4 B8 8BS 343
0.63 6.89 7.97 6.36 0.92 10.08 16 185
0.2 2.00 2.81 0.62 0.31 L 75 122
0.4 3.99 1.69 0.89 0.22 15.02 61 140
T.GR.S.125-5mm 10 19.78 063 623 250 106 017 NL %6 210 18.82 25.0 0.2 25.2
0.63 6.23 3.41 1.17 0.19 NL 51 210
0.2 1.96 2.90 0.86 0.44 L 61 129
0.4 3.91 2.51 1.81 0.46 1414 21 125
T.GR.S.2 25-5mm 20 19.59 063 61l 205 102 017 NL 21 180 17.88 13.2 0.4 13.6
0.63 6.11 2.93 0.97 0.16 NL 64.0 180.0
02 18 255 338 035 L 815 1820
0.4 3.64 223 0.61 0.17 NL 99.0 198.0
T.GR.S.325-5mm 30 189 063 5.08 162 .00 018 NL 310 203.0 17.52 24.1 0.4 245
0.63 5.08 3.60 3.19 0.56 NL 60.5 210.5
0.2 190 4.12 2.16 1.14 6.02 49.0 216.0
0.4 3.80 2.20 0.59 0.16 NL 67.5 210.0
T.GR.M.1 5-10mm 10 19.31 063 594 057 0.62 0.10 NL 25 1100 24.29 48.2 3.6 51.8
063 594 205 1.71 0.29 NL 54.0 158.0
0.2 1.82 3.62 1.69 0.92 7.42 51.0 186.5
0.4 3.64 219 0.65 0.13 NL 77.0 178.0
T.GR.M.2 5-10mm 20 189 063 572 154 0.68 0.12 NL 64.00 193.00 18.26 21.4 5.9 27.3
063 574 371 2.26 0.39 NL 23.00 192.00
0.2 184 359 2.12 1.16 NL 54 216
0.4 3.62 191 0.46 0.18 NL 77 173
2 6.
T.GR.M.2 5-10mm 30 18.94 063 574 190 114 0.20 NL 3 179 22.05 26.3 11 274
0.63 574 313 2.65 0.46 8.23 53.5 153
0.2 181 4385 1.90 1.05 L 36 350
0.4 3.62 2.20 0.46 0.13 NL 33 350
T.GR.L.110-15mm 10 18.07 063 566 413 032 0.06 NL 2 350 9.38 29.1 0.2 29.30
0.63 566 1.89 2.23 0.61 NL 39 350
0.2 181 416 1.94 1.07 L 22 340
0.4 3.62 1.90 1.03 0.28 NL 22 340
T.GR.L.210-15mm 20 18.87 063 5.66 Sl 040 007 NL > 310 8.94 16 0.2 16.20
0.63 5.66 3.78 1.10 0.19 NL 22 340
0.2 1.60 3.97 2.56 1.60 L 77 300
0.4 3.20 2.85 1.72 0.54 6.20 73 300
T.GR.L.310-15mm 30 17.8 063 2.99 1.36 251 050 NL 106 300 11.86 314 3.7 35.1
0.63 4,99 3.45 0.68 0.14 6.23 81 300
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Figure 3.45. Average ry values grouped by GR ratio in the mixture

The trends observed in Figure 3.45 can be explained with several reasons;
Firstly, the change in excess pore water pressure related to the drainage path of
water (permeability) depends on the voids between the sand-sand, GR-GR, or GR-
sand particles. When the GR was used with a small amount (10% in volume), the
global void ratio and consolidation charaterstics of the deposits were not changed
significantly with the increase of the GR size. So, the GR size did not cause a
significant change in the reduction of pore water pressure.

When the GR ratio was 30% in the mixture, there was no difference between the
generated Au values for the size of 2.5-5mm and 5-10mm. However, using the
GR with 10-15mm size caused more significant Au values than others. The reason
could be the shape of the GR with a 10-15mm diameter. Granulating the rubber
into small pieces creates rubber particles with irregular shapes when the particle
diameters are small (1-10mm). However, when the diameter of the particles are
bigger (10-20mm), granulated rubbers usually have a flat surface on both side and

semi-regular shape. Because of their shapes, the particles could be placed into a
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mixture with a bigger contact surface and decrease the global void ratio of the
mixture.

¢) When the GR ratio was 20% in the mixture, the smallest and the largest GR
provided an excellent increase in the permeability. And also the optimum

mitigation of liquefaction was provided by GR with 5-10mm diameter.

3.7.2. Effects of GR on Settlements

The settlements of the deposits measured on the surface are plotted in Figure 3.46.
As seen in Figure 3.47, the minimum settlement was observed with a 20% ratio for all
GR sizes. The maximum settlement was observed in the test of GR size; 5-10mm, and
ratio in the mixture; 10%. Also, it was the only case that the obtained settlement was
larger than the clean sand deposits. First 2-5sec, there were upward and downward
movements for all cases. Between the 2-20sec, the major settlements occurred for all
cases. In some cases, the settlements continued after the shaking with a considerable
amount (GR 5-10mm, 10% and GR10-15mm, 30%).

For other cases, there were too small settlements during the dissipation part. The
settlements during the shaking and the dissipation stage were observed separately and
listed in Table 3.5. Also, to compare the results of total settlements during the shaking
stage and dissipation stage were plotted in Figure 3.47. All GRS mixture settled less than
the sand deposit except in one case. For all GR size minimum settlement occurred at the
cases with 20% mixing ratios. It was not observed a clear relation between the GR size
or ratio and settlements. As seen in Figure 3.46, the smallest settlements during the
shaking were observed from the tests with 20% GR ratios for all GR sizes. This can be
explained by relative density and void ratio of mixtures are varying according to th GR-
sand contacts. So, the smallest global void ratio of mixtures could be predicted when the
mixing ratio is 20%. But, this disccustion would be not enough for the settlements. It’s
known that the settlements is not only related to the relative density of deposits and but
also the consoliation charatersitics. To figure out the all reasons of the settlement behavior

of GRS mixtures, the consolidation charactersitics sould be discussed.
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3.7.3. Effects of GR on Consolidation Characteristics of GRS

There was no significant correlation between settlements and GR conditions. The
consolidation characteristics of GRS, which were related to the compressibility and
permeability of the mixture, were determined to compare GR effects on these phenomena
in the dissipation part.

The coefficient of consolidation (cy) is an engineering parameter to describe the
rate at which saturated soil undergoes consolidation or compaction when pressure
increases. It is measured in cm?/sec or m*min. Terzaghi’s 1-D consolidation theory gives

the correlation as follows:

Yo, 2 (32)
ot 07° '
where; cy is the coefficient of consolidation, U is pore water pressure, t is the time of
consolidation, and z is the effective drainage path. Terzaghi (1922) considered that the
following assumptions are valid for using Equation 3.1:
1) Soil is homogeneous and isotropic.
2) The soil is completely saturated.
3) The soil grains and water are incompressible.
4) Load is applied in the vertical direction only.
5) Drainage of pore water is one-dimensional, i.e., in the direction of the load.
6) Primary consolidation is totally governed by the expulsion of pore water, i.e.,
at the initial stage, pore water pressure (uw) is 100%, and consolidation is 0%. At
the final stage, pore water pressure (uw) is 0%, and consolidation becomes 100%.
7) The soil mass remains saturated after primary consolidation.
8) The coefficient of permeability of the soil is constant.
9) The coefficient of compressibility (my) is constant for a given type of soil.
10) Darcy law is valid.

cv indicates the speed with which consolidation takes place. The higher the value
of the coefficient of consolidation, the faster the rate of consolidation will be, and less
time will be required to complete the consolidation. Also, coefficient of consolidation (cv)

is determined as follows;
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where; k is the coefficient of permeability while my is the coefficient of compressibility

Cy

(3.3)

of soil, yw is the unit weight of the water. As seen in Equation 4.2, cy is related to
permeability and compressibility of soil, where more permeable soil has higher cy, and
more compressible soil has lower cy.

Applying Terzaghi’s 1D consolidation theory on the Au records in the dissipation
part of all tests, cy values of GRS mixtures were determined. In this study, changing the
GR size and mixing ratio of GR in the sand mixture changed the consolidation
characteristics of the GR-sand mixture. In Figure 3.48, the cy values of each case were
plotted. ¢y values were also listed in Table 3.5., varying between 8.9 and 24.3 cm?/sec.
The cv values were plotted in Figure 3.48. The cy values of GRS mixtures were grouped
according to GR sizes in Figure 3.48.a, while they were grouped according to the ratio of
GR in the mixture in Figure 3.48.b.

30 30
Sand @ 2.5-5mm ®5-10mm ® 10-15mm Sand @GR 10% 9 GR 20% A GR 30%
o e 3
20 ad 20 A
S | R P § ° 4 Ag
n »
NE NE v{A
S 10 S 10 ®
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0 0 Sand  2.55mm 5-10mm
0 10 20 30 40 s=m= 2R
a) GR ratio (%) b) GR size

Figure 3.48. Coefficient of consolidation for all tests

As seen in Figure 3.48.a, for a constant GR size, increasing the GR ratio in the
sand caused minor changes in ¢y because increasing the GR amount in the mixture with
10% intervals made a small change in backfill characteristics in terms of permeability
and compressibility. It was observed that the higher cy values belonged to the mixture
with 5-10mm GR while the lower cy belonged to 10-15mm GR, which was also lower
than the clean sands’ cv. As a result of these relations, the GRS mixture conditions were
grouped according to their ratio in mixture (Figure 3.48.b). As seen in Figure 3.48.b, when
GR size was increased from 2.5-5mm to 5-10mm, cy values increased. In contrast, when
the GR size was increased from 5-10mm to 10-15mm, cy values decreased. Also, these

relations were the same for all GR ratios in the mixture. As known, consolidation
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characteristics depend on both the permeability and compressibility of soil. In this study,
it was observed that increasing the percentage of GR in the mixture for a constant GR
size affected both the permeability and compressibility. But for a constant ratio of GR in
GRS mixture in volume, increasing the GR particles size influenced permeability and

compressibility more strongly.

3.8. Concluding Remarks

In this chapter of the study, the liquefaction potential and settlements of saturated
loose sand- granulated rubber mixture were compared with varying mixture conditions
with 1-D shake table tests. The shaking tests were performed with sinusoidal motion and
0.35g maximum acceleration. The variants are granulated rubber diameters and the ratio
of granulated rubber in the mixture in volume. Following observations are listed to
summary the results of comperative study;

1. It is clear that, using the GR in sand as a mixture backfill decreases the
generated excess pore water pressure, and decrease the potential of
liquefaction.

2. Forasmall amout of GR in sand, (10%GR-90%Sand), increasing the diameter
of GR caused a small decrease in the excess pore water pressure ratio.

3. For the case of granulated rubber ratio in mixture is 20%, smallest and biggest
diameter of GR gave bigger excess pore water pressure ratio than 5-10mm
GR.

4. Largest reduction of excess pore water pressure ratio is observed in the
mixture for the 20% of GR ratio and 5-10mm of GR size.

5. The change in excess pore water pressure related to the drainage path of water
(permeability) depends on the voids between the sand-sand, GR-GR, or GR-
sand particles. When the GR was used with a small amount (10% in volume),
the void ratios of the deposits were not changed significantly with the increase
of the GR size. So, the GR size did not cause a significant change in the
reduction of pore water pressure.

6. When the GR ratio was 30% in the mixture, there was no difference between
the generated Au values for the size of 2.5-5mm and 5-10mm. However, using

the GR with 10-15mm size caused larger Au values than others. The reason
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10.

11.

12.

13.

could be the shape of the GR with a 10-15mm diameter. When the diameter
of the particles are bigger (10-20mm), granulated rubbers usually have a flat
surface on both side and semi-regular shape. Because of their shapes, the
particles could be placed into a mixture with a bigger contact surface and
decrease the void ratio of the mixture.

When the GR ratio was 20% in the mixture, the smallest and the largest GR
provided an excellent increase in the permeability. The optimum mitigation of
liquefaction was provided by GR with 5-10mm diameter.

For all GR size minimum settlement occurred at the cases with 20% mixing
ratios.

For a constant GR size, increasing the GR ratio in the sand caused minor
changes in cy because increasing the GR amount in the mixture with 10%
intervals made a small change in backfill characteristics in terms of
permeability and compressibility.

Higher cy values belonged to the mixture with 5-10mm GR while the lower ¢y
belonged to 10-15mm GR, which was also lower than the clean sands’ cv.
When GR size was increased from 2.5-5mm to 5-10mm, c, values increased.
In contrast, when the GR size was increased from 5-10mm to 10-15mm, cv
values decreased.

The most significant liquefaction mitigation was observed for 5-10mm GR
diameter and 20% GR ratio in mixture, in terms of permability and
compresibilty.

The increasing the percentage of GR in the mixture for a constant GR size
affected both the permeability and compressibility. But for a constant ratio of
GR in GRS mixture in volume, increasing the GR particles size influenced

permeability and compressibility more strongly.
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CHAPTER 4

USAGE OF TIRE GRANULATED RUBBER AND SAND
MIXTURE AROUND THE BURIED PIPES: SHAKE
TABLE TESTS

4.1. Introduction

One of the main purposes of the presented study is to investigate the effects of the
GRS mixture on liguefaction potential and pipe displacements once the GRS are used as
a filling material around pipelines. For this purpose, two different pipe models were
placed into the laminar box, and several shake table tests were conducted under different
filling material conditions. Laminar box, shaking table, CPTu system, filling and unfilling
methods of deposits, GR sizes, and GRS mixture ratios are same as the tests represented
in Chapter 3. By adding two identical pipe models and several instruments to the setup
represented in Chapter 3, a total of 12 shake tests were conducted.

In this chapter, shaking tests and their results are given. The results showed pipe
uplift movement due to the liquefaction and excess pore water pressure. The effects of
GRS mixture ratio and GR size on pipe uplift movement and liquefaction remediation
were discussed.

The materials and instruments, which were different from the tests described in
Chapter 3, were explained in detail. The materials, which were the same in this chapter
and Chapter 3, were referred briefly. Then, the experimental matrix and scope of the tests
trials were described in detail. Results of the shaking test were discussed at the end of this
section. For varying parameters, a novel critical design criteria was proposed to prevent
the pipe from uplifting movements during seismic loading. Finally, the concluding

remarks were summarized.

4.2, Materials

As it is stated above, twelve shake table tests were carried out in this chapter. Only

clean sand was used in the first three experiments, and GRS mixture was used in the other
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nine experiments. The GR and sand materials were the same as the materials described
in Chapter 3. Section 3.3 can be seen for more detail. In this section, the pipe models and

instruments which added to setups were described.

4.2.1. Shake Table and Laminar Box

The shake table and laminar box system consisting of a one-dimensional shake
table, laminar box, membrane, and actuator were same as explained in Chapter 3. There
was no additional component for the experiments of this chapter except pipe models and

a number of additional instrumentations.

4.2.2. Pipe Models

There was two identical pipe model with different placing configurations. One of
them was named as “free pipe” while the other one was named as “fixed pipe”. The pipe
models were made of Polyvinyl Chloride (PVC), with a 385mm length, 50mm external
diameter, and 1.8mm thick. The unit weight, ultimate tensile strength, bending strength,
elasticity modulus, and Poisson’s ratio of the pipe material was 13.83 kN/m?®, 52 MPa, 88
MPa, 3,316 MPa, and 0.40, respectively. These pipes were placed into the laminar box
and buried into sand and GRS mixture to represent the real-life conditions of small
diameter gas pipelines buried below the groundwater level and at a shallow depth. PVC
pipes are closed on both sides using caps so that they were empty. Photographs of the
pipe model and caps can be seen in Figure 4.1.

Figure 4.1. PVC pipe model and its cap used in the physical model
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4.3.2.1. Free Pipe

The free pipe had a configuration that allowed the pipe to make vertical
displacements during and after the shaking. Rails were welded to steel rods, and the steel
rods were mounted to free pipe with clamps. The steel rods were 76cm in length and kept
the rails above the soil surface horizontally. These rails became the guide path channel
for two LPMs which were placed on the deposit and measured the vertical displacements
of the free pipe. LPMs and the purpose of the rails were explained in detail in the
instrumentation section. Figure 4.2 shows a free pipe configuration consisting of the pipe
model, clamps, and rails welded to steel bars. The total weight of the free pipe was 2.4kg
with its rods, rails, and instruments.

This configuration which allowed to move of pipe vertically, represents the real-
life pipelines buried into the liquefiable soil with a shallow depth under the ground water

level, The pipe was used for all of the shaking trials.

-

b Rails |9
R

b Steel rods [
oo
1

> Clamps ]

> Pipes g

Figure 4.2. Free pipe configuration
4.2.2.1. Fixed pipe
Another pipe was prepared with exactly the same material and dimensions as the
free pipe and called as the fixed pipe. The fixed pipe was attached with clamps to a fixed

wooden frame placed above the laminar box setup with long steel rods. Uplift force data

115



were recorded from the Miniature Pressure Transducers attached to the lower outer
surface of the fixed pipe. This was the only function of the fixed pipe. For nine shaking
tests fixed pipe were used. Figure 4.3 shows the fixed pipe with its steel bars, and Figure
4.3 shows the fixed pipe as placed in a laminar box.

At the beginning of the study, what was expected from the free pipe was to
observe the vertical displacement (LPMs) with the effect of excessive pore water pressure
and to measure the uplift force from the bottom of the pipe with Miniature Flat Pressure
Transducers mounted to the pipe. However, after performing the first three experiments
with clean sand, it was seen that the free pipe, which was allowed to move vertically,
started to uplift as soon as it was forced by upward pressure. So, it was impossible to
determine the change of uplift force on the pipe over time.

It was decided to use a fixed pipe model to measure the uplift force acting on the
pipe, while the free pipe was moving upward. For this reason, another pipe was prepared
with exactly the same material and dimensions as the free pipe and buried at the same
depth. The fixed pipe was clamped to a fixed wooden frame placed above the laminar
box setup with long steel rods. Uplift force data were recorded from the Miniature Flat
Pressure Transducers (EP) attached to the bottom outer surface of the fixed pipe. This
was the only function of the fixed pipe. For nine shaking tests performed with GRS

mixtures, fixed pipes were used.

Figure 4.3. Fixed pipe a) itself b) placed into laminar box
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4.3. Instrumentation

Shake table tests that were conducted for this part of the experimental work,
required high-density sensors consisting of five excess pore water pressure transducers
(EPWPT), five linear potentiometers (LPM), three Miniature Flat Pressure Transducers
(MPT), and two submersible accelerometers (SA). All five EPWPTs and three of the
LPMs were the same instruments that had been used in the experiments of Chapter 3.
Two more LPMs were added to measure the upward movement of the free pipe. Three
miniature pressure transducers (EP) and two submersible accelerometers (SA) were the
instruments that were added for this chapter newly and were described in detail in this

section.

4.3.1. Potentiometers

As known, three identical linear potentiometers (LPM) were used with a 300mm
displacement capacity in the experimental work of Chapter 3. Two more identical LPMs
were added to the system, and a total of five LPMs were used for this Chapter. As
mentioned before, X-P5 were used to measure the horizontal displacement of the shake
table tests during the shakings. At the same time, the other two potentiometers named Z-
P1 and Z-P4 were placed vertically by fixing to wooden plate above the laminar box. The
tips of these LPMs were mounted to the settlement plate to measure soil settlement during
and after shakings (see section 3.5.1).

Newly, Z-P2 and Z-P3 were again placed vertically by fixing to a wooden plate
above the laminar box, but the tips of these LPMs were placed on rails connected to free
pipe which were existing on the soil surface. The LPMs were expected to measure vertical
displacements precisely, so the LPM body should be fixed vertically and horizontally
while LPMs’ tips should be free vertically. But the pipe and soil model moved
horizontally with varying displacements during the shaking. While measuring the vertical
displacements of the free pipe, LPMs should not be affected by the horizontal
displacements. Thus, it would be correct to neither constrain the LPM tips directly to the
pipe nor leave them as free ends. For this reason, it was necessary to design a pin that is
constrained in the vertical direction and free to move in the horizontal direction of the
shake table.
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This design was accomplished as follows: Small discs were attached to the LPM
tips and placed inside the rails of the pipe. It was impossible for the discs to come out the
rails, but they could move in rails freely in one horizontal direction. While the system
was moving horizontally in one direction, LPMs bodies were not moving horizontally,
thanks to the discs that were free to slide in one direction inside the rails. On the other
hand, the vertical movements of the rails, as in other words, movements of the free pipe,
were precisely measured. Figure 4.4. a shows the disc mounted to the tip of the LPM,
Figure 4.4.b shows the LPM disc tip placed on rails, while Figure 46.c shows the LPM,
rails, rod, and free pipe model together.

Figure 4.4.d and e show the Z-P2 and Z-P3 placed on the free pipe rails, which
moved upward after a shake test. Z-P2 measured the moving side of the free pipe while
Z-P3 measured the other part. Z-P1, Z-P4, Z-P3, and Z-P4 were shown in Figure 4.5 from
different points of view.

Figure 4.4. Free pipe and LPMs joints consisting of rails and discs
.a) the disc mounted on the tip of LPM, b) and c) the disc moving in rail, d) and

e) Using the LPMs, discs and the rails during the tests.
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Figure 4.5. LPMs on the laminar box a-c) with different points of view

4.3.2. Pore Water Pressure Traducers

There was no additional instrumentation of EPWPT. Same nets and EPWTPs
were used as mentioned in section 3.5.2. Remember, the names of the EPWPTs were PP1,
PP2, PP3, PP4, and PP5; their depths from the surface of the filling soil were 1.05m,
0.63m, 0.40cm, 0.63m, and 0.20cm, respectively.

4.3.3. Miniature Flat Pressure Transducers

The Miniature Flat Pressure Transducers (EP) were PDA-200KPB, and the
capacity was 200kPa. They were bought from Tokyo Sokki Kenkyujo Co. Ltd. MPT had
7.6mm diameter and 2mm thickness, and the shape of the EP was like a disc. The EP was
a surface mount pressure sensor with a stainless-steel diaphragm. This was a miniature

pressure transducer most suited to short-term measurement in model experiments. It had
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simple waterproof construction, which allowed to use of underwater measurement in the
short term. EP was easy to install on flat surfaces using elastomer or epoxy.

In this work, three identical EPs were used, which were named EP1, EP2, and
EP3. In the first three tests, the EPs were pasted at the outside bottom face of the free pipe
to measure the total pressure acting on the pipe during and after shaking. But the uplift
movement of the free pipe made it difficult to precisely measure the differences in normal
stress on the pipe, as mentioned above. Thus, during the shaking trials of the last nine
tests, EPs were pasted at the bottom of the free and fixed pipes. Two EPs became out of
order due to their cables breaking in different experiments. Only one EP remained until
the experiments ended. Figure 4.6 a,b, and ¢ shows the EPs pasted on the surface of the
pipes from a different point of view, while a close-up view of the EP is shown in Figure
4.6.d.

Figure 4.6. EPs pasted on pipes;
.a) EP1, EP2 and EP3 pasted on fee pipe, b) EP1 pasted on fixed pipe, ¢)EP2 pasted on
free pipe d) Miniature Flat Pressure Transducers (EP), itself.
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4.3.4. Submersible Accelerometers

The Submersible Accelerometers (SA) were ARH-A10 with a capacity of 10m/s?
and they could measure the acceleration data in one direction. They were bought from
Tokyo Sokki Kenkyujo Co. Ltd. SA had 16x16mm width and 28mm length, and the shape
of the SA was like a rectangular prism. The weight of SA was 18gr. The SAs had a
waterproof structure and could be installed in water or ground. It had resistant to 500kPa
water pressure. Two identical submersible accelerometers (SA) were used. The SAs were
mounted to nets at 62.5cm from the surface of soil deposits which is the same as the pipes’
depth.

What was expected from SAs was to accurately record the acceleration of the soil
deposit in the direction of shaking at the depth of the buried pipe. Figure 4.7.a shows the
Submersible Accelerometers, and Figure 4.7.b shows the SA mounted on nets. But during
all trials, the recorded acceleration data were wrong as aresult of SA chancing their
direction during the shaking caused by generated water pressure or settlements of the soil

particles for all trials.

Submersible
Accelerometer

Figure 4.7. a) Submersible Accelerometers (SAs), b) SAs mounted on nets
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4.3.5. Data Acquisition System and Software

The data acquisition box (DAQ) which was identified in Section 3.5.3. was used,
and there were no additional operations for data acquisition. Please see Section 3.5.3 for

details.

4.4, Piezocone Penetration Test (CPTu) System

CPTu has performed again for all shaking trials after the filling and becoming
saturated the soil deposits and before performing the shaking tests. There was no
difference from the CPTu system mentioned in Section 3.5. As known, the result of the
CPTu test helped to calculate the relative density of the soil model prepared in the laminar
box and give a clear view to check the soil models density values through the entire depth
and discuss whether the soil models were prepared well or not. The CPTu tests results
and calculations were discussed in the following sections in detail.

4.5. Tests Process

For this study chapter, twelve shake tests were conducted under the different
placing conditions of pipe models and filling material to reach comparative results. CPTu
tests were also performed before the shake table tests to determine the relative density of
the soil in the model before each shaking test started. In this section, the filling process
of the GRS mixtures, determinations of unit weight of soil models by using buckets, CPTu
tests, the pipe models, and placing conditions of the pipe models, shaking tests, and the
unfilling process are described for each trial. The experimental matrix of twelve tests and

their results are given.

4.5.1. Shake Table Tests

First, the experimental matrix of the shaking test was explained to clarify the
scope of the comparative study. A total of twelve tests were performed. The first three
tests (P1-P3) were performed with clean sand deposits and by placing only the free pipe

model, while the accelerations of the seismic shaking varied. The maximum shaking
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accelerations of the tests P1, P2, and P3 were 0.2g, 0.35g, and 0.46g, respectively. For
the last nine tests (P.GR.S.1to P.GR.L.3), the maximum acceleration of shaking tests was
0.35g. These nine tests were performed with both free pipe and fixed piped. The filling
material of these nine tests were GRS mixtures with varying GR size and GR/Sand mixing
ratio in volume. The duration of shaking was 20sec, and the frequency was 2Hz for all
trials.

The bottom layer of the laminar box was filled with compacted medium dense
with 65cm thickness, and this layer was not changed during all tests. The upper layer of
the laminar box was filled with loose sand for a test of P1-P3 with a thickness of 75cm.
The granulated rubber and sand mixture (GRS) was filled for the other nine tests. The
Granulated Rubber (GR) size varied in three groups 2.5-5mm, 5-10mm, and 10-15mm,
and used by each group, three different mixtures were prepared with varying mixing
ratios; Granulated Rubber/Sand; 10/90%, 20/80%, and 30/70% in volume similar to
Chapter 3.

The experimental matrix of the laminar box shaking test with the pipe model is
shown in Table 4.1. Note that in Table 4.1, the test name represents the mixture
conditions; “P1-P3” represents the tests performed with the pipe model, and only sand
was used as soil deposit. For the other nine trials, the letter “P” is for “Pipe”; the letters
“GR” are for Granulated Rubber, S for the small size of GR (2.5-5mm), M for the middle
size of GR (5-10mm), L is for large size of GR (10-15mm), and lastly, the numbers of 1,
2 and 3 are for the ratio of GR in the mixture for 10%, 20%, and 30%, respectively. In
Table 4.1, “Acc” means maximum acceleration of shaking, and it was derived from
displacement data recorded by LPM. D1o, Dso, Cy, and Cc represent the effective particle
size, mean particle size, uniformity coefficient, and the coefficient of gradation,
respectively. vsa is saturated unit weight, and it was determined using small buckets. Dy
represents the relative density of samples, and it was derived from CPTu test data.
Gradation curves of all GRS mixtures are already shown in Figure 3.25. Pictures of small
portions of GRs mixtures were also shown in Figure 3.26.

The acceleration data was derived from displacement data recorded by LPM
named “X-P5” during the shaking trials. Displacement and acceleration by time values
were plotted in Figure 4.8. Figure 4.8.a shows the displacement and acceleration data for
test P1, while Figure 4.8.c shows the data for test P3. Also, Figure 4.8.b shows the data
of tests P2 and all tests performed with GRS mixtures (P.GR.S.1 - P.GR.L.3). As seen in
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Figure 4.8, the first and last 1 second were starting and ending parts of the shaking, while
the duration of sinusoidal shaking motion with its maximum acceleration was 18 sec.

The aim of performing the P1, P2, and P3 tests was to investigate the effect of the
maximum acceleration on clean sand backfill and pipe response. For this purpose, the
tests were performed under the same backfill conditions and with varying maximum
acceleration.

The main purposes of the other nine tests were to investigate the effects of varying
GR size and GRS mixing ratio on excess pore water pressure, liquefaction, and pipe
response.

Table 4.1. Experimental matrix of shake table tests with pipe models

GR Ratio .
Test GR GR Ratio .
Name Size (by (byweight) Acc DlO DSO Cu CC Ysat Dr(avg) P|pe
volume)
mm % % g mm mm - - kN/m*® %
P-S-1 - - - 0.2 0.09 0.16 2.22 1.42 20.90 33 Free
P-S-1 - - - 0.35 0.09 0.16 2.22 1.42 20.50 49 Free
P-S-3 - - - 0.46 0.09 0.16 2.22 1.42 20.90 24 Free
P-GR-S-1 10 6.76 0.35 0.11 0.2 2.05 131 19.27 26 Free/Fixed
P-GR-S-2 2.5-5 20 10.12 0.35 0.11 0.2 2.01 1.34 19.16 35 Free/Fixed
P-GR-S-3 30 14.35 0.35 0.12 0.2 1.91 1.28 18.65 39 Free/Fixed
P-GR-M-1 10 4.74 0.35 0.12 0.2 183 123 2008 29  FreelFixed
P-GRM2 510 20 9.08 035 011 02 210 118 1947 42  FreefFixed
P-GR-M-3 30 13.46 035 011 02 191 111 1855 28  FreefFixed
P-GR-L-1 10 6.43 0.35 0.11 0.2 191 128  20.08 10 Free/Fixed
P-GR-L-2 10-15 20 11.95 0.35 0.11 0.2 2.00 131 19.37 41 Free/Fixed
P-GR-L-3 30 13.77 035 011 02 200 102 1794 20  FreelFixed
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z max 025 ¢
o
< 2
= 025 8
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Figure 4.8. The acceleration and displacement by time graphics for all tests.
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The only free pipe was placed into the laminar box for the tests P1, P2, and P3.
In these tests, three EPs were pasted at the outer bottom face of the free pipe to measure
the uplift pressure developed on the pipe during and after shaking. One of the SAs (SA1)
was mounted to the side of the pipe, while the other one was mounted on nets. The
purpose of using the SA1 was to record the acceleration of the pipe in the shaking
direction and SA2 was used to record the acceleration of the backfill material at the same
depth as the pipe.

The vertical movement of the pipe was recorded from two points of the pipe by
Z-P2 and Z-P3. Two other potentiometers (Z-P1 and Z-P4) were positioned on the ground
surface to monitor surface displacement of deposits during and after shaking. Five
EPWPTSs were placed at different depths of deposits and were used to record excess pore
water pressure changes during and after the shakings.

Two EPWPTSs; PP2 and PP4, were placed at the same depth as the pipes. The free
pipe was placed 40cm away from the point where CPTu was performed and 25cm and
65cm away from Z-P1 and Z-P4, receptively. The data recorded came from five EPWPTs,
two SAs, five LPMs, and three EPs (15 instruments in total) using the data acquisition
system.

Two different text files that recorded 500 data per second and 2 data per second
were obtained as output for each shaking trial thanks to code modeled using LabVIEW
software. High-frequency data (500 data per second) was used to accurately examine
rapid pore water pressure or settlement changes while shaking (first 20 seconds). Low-
frequency data (2 data per second) was used to examine the dissipation of excess pore
water pressure and settlements for a long time after the shaking (5-6 minutes). The
configuration of the pipe within the test apparatus and the schematic sketch of
instrumentation on the pipe, shake table, and sand deposit for the tests P1, P2, and P3 are

shown in Figure 4.9.
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Figure 4.9. Configuration of model pipes within the test apparatus and the schematic

sketch of instrumentation for tests P1-P3. (a) side view (b) plan view

Free and fixed pipes were buried into the GRS mixture for the nine tests (P.GR.S.1
to P.GR.L.3). In the first three tests, the EPs were pasted at the outside bottom face of the
free pipe to measure the pressure. But the uplift movement of the free pipe made it
difficult to precisely measure the differences in normal stress on the pipe, as mentioned
before. So during the shaking trials of the last nine tests (P.GR.S.1 to P.GR.L.3), two of
the EPs, (EP1, EP2), were pasted at the outside bottom face of the fixed pipe, because
EP3 become out of order during the preparation of setup.

As known, the purpose of using the SA1 was to record the acceleration of the pipe
in the shaking direction but mounting the SA1 on the surface of the PVC pipe was too
difficult and SA was rotating during the shakings which caused to get wrong data. So the
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place of SA1 was changed and it is mounted on one of the nets to record the acceleration
of the backfill material at the same depth as the pipes similar to SA2. But also, recording
the acceleration data from both SAs was unsuccessful because of the rotation of
instruments. Hence, the place of free pipe and fixed pipe, the EPWPTs, and LPMs were
not changed. GRS mixtures were filled into the laminar box with given configurations for
each trial. The configuration of the pipes within the test apparatus and the schematic
sketch of instrumentation on the pipe, shake table, and sand deposit for the tests P1, P2,

and P3 are shown in Figure 4.10.

65cm

o
b

.
b

Figure 4.10. Configuration of model pipes within the test apparatus and the schematic
sketch of instrumentation for tests P2 and P4-P12. (a) side view (b) plan view
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4.5.2. Sample Preparation and Filling Process

As explained in detail in the previous section, the instruments were mounted
vertically using nets in the laminar box, and the EPWPTSs’ locations were checked again.
The laminar box was filled step by step with the sand. The soil deposits were prepared
similar to Chapter 3. First layer was dense clean sand layer and it was filled at the
beginning of the first test and used for all 12 tests without unfilling. The upper layer was
filled and unfilled for each trial, the changes in filling materials were described in Section
3.6.2. Preparing process of the bottom layer with 65cm thickness and representing the
non-liquefiable soil was same as the described in Section 3.7.2. Fully saturated silica sand
deposit was placed into the box by the hydraulic filling technique, allowing sand grains
to sink slowly through the water. The laminar box was shaken with various accelerations
for several minutes to densify the soil. This time, the buckets were not used for bottom
layer. Preparation of the dense sand layer and sampling with buckets were already
summarized schematically in Figure 3.30 in Chapter 3.

Then, the upper loose sand layer was started to be filled for the tests named “P1-
P3”. The fully saturated silica sand deposit was placed into the box by the hydraulic filling
technique for this layer again. This loose sand layer was prepared to represent the
liquefiable soil layer laying on non-liquefiable soil. Similarly, buckets were placed for
each step and different depths and collecting of the samples were continued. Preparation
of the loose sand layer and sampling with buckets were schematically summarized in
Figure 3.31, so it was not repeated in this section. Calculated unit weights of the samples
were summarized in Table 4.1

As known for the nine tests prepared with granulated rubber and sand (“P.GR.S.1”
- “P.GR.L.3”), the upper part of the laminar box couldn’t be filled by hydraulic filling
method because of the particle segregation problem, thus the sand and GRS mixtures
were poured by hand (see Section 3.7.2). Preparation of the loose GRS layer and sampling
with buckets were already summarized schematically in Figure 3.33. Unit weights of GRS
mixtures were summarized in Table 4.1. After the filling process, the deposits were left

for at least 2h to allow they become fully saturated.
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4.5.3. CPTu Test

CPTu tests were performed after soil mixture deposits were filled into the laminar
box and water-saturated before each shaking trial. CPTu tests were performed same as

described in Section 3.7.3. The qc, fs, and uz values were recorded for 2cm interval

through the all depth of loose backfill layer and a half part of the dense sand layer.
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Figure 4.11. CPTu results; gc and Dy values

Figure 4.11 shows the tip resistance qc and Dr values versus depth for all tests.

As seen in Figure 4.11.a, the first 75cm loose sand or GRS mixture layers tip resistance

values were lower when the CPTu cone started to penetrate through the dense sand layer,

the gc values started to increase significantly for all tests. Relative density values are
calculated using Equation 3.1. and plotted in Figure 4.11.b for through depth. In Figure
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4.11.b, Dr values are negative which is physically unfeasible at the firsth 0-20cm depth
of CPTu tests. The reason of this is the Equation 3.1 was proposed for field tests where
the ground water level is at the surface of the soil or lower. In this studies, water level of
the deposits in the laminar box is 1-2cm higher than the surface of the soil deposits.
Thanks to these small diferenceses between level of water and soils, for the first 0-20cm
depth, Dr values are neglectable. As seen in Figure 4.11, Dr values of the upper layer are
lower, while the bottom dense sand Dr values are higher. Also, average Dr values of GRS
layer or loose sand layer are listed in Table 4.1 for each trial. These results prove that the
dense sand layer and the loose backfill layers exist as intended and filling of deposits were

succeed again.

4.5.4. Unfilling Process

After performing of each shaking, GRS layer was unfilled form the laminar box.
These saturated GRS deposits were taken and poured into preparation boxes using by big
buckets. The water was drained with valves at the bottom of the preparation boxes. The
deposits in the boxes were kept for at least one day for drainage of the water. Then, these
deposits were used to prepare another mixture if the GR/S ratio and GR size were suitable
to following trial. If it was not, the mixture was poured into barrels and empty preparation
boxes were cleaned for next trial. After the unfilling of the upper layer of the laminar box,
the instruments, the nets carrying the instruments and membrane were checked. The upper

surface of the dense sand layer was cleaned and leveled for next trial.

4.6. Results and Discussions for Sand

In this section, the result of three tests which were conducted with clean sand were
represented. These tests were P1, P2, and P3. In these tests, the free pipe was placed into
the sand to represent a field condition with a buried pipeline in loose sand deposits under
the groundwater level. The shaking tests P1, P2, and P3 were performed with varying
maximum acceleration of 0.2g, 0.35¢g, and 0.46g, respectively. The results were discussed
to observe the effects of the maximum acceleration on liquefaction sand and pipe
response. According to the findings, maximum acceleration of 0.20g and 0.35g were

comparable, while 0.46g caused a fluctuation of the pore water pressure results. Firstly,
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the effects of maximum acceleration on liquefaction were discussed, then its impact on

settlement and the pipe response were observed.

4.6.1. Effect of maximum acceleration on backfill and liquefaction

The changes in the excess pore water pressure ratio at 0.20 m, 0.40m, 0.625m,
and 1.05m in depth during and after shaking tests P1, P2, and P3 are given in Figure 4.12.
As seen in Figure 4.12, Excess Pore Water Pressure (Au) results show fluctuation at each
depth for the P3 performed with amax=0.46 g. Therefore, the following tests with GRS
were performed with a maximum ground acceleration of amax=0.35g. As mentioned
before in this study, the pore pressure ratio (ry), which is the ratio of excess pore water
pressure (Au) to the initial effective vertical stress (ovo’), was used to assess the full
liquefaction. In general, liquefaction occurs when ry reaches 1.0. The ry values are plotted
in Figure 4.13. As seen in Figure 4.13, ry values reach 1.0 during the shaking. However,
for tests P1 and P2 at a depth of 0.20, 0.40m, and 0.63m, the ry values were more or less
than 1.0. Because, the EPWPTSs were dislocated during and after the shaking. The water
level was changed and the settlement was observed at the surface of the soil and these
changes affected the vertical effective stress (ov”) during the shaking. For example, the
ovo’ values at a depth of 0.63 m were 6.9, 6.9, and 5.7 kPa for tests P1, P2, and P3,
respectively (Ecemis 2013, Ecemis et al, 2021). The peak ry values at 0.63m depth
reached 0.9 (Au = 6.12 kPa) and 1.0 (Au = 7.3 kPa) for tests P1 and P2, respectively. As
clearly shown in the pore pressure dissipation results of tests P1 and P2, the generated
excess pore pressure essentially dissipated after shaking (Figure 4.13). Figure 4.12 shows
the generated excess pore water pressure (Au), while Figure 4.13 shows the ry values of
for tests P1-P3.
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Figure 4.12. EPWP changes during (left column) and after (right column) shaking for
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For 0.20m depth, ry returned to zero for Test P2, but there was no dissipation for
Test P1. The reason was that there was a dislocation of the instruments (Figure 4.13.a).

For 0.40m depth, the liquefaction occurred for tests P1 and P2, and both of them
dissipated at about the same time in post shaking stage. On the other hand, the duration
for the dissipation of pore water pressure took about 1 minute more for Test P3. The ovo’
values at a depth of 0.4 m were obtained 3.7 kPa for tests P1, P2, and P3. As shown in
Fig. 9b, the peak ry values at a depth of 0.4 m reached 1.4 (Au=5.21 kPa) and 1.3 (Au=
4.9 kPa) for tests T1 and T2, respectively (Figure 4.13.b)

If two of the EPWPTSs (PP2 and PP4) were at 0.63 depth were compared, it can
be seen that there were dislocation issues. For EPWPT named PP2 (Figure 4.13.c), the ry
value returns to zero for both tests P1 and P2. On the other hand, for PP4 (Figure 4.13.d),
the ry value returned to zero for test P1, but it couldn’t reach 0, and it became constant at
0.2 value for Test P2. Hence, subtracting the 0.2 value from the test P2 line in the PP2
graph (Figure 4.13.d), all the r, values almost reached the limit, and liquefaction occurred
(Figure 4.13.c-d).

At depth of 1.05m where the in the middle of the dense sand layer, for all three
tests, liquefaction was not observed during the shaking (Figure 4.13.e). Remember that
this dense sand layer had not been unfilled after the shakings and was used for all tests,

so it became denser and denser after each test.
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4.6.2. Effect of maximum acceleration on liquefaction potential and

settlement of backfill

The settlement that occurred at the soil's surface was observed with two LPM.
One of the LPMs, Z-P2, didn’t work regularly and broke out from the settlement plate.
The results obtained from Z-P4 are plotted in Figure 4.14. As seen in Figure 4.14,
settlement that occurred during the shaking was 20.1mm, and total settlement long after
the dissipation stage was 27.3mm for test P1. Similarly, settlement during the shaking
was 20.1mm, and total settlement after the dissipation stage was 31.4mm for test P2. The
surface settlement values were close to each other for the test performed with a maximum
acceleration of 0.2g and 0.35g. On the other hand, the settlement during the shaking was
54.9mm, while after the dissipation stage, it was 55.2mm, which was higher than the first
two tests. These differences in settlement behavior of the tests partly explain the

discrepancy of ry values in Section 4.7.1.
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Figure 4.14. Settlement of soil for tests P1, P2, and P3.

4.6.3. Effect of maximum acceleration on pipe response

To compare the pipe response to uplift force during and after liquefaction, the
pressure on the pipe was recorded by Miniature Flat Pressure Transducers (EPS) pasted
on the bottom surface of the pipe. But as soon as the liquefaction occurred, the free pipe
started to move upward, and the pore water pressure forcing the pipe was read as smaller
than zero, which was not logical. Hence, the obtained pressure values applied on the pipe
were not useful for the tests P1, P2, and P3. On the other hand, the pipe's upward
movement was recorded by Z-P2 and Z-P3 precisely. Figure 4.15 shows the upward trend

of the free pipe during and after shaking. Remember that Z-P2 was mounted to the free
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pipe closer to the free end while Z-P3 was mounted closer to the other free end of the pipe
(Figure 4.9). Differences between the pipe movement by Z-P2 and Z-P3 mean there was
a lateral upward movement. Solid lines represent the movement data obtained from Z-P2,
while dot lines represent the data from Z-P3 in Figure 4.15. So, the upward movements
of both ends of pipe were about to equal for P1 and P2, but the movement of pipe was
lateral and the differences between the two ends of the pipe at least 15mm after the
shaking (Figure 4.15).
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Figure 4.15. Upward movement of free pipe during and after seismic loading for tests

P1, P2, and P3.

For the first 2-3 seconds of shaking, the pipe settled 2-5mm for all tests. This
happened due to the settlement of the soil, then the pipe started to move upward due to
the generated pore water pressure, and it had continued to move upward (15-70mm) until
the shaking stopped. Then it settled a little bit and stopped (2-15mm). This also was
caused by soil settlement during dissipation of pore water pressure for all three tests.
Some local picks can be seen on the upward movement data in Figure 4.15. These were

handmade disturbances of technicians who tried to fix or mount the instruments.

4.6.4. Effect of pipe on liquefaction resistance and settlement of
backfill

A shaking test was conducted with clean sand and a maximum acceleration of
0.35g in Chapter 3, named “T1”. Also, there was a test conducted with clean sand and the
same maximum acceleration (0.35g) in this chapter named “P2”. There was no pipe in T1

and there was a pipe model in P2, so comparing by these two test results, the effect of the
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pipe presence on liquefaction of sand was observed in this section. The ry values of T1
and P2 are plotted in Figure 4.16.

In the soil deposit with and without the pipe, ru values reached 1.0 for the depths
of 0.4 mand 0.65 m, representing the full liquefaction. It was seen in Figure 4.16 that Au
of the deposit was generated slower and dissipated more quickly when there was a pipe
model in the backfill. At the beginning of the shaking, ry reached 1 in 2.1 seconds in T1
while ry reached 1.0 in 4.1 seconds in P2 for 0.40m depth. Similarly, the liquefaction
starting times were 5.0 and 7.5 seconds for the tests T1 and P2, receptively for 0.63m
depth. Also, the dissipation of excess pore water pressure took 140-150 seconds when
there was no pipe in deposit, while it took 100 seconds to dissipate for the test performed
with the pipe model. This faster dissipation of water was caused by pipe and its uplift
movement. The moving upward of the pipe model allowed the water to flow around itself

and caused quicker drainage.
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Figure 4.16. Effects of pipe on liquefaction and dissipation

To compare the settlements of the surface of sand deposits between these two tests

are plotted in Figure 4.17. As seen in the figure, the settlement of the sand deposits in the

test performed with the pipe model was less than in the test performed without the pipe.
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Because of the lower duration of the full liquefaction stage, the settlement in P2
was lower than T1 during the shaking. On the other hand, the settlement of the test P2
was bigger and faster than the settlement in T1 for post shaking stage, in other words, the
dissipation stage. This also could be explained as pipe increased the permeability of sand

in the laminar box and changed the consolidation characteristics of the system with a

small amount.
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Figure 4.17. Effects of pipe model on soil settlement

4.7. Results and Discussion for GR size and ratio

In this section, the result of ten tests which were conducted with a maximum
acceleration of 0.35g and with clean sand and GRS mixture, were represented. These test
were P2, P.GR.S.1, P.GR.S.2, P.GR.S.3, P.GR.M.1, P.GR.M.2, P.GR.M.3, P.GR.L.2,
and P.GR.L.3 (see Table 11). In these tests, free pipe and fixed were placed into sand and
GRS mixture. The results were discussed to observe the effects of the GR size and ratio
on liquefaction, backfill settlement, and pipe response. According to the findings, the
discussions were defined in three sections; the effects of GR size and ratio on

a) excess pore water pressure and pressure changes on pipe,

b) settlement of backfill and uplift movement of pipe, and

c) pipe behavior due to the consolidation characteristics of mixtures.

4.7.1. Effects of GR on Excess Pore Water Pressure and Liquefaction

Change in pore water pressure (Au) results obtained from EPWPTs for four
different depths were plotted for all ten tests in Figure 4.18, Figure 4.19, and Figure 4.20.
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Figure 4.18, Figure 4.19, and Figure 4.20 show Au values by time for sand and GRS
mixtures for GRS mixture prepared with GR sizes of 2.5-5mm, 5-10mm, and 10-15mm,
respectively. Each of these figures has five parts named a-d, which show the Au values
for the depths of 0.20m, 0.40m, and two of 0.63m, respectively. Also, for all graphics left
column shows the Au changes during the shaking (0-20sec) while the right column shows
Au changes during the post-shaking / dissipation stage (20-200sec). As seen in the figures,
some fluctuations make it difficult to get results for the 0.20m depths for the tests
performed with all GR sizes. (Figure 4.18.a and Figure 4.19.a). In addition, for all tests
performed with 10-15mm GR, there were also fluctuations for all depths (Figure 4.20).
Despite the fluctuations in the data, there was a significant reduction in Au values in GRS

compared to sand deposits.
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0 5 10 15 20 20 80 140 200
Time (sec) Time (sec)

Figure 4.18. Pore water changes for several depths (a-d) in the tests performed with 2.5-
Smm GR.
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Figure 4.19. Pore water changes for several depths (a-d) in the tests performed with 5-
10mm GR

140



10.0 10.0

a) Depth = 0.20m —Sand
—GR%10
—GR%20 5.0
—GR%30 e
£
~———=— 0.0 3
5.0
10
—Sand
—GR%10
—GR%20 5

Au (kPa)

1]

—Sand
—GR%10

—GR%20 5
—GR%30 s
=
=
<
(1]
-5
10
—Sand
—GR%10
—GR%20 5
—GR%30 =
=
3
<
1]
-5.0 -5
(1] 5 10 15 20 20 80 140 200
Time (sec) Time (sec)

Figure 4.20. Pore water changes for several depths (a-d) in the tests performed with 10-
15mm GR

Pore water pressure ratio, ry=Au/ovo’ of soil were calculated for all data. The
presence of GR in the sand caused smaller initial effective stress. Figure 4.21, Figure
4.22, and Figure 4.23 show the r, values by time for all tests. The ry reached 1, and
liquefaction started at 4.1 sec at a depth of 0.40m and 7.5sec for the depth of 0.63m and

constantly continued during the shaking in the test of clean sand.
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Figure 4.21. Pore water ratio changes for several depths (a-d) in the tests performed
with 2.5-5mm GR
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Figure 4.22. Pore water ratio changes for several depths (a-d) in the tests performed

with 5-10mm GR
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Figure 4.23. Pore water ratio changes for several depths (a-d) in the tests performed
with 10-15mm GR

For the other nine tests consisting of varying GR size and ratio in the sand, ry
values were varying. It can be said that there was no liquefaction in all case case of the
GRS mixture according to the average ry values. The average r, values were calculated
time period where started at the time significant increase of ry value stopped, and it
reached its nearly constant values and where stopped at the time where the dissipation
started.

For the depth of 0.63m which is the same as pipe depth; for the GR size of 2.5-
5mm and GR ratio of 10,20 and 30 percent, the average r, values were 0.8, 0.82, and 0.65,
receptively. For the 5-10mm GR and the ratio of 10, 20, and 30 percent, ry-avg vValues were
0.63, 0.75, and 0.57, receptively. There were significant fluctuations in the cases of 10-
15mm GR and the ry values were not determined. The possible reason of these
fluctuations of pore water pressure values could be the size of GR particles and their
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deformable structures. The main reason for these significant fluctuations of pore water
pressure, GR particles were deformed instead of transferring the pressure, so excess pore
water pressure was not obtained. The pore water pressure obtained from the test with
clean sand was clearer than others because the contact between the sand particles was
more stable. In contrast, there was no observed significant deformation of GR particles
after the shakings.

The results figured out that granulated rubbers with varying sizes and varying
mixing ratios in the sand were all successful in mitigating the liquefaction at a depth of
the pipe and above the pipe. The comparable results of tests; the vertical effective normal
stress (ovo’), average pore water pressure (Ay-avg), and average pore water ratio (ry-avg), for
all tests were listed in Table 4.2.

As seen in Table 4.2., there was no significant correlation between GR size or
ratio and excess pore water ratio. However, it was clear that using GR mixing with sand
as a backfill material around the pipe reduced the pore water ratio and did not allow the

liquefaction to occur.
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4.7.2. Effects of GR on Settlement of Mixture and Pipe Response

Settlement of filling was obtained by two LPMs on the surface of the deposits
while the uplift movement of free pipe was obtained by another two LPMs. As mentioned
before, there was a free pipe which is a free end, while the fixed pipe was mounted and it
was not allowed to move. There was a flat mini pressure cell mounted bottom outer
surface of the fixed pipe, which recorded the upward pressure acting on the pipe due to
the pore water.

The settlement of backfill, the pipe uplift movement of free pipe, the upward
pressure acting on the fixed pipe, and excess pore water pressure generated at a depth of
pipe were plotted in Figure 4.24.a, .b, .c, and .d, respectively, for the test performed with
2.5-5mm GR. Similarly, Figure 4.25 and Figure 4.26 represent the test results for 5-10mm
and 10-15mm of GR. Because of the fluctuation mentioned before, the upward pressure
on pipe and pore water pressure was not plotted in Figure 4.26.

Remember that one of the LPMs (Z-P2) was mounted to the left free end of the
free pipe while the other one was mounted to the right free end of the pipe. The uplift
movement of pipe was shown with two lines, the letters L and R represents the free ends
of the pipe, and the differences between these two lines shows the lateral uplift movement
of the pipe. Also, the uplift movement of pipe at the center of the pipe model was obtained

by calculating the average of these two pipe displacements and listed in Table 4.2.
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Figure 4.24. a) Surface settlement, b) uplift movement of pipe, c) uplift pressure on

pipe, and d) excess pore water pressure for the tests with 2.5-5mm GR
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Figure 4.25. a) Surface settlement, b) uplift movement of pipe, c) uplift pressure on

pipe, and d) excess pore water pressure for the tests with 5-10mm GR
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Figure 4.26. a) Surface settlement, and b) uplift movement of pipe for the tests with 10-
15mm GR

The pore water pressure records at a depth of the pipe and the records of the
pressures acting on the pipe showed similar values and trends for the tests of 2.5-5mm
and 5-10mm GR where the upward pressures on the pipe were varying between 2-5kPa.
These results proved that upward pressure acting on the pipe was generated by pore water
pressure during the seismic loading. Total stress change on the pipe is caused by pore
water pressure, the pipe's uplift movement, and the deposits' settlement.

As seen in the figures, the pipe lifted during the shaking and settled with a small
amount after shaking in sand deposits. On the other hand, LPMs records obtained that
there were small settlements of the pipe at the beginning of the shaking (0-3sec). There
were varying uplift movements of the pipe during the remaining duration of shaking (3-
20sec) for the tests of GRS mixtures. According to these observations, the response of the
pipe and backfill were divided into three stages to discuss. Stage 1 represents the first 3
seconds of the shaking where the settlement of the pipe was varying between 0 to 10mm,
backfill settlement was varying between 0-35mm, and upward pressure acting on the pipe
was increasing rapidly but was not able to lift the pipe yet. There were small settlements
of the pipe which were caused by settlements of the backfill in Stage 1.

Stage 2 was the remaining duration of the shaking, which was 17sec. (3-20sec).
In Stage 2, excess pore water pressure reached its maximum value, the pipe's uplift

movement occurred, and a significant part of the backfill settlement occurred. In each
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shaking test, the uplift movement of the pipe was between 14 and 79 mm, while the
settlements on the surface of the backfills varied between 1 and 67 mm.

At the end of the shaking, pore water pressure dissipated for each trial. The
dissipation was caused by the drainage of water from the deposits and pipe uplift
movement. The dissipation stage was named Stage 3 which started at 20-23™ seconds of
the test and continued up to 390" sec in some cases. The backfill deposits settled about
0-11mm, and thanks to the backfill settlements the pipe also settled by about 1-4.5mm,
during the Stage 3.

In summary, the pipe settlements during the Stage 1 and Stage 3 were caused by
settlements of backfills. In contrast, there was an uplift movement of pipe despite the
backfill settlements during Stage 2. The soil settlements and pipe displacements in Stage
1, at the end of the Stage 2 and Stage 3 were plotted in Error! Reference source not
found.. Also, total displacements of the pipe and surface of the deposits by the time are
plotted in Figure 4.28.
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Figure 4.27. Displacements of pipe and surface of backfill at the end of the each stage
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As seen in Figure 4.27, despite of not obtaining a clear relation between the
varying GRS mixture and uplift movement of pipe or settlement of the backfill, it can be
said that, the test performed with 5-10mm GR and 20% ratio conditions gave the lowest
displacements for pipe and surface of backfill in each stage. According to the
displacement results of pipe and backfill surface, it can be said that the displacements in
Stagel and Stage3 are lower than displacement in Stage2 (Figure 4.28).
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Figure 4.28. Displacements of the pipe and surface of the backfill by the time

4.7.3. Effects of GR on Consolidation Characteristics and Pipe Uplift

Behavior

There was no significant correlation between pipe movement and upward pressure
on pipe during the shaking. On the other hand, the consolidation characteristics of GRS
which were related to the compressibility and permeability of the mixture were
determined to compare GR effects on these phenomena in the dissipation part.

Applying the Terzaghi’s 1D consolidation theory (Equation 3.1) on the Au records
in the dissipation part of all tests, cy values of GRS mixtures were determined. In this
study, changing the GR size and mixing ratio of GR in sand mixture was change the
consolidation characteristics of GR-sand mixture. In Figure X, the ¢y values of each case

were plotted. They unit of ¢, were varying between 8 and 20 cm?/sec.
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A non-dimensional parameter (o) was developed as follows:
HD
2
C,

Where; D was pipe diameter, H was the depth of buried pipe, consolidation coefficient
(cv) of the mixture, and the starting time of the uplift movement of pipe (t). In this study,

cv the only parameter which represented the varying conditions in terms of

(4.1)

compressibility and permeability in the cases of different GR size and ratios. The starting
time of pipe uplift movement (t) was directly related to the seismic loading conditions. In
this study diameter of buried pipe (D=5cm), the depth of the buried pipe (H=0.63m) and
the seismic loading of shaking tests (amax=0.35g) was constant. Varying parameter in o,
was only cv. The relation between the upward pressure applied on pipe (AP) and o was
plotted for all cases (Figure 4.29). AP was the pressure measured in Stage 1, which was

the result of Au generated in Stage 1, and reason of the uplift movement of pipe.
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Figure 4.29. Correlations between a, uplift pressure and pore water pressure
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As seen in Figure 4.29, while a was increasing, the pressure acting the fixed pipe

increased. A linear fitting line was plotted in X, which represents the relations between

AP and a. Using by this fitting line, the a value at equilibrium condition was determined

For a = 3.0, the AP was zero, and that means, there is no movement of the pipe

(equilibrium condition). When o> 3.0, there was a positive pressure acting on the pipe

As a result, the pipe can be prevented against to uplifting for a < 3.0 conditions which

related to different depths, pipe diameters, coefficients of consolidation (which represents

the GR ratio and size), and uplift starting. As known the liquefaction only occurred in
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clean sand deposit, instead there was no liquefaction in GRS mixture, the pipe movements
were observed. Also, the variation of the pore pressure ratio with o was plotted in X. As
seen in Figure 4.29, when a increased, the pore pressure ratio increased. The best fit line
given in Figure 4.29, represented the relation between pore pressure ratio and with a. As
known pore water pressure ratio, is a ratio of Au to ovo’ initial effective stress (ovo’) is
equal to H.¥'m where H is the depth and ¥’ is the effective unit weight of the soil. Varying
GR size and ratio changes not only the the ¥'m and Au but also cy value for each case. So,
the e equilibrium condition of the pore pressure ratio can be determined as follows where
a=3.0:

Au=0.65y' H for 1,=0.65and o=3 (4.2)

Saeedzadeh and Hataf (2011) suggested that dilatancy angle and density ratio of
natural soil, diameter and burial depth of the pipe, underground water table, and thickness
of the saturated soil layer effects the uplift of the pipe. According to Saeedzadeh and
Hataf (2011), the excess pore water pressure causes an increase in the uplift force acting
on the pipe and also causes decreases in effective normal stress of soil, so the Au effect is
doubled on uplifting of pipe. The forces resisting the uplift forces are the pipe's
deathweight and the soil's effective weight above the pipe. The forces acting on the pipe
are illustrated during shaking in Figure 4.30 which was modified from Figure 2.13.

T w
1
GR Sand :
Mixture !

' H

1

s

Pipe
FB Fupw

Figure 4.30. The forces acting on the pipe during shaking
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The downward force induced by the weight of the SGR mixture above the pipe
before shaking is calculated as follows (Chian and Madabhushi 2012):

2
Fm{H.D—(ﬂg ﬂy’m 4.3)

where D is the pipe diameter, H is the depth of buried pipe, and y'm is the effective unit

weight of the mixture. At the end of Stage, I, the downward force induced by the weight

of the SGR mixture above the pipe is calculated as:

2
Fm{H.D—[”E Hy’m—Au.D (4.4)
The downward force induced by the deadweight of the pipe is calculated as follows;
F=z(bD-b%)y, (4.5)

where b is the thickness of the pipe and vy is the unit weight of the pipe material.

The Archimedes principle governs the buoyant force of the structure. This buoyancy force
(Fe) is determined by using the Archimedes principle for the buoyant force of the

structure:

DZ
FB:[”TJYW (4.6)

Upward force acting on the pipe (Fupw) can be expressed as follows:
Fpw =AU.D (4.7)

As seen in X, the equation of all forces acting on the pipe at equilibrium conditions is as

follows:

Fo=FitF-F (4.8)

upw

Substructing the Equations 4.4, 4.5, 4.6, and 4.7 into Equation 4.8;

Au.D= [[ H.D —%DZJ Y —Au.D} + [n(bD - bz)yp} [(ﬂTDijW] (4.9)
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2.Au.D:[[H.D—ﬂ§ jy'm}[ﬂ(bD—bz)vp}{[ﬂE jvw} (4.10)

In this study, the excess pore water pressure limit just before the uplift movement
of the pipe started was determined in Equation 4.2. Subtrutcing the Equation 4.2 into 4.10;

the following equation was suggested;

1.3v'mHDsHH.D—”§ ]v'm}[ﬂ(bD—bZ)vp]{[”f M (a.11)

In this study, a limit value of pore water pressure was determined before the uplift
movement of pipe just started. Equation 4.11 was proposed to design a critical condition
for predetermined pipe material and diameter, burial depth of the pipe, backfill conditions
for a known seismic loading to prevent the uplifting of the pipe. It was proven that the
floating movement of pipe related to not only pipe and backfill material but also the

diameter and the depth of the pipe.
4.8. Concluding Remarks

In this chapter of the study, the liquefaction potential and settlements of saturated
loose sand- granulated rubber mixture were compared with varying mixture conditions
with 1-D shake table tests similar to Chapter 3. In addition to all these, the pipe models
were buried into backfill material in the test setup and the effects of the GR on pipe
upward displacements during the earthquake shaking are obsereved.

Following observations are listed to summary the results of comperative study;

1. When a pipe buried into loose sand deposits, it decreases the time needed for
full dissipation. This faster dissipation of water pressure is caused by pipe and
its uplift movement. The moving upward of the pipe model allows the water
to flow around itself and caused quicker drainage.

2. Because of the lower duration of the full liquefaction stage of sand, the surface
settlement of sand in test with pipe was slower than the test without pipe
during the shaking.
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3. On the other hand, the settlement of the sand with buried pipe was bigger and
faster than the settlement of test without pipe for post shaking stage, in other
words, the dissipation stage. Because, the pipe increased the permeability of
sand and changed the consolidation characteristics of the system with a small
amount.

4. Granulated rubbers with varying sizes and varying mixing ratios in the sand
are all successful in mitigating the liquefaction at a depth of the pipe and above
the pipe.

5. The upward pressure acting on the pipe is generated by pore water pressure
during the seismic loading. Total stress change on the pipe is caused by pore
water pressure, the pipe's uplift movement, and the deposits' settlement.

6. The stresses acting on the pipe and displacements of the pipe were compared
in three different stage of the shaking.

a. Stagel is the short time period at the beginning of shaking (0-3" sec)
where the shake was started, excess pore water pressure was
increasing, backfill settlement occurred for a small amount, but
upward movement of pipe did not started yet. In Stagel, the excess
pore water pressure increases but not reach the pressure to move the
pipe upward, also there are small settlements or uplifts of pipe due to
the settlements of soil.

b. Stage2 is the remaining time period of shaking (3" -20" sec), where
the excess pore water pressure reached its maximum value, the pipe
moves upward and soil settlement occurs. In Stage2, the most
significant uplift movement of pipe and settlement of soil are
observed.

c. Stage3 is the time period after shaking (20"-390"" sec) . In Stage3, the
dissipation of pore water pressure is obsereved. In this stage
settelement of soil and also settlement of pipe are observed.

7. The GR in sand not only decreases the excess pore water pressure in mixture
but also decreases the amplitutes of the dynamic waves. The GR is a efficient
material to isolate the pipe from dynamic waves.

8. A non-dimensional parameter (o) is developed which is combination of pipe
diameter (D), burial depth of pipe (H), consolidation coefficient (cyv), and

initiation time of uplift to represent the varying GR and sand mixture

157



situations. In this study, cv is only varying parameter. The pipe is in
equilibrium condition (Equation 4.11) and there is no net uplift force

increasement below the pipe if 0=3. Equation 4.11;

1.3y'mHDSHH.D—%Dij'rn]{ﬁ(bD—bz)yp]—[(ﬂTDszw}

. The study shows that the density and consolidation charaterisitics;
compresibilty and permeability of backfill around the pipe are most efficient
parameters to prevent the pipelines from uplift forces due to the excess pore

water pressure and to isolate the pipeline from earthquake waves.

158



CHAPTER 5

EFFECTS OF RECYCLED TIRE GRANULATED RUBBER
ON GROUNDWATER: LEACHING TESTS

5.1. Introduction

Usage of scrap tires was become not only common in geotechnical engineering
but also environmental engineering applications. Several studies were conducted to
understand the benefits of GR as a backfill material in terms of mechanical and physical
properties. The usage of GR become more popular in geotechnical applications where the
GR was embedded into soil or placed somewhere in contact with the natural soil as
backfill material. So, new environmental concerns occurred like as wheter the usage of
GR are toxic on not to environment, ground waters or life of creatures. So, the
environmental effects of leaching components of GR have become an issue that needs to
be investigated.

A literature study about this chapter was given in Section 2.6 in detail. Several
researchers have focused on the leaching characteristics of GR in terms of contamination
of inorganics and organics into groundwater. As seen in studies in the last three decades,
scrap tire leaching has become a very common research topic. Differences in the results
of leaching procedures performed in the laboratory led to extensive laboratory
experiments prepared for more realistic scenarios. In order to define the leaching
characteristics as a need for developed and widespread geotechnical applications, studies
were carried out to evaluate the field and laboratory results together. Most studies used
batch tests and column leaching tests to figure out the metals, anions, and cations
concentrations leaching from GRs.

On the other hand, few studies have attempted to obtain more realistic results by
mixing GR with soil type. These studies generally used ash or clay as soil to mix with
GRs (Lee, 2011; Liu et al., 2020). There is no significant study examining the leaching
effect of GR on water when they are mixed with sand and used as a backfill material

mixture. This study determines the impact of the GR particles on water quality and figures
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out the leaching characteristics of GR under varying GR size and sand-GR mixture
conditions.

For this purpose, firstly, we performed batch tests (BTs) on scrap granulated GR
with varying sizes under the varying pH conditions (4.6, 6, 8.3) to figure out the leaching
inorganics from GR and sand particles and to determine the effect of the pH and GR size
on the leaching of inorganics. Then, we used column leaching tests (CLTSs) to evaluate
the leaching characteristics of GR and silica sand mixtures (GR ratios were 10%: 20%,
and 30% by volume) under the rainwater conditions.

We aimed to determine the leaching behavior of these materials as construction
fill materials around buried structures proposed by previous chapters. We determined the
selected metals, anions, and cations concentrations over time. We compared them with
drinking water standards (DWS) of the US Environmental Protection Agency (US EPA)
and the World Health Organization (WHQO). We also compared the effects of GR sizes
and GR ratios in GRS mixtures on both the total leaching inorganic amount and the
leaching rate by time.

In this chapter, the conducted leaching experiments, which were Batch tests and
Column Leaching Tests, were explained. Leaching characteristics of GR were obtained,
and the leachate of inorganics was discussed in terms of metal, anion, and cations. Finally,

the concluding remarks were summarized.

5.2. Material

5.2.1. Silica Sand

Silica sand used in BTs and CLTs was exactly the same sand explained in Section 3.3.1.
For more detail, see Section 3.2.1. Energy-dispersive X-ray fluorescence (XRF)
analysis provides an analytical method for determining the chemical composition of
many types of materials (solid, liquid, and powdered samples). XRF analysis was
performed to determine the chemical composition of silica sand and summarized in

Table 3.2. As a reminder, according to the results of XRF, Silicon (Si) was the
most abundant component in the sand with 85.8% by weight, and the second most
abundant was Aluminum (Al) with 9.1% by weight, followed by K0, Fe203, Ca0O, P20s,
MgO, Ba, and Na;O.
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5.2.2. Tire Granulated Rubber

The scrap tire granulated rubber (GR) was same as GR used for laminar box tests
and explained in detail in Section 3.2.2. Same groups were used with equivalent
diameters; 3-5 mm, 5-10 mm, and 10-15 mm. Also, the GR composition determined by
XRF is summarized in Table 3.. The three most abundant components in the GR are Zinc
(27.4%); Sodium (25.9%), and Calcium (22%), respectively.

5.2.3. Leaching solutions

Leaching from GR and silica sand was investigated under three different
conditions: in solutions at pH 4.1, 6.8, and 8.3 for batch tests. For the leaching solutions,
the pH of distilled pure water (PW) was adjusted using high purity NaOH or HCI without
using any buffer. Rainwater was used for nine different CLTs, while DDW was used for
one of CLTs as a leaching solution. Rainwater (RW) was collected naturally from the

laboratory building roof using big gallons with pH varying between 8.1-8.4.

5.3. Tests Process

The first part of the experimental work, the GR with three varying sizes and silica
sand, was conducted with batch tests for three different pH conditions for 30 days. In the
second part, different GRS mixture were prepared with varying GR size and GR ratios.
Using these mixtures and only sand, ten leachate column tests were performed for 15 days
under rainwater conditions. For both experimental works, several leachate water samples
were collected and analyzed to determine the contamination of inorganics in leachate

water.

5.3.1. Analysis of Inorganics Concentrations in Leachate Samples

The inorganic constituents and their concentrations in pure water (PW) and
rainwater (RW) were determined by two analyses; (1) the Inductively Coupled Plasma

Mass Spectrometry (ICP-MS) and (2) ion chromatography (I1C) tests. These analyses were
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performed by the Environmental Development, Application, and Research Center at the
Izmir Institute of Technology (IZTECH). ICP-MS is an elemental analysis technology
capable of detecting most of the periodic table of elements at the milligram to nanogram
levels per liter. The ICP-MS tests were performed to determine the concentration of Zn,
Cu, Mn, Fe, Al, and Pb. IC tests were performed to determine the concentration of *2Ca,
2504, *Na, "Cl, **Mg, and *K.

5.3.2. Batch Tests

Toxicity Characteristic Leaching Procedure (TCLP) (USEPA, 1990) has been
widely used to generate leachate concentrations for all types of solids for several metals
and organic chemicals. The batch experiments in this study were based on the USEPA’s
TCLP test method. In this study, the same solid to liquid ratio was used as in the TCLP
test with the difference in leaching solution and contact times to simulate the behavior of
scrap tires under different pHs.

The GR particles were soaked in each leaching solution at a constant solid to
solution ratio of 1:20 by mass at room temperature (22 + 2 °C) and mixed steadily on a
rotary tumbler. For each size, the GR number was adjusted to 20 grams. These chips were
placed in 1liter wide-mouth amber bottle with Teflon lined cap and filled with 1L of the
leaching solution. During each soaking cycle of one week, the pH of the leaching solution
was recorded daily and adjusted to its initial value by using high purity NaOH or HCI.
Following periodic removal of 30 mL of samples, the same volume of fresh leaching
solution was added back to the reactors. Sampling days were set to 5, 7, and 30.

Twelve different batch tests were performed on three different sizes of GR (3-5
mm, 5-10 mm, and 10-15 mm) and silica sand under three different pH conditions (4.1,
6.8, and 8.3). The experimental matrix of BTs is shown in Table 5.1. Table 5.2. and Figure
5.1 show the time-dependent inorganic elements concentration of BTs under the different
pH conditions. Due to Pb, Cu, K, and Mg concentrations being too low according to other

elements and standards’ limits, they are not shown in Figure 5.1.
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Table 5.1 Experimental matrix of batch tests

Sample Sand GR 3-5 mm GR5-10mm  GR 10-15 mm
8.3 8.3 8.3 8.3
pH 6.8 6.8 6.8 6.8
4.1 4.1 4.1 4.1
Table 5.2. Result of batch tests
Sample pH Day Al Mn Fe Cu Zn Pb *Na *K Mg *Ca al 2504
- - ug/L  pg/L pg/t  wg/L pg/t pg/t mg/L mg/L  mg/L  mg/L  mg/L  mg/L
Pure . 058 049 063 035 902 031 009 016 <0,06* <0,13* 025  0.10
Water
1 266 1817 2618 225 6850 039 108 2.00 007 167 18 184
g3 5 210 3320 3174 340 14727 031 111 216 009 326 189 200
7 1448 4995 3574 514 27778 034 115 230 012 470 193  2.50
30
1 102 605 341 150 6652 028 087 064 006 1.05 035 1.20
GR25- . 5 074 1136 177 129 12890 016 075 087 008 18 034 141
5mm 7 062 1355 171 152 15717 024  1.09 655 0.2  2.80 588  1.64
30 5.89 9696 437.29 254 53893 070 119 168 031 639 035  8.49
1 254 863 726 699 8389 015 049 048 007 175 031  4.08
a1o 5 142 1459 201 307 12792 017 059 070 011 334 036 442
7 148 1580 266 393 15339 0.6 0.64 122 013 399 080 452
30 577 9500 23967 517 7430.8 061 103 140 046 7.84 042  8.18
1 163 1136 2893 229 3996 036 179 487 011 187 559 148
g3 5 225 1981 2720 527 10332 031 18 507 013 25 570 216
7 190 3357 27.85 2238 20327 033 190 519 017 412 576  2.52
30 173 39.81 3185 1351 23859 022 192 1070 0.18 477 1094  2.63
1 087 733 144 264 2376 015 063 045 008 18 036  2.97
GRS- oo 5 079 1695 312 452 7235 016 074 066 012 330 044 367
10mm 7 164 2296 406 678 10770 018 090 562 014 418 498  3.81
30 557 21150 556.84 832 61341 047 120 116 061 1092 051  10.11
1 118 944 322 28 4085 016 056 039 008 198 043  4.02
ag0 5 195 1819 1241 197 7048 021 067 058 012 417 049 444
7 188 2365 1209 274 9972 023 072 092 0.14 518 079 461
30 181 149.38 3993 172 50246 020 114 105 061 1022 054  9.26
1 146 881 3753 184 4306 028 130 454 006  1.05 429  1.22
g30 5 125 1598 2820 359 10730 017 135 464 007 1% 432 191
7 155 2990 5249 1569 2173.4 030 136 482 011 396 440  2.67
30 206 3129 4102 14.69 21534 034 139 488 0.3 450 444  3.10
1 056 729 157 3.84 2957 023 044 046 006 114 011 156
GR10- . 5 045 1157 222 238 6449 017 055 063 009 222 013 202
15mm 7 091 1366 152 366 9774 016 068 378 011 296 312  2.20
30 239 7271 3530 39.01 4962.4 0.19 105 1.08 037 664 019  6.23
1 120 801 282 933 2838 018 046 047 008 228 019 464
a10 5 178 1334 19 501 4878 019 056 065 013 436 023 517
7 244 1623 152 476 6839 019 062 082 015 535 035 542
30 371 101.02 3919 5694 52070 025 107 111 053 936 028  9.97
1 3793 259 6661 22.63 33.64 250 501 543 029 632 9.62  3.60
g3 5 2276 1342 4565 1671 1146 077 519 605 031 765 936 415
7 2165 306 3817 1843 2593 017 525 625 048 1247 941  4.26
30 2774 6.61 4170 2302 3751 019 622 7.47 058 1475 1114 5.0
1 18230 822 7631 556 391 087 291 110 051 554 199 155
silica o0 5 13886 2.68 5632 576 344 039 345 141 060 645 231 19
sand 7 15042 526 5564 634 904 055 361 537 068 730 597 191
30 8535 093 9150 000 48 067 337 118 088 961 088  1.37
1 10638 1202 3812 1249 923 126 338 119 062 7.05 261  4.93
a1o 5 12635 688 5521 1068 823 200 353 139 075 796 256 494
7 18602 649 7654 11.18 1465 218  3.66 274 085 893 381  4.92
30 6717 043 4193 000 312 009 310 118 106 1159 071  4.21

Note: Zn, Fe, Mn, and Al concentrations units are ug/L while Na, Ca, CI, and

SO4 concentrations unit are mg/L
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Figure 5.1. Time-dependent inorganic elements concentration of BTs under the different

pH conditions

As seen in Figure 5.1; the main source of Zn leachate was GR, while Fe, Al, and
Na concentrations leaching from the sand were much more than GR. Concentrations of
other elements from sand and GRs showed similar values. Contamination of Zn, Fe and
Mn reached above the international usable water standards after a week, while
contaminations of other selected inorganics were below the standards during the batch
tests. Further discussions about pH and selected inorganics concentration are made in the

next section, supported by some analytical methods.
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5.3.3. Column Leaching Tests

CLTs were conducted to assess leaching behavior under conditions resembling
those that exist in the field. Figure 5.2 illustrates the setup for the CLTs. The column
leach test setup, pictures of sand-GR mixtures, and mixture preparation mold are shown
in Figure 5.2a-c, respectively. As shown in the figure, the cylindrical Plexiglas column
had a 19 cm inner diameter and 100 cm inner height. GR with varying sizes (3-5mm, 5-
10mm, 10-15mm) were mixed with silica sand for three different ratios (10%GR - 90%
Sand; 20%GR -80%Sand; and 30%GR -70% Sand in volume). DDW was used for one
of the CLTs, and RW was used for other CLTs as leachate solutions.

Ten different CLT experiments were performed, and the experimental matrix is
shownin Table 5.2. Note that in Table 5.3, the test name represents the mixture conditions;
the letter of “C” represents the tests of Column Leachate Test, while “PW” represents the
pore water and “RW?” represents the rainwater as the leaching solution of tests. The letters
“GR” are for Granulated Rubber, S for the small size of GR (2.5-5mm), M for the middle
size of GR (5-10mm), L is for the large size of GR (10-15mm), and lastly, the number of
1, 2 and 3 are for the ratio of GR in the mixture for 10%, 20%, and 30% respectively.

Table 5.3. Experimental matrix of Column Leaching Tests

TDA/Sand Ratioin  Permeability Leachate

Test Name TDA Size (mm) Volume (x102cmis) Solution
PW-3-5mm- 1/9 35 1/9 Ultra Pure Water
RW-3-5mm-1/9 1/9 T 1032

RW-3-5mm-2/8 35 2/8 " 2.060

RW-3-5mm-3/7 37 " 2133

RW-5-10mm-1/9 1/9 " 1700

RW-5-10mm-2/8 5-10 2/8 " 1033 Rain Water
RW-5-10mm-3/7 3/7 " 1984

RW-10-15mm-1/9 19 " 2372

RW-10-15mm-2/8 10-15 2/8 " 2479

RW-10-15mm-3/7 37 " 3052
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Figure 5.2. Column Leachate Test Setup and GRS mixtures

Clean silica sand was filled at the bottom side of the column with 20 cm height
and compacted by a hammer to make the soil dense until a relative density (Dr) of 70%
was reached. Relative density was measured by placing a small sample can in the column.
The can be taken after sand compaction and weighted (for more detail, see; Karaman
2022). Then, the GRS mixture was prepared in a graduated cylinder beaker and poured
loosely with a constant speed from 20 cm height into the Plexiglas column (Figure 4. c)
to prepare a homogenous GR-S mixture layer that had a height of the 75 cm. The leaching
test setup created in this study represents a realistic model of GR-S filled around the
buried infrastructures (Ecemis et al., 2022). In the current study, the groundwater table is

assumed below the GR-S layer, while solution water represents a surface water leachate
through the bottom.
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Solution water was poured from the top of the column, and the water was kept
added until dense sand, and GRS layers became saturated (about 30 min). Before pouring
the solution water into the column, a water sample was collected and named an “RW”
sample. Leached water samples were collected from the bottom of the column using a
valve for the first hour, the third hour, the sixth hour, the twelfth hour, and once for each
day from 1st to 15th day (total of 20 samples for 15 days). After each 500 ml leachate
sample was collected, solution water was added from the top of the column. All CLT
experiments were carried out under room conditions, and pH and temperature values were
not interfered with during the experiment. The leachate sample's temperature, electrical
conductivity, and pH values were measured immediately after each sample was taken and
noted. Figure 5.3 shows the values of the temperature, electrical conductivity, and pH for
all CLTs during the tests. The CLTs' temperatures vary between 17-23 °C, and there is
no significant temperature change in any of the CLTs (Figure 5.3.c).

Electrical conductivity (EC) is a measure of the saltiness of the water and is
measured on a scale from 0 to 50.000 in micro siemens per centimeter (uS/cm). The EC
of water is its ability to conduct an electric current. Salts or other chemicals that dissolve
in water can break down into positively and negatively charged ions. These free ions in
the water conduct electricity, so the water's electrical conductivity depends on the
concentration of ions. Salinity and total dissolved solids (TDS) are used to calculate the
EC of water, which helps to indicate the water’s purity. Freshwater is usually between 0
and 1.500 puS/cm, and typical seawater has a conductivity value of about 50.000 uS/cm.
When EC reaches high levels in freshwater, it can cause problems for aquatic ecosystems
and human uses. US EPA (1990) reported that water with EC between 0 and 800 puS/cm
was classified as good drinking water for humans, while humans can consume
approximately 800-2500 uS/cm for tap water. Figure 5. b illustrates the electric
conductivity (EC) change during all CLTs. The biggest EC value has been seen in the
tests performed with PureWater; reached 2100uS/cm and its decreasing to a constant
value takes too much time (>15 days) than others. There is no significant relationship
between GR size or GRS ratio in the mixtures with EC. According to some observed
changes in EC values, it can be said that; the leaching of inorganics started leaching faster
for bigger sizes of GR but it took longer time to decrease the leaching concentration to a

constant rate for bigger size GR.
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Figure 5.3. Time-depend values of the pH, electrical conductivity, and temperature for
all CLTs

The change of EC by time showed that small sizes of GR interacted easier and
faster with leaching solution than larger sizes of GR. Granulated rubbers are impermeable

materials, so the leaching of inorganic from GRs is directly related to the rubber’s surface
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area in contact with the leaching solution. If the size of GR is smaller, the surface of GR
is bigger for a constant volume (Selbes, 2015; Maeda, 2017). On the other hand, the EC
of the 10-15 mm GR-sand mixture leachate sample at the end of the 15th day was 400
uS/cm, while others were about 240-290 mS/cm. This difference can be due to the steel
and fiberglass belts in GR particles. Although all GR used in this study were free of steel
and fiber belts, they might not be scraped out completely from GR with 10-15 mm.
Scraping the fiberglass and steel belts from rubbers is easier and more effective for
smaller diameters of GR than scraping from the larger size. Alternatively, the fact that
steel and fiber belts are easy to separate from small size GR could not prevent metal
powders from holding onto GR surfaces.

Figure 5.4 shows the concentration of metals in all leachate samples during the
tests, while Figure 5.5 shows the concentrations of anions and cations in leachate samples.
Note that; the horizontal axis is not in scale; a grey area represents the first day, while
each point represents a day. The units of concentration of elements in Figure 5.4 are
microgram/Liter, while the unit of concentration of elements in Figure 5.5 is
milligram/Liter.

All test results were discussed with global water quality standards limits. pH
values of leachates performed with RW solutions are higher than the limit reported by the
WHO. In contrast, pH values approach the limits of U.S Environmental Protection
Agency Primary / Secondary Drinking Water Standards (EPA-PWDS or EPA-SWDS)
but mostly do not exceed them.

In all CLTs, Mn concentration was well above the limits (80-300 times) on the
first day and showed a significant decrease until the 6th day. However, local increases
and irregularities are seen afterward. Also, Fe concentration increased 10-20 times above
the limits in almost all CLT tests. While the concentration was expected to decrease over
time, local increases and peak values did not allow for observation of a significant trend.
Although Zn, Cu, Pb, and Al approached the limits slightly in a few CLTs, they were
generally below the limits (Figure 5.4). Although it is difficult to say that there is a
significant trend, each metal concentration in leaching water increases at the beginning
of the experiments (on the first day) and completes its dramatic decrease within the first
7-8 days.

Although no significant amount of Mn and Fe was detected in XRF analysis of
rubber, contaminations of them were found higher than others, as seen in the literature

(Selbes et al.,2015, Meida,2017). It can be observed that an insignificant portion of Mn
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and Fe contamination came from the GR, while the major source was steel and fiberglass
particles that have been pulverized during the removal process of steel belts and came by
adhering to the surface of GR. The ideal sample for XRF analysis should have a perfectly
flat surface. In this study, we performed XRF analyses on GR samples that had a flat
surface and were cleaned from the pulverized steel and fiberglass particles. But leaching
column tests were performed on irregular-shaped and unwashed GR particles. For this
reason, it should be taken into account that there are several pulverized metals carried by
GR particles, although it is not seen in the XRF analysis.

Ca2*, SO4%, Na*, CI', Mg?*, and K+ contaminations for 20 samples plotted for 15
days in Figure 5.5. Na concentration slightly exceeded the limit in three experiments (PW
2,5-5mm-1/9, RW5-10mm 2/8, and RW10-15mm 3/7), while CI" exceeded the limits in
more than half of the CLTs. The Ca concentration approached but not exceeded the limits
in experiments performed with only 5-10mm GR, and it was very low in other CLT
conditions. SO4%, Mg?* and K* concentrations were well below the limits. Again, there
is no significant trend, but it can be seen that each ionic element concentration in leaching
water increases at the beginning of the experiments and completes its dramatic decrease
within the first 7-8 days.

Although GR was free of fiber belts and steel wires, we know some metals and
other elements come in a powder form adhering to the GR surface. Also, for 10-15 mm
GR, steel wires and fiber belts may not have been removed. Because of these reasons, it
was necessary to add the steel wire group while grouping the elements. So, to discuss the
leaching concentration values, it is necessary to determine the major source of leachate
elements. Here, the term major source indicates which of these is the source of most of

the leachate elements; rubber, steel belts, or silica sand.
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5.4. Discussions

Batch tests result were discussed to obtain the effects of pH on leachate of metals
and anion/cations for varying GRS conditions. On the other hand, CLTs were performed
to represent field conditions in the GRS mixture used as backfill and rainwater seepage
through the backfill. The aim of the CLTs were to obtain the effects of GR ratio and GR
size in a mixture on leachate of selected inorganics. So, firstly the leaching response of
GRS mixture under the varying pH was discussed, then the effects of GR on leaching
characteristics were determined under the same rainwater and similar environmental pH

conditions.

5.4.1. pH

As seen in Figure 5.3. a, during all CLTs, the pH value was under the limit value
of 8.5, classified as a limit of drinkable water by National Secondary Drinking Water
Regulations by the Environmental Protection Agency of the US (EPA-SDWRs). At the
end of the 15 days, the pH values varied between 7.5 and 8.2. Figure 5. shows that the
CLTs were started under basic conditions except for the first test (C.PW.S.1). The pH
value was 5.2 at the beginning of the CLT test C.PW.S.1. GRS layer drove the pH value
to the basic stage, and pH reached 7.2 on the 15th day. For all other CLTs, the pH of RW
was about 8.3 at the beginning, and the GRS layer caused a slight decrease in the pH
value in leachate water. The decreasing pH value is bigger when the GR size is small in
the CLT setup with rainwater solutions.

If the two tests which have the same GRS mixture but have different water
solutions (C.PW.S.1 AND C.RW.S.1)) are compared, it can be said that; GRS drives the
pH of the leachate environment to 7.5-8.0, regardless of whether the initial conditions are
acidic or basic. While 10-15 mm size GR did not significantly affect pH value, 3-5 mm
and 5-10mm size GR- tried to drive pH to the neutral condition. This is a trend known
from the previous studies (Humphrey and Sweet, 2006; Maeda et al., 2017;
O’Shaughnessy and Garga, 2000). Also, the similarity between pH conditions in this
study and recent field studies (Aydilek et al., 2006; Maeda et al., 2017) suggested that
leaching tests successfully represented the natural pH conditions in the geotechnical

applications under rainwater.
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As seen in Figure 5.1 showing the results of batch tests, Contamination of Zn
reached the 3mg/L limit of EPA-SWDS for all GR for pHs of 4.3 and 6.8, while it was
below the limit for pH of 8.3. While decreasing the GR diameter increased the Zn
contamination by a small amount, changing the pH of the solution from the basic stage to
the acidic stage significantly affected and increased the contamination of Zn. On the other
hand, there was no clear relation between pH and change in contamination of Fe and Mn
for all GRs diameters. In contrast, the incensement in contamination of Fe and Mn for 5-
10mm GR was bigger than other GR diameters for a constant pH in all acidic, basic or
neutral cases. Also increasing the pH value was caused to decrease in contamination of
Al, while caused to increase in contamination of Na* and Ca?* for clean sand during the
BTs.

In this study, to compare the leaching behavior of elements in Batch Tests under
different pH conditions; leaching intensity (I.) was used as proposed by Wang et al.
(1999);

I AM (5.5.1)

where I is the leaching intensity (h'), ax is the concentration of element x in leachate
(ug/ml), V is the total volume of leached solution (mL), Ay is the concentration of element
x in the original sample (ug/g), M is the total weight of the sample (g), and t is the leaching
time. The larger the leaching rate means stronger the leaching intensity (Wang et al.,
1999; Lee, 2011).

Wang et al (1999) suggested that the leaching charactersitics of elements under different
pH conditions can be divided into four classes depending on the I. value. That is, strong
for 1L >5, medium for I<I <5, weak for 0.5<1. <1, and very weak for 1.< 0.5. It has been
calculated for all inorganic elements for 30 days. The leaching intensity values of
inorganic elements under the three different pHs (4.1, 6.8, and 8.3) for all GR sizes are
shown in Figure 5.6. Asseen in Figure 5.6, IL is strongest for Fe, and the second strongest
one is SO4%, followed by Zn, and Mn. Leaching intensity of Al, Cu, Pb and "Cl can be
classified as medium while Mg?* and Na* have weak leaching intensity. Ca®" has a very
weak leaching intensity according to the batch tests. One of the most apparent results
from BTs was that; there was an increase in leaching concentrations when the pH changed

to acidic conditions for metals except Pb. On the other hand, there was no clear relation
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between the pH of the environment and the leaching of selected anions and cations from
GRS.
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Figure 5.6. The leaching intensity values of selected inorganic elements under the three
different pHs (4.1, 6.8, and 8.3) conditions for all GR sizes.

In Chapter 3 and Chapter 4, GRS mixtures represented the backfill, a saturated
shallow filling layer lying on the sand layer. CLTs were performed to simulate the same
layering conditions, and the leaching solution was rainwater which was basic (pH=8.0-
8.3) in the study to represent the natural field conditions. According to the results of the
batch tests, it was figured out that metals leach much more when pH increases to the
acidic stage. So, CLTs were not performed under the most critical pH conditions, and the
leaching inorganics from GRS mixtures under acidic rain conditions can be a concern to

investigate for future studies.
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5.4.2. Leaching of Inorganics

5.4.2.1.Metals

According to both BTs and CLTs experimental studies, most leachate metals were
Fe, Zn, and Mn. When we see the BTs results (Figure 5.1) and CLTs results (Figure 5.4)
over time, it can be seen that the concentration of these metals increased by time in BTs
while they increased in the first 1h-1day period then started to decrease or to give a
trendless value. The reasons are that BTs was a test in which the solution was prepared at
the beginning of the test, and the GRs were soaked into it. Hence, BTs, each obtained
value of any element's concentration can be considered. On the other hand, in CLTs, the
water was allowed to seep through the GRS mixture, and each concentration of any
element value was the concentration of that time.

To obtain the leaching amount of selected inorganics from CLTs, data analyses
were observed based on the cumulative mass of each parameter obtained at the end of the
15 days leaching period. This cumulative mass at the end of 15 days was used as 100%
of leaching (Mwmax) for the data set, and for each day, the ratio of cumulative metals mass
leached to total leached amount mass was calculated (M/Mwmax) (Selbes, 2015). The
cumulative results of metals leached from CLTs are provided in Figure 5.7. As seen in
Figure 5.7, the leaching amount of metals is greater in pure water conditions than in
rainwater conditions ( compare PW2.5-5mm-1/9 and RW2.5-5mm-1/9). 5-10mm and 10-
15mm GR sizes give a close leaching amount for Mn, Fe, and Zn under the same GRS
mixture conditions if the GR ratio is bigger than 20%. On the other hand, while the mixing
ratio (10-30%) has a significant role in increasing leaching metal mass for 3-5mm and 5-
10mm GR, the differences between leaching mass for all mixing ratios of GRS are not
too dramatic for 10-15mm GR.

Figure 5.8 shows each cumulative mass loss rate of metals by time. For Fe; the
mass-loss rate (MLR) on the first day is nearly equal to 40-50% for the biggest GR size,
while MLR is between 10-30% for middle size GR and between 5-15% for the smallest
GR. In other words, MLR is the fastest for the biggest GR size, while it has the slowest
MLR with the smallest GR in CLTs. There is a significant relationship between GR size
and MLR, but it is difficult to say that the mixing ratio of GRS and MLR has a clear

relationship.

176



It can be observed that only the mixing ratio of GR in the sand as filling material
has a significant role in the mass-loss rate of Fe if the GR size is too small (2,5-5mm).
Selbes et al. (2015) suggested that the average mass loss rate of Fe and Mn for all tests
(varying pH and GR sizes) in 30 days shows a nearly linear trend. However, this study
shows that, under the same pH condition (8.3), the ratio of GRS and GR sizes causes a
change in the leaching rate of Fe and Mn. The trends vary in an extensive range, similar
to the trends proposed by Maeda et al. (2017) with the 70 weeks field study result. For
Mn, Cu, Pb, and Zn; the fastest mass loss rate was 5-10mm, while it was slowest for 2.5—
5 mm GR.

For Zn; all the CLTs show closer trends, which are similar to the trend proposed
by Selbes (2015), except for only two CLTs; RW3-5mm1/9 is the fastest, and RW10-
15mm2/8 is the slowest. Also, the MLR of Zn trend for the RW2.5-5mm-1/9 is close to
the results of Maeda et al.(2017).

MLR of Cu for all tests has closer trends which show nearly linear relations by
time. For Pb and Al, the fastest MLR was in the CLT with 5-10 mm GR, while the slowest
was in 10-15 mm GR. Selbes et al. (2015) used average values of tests and plotted the
trend of the leaching rates by times, while Maeda et al. (2017) plotted the trends for
different leaching solution conditions (varying pH). This study suggests that GR size and
pH conditions have a significant role in the leaching of metals but not enough to explain
the leaching characteristics over time. The leaching of metals is not only related to the
size of GR and pH but also GR mixing ratio if the GR is used with sand as a mixture for
backfilling.

The filing conditions and mixing ratio can change both the leaching amount and
leaching rate under the condition of mixing the GR with sand or other soils. When the
silica sand particles are mixed with GR particles, they create different leaching surfaces
for different GR sizes and GRS ratios.
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Figure 5.7. The cumulative amount of metals mass for different CLT conditions.

When the total amount of leaching metals and time-dependent leaching rates of
metals are discussed together, the following results are obtained, as shown in Figure 5.7
and Figure 5.8. The smallest GR size carries a more pulverized form of metals on its
surface, and the total leachate metal increases when the GR size decreases if the GR size
is smaller than 10mm. GR size that is bigger than 10mm can cause a decrease in leachate
metal mass. Alternatively, leaching mass-loss rates of metals are related to GR size or
surface. We can explain this situation: rainwater must contact the rubber surface to
leachate the metals into the groundwater.

For the smallest GR size (2.5-5mm), the GRS mixture settled together with fewer
voids, and the silica sand particles covered the GR surface better, and this caused reducing
the contacted surface area of GR with rainwater. The surface of the largest GR size (10—
15 mm) was covered by sand because it has a more rectangular shape than the other two
GR size particles, and again, the contact surface area of GR with rainwater was reduced.
Here, the medium-size GR (5-10 mm) between the sand particles performed the fastest
leaching into groundwater. As a result, the leaching of metals when GR is mixed with
soils depends not only on the size of GR but also on the filling conditions, such as the soil

type in the mixture, the ratio of GR in the mixture, and the shape of the GR.
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5.4.2.2.Anions and Cations

According to the CLTs, which were reasonable, realistic set up to represent the
field conditions, leaching of SO4> was pretty lower than the international usable water
standard, but it had the strongest IL values according to BTs. In contrast, Cl" and Na*
reached their limit value determined by EPA in one day, then started to decrease in CLTSs.
On the other hand, its IL values were medium and weak, respectively, according to the
BTs.

According to the CLTs, Ca?* is the most leaching cation by mass, while the second
is SO4% and the third is CI- (Figure 5.9). Ca?* and SO4?" are the elements that came from
rubber, while the CI, which is the third most leaching element, came from silica sand.
Mg?* and K* have too small mass compared to others, and the MLR for all ten CLTs are
close to each other (Figure 5.9 and Figure 5.10). For the ratio of GR is 10% in the mixture,
it is clear that; increasing GR sizes increases the total leachate mass of Ca?* and SO4%. If
the ratio of GR is between 20-30%, 5-10mm GR gives less leachate mass for Ca®* and
SO4%. For CI there is no significant relation between GR sizes and the leachate mass
(Figure 5.8).

Figure 5.9 shows the cumulative mass loss rate of selected anions and cations in
percentage by time. As shown in the figure, for Ca®*, SO4* and Mg?*, whose major source
is rubber, the total mass loss trend from fastest to slowest is; 5-10mm < 10-15mm < 2.5-
5mm of GR for the first day, while the same trend is 2.5-5mm < 10-15mm < 5-10mm for
from the 1% day to 15" day period. The total mass loss rate of Na* is 2.5-5mm <10
15mm < 5-10mm GR during the whole test. The total mass loss rate of "Cl, whose major
source is silica sand, is the fastest in all tests performed with 2.5-5 mm GR, while the
trends of rates were slower for the other seven tests during the whole tests. The reason is
that Chlorine (CI°) that comes from silica sand captures calcium (Ca*) and sodium (Na*)
elements coming from rubber and allows them to leach rapidly within the first day for all
three tests. This interaction also explains the leaching test's time-dependent electrical
conductivity (EC) behavior (see Figure 5.3.a).
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5.5. Concluding Remarks

In this study, three sizes of GR were mixed with sand in the same volumetric ratio
of 10%,20%, and 30%, and a filling material model was created. A series of batch tests
and column-leaching tests were performed, and distilled water and natural rainwater were
used as surface water. The following results were obtained from this comparative study;

1) When the pH of the environment increases, the concentrations of most leachate
metals decrease from GRS mixture, whose main sources are GR particles. On the
other hand, most leachate anions and cations are not directly related to pH. They
were mainly related to the NaCl and NaOH in sands.

2) When granulated scrap tire rubber is mixed with sand and used as filling material
around infrastructures, it leachates the groundwater in a hazardous way in terms
of Zinc, Manganese, Iron, and Chloride. It is not hazardous for groundwater in
terms of other metals, anions, or cations.

3) While there is an inversely proportional relationship between the scrap tire GR
size and the total leaching mass of metal elements, no significant relationship was
determined by the total leaching mass of anion and cations.

4) Despite the inverse proportionality between the total mass of leachate metal
elements and the size of the GR; the rate of total mass loss leaching to the
groundwater -defined in terms of the rate of the cumulative leachate mass loss to
the total leachate mass-, is the fastest for the 5-10 mm sized granulated rubber. In
contrast, it is slower for 3-5 mm and 10-15 mm granulated rubber.

5) The leaching rate of metals into groundwater is not only dependent on the size of
GR but also on the filling conditions, the shape of the GR, and the removal
progress of its steel and fiber belts.

6) About 40% of the total leachate mass of inorganic was leached out of the system
on the first day. So, it's beneficial to soak the scrap tire GR particles in water for
at least one day or to rewash them carefully before being used as filling material
in geotechnical applications.

7) Laboratory experiments in which many environmental conditions such as pH are
controlled give valuable information about the scrap tire GR behavior.

Considering these studies, laboratory experiments demonstrating the field
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conditions are an essential bridge between material behavior information and field

tests or applications to determine the environmental effects of GRs.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

6.1. Summary

The thesis addresses a series of experimental studies shake table tests to determine
the effects of the granulated rubber in granulated rubber sand mixture on liquefaction
potential and pipeline behavior when granulated rubber sand mixture are used as filling
material around pipelines Another concern of the thesis is the leaching effects of
granulated rubber in mixture on groundwater quality when the surface water leachate
through the mixture when the diameter of GR or mixing ratio of GR are varying. The
concluding remarks are listed at the end of the each chapter. These observations are sum

up in this section.

6.2. Conclusions

According to the results obtained throughout the study, the following conclusions
can be drawn:

Chapter 3 showed that; granulated rubber are usefull materials to remedation of
liquefaction when they are used as a mixture with sand. If the granulated rubber diameter
and the ratio of granulated rubber in mixture varys, the increase in excess pore water
pressure changes. Granulated rubbers decrease the excess pore water pressure and not
allow the liquefaction to occur. The decreasing of pore water pressure is related to not
only the quicker drainage of the water, but also the lower dynamic waves of earthquake.
Granulated rubber increased the permeability of the mixture and also change the
compresibility of the mixture. According to the reduction in pore water pressure ratio and
coeficent of consolidation of mixtures, if granulated rubbers with 5-10mm diameter is
mixed with sand with ratio of 2/8, most efficient remedation is observed.

Chapter 4 showed that, adding the granulated rubber into sand and used them as
a filling material around buried pipeline is succesful method to prevent the pipe from
upward displacement. As shown in Chapter 3 and Chapter 4, granulated rubber diameter

and ratio of granulated rubber in mixture directly effects the consolidation coeficent of
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mixture. The pipeline uplift movements are related to stresses acting on it. An
equibilirium condition is observed which the total net stress acting on the pipe are equal
to zero. This equibilirium condition is determined as a situation when a non-dimensional
parameter (a) is equal to 3. This non-dimensional parameter is a combination of the pipe
diameter, the burial depth of pipe, the time of initiation of upward movement and
consolidation coefficient of backfill. Using by the proposed non-dimensional parameter
and the equibilrium state it can be design a critical condition for predetermined pipe
material and diameter, burial depth of the pipe, backfill conditions for a known seismic
loading to prevent the uplifting of the pipe.

In Chapter 5, it was seen that leaching of metals, anions and cations from
granulated rubbers are not a threat for groundwater quality. The total leachate amount
increase when the granulated rubber ratio in mixture increases. Also for a constant ratio,
there is no clear relation between the granulated rubber and the total amount of leachate
metals. About 40% of the total leachate mass of inorganic was leached out of the system
on the first day under the rainwater leaching conditions. So, it's beneficial to soak the
scrap tire granulated particles in water for at least one day or to rewash them carefully
before being used as filling material in geotechnical applications. The leaching rate of
metals into groundwater is not only dependent on the size of GR but also on the filling

conditions, the shape of the GR, and the removal progress of its steel and fiber belts.
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