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RESUME

L'objectif de cette étude est le développement d'une base de connaissances pour la conversion d'un
déchet problématique en matériau de construction pour des projets de génie civil. Le phénomene de
mécanisation des sociétés, la croissance rapide de la population, ainsi que le développement du réseau
de transport terrestre par la construction des nouvelles routes et autoroutes ont entrainé une croissance
sans cesse de l'industrie automobile & travers le monde et par conséquent I'accumulation de gros
volumes de pneus usés. Chaque année, les Américains et les Canadiens éliminent en moyenne environ
300 millions de pneus (respectivement 250 et 30 millions de pneus), ce qui a accru les préoccupations
environnementales liées a I'élimination de ces déchets non biodégradables et polluants. Par
conséquent, la gestion des déchets de pneus nécessite des méthodes innovantes et efficaces

d'élimination et de réutilisation des pneus.

Un pneu est généralement composé de trois composants principaux, notamment le caoutchouc, le
métal et le tissu. Le cycle de vie des pneus est généralement composé de cing étapes principales :
extraction, production, consommation, collecte des pneus usagés et enfin la gestion des déchets qui

comprend les sites enfouissement et la récupération.

Grace a I'un des processus de récupération, les pneus usagés sont découpés en différentes formes et
tailles appelées agrégats dérivés de pneus (ADP). Actuellement, des efforts considérables sont en
cours au niveau mondial pour recycler les pneus usagés sous forme d'agrégats dérivés de pneus (ADP)
a des fins d'ingénierie civile et géotechnique différentes. En tant que géo-matériau, les formes
déchiquetées et granulées des pneus usés sont généralement mélangées avec du sable et / ou du limon
pour former ce que I'on appelle communément des mélanges sol-ADP. En raison de leur faible poids,
de leur bon drainage, de leurs propriétés d'isolation thermique satisfaisantes, de leur atténuation des
vibrations, etc., les géo-matériaux d'ingénierie contenant du ADP sont devenus intéressants pour les
ingénieurs concepteurs. Cependant, en raison de leur faible module d'élasticité, les mélanges ADP-
sol présentent une compressibilité significative par rapport a celle des sols conventionnels.
Spécifiquement, la compressibilité excessive des mélanges sol-ADP, qui est composeé a la fois de la
partie immediate et celle dépendante du temps est extrémement difficile a cerner dans les applications
ou de lourdes charges sus-jacentes sont appliquées. Afin de maximiser leur fiabilité et de minimiser

la possibilité de ruptures, il est nécessaire d'avoir une compréhension précise du comportement



mécanique (par exemple, élastique, plastique et fluage) des mélanges sol-ADP lorsqu'ils sont soumis

a une charge.

La présente étude comprend deux phases. Les phases consistent en un programme expérimental qui
a été mené pour déterminer les parametres essentiels d'élasticité, de plasticité et de fluage des
mélanges granulés ADP-sable. Des simulations MEF ont ensuite été réalisées aux fins de la validation

des résultats des essais.

Les valeurs des parametres obtenus grace aux observations expérimentales ont été utilisées dans le
développement de modéles de comportement qui sont proposés pour les comportements de fluage et
de déformation plastique des mélanges sable-ADP. En ce qui concerne le fluage, les résultats
indiquent une phase de fluage primaire qui est rapidement passée a une phase de fluage stationnaire
secondaire, n'atteignant jamais la phase tertiaire. Il a également été observé que l'ampleur de la
déformation de fluage est fortement affectée par la teneur en fraction volumique de I’ ADP et la charge
appliquée. Cette observation a conduit & I'adoption de la loi Norton-Bailey comme modéle constitutif
possible du fluage des mélanges ADP-sable. En outre, un modéle complet de comportement sol-ADP
doit également englober la plasticité. Ceci a été réalisé grace au développement d'un modéle d'état
critique, basé sur les paramétres de plasticité obtenus expérimentalement des tests triaxiaux. Les
courbes de contrainte déviatorique en fonction de la déformation axiale obtenues avec le modeéle d'état
critique ont capturé la réponse élastoplastique non linéaire obtenue dans les essais. Les résultats ont
indiqué que le niveau de résistance au cisaillement dépend fortement de I'angle de frottement a I'état
critique qui a son tour dépend de la teneur en ADP. Pour les mélanges ADP-sable utilisés dans cette
étude, I'effet de la teneur en ADP démontre un renforcement de la matrice de sable. Cependant, ce

renforcement diminue a mesure que la teneur en ADP augmente.

Mots clés: éguation constitutive, paramétre de fluage, déformation, géo-matériau, pneu usé, ADP.



ABSTRACT

The aim of this study is the development of a knowledge base for the conversion of a problematic
waste product into a construction material for civil engineering projects. The phenomenon of
mechanization of the societies, rapidly growing population, and also the development of the land
transportation network through the construction of the new roads and highways have resulted in an
unceasingly growing of auto industry across the world and consequently accumulation of large

volumes of scrap automobile tires.

Every year Americans and Canadians together average disposal of approximately 300 million tires
(respectively 250 and 30 million tires) which consequently has increased environmental concerns
over the disposal of such non-biodegradable and pollutant waste materials. Hence, scrap tire

management requires innovative and efficient methods of tire disposal and reuse.

A tire is generally made from three main components including rubber, metal, and fabric. The tire
life cycle is generally composed of five main stages including extraction, production, consumption,

collection of used tires and finally waste management which is comprised of landfilling and recovery.

Through one of the recovery processes, scrap tires are cut into different shapes and sizes called tire-
derived aggregate (TDA). Presently, global extensive efforts are underway in order to recycle the
waste tires in the form of tire-derived aggregate (TDA) for different civil and geotechnical
engineering purposes. As a geomaterial, usually the shredded and granulated forms of scrap tires are
mixed with sand and/or silt to form what is commonly referred to as soil-TDA mixtures. Due to their
lightweight, good drainage, satisfactory thermal insulation properties, vibration mitigation, etc.,
engineered geomaterials containing TDA have become of interest to design engineers. However, due
to their low elastic modulus, TDA-soil mixtures exhibit significant compressibility compared to that
of conventional soils. Specifically, the excessive compressibility of soil-TDA mixtures which is
composed of both immediate and time-dependent portions is extremely challenging in such
applications wherein heavy overlying loads are applied. In order to maximize their reliability and to
minimize the possibility of failures, it is necessary to have an accurate understanding on the
mechanical behavior (e.g., elastic, plastic and creep) of the soil-TDA mixtures when subjected to

loading.



The present study consists of two phases. These phases consist of an experimental program that was
conducted to determine the elastic, plastic, and creep parameters of TDA-sand granulated mixtures.

FEM simulations were subsequently conducted for the purposes of test result validation.

Values of the parameters obtained through the experimental observations were used in the
development of constitutive models which are proposed for the creep and plastic deformation
behaviors of the sand-TDA mixtures. In regard to creep, the results indicate a primary creep phase
that rapidly transitioned into a secondary stationary creep phase, never attaining the tertiary phase. It
has been also observed that the magnitude of the creep strain is strongly affected by the TDA volume
fraction content and the applied load. This observation conducted the adoption of the Norton-Bailey
law as a possible constitutive model for creep of TDA-sand mixtures. Furthermore, a complete model
of soil-TDA behavior must also encompass plasticity. This was achieved through the development of
a critical state model, based on the experimentally obtained plasticity parameters of triaxial tests. The
calculated deviatoric stress versus axial strain curves obtained with the critical state model captured
the non-linear elastoplastic response obtained in the tests. Results indicated that the level of the shear
strength is highly dependent on the critical state friction angle which in turn depends on the TDA
content. For the loose TDA-sand mixtures used in this study, the effect of the TDA content
demonstrates a reinforcement of the sand matrix. However, this reinforcement diminishes as the TDA

content increases.

Keywords: Constitutive equation, creep parameter, deformation, geomaterial, scrap tire, TDA.
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FOREWORD

This dissertation is written in a manuscript-based format and it is comprised of five chapters. This
thesis is written in accordance with a Ph.D. research project aiming to provide the critical tools for
the creep and plasticity parameter determination of sand-TDA mixtures for the purpose of constitutive
modeling. At the beginning, the introduction section provides explanations on Tire Derived
Aggregates (TDASs), the knowledge gaps, general objective and originality of the study, as well as the
thesis organization. Chapter 1 consists of several sections that present useful information on the
physical and mechanical characteristics and current geotechnical applications of pure TDA and sand-
TDA mixtures in accordance with the literature review. The methodology of this research thesis
discusses the implementation of four laboratory experiments provided in Chapter 2. For Chapter 3
and Chapter 4 relevant Forewords have been provided at the beginning of each of these mentioned
chapters. Chapters 5 presents the readers a discussion on the findings and experimental results mostly
other than those previously presented within chapters 3 and 4, as well as a simulation of the behavior
of the sand-TDA mixtures during a tunnel excavation. The conclusion section at the end of this
manuscript provides readers with a general conclusion of this study.

Chapter 3

This chapter emphasizes the obtention of creep parameters for use in constitutive equations. This has
been accomplished by considering sand specimens, at a predetermined TDA volumetric content,
which were confined laterally and loaded axially with a total stress increment of a long duration. The
experimental observations led to the approval of the Norton-Bailey law as a likely constitutive model

for the estimation of the creep of such granular materials containing sand and TDA.

Chapter 4

This chapter emphasizes the plasticity parameters through the development of a critical state model
based on the results of triaxial tests. This was achieved by considering loose sand specimens, at a
predetermined TDA volumetric content, subject to various confining pressures under a constant axial

displacement rate.

Chapters 5

XX



Besides providing discussions on experimental results, this chapter also presents an example in which
a 2D simulation has been conducted on the behavior of the soil with and without TDA during tunnel
excavation. In order to calculate the in-situ stresses, two steps were performed in COMSOL. In the
first step of this study, the state of the soil before the excavation of the tunnel is computed. In the
second step, the elastoplastic behavior is examined once the soil is removed. As mentioned above this

example considers both the soil and soil-TDA mixture for the comparison purpose.
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INTRODUCTION

The introduction section of the thesis aimed to provide the readers with an overview of the whole
study including general idea, problems and knowledge gaps that were observed before completion
of this study, objectives of the study that were defined in accordance with the existing knowledge
gaps, brief explanation of scrap tire together with its disposal difficulties and environmental issues
impose to our nature and society, a brief explanation of tire-derived aggregates (TDASs) and their
applications in geotechnical engineering projects, and a brief description on the methods employed
to achieve the objectives of the present study. In addition, relevant statistical information has been
provided in the first subsection in order to compare the scrap tire generation volume in Canada and
the United States (North America) with other regions of the world. This may offer a more
perceptible and brighter background of the existing problems associated with the illegal stockpiles

of millions of end-of-life tires (ELT) that are thrown out every day in our environment.

Context of The Study

Due to the phenomenon of mechanization of the societies, rapidly growing population, and also the
development of the land transportation network through the construction of the new roads and
highways across the world, the auto industry is growing faster than ever producing massive
amounts of waste tires. According to the annual reports, more than 2.9 billion tires were
manufactured across the world only during the year 2017 (Raffoul et al. 2017; Siddika et al. 2019).
The World Business Council for Sustainable Development has also estimated the generation of 1
billion waste tires every year (WBCSD 2020). Although some parts of these scrap tires such as
steel are being recycled all over the world, the main portion including rubber tire may not be easily
reused or recycled. This has resulted in the accumulation of enormous amounts of scrap automobile

tires which are unusable, non-biodegradable, and pollutant.

The vast amounts of end-of-life tires that have been already stockpiled or landfilled are estimated
to be 3 billion tires in the European Community, and approximately a total of 1billion tires in the
United States and Canada. (Oikonomou and Mavridou 2009). Estimations provided by the U.S.
Tire Manufacturers Association indicate an annual generation of 14.5 kg scrap tire per resident in
2015 (USTMA 2018) and 14.75 kg during 2017 in the United States (USTMA 2018) which

represents a 1.7% increase within two years.



The Canadian Association of Tire Recycling Agencies has reported the collection of 440,880
tonnes of scrap tires across Canada in the year 2018 representing 11.9 kg per resident (CATRA
2019). In the province of Québec this per capita rate is reported to be a bit lower by 11.55 kg in the
year 2019 (RECYC-QUEBEC 2019).

The European Tyre & Rubber Manufacturers Association (ETRMA 2016) describes EU28
countries annual waste tire generation to be 6.4 kg per resident (Rodriguez et al. 2018) while the
Japan Automobile Tyre Manufacturers Association 2019 annual report indicates the generation of
96 million scrap tires by quantity or 1.032 thousands of tones by weight representing a per capita
rate of 8.16 kg in the year 2018 (JATMA 2019).

By comparison between the amount of scrap tire generated per resident in the US and Canada and
the generation rates in EU28 and Japan, one can simply conclude that the yearly per capita
generation of waste tires in North America is close to being twice the rates reported for other

regions in the world.

For example, in Québec province, the growing sale of SUVs due to the increasing public interest
in this class of automobile since 2012 is leading to a significant increase in the average weight of
used tires (tires of SUVs are larger and heavier than other types of passenger cars). Additionally,
the growing public interest to extensive use of "China made tires" which are comparatively less
expensive while having lower quality, in contrast, could be the other reason to the high quantities
of scrap tire generation in province of Québec and also across Canada and the United States
(RECYC-QUEBEC 2019). In the province of Québec, between the years 2015 to 2019 the annual
increase in the quantities of collected scrap tires is on average 6% whereas the increase in the
number of registered vehicles is growing by 1.5% per year. This certainly proves the significant
influence of the two above-mentioned factors on the increasing rate of scrap tire generation in

Quebec as a region of North America.

Furthermore, the lower population density in vast areas of North America as well as the long
duration of winter within the cold regions of the United States and Canada compared to other
regions such as Europe and Japan could be considered as the other two main sensible reasons for
this significant difference. The low population density in a vast region leads to longer distance
travels causing tires to wear in a short time. In addition, due to the cold and long winter drivers
have to buy two sets of tires including winter tires (snow tires) for use in cold seasons and summer

tires (regular type) for use during the summer season. Moreover, the lower population density



together with the extended cold winter consequently result in mandatory dependence of people’s

everyday life to traveling in passenger vehicles.

In conclusion, the above-mentioned reasons are the most plausible and important factors affecting
the high per capita rate of scrap tire generation in North America.

To obtain an overview of the past and future situation in the United States, it can be noted that
according to the FHWA/NY/SR-86/85 published by the New York State Department of
Transportation (Chamberlin and Gupta 1986) only 200 million automobile tires and 40 million
truck tires were discarded across the United States in the year 1985. With respect to observed
increasing rates, the quantities of scrap automobile tires that will be generated in the year 2030 are
expected to become 1200 million tires resulting in the accumulation of approximately 5 billion
waste tires across the world (Pacheco-Torgal, Ding, and Jalali 2012).

Hence, the state of New York is one of the first places in the world to take action in order to
accelerate the use of recycled waste tire. Consequently, in 1997 the New York State Department of
Transportation (NYSDOT) initiated the preparation of new regulations in which accordingly the
design and construction sectors were mandated to use higher volumes of waste materials in
transportation projects. Although, scrap tires were in the frontline of these new waste management
regulations. Therefore, in the same year, the Geotechnical Engineering Bureau (GEB) started the
development and implementation of a pilot project which enabled the NYSDOT to achieve
appropriate design and construction guidelines on the use of scrap tires in geotechnical engineering

applications (Dickson, Dwyer, and Humphrey 2001).

Currently, there are three common methods for the disposal of scrap tires including discarding,
burning, and recovery. In the first method, waste tires are stockpiled in scrapyards which
unfortunately imposes various issues to nature and the environment. Numerous studies conducted
previously have reported on the ecological threats caused by unsafely stockpiling or landfilling of
waste tires in an uncontrolled manner (Chamberlin and Gupta 1986; Williams, Besler, and Taylor
1990; B. N. N. Eldin and Senouci 1992; Jang et al. 1998; Garga and O’Shaughnessy 2000; Mujibur
Rahman 2004; Lo Presti 2013; Torretta et al. 2015). The most important one is that due to the
utilization of high amounts of carbon black during the tire manufacture process, tire landfills are
often subjected to combustion risk. Another is the undesirable fact that they accumulate rainwater
and consequently provide a breeding ground for the disease-carrying mosquitoes and rodents. In

the second method, scrap tires are burned in open areas which lead to air emissions, soil



contamination, surface water and groundwater pollution (more information is available within

chapter 1 “Literature Review”).

The two above-mentioned disposal methods (discarding and burning of tires) have been an ongoing
challenge to environmentalists and regulators who are concerned over environmental issues. For
instance, in Québec, the 100% of the scrap tires are intended to be accumulated and recycled since
the disposal in landfill or incineration are prohibited within this province of Canada. Under the
regulations of this province, an environmental fee of $ 3 is paid simultaneously with the purchase
of a new tire for its collection and treatment. Taking into account that the average tire life is
estimated to be 6 years, the environmental fee ($ 3) was paid 6 years prior to the time of collection
and recycling (RECYC-QUEBEC 2019).

Finally, in the third method, the scrap tires are either recovered to be reused for its original purpose
(automobile tire) via re-treading and re-fitting processes while retaining the original shape, or
ignited as fuel to produce heat energy, or recycled for multiple purposes such as civil engineering
applications.

A tire is generally made from three main components including rubber, metal, and fabric. The tire
life cycle is generally composed of five main stages including extraction, production, consumption,
collection of used tires and finally waste management which, as mentioned above, is comprised of

landfilling and recovery.

The most common forms of recycled scrap tires are whole, halved, shredded, and granulated.
Through a recycling process, where large chipper/shredder machinery is used, scrap tires are cut

into different shapes and sizes called tire-derived aggregate (TDA).

In civil engineering applications, TDAs are usually added to conventional materials in order to
produce a superior construction material with improved mechanical and thermal characteristics. In
particular, the geo-environmental field has a variety of uses for these mixtures. This ranges from
reactive barriers to leachate collection layers (Thakur and Kaushik 2016). Another application of
TDA-granular soil mixture consists in barriers for golf courses and athletic fields. Besides its
lightweight advantages, the presence of tire rubber offers several improvements in mechanical and
thermal characteristics of soil-tire mixtures such as good draining, thermal insulation, and vibration
mitigation. Moreover, in the production of lightweight concrete, TDA is mixed with concrete

materials as a substitute for the conventional construction aggregates (crushed stone).



In geotechnical applications, TDAs are mixed with sand and/or silt to form what is commonly
referred to as soil-TDA mixture. For the purpose of geotechnical engineering applications, scrap
tires are used either in whole tire or aggregates form. In order to produce the tire-made aggregates,
the scrap tires are cut into small particles which are commonly known as Tire Derived Aggregate
(TDA).

In addition to the above-mentioned advantages which are even alone looking sufficient to
encourage the design engineers and the contractors in order to consider the use of recycled scrap
tires in geotechnical engineering projects, these by-product materials are considerably cheaper
(four times cheaper) than conventional geomaterials such as typical backfill aggregates (Mahgoub
and El Naggar 2019). The presence of economic motives leads to higher persuasion of the

geotechnical firms to utilize recycled tires as inexpensive geomaterials.

From the geotechnical engineering point of view, the compressibility of materials is one of the most
important factors affecting the mechanical properties of the designed geomaterials particularly
when these materials are used as backfill geomaterials, subbase materials for road and highways,
and foundation materials beneath the heavy structures where the section is subjected to the high
intensity of loads. Although in geotechnical engineering applications, TDA materials exhibit
unique mechanical and thermal characteristics compared with conventional soil and gravel, the soft
and flexible nature of the rubber makes it very compressible. This includes immediate and delayed
compressions (instantaneous and long-term deformations). The high compressibility of tire rubber
reasonably caused it immediate deformation under pressure, however, the time-dependent
deformation of such geomaterials must be also determined and considered as one of the key-factors

from very early stages of the design.

One of the main and everlasting concerns of geotechnical engineers about the utilization of new
geomaterials as the alternative to the conventional ones is often the lack of knowledge on the long-
term behavior of those materials, a key-factor which directly affect the long-term performance and

consequently the sustainability of the structure.

Currently, the presence of a considerable lack of knowledge in the modeling of time-dependent

deformation (creep) of sand-tire materials is highly felt. Precise modeling of the long-term behavior

of construction materials/geomaterials is a necessary and critical tool to enable the designers to

predict the time-dependent settlement of such materials as sand-tire mixtures when subjected to

overlying loads. Appropriate prediction on delayed deformation (creep) of materials enables the

design engineers to take necessary measures in their designs in order to prevent a wide range of
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future irreparable failures. This will significantly increase the service life of the structure and
simultaneously reduce the excessive costs associated with maintenance, repair, or future

reconstruction.

The present study consists of three phases. In the first phase of this study, a new application of soil-
TDA mixtures following with the recommended design chart and specifications have been
proposed. The second and third phases consist of an experimental program that was conducted to
determine the essential elastic, plastic, and creep parameters of TDA-sand granulated mixtures and
FEM simulations conducted for the purpose of validation of the obtained test results. The
experimental program and relevant FEM simulations themself consists of four different sections in
which a series of laboratory tests and FEM simulations have been carried out in each section. The
values of the parameters achieved through the experimental observations were used in the
development of constitutive equations which are proposed aiming to model the creep and plastic

deformation behaviors of the sand-TDA mixtures.

Utilization of TDA in Earthwork Applications

Tire derived aggregates (TDAS) are increasingly used in geotechnical engineering applications. In
most of these operations the TDASs, as alternative aggregates, are mixed with different types of
granular soil such as sand or clay at various volumetric ratios to form soil-TDA mixture. Utilization
of soil-TDA mixtures in earthwork applications offers unique advantages, which among those, their
lightweight nature is the most highlighted benefit. The average specific gravity of processed scrap
tires has been reported to be 1.22, which is equal to 46% of the specific gravity of sand. Hence, the
relative fraction content of soil and tire particles is the major factor affecting the unit weight of the

soil-TDA mixtures (Youwai and Bergado 2003). The unit weight of recycled scrap tire lies between
3 and 6 % which is a desirable value when used in different volume fraction mixtures. As a
comparison, a soil-TDA mixture with a volume ratio of 50% TDA has a unit weight that lies

somewhere between 10 and 13 %

Numerous studies have already investigated the performance of TDA materials in various
earthwork applications leading to provide a list of benefits as well as to propose useful guidelines,
recommendations, and vast volumes of test results related to both pure TDA and soil-TDA mixture
properties. ASTM D6270 “Standard Practice for Use of Scrap Tires in Civil Engineering
Applications” The employment of such mixtures as lightweight fill material for embankments

(Bosscher, Edil, and Eldin 1992; Bosscher, Edil, and Kuraoka 1997; D. N. Humphrey 2008); bridge
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abutments (Apex-Companies 2008), backfilling retaining walls and also drainage layers for roads
and landfills, as well as low-cost lightweight backfill materials used in the construction of shallow
foundations (Mahgoub and EI Naggar 2019) and insulation of basements in residential buildings
(ASTM 2008) are well documented.

Moreover, in northern regions, TDA-granular soil mixtures are employed in pavement design. They
primarily serve as an insulating layer (Dana N. Humphrey and Eaton 1995; Edeskar 2006) in order
to prevent frost heave and hence degradation of the road surface. In addition, a serendipity condition
arises because this overlays mixture also acts as a damping layer against vibrations from the
resulting traffic flow.

Taking into account the low unit weight together with other unique mechanical properties of TDAS
as geomaterial on one hand and on the other hand the urge for immediate recovery of huge volumes
of waste tires, the questions may arise a) why the recycled tires are mixed with conventional soils
such as sand or clay, and b) why they are not used alone in geotechnical engineering applications.
Indeed, the pure TDAs are highly compressible due to their high rubber content and high porosity
causing extensive settlement and compaction problems (Edil and Bosscher 1994; Youwai and
Bergado 2003; Sodom Bali Reddy and Krishna 2017; Platzer et al. 2018; Madhusudhan,
Boominathan, and Banerjee 2019a) particularly when used in such applications as highway
embankment fill. Furthermore, the primary constituents of tires include carbon black, polymers,
and softeners. This combination provides the tire with an extremely high heating value (Bernal,
Lovell, and Salgado 1996) thus, when exposed to air, TDAs are combustible materials (Garga and

O’Shaughnessy 2000) as a result of self-heating (internal heating).

When subjected to vertical load, sand exhibits significantly lower compression compared to rubber
tire materials and is one of the most suitable types of soils to be mixed with tire particles at various
fraction content in order to modify the compressibility characteristics of the TDAs. Additionally,
sand particles are finer than that of typical TDA particles (except tire powder), thus filling the
existing voids when mixed with pure TDA leading to decrease compressibility through densifying
the resultant mixture. Therefore, the inclusion of sand may considerably increase the mechanical
strength of the sand-TDA mixture through the improvement in deformation characteristics of the
rubber tire materials. Moreover, the presence of sand in the mixture significantly reduces the risk
of self-ignition in tire embankment fills (Bosscher, Edil, and Eldin 1992; Youwai and Bergado
2003).



In Addition to the soil-TDA mixing treatments aiming to reduce the compressibility and the fire
hazard of pure TDA, guidelines (ASTM 2008; GeoSyntec 2008; CalRecycle 2016) and previously
published studies (Bosscher et al.1992; Bernal et al. 1996; Masad et al. 1996; Kiran Sonti et al.
2003; Nantung et al. 2009; Hoppe and Oman 2013; Ehsani et al. 2015) have strongly recommended
the use of a soil-coverage at the top of the soil-tire embankments.

The presence of a soil cap limits the exposure of tire materials to air and consequently minimizes
the risk of ignition. As a possible solution to minimize the infiltration of water and air into the tire-
based fill materials, ASTM D6270 (2008) has specified a 0.5-m thick compacted topsoil layer
separated from TDA fill through a geotextile. Extensive precautions must be undertaken along the
construction stages in order to prevent fire ignition either in stockpiles or tire embankment that
have not yet been properly covered by soil (Masad et al. 1996).

Furthermore, the implementation of a soil cover with an appropriate thickness may properly control
the compressibility and settlement of the tire based geomaterials. It is even reported that the pure
tire embankments adequately equipped with soil cap exhibit similar performance to that of soil-tire
embankments (Bernal et al.1996). For the road embankment application, ASTM D6270 (2008) has
specified 0.8-m thick topsoil for paved roads having light traffic and 1 to 2 m thickness for paved
roads subjected to heavy traffic loads. Though, unpaved roads require a topsoil thickness as low as
0.3 to 0.5 m based on their traffic flow. When soil-TDA mixtures are used beneath the foundation,
the presence of a soil cap having thickness equal to one-fourth of the foundation width is

recommended at the top of the tire-modified section (Moghaddas Tafreshi and Norouzi 2012).

Generally, for road construction purposes the actual thickness of the soil cap is predominantly
investigated in accordance with such parameters as loading conditions and load magnitude, TDA
or soil-TDA layer thickness, pavement thickness, etc. (ASTM 2008).

Problem Statement

Of the main and all-time concerns of design engineers regarding utilization of new geomaterials
are the mechanical characteristics (especially long-term performance) of the material which directly

affect the service life of dependent structures.

Due to its low elastic modulus (E =1 MPa, depending on overlaying pressure), tire-derived
aggregates exhibit a significant compressibility behavior compared to that of conventional soils

(Wartman et al. 2007). Although, due to the lightweight, good drainage, vibration mitigation, etc.,
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engineered soils containing TDA have become of interest to design engineers but the excessive
compressibility of the rubber materials which is composed of both immediate and time-dependent
(creep) deformation portions seems to be extremely challenging in such applications wherein heavy
overlying loads are applied (e.g., embankment filling applications).

In particular, the influences of the high-compressibility induced secondary compression phase on
the long-term mechanical stability of the soil structures containing TDA has been overlooked to
date. From the review of the related past studies, a lack of both experimental and numerical
investigations on creep deformation behavior of sand-TDA mixtures is highly perceptible. The
narrow studies that have been so far conducted on the engineering characteristics of sand-TDA
mixtures are mostly limited to the assessment of shear strength through regular or large size direct
shear tests (Madhusudhan et al. 2019a). Consequently, the available knowledge is not sufficient to
enable the researchers and the engineers in order to satisfactorily evaluate the elastic, plastic, and

creep behaviors of the sand-TDA mixed geomaterials.

Therefore, in order to minimize the possible future failures and consequently maximize the
reliability of using soil-TDA mixtures as a novel geomaterial, it is necessary to have an accurate
understanding of the elastic, plastic, and creep behaviors of such materials when used in
geotechnical engineering applications.

Nevertheless, as mentioned earlier, only limited number of published studies have emphasized the
importance of time-dependent creep behavior of soil-rubber materials for use in geotechnical
engineering applications and hence, urged the need for a comprehensive investigation in this field,
the few existing constitutive equations that have developed to model the behavior of soil-TDA
mixtures are not able to predict both elastoplastic and creep behaviors of these geomaterials.
Furthermore, based on the literature review presented in CHAPTER 1, the proposed models for the
creep behavior of soil-tire mixed materials are unable to predict both volumetric and deviatoric

time-dependent deformations and are limited to predict only the volumetric creep.

Therefore, in accordance with the above-mentioned problem statement the following is a list of

limitations of using sand-tire granular materials in geotechnical engineering applications.

1. This study has shown that the shear strength of sand-TDA mixtures increases with TDA
content. Moreover, this study has also shown that tires have a very low elastic modulus and
that consequently a typical sand-tire granular mixture exhibits a high initial and time-

dependent (creep) compressibility behavior. Consequently, precautions must be taken in



order to guaranty the serviceability of geotechnical structures. Previous models in the
literature have not contextually addressed this fact.

2. Only limited number of studies have emphasized the importance of time-dependent creep
behavior of soil-tire rubber materials for use in geotechnical engineering applications.
These include studies conducted by Wartman et al. and Anh and Valdez in 2007. The
limitations of such studies are a) the constitutive equations, that have been developed,
address the creep behavior of soil-TDA mixtures only and are not able to predict both the
elastoplastic and creep behaviors of geomaterials. b) they are unable to predict both
volumetric and deviatoric time-dependent deformations and are limited to predict only the
volumetric creep.

3. The evaluation of immediate and time-dependent deformations, as well as plastic
deformations, under vertical and lateral pressures are components of the total deformation
which have not been thoroughly investigated in past studies. In this investigation a creep
and plasticity models are developed for this purpose.

4. Most past studies have considered investigation of the mechanical behavior of the mixtures
consisting of sand and tire derived aggregates sized between 75 to 600 mm. This study has
emphasized the investigation of the short and long-term mechanical behavior of granular

tire rubber with an approximate size ranging between 1 to 2.5 mm.

General Objectives of The Study

The principal objective of this study is to determine the creep and plasticity parameters for the sand-
TDA mixtures aimed at the development of appropriate constitutive models in order to estimate
both instantaneous and long-term mechanical behaviors of such mixtures. Therefore, to obtain the
mentioned principal objective this study aims to determine the creep parameters of the Norton-
Bailey constitutive model for sand-TDA mixtures through conducting a series of laboratory creep
and direct shear tests with subsequent FEM validation. The Norton-Bailey constitutive model has

been chosen because it is widely utilized in practice to capture primary and secondary creep.

Moreover, to complete the obtention of principal objective this study is aiming to determine the
plasticity parameters in order to propose a critical state model for sand-TDA mixtures based on the

results of triaxial tests.
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Originality of The Study

To this date, this research study is the very first study to address the creep behavior investigation
of sand-tire granular mix materials via the Baily-Norton Creep Model. Moreover, this is the very
first study to model the plasticity behavior of sand-tire granular mix materials through a modified
Cam Clay Critical State Model.

The outcomes of this study improve the knowledge on the mechanical response of sand-TDA
mixtures used as lightweight materials in geotechnical engineering applications. The constitutive
models proposed in this study enable researchers and geotechnical engineers to predict the creep
and plastic behaviors of sand-TDA mixtures.

The soft and flexible nature of the tire materials together with their lightweight privileges may offer
multiple exclusive advantages of TDA materials to the design engineers and contractors. Although,
simultaneously the high compressibility behavior of engineered geomaterials containing TDA is
leading to a large settlement particularly when used as filling materials in the construction of
underground structures such as subway tunnels and stations. On the other hand, underground
transportation infrastructures are often expensive to build, repair, and reconstruct. These valuable
structures are directly responsible for the quality of humans' life and consequently social
sustainability in metropolitan areas. Hence, they are expected to be designed and constructed for a

long-term service life usually above 50 years.

Presence of the modeling tools capable to estimate the elastic, plastic, and creep deformation
characteristics of sand-TDA geomaterials are critical in order to predict the mechanical behaviors
of the backfill sections placed at the top of underground structures. The availability of sufficient
knowledge on the mechanical behaviors of the geomaterials under overlying pressures leads to the
development of an accurate design of the backfill section. The stability of the backfill section is the
most important factor influencing the structural health and consequently service life of the

underground infrastructures.

Additionally, facilitated access to the sufficient and reliable information on the mechanical
properties of tire-derived aggregate as well as TDA-soil mixtures is obviously leading to
simultaneously encourage the design engineers and the contractors in order to consider the use of
recycled scrap tire as an inexpensive lightweight alternative aggregate in civil engineering

applications. This will prevent the discarding of these valuable materials to the dumping grounds
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and consequently help to the removal of challenging and non-biodegradable waste from the

environment.

For instance, in accordance with literature (Zornberg et al. 2004; M. S. Mashiri et al. 2015) the
addition of 35% of the tire to sand by mass (mixture consist of 35% tire and 65% sand) is defined
as the optimum mix ratio which leads to the highest level of mechanical reinforcement within the
sand-tire mixture. The inclusion of this amount of tires reduces the mass of sand by approximately
17% whereas simultaneously it results in recycling of nearly 460 kg of scrap tires for the production

of each cubic meter of sand-tire mixed materials.

Motivation and Significance of the Study

The modeling of elastic, plastic and creep behaviors of granulated waste tire for the purposes of
analysis in geotechnical engineering projects, which is the principal objective of this study, leads
to a better understanding of the mechanical properties of a soil-tire mix. Consequently, this will
better characterize the medium and consequently reduce the failure as a result of the design and
construction of the geotechnical structures. A knowledge improvement of the mechanical behaviors
of such geomaterials leads to a risk reduction which may help increase the use of waste tires in civil
engineering projects. From the Environmental point of view this may help with the disposal of
these waste materials. At the same time, we could take advantage of the unique mechanical and
thermal properties of tire-soil mixtures, including advantages related to their lightweight nature,

shear strength improvement, their good insulating properties, damping and drainage performances.

Of all the above-mentioned advantages of using soil-tire mixture as geomaterial, two of them are
the principal motivators. These two advantages inspired the conduction of these studies and are:

the shear strength improvement and lightweight nature of TDA.

The lightweight nature of the tire rubber is considered as the main motivation for using this type of
waste materials in geotechnical engineering applications. The average specific gravity of processed
scrap tires has been reported to be 1.22, which is equal to 46% of the specific gravity of sand.
Hence, the relative fraction content of soil and tire particles is the major factor affecting the unit

weight of the soil-TDA mixtures (Youwai and Bergado 2003). The unit weight of recycled scrap
tire lies between 3 and 6 % which is a desirable value when used in different volume fraction
mixtures. As a comparison, a soil-TDA mixture with a volume ratio of 50% TDA has a unit weight

that lies somewhere between 10 and 13 k—l\; Typically, the unit weight of processed tire is equal to
m
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§ of that of sand. The importance of unit weight is even more evident when used as backfill material

overlaying underground structures such as subway tunnels and stations.

The results obtained in the present study have shown that the use of an appropriate amount of
granular tire increases the shear strength of the resulting sand-tire mix when compared to that of
sand alone. However, the use of excessive amounts of tire within a sand-tire mixture may reduce

the shear strength of the resulting material.

Thesis Organization

This dissertation is written in a manuscript-based format and it is comprised of five chapters.
Chapter 1 consists of several sections that present useful information on the physical and
mechanical characteristics and current geotechnical applications of pure TDA and sand-TDA
mixtures in accordance with the literature review. In Chapter 2, the methodology of this work is
discussed via explanations of the test material composition and sample preparation procedures
along with descriptions of the implementation of four laboratory experiments. The content of
Chapter 3 is published as a peer-reviewed paper in the “Indian Geotechnical Journal (1GJ)”. The
content of Chapter 4 is published as a peer-reviewed paper in the “Transportation Research Record
(TRR)”. Chapter 5 discusses the experimental results obtained in two previous chapters (3 and 4).
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CHAPTER 1

1 Literature Review

The present chapter of the thesis has been designed to provide the readers with necessary
information collected from a variety of past related studies on the properties of automobile tires as
well as their production and lifecycle and also their possible risks to the environment and
consequently humans life, the definition of scrap tire and its collection methods, recovery or
recycling processes, the definition of tire-derived aggregates (TDASs), their classifications and
physical properties, as well as their applications in civil and geotechnical engineering and their
possible reaction in contact with water. Furthermore, useful information on the existing constitutive
models for sand-rubber materials as well as creep models to predict the long-term settlement of
geomaterials with the inclusion of tire rubber are discussed in this chapter. This will help to
facilitate a better understanding of the general idea of the present study by providing an appropriate
comprehensive background for the readers before going forward to the next chapters of the study.

A list of discussed sections has been provided below.

1. Motorized Vehicle Tire

2. Tire Composition and Structure

3. Scrap Tire

4. Environmental Issues Caused by Stockpiling of Scrap Tires

5. History of the Tire Fire Incidents in Canada

6.  Tire Derived Aggregate (TDA)

7. Fundamental Mechanical Characteristics of Sand-Tire Mixtures

8.  Civil Engineering Applications of TDA

9.  Specifications and Guidelines for Use of Scrap Tire in Civil Engineering

10. Existing Models to Predict Creep Behavior of TDA and TDA-Sand Mixtures
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1.1 Motorized Vehicle Tire

Tire (North American English) or tyre (British English) is a circular item that is made from rubber
or polymer materials reinforced by synthetic fibers and high-strength steel. These components
together form an advanced strong structure beneficial from high levels of tensile strength,
flexibility, resilience, and frictional resistance (Garga and O’Shaughnessy 2000). The importance
of automobile tires is more highlighted when we realize the fact that these unique mechanical
characteristics remain even for many years after the end of their efficient service life.

The following subsections provide the readers with useful information on tire composition, tire

lifecycle, and effects of temperature on properties of the tire.

1.2 Tire Composition and Structure

Generally, a tire is composed of 40-50% rubber, 20-30% carbon black and reinforcing material,
and 20% adhesive cord and steel wires (Mujibur Rahman 2004; Lo Presti 2013). Figure 1.1 shows

different parts of a typical vehicle tire.

The main sources of rubber used in the manufacture of tire are including natural rubber (obtain
from the sap of the Hevea brasiliensis tree), synthetic rubber (produce from petrochemical
materials), and recycled rubber (mostly supplied through the recovery of waste tires). The other
main components used in the production of tires include but are not limited to carbon black, zinc
oxide, sulfur, copper, tin, zinc, chromium, and reinforcing steel and fabrics (Atech Group 2001;
Basel Convention 2007).

Table 1.1 Composition of passenger car and truck/bus tires (Rahman, 2004; Presti, 2013)

Material (Contents) Car (%) Truck/Buses (%)
Rubber/Elastomers 48 43

Carbon black 22 21

Metal 15 27

Textile 5 -

Zinc oxide 1 2

Sulphur 1 1

Additives 8 6

One of the most frequent questions that might be raised in all people's mind is "why are all

manufactured automobile tires black color?”. The answer is very short but precise and complete.
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In fact, the black color of the tires comes from the addition of “carbon black™ an additive which

improves the corrosion control and heat reduction capabilities of manufactured tires.

Figure 1.2 illustrates a typical tire sidewall containing technical information provided by the
manufacturer of the tire for both sellers and consumers in order to facilitate the selection of an
appropriate type of tire in accordance with their cars requirements as well as their different usage

purposes (on-road off-road, racing, etc.), (Basel Convention 2007).
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Figure 1.1 Typical vehicle tire structure
Modified from: (CARID 2020) and (Computype 2020)
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Figure 1.2 Typical tire sidewall information (Les Schwab Tire Center 2020)
Modified from: (Les Schwab Tire Center 2020)
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1.3 Scrap Tire Definition

A scrap tire, which is also known as waste tire, discarded tire or end-of-life tire (ELT), is defined
as a used tire, which due to technical defecting problems, serious damages or wearing issues, is no
longer suitable for its original use even after being retreaded or regrooved (used tires can be

regrooved and retreaded in accordance with the manufacturer recommendations).

1.4 Environmental Issues Caused by Stockpiling of Scrap Tires

When scrap tires are inappropriately stockpiled within illegal landfills, they impose significant
vexing issues on nature and the environment. The scrap tires that are illegally discarded when
allowed to accumulate rainwater and organic debris, provide a breeding ground for a variety of
disease-carrying mosquitoes and insects (Figure 1.3). Hence, these non-biodegradable wastes are
responsible for the direct threat to public health (Eldin and Piekarski 1994). Figure 1.4 shows the
Garner/Brandywine scrap tire stockpile before, during, and after cleanup. The Garner/Brandywine

scrap tire stockpile is located in Prince George’s County, Maryland, United States.

Figure 1.3 Stockpiled scrap tires occupying a large dumping area and imposing ecological
pollution

Modified from: (World Business Council for Sustainable Development (WBCSD), Geneva 2020)

The cleanup process in this stockpile which consists of approximately 1.5 to 2 million tires began
in 2010 and was completed in June 2011 after completion of stabilization activities (MDE 2011).
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Figure 1.4 Garner/Brandywine Scrap Tire Stockpile.
Modified from: (MDE 2011)

Moreover, owing to their chemical composition (utilization of high amounts of carbon black during
the tire manufacture processes), tires have a combustible nature. Therefore, illegal scrap tire
stockpiles are always intended to combustion risk. Since the tire associated fires are technically
difficult and economically expensive to extinguish, they are often uncommonly noxious
consequences for societies (Chamberlin and Gupta 1986). Furthermore, tire fires may cause serious
air, soil, and water quality issues in the surrounding nature and environment. During combustion,
tires generate enormous quantities of toxic dense black smoke leading to air pollution which is

responsible for different types of cancers (Ashish Singh et al. 2015).

In addition to black smoke generation, the melting tires produce significant amounts of oil which
are released and penetrate the soil and groundwater aquifer of the tire fire location and surrounding
areas. Due to the presence of various heavy metals, upon access to either groundwater or surface
water, this tire fire generated oil is classified as a toxic contaminant for human life as well as animal
and aquatic life. When the toxic contaminants reach the running waters such as rivers, they could
be simply transported everywhere even kilometers away from their origin. However, since they
travel in running water, the concentration of the contaminants decreases exponentially in

accordance with the time and distance of transportation (Senoro et al. 2016).

Besides environmental impacts, tire fires pose serious economic problems to the governments
leading to the initiation of excessive costs for taxpayers. For instance, in the Hagersville fire
accident in southern Ontario in Canada which occurred in February 1990, 200 firefighters efforted
for the duration of 17 days in order to extinguish the fire. The Canadian government spent a budget

of nearly $1,000,000 only for the implementation of necessary site cleanups and limited
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environmental experiments (Mawhinney 1990a; N. N. Eldin and Piekarski 1994). Undesirably
these expenses applied to the taxpayers later on.

1.4.1 Controlled Combustion of Waste Tire

Across the world, tires are being combusted as fuel for power generation or heating purposes. This
method is called tire-derived fuel (TDF). The laboratory test results on the controlled combustion
of TDF in a Rotary Kiln Incinerator Simulator (RKIS) have demonstrated that, even by using an
appropriate combustion device, in any case, the amount of zinc emissions generated from burning

of a tire is much higher than those generated by conventional fossil fuels (EPA 1997).

1.4.2 Open Air Combustion of Waste Tire

Air, soil, and water pollution caused by open burning of tires are more toxic and hazardous than
those of controlled combustions in the TDF recycling method. Open burning emissions consist of
either particulate pollutant such as carbon monoxide (C0), sulfur oxides (SOy), oxides of nitrogen
(NOy), and volatile organic compounds (VOC) or hazardous air pollutants (HAP,) such as
polynuclear aromatic hydrocarbons (PAH,), dioxins, furans, hydrogen chloride, benzene,
polychlorinated biphenyls (PCBs); and metals for instance arsenic, mercury, nickel, zinc, cadmium,
chromium, and vanadium (EPA 1997; Downard et al. 2015; Singh et al. 2015).

Both types of above-mentioned pollutions may lead to serious and undeniable acute (short-term)
and chronic (long-term) health issues for firefighters and adjacent inhabitants including humans,
aquatic, and animals (EPA 1997).

1.5 History of the Tire Fire Incidents in Canada

Although, it is noted that since 1983 Canada and the United States together have experienced over
a dozen large tire fires, in accordance with the news and available information there are only two
major tire fire accidents in the history of Canada. Based on the published reports, in 1990 these two
fire accidents took place in Ontario and Quebec respectively (Mawhinney 1990a; 1990b; CBC
2019).

1.5.1 Hagersville Tire Fire — Ontario, February 1990

The fire initiated on February 12, 1990, within an outdoor storage yard in the vicinity of Hagersville
in southern Ontario. According to the report (Mawhinney 1990a) provided in May 1990 by the
National Research Council of Canada (NRC), several millions of stockpiled waste tires burned in

17 days posing substantial damaging impacts to the people of the neighborhood, agricultural
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activities, and environment. The airborne pollution followed by dense black smoke generation
induced the evacuation of a zone of 3 kilometers radius around the fire spot. Massive amounts of
oil (containing benzene, toluene, and other contaminants) were generated during the breakdown of
the burning tires and spread into the soil and surface water leading to contaminate the groundwater
aquifer. Up to the date of the report preparation by NRC in May 1990, approximately 700,000 liters
of burned tire associated oil as well as nearly 1,400,000 liters of contaminated water were collected
from the site and adjacent areas. Eventually, as an important lesson learned from this crisis, the
NRC urged the reduction in the volume of the stockpiled scrap tires aiming to limit the risk of

further tire fire accidents in the future.

1.5.2 Saint Amable Tire Fire — Québec, May 1990

About two and a half months after the fire quench in Ontario, it was time for Québec to experience
a historical tire fire disaster. In the afternoon of May 16, 1990, a fire initiated in a large scrap tire
storage in the vicinity of the town of Saint Amable located in Québec province. The storage has a
distance of fewer than 700 m from the town on the south shore of the Saint Lawrence River.
According to the report (Mawhinney 1990b) provided in July 1990 by the National Research
Council of Canada (NRC), the column of dense black smoke was visible from 40 km away in the
metropolitan area of Montreal. A wide range of negative environmental influences including
immediate air pollution, soil contamination, and damage to plants within the few kilometers of the
smoke fallout zone as well as the surface and groundwater contamination, have been mentioned
within the report prepared by NRC in the same year. It has been reported that the surface water in
the adjacent areas very close to the fire was severely contaminated with hydrocarbons, heavy
metals, and minimal quantities of dioxin. The Saint Amable municipality estimated the fire

associated total cost of nearly $500,000.

1.6 Tire Derived Aggregate (TDA)

Tire derived aggregate (TDA) refers to processed scrap tires with a basic geometrical shape.
Generally, the production of one ton of TDA requires 100 automobile tires to be recycled.
According to ASTM D6270, the “standard practice for use of scrap tires in civil engineering
applications”, TDAs are classified into three different categories including rough shreds with the
maximum size of 600 millimeters, the medium size consists of TDA with a maximum size of 300

millimeters and the small version of TDA with the maximum particle size of 75 millimeters.
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There are also other methods of classification (Dana N. Humphrey and Eaton 1995; FHWA 2016;
Recycling Research Institute 2020) in which TDAs have classified again into three different
categories including, tire shreds with particle sizes ranging between 50 to 305 millimeters, tire
chips with particle sizes ranging between 12 to 50 millimeters and granulated rubber containing
particles with sizes greater than 12 millimeters. Although, TDAs may be produced in different sizes
other than those mentioned above in accordance with the different usage purposes. As an example,

in civil engineering applications TDAs can be ordered based on the project requirements.

There is a third version of TDA classification (Xiao, Ledezma, and Hartman 2014; Cheng and Ahn
2014; Apex-Companies 2008; EPA 2010; Hoppe and Oman 2013; CalRecycle 2016) in which TDA
is categorized into type A with a maximum size ranging between 3 to 8 in. (75 to 200 mm) and

type B with a maximum size ranging between 12 to 18 in. (305 to 450 mm).

1.7 Fundamental Mechanical Characteristics of Sand-Tire Mixtures

As stated earlier, sand-tire mixtures are produced through the addition of recycled tire in the form
of tire-derived aggregate to the sand. In this process, the addition of tire to sand is accomplished in
accordance with either the weight/volume of the sand or total weight/volume of the resultant
mixture. Despite the influence of the magnitude of the applied stress, due to the flexibility of rubber
compared to sand, the mechanical properties of the resulting sand-tire mixtures are highly

dependent on the tire fraction content within the mixture.

Multitudinous studies have already aimed at investigating the physical and mechanical properties
of tire-sand composite geomaterials (Bosscher et al. 1992; Ahmed 1993; Bernal et al. 1996; Foose
et al. 1996; Masad et al. 1996; Tatlisoz et al. 1997; Tatlisoz et al. 1998; Lee et al. 1999; Feng and
Sutter 2000; Youwai and Bergado 2003; Y. W. Yoon, Cheon, and Kang 2004; Zornberg et al. 2004;
Abdrabbo et al. 2005; Ghazavi and Sakhi 2005; Attom 2006; Rao and Dutta 2006; S. Yoon et al.
2006; Wartman et al. 2007; Y. W. Yoon, Heo, and Kim 2008; Tanchaisawat et al. 2008; Hazarika
et al. 2010; Edingliler et al. 2010; Anastasiadis et al. 2012; Moghaddas Tafreshi and Norouzi 2012;
Senetakis et al. 2012; Xiao et al. 2012; Marto et al. 2013; Mohamad et al. 2013; Sheikh et al. 2013;
Maria Soledad Mashiri 2014; Balunaini et al. 2014; Dammala et al. 2015; M. S. Mashiri et al. 2015;
Ehsani et al. 2015; Perez et al. 2016; M. S. Mashiri, Vinod, and Sheikh 2016; H. El Naggar,
Soleimani, and Fakhroo 2016; Perez et al. 2017a; 2017b; Ehsani et al. 2017; Jamshidi Chenari et
al. 2017; Noorzad and Raveshi 2017; AbdelRazek, EI-Sherbiny, and Lotfi 2018; Asadi et al. 2018;
Edincliler et al. 2018; Platzer et al. 2018; S. Bali Reddy et al. 2018; Wang et al. 2018; Asadi and
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Mahboubi 2019; Benessalah et al. 2019; Jamshidi Chenari et al. 2019; Li et al. 2019; Madhusudhan
et al. 2019a; 2019b; Tsiavos et al. 2019; Foriero and Ghafari 2020).

Numerous studies have reported on the influence of tire content on the fundamental mechanical
characteristics of sand-tire mixtures such as Void Ratio, Density and Unit Weight of the mixture
(Bosscher et al. 1992; Dana N. Humphrey et al. 1993; Masad et al. 1996; Tatlisoz et al. 1998;
Youwai and Bergado 2003; Ghazavi and Amel Sakhi 2005; Garcia et al. 2011; Tatlisoz et al. 1997;
Dammala et al. 2015; AbdelRazek et al. 2018), Compressibility (B. N. N. Eldin and Senouci 1992;
Ahmed 1993; Rao and Dutta 2006; Wartman et al. 2007; Zornberg et al. 2004; Youwai and Bergado
2003; Edil and Bosscher 1994; Jamshidi Chenari et al. 2017; Sodom Bali Reddy and Krishna 2017;
Platzer et al. 2018; AbdelRazek et al. 2018; Benessalah et al. 2019; Madhusudhan et al. 2019a)
Shear Strength (Ahmed 1993; Dana N. Humphrey et al. 1993; Edil and Bosscher 1994; Bernal et
al. 1996; Foose et al. 1996; Ghazavi and Sakhi 2005; Sheikh et al. 2013; M. S. Mashiri et al. 2015;
Naggar et al. 2016).

1.7.1 Unit Weight and Void Ratio of Sand-Tire Mixtures

The geotechnical engineering applications of TDA stem from the unique properties attributed to
rubber tire. As stated earlier the unit weight of TDA materials is significantly lower than typical
sand whereas the void ratio of TDA is higher than sand. Hence, of particular importance is the fact

that the unit weight of the mixture is rendered low by that of the TDA component (Edil and
Bosscher 1994). Specifically, the unit weight of pure (100%) TDA lies between 3 and 6 % which

is a desirable value when used in different volume fraction mixtures. As a comparison, a TDA-soil

mixture with a volume ratio of 50% TDA has a unit weight that lies somewhere between 10 and

kN
13 ey

Bosscher et al. (1992) measured the void ratios for various sand-TDA mixtures using their values
of unit weight and concluded that the higher the sand content the lower the void ratio. This is
because of the presence of fine sand particles within the void spaces between the tire particles which

consequently lead to a decrease in the total pore volume of the mixture.

Pincus, Edil, and Bosscher (1994) investigated the engineering properties and behavior of the pure
tire chips and tire chips-soil mixtures. They noticed that the unit weight of sand-tire mixtures is

predominantly a function of tire (or sand) content. Moreover, it can be observed from the results
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that the increase in the tire percentage, either by volume or weight of sand, resulting in a reduction

of unit weight of the mixture.

Tatlisoz et al. (1997) evaluated the mechanical characteristics and behavior of scrap tire chips as
well as their mixtures with sand and clay. It was observed from the test results that the unit weight
of the soil-TDA mixtures decreases as the TDA content increases, at a rate of nearly 1.5 kN/m3
per 10% TDA inclusion growth (Figure 1.5).

22
=@-Sandy Silt

20 =@-Clay

18
16

14

Unit Weight (kN/m3)

12

10
0 20 40 60 80

% TDA Content

Figure 1.5 Influence of tire content on unit weight of soil-TDA mixtures
Modified from: (Tatlisoz, Benson, and Edil 1997)

Youwai and Bergado (2003) carried out a series of drained triaxial tests on compacted sand-tire
mixtures having different mixing ratios of sand and tire. They concluded that the strength, density
and unit weight of mixtures decrease when the proportion of tire in increased within the mixture.
Furthermore, the results indicated that the unit weight of sand-tire mixed materials is approximately

13-60% lower in comparison with the compacted pure sand, based on the mixing ratio (Figure 1.6).

AbdelRazek et al. (2018) assessed the mechanical properties of sand-rubber through conducting a
series of drained triaxial tests and one-dimensional compression tests. During the test material
preparation, they produced samples of TDA having different particle sizes mixed with poorly

graded coarse-to-medium siliceous sand at a constant relative density of 80%.
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Figure 1.6 Influence of mixing ratio on dry unit weight of sand-tire mixed materials
Modified from: (Youwai and Bergado 2003)

As described the measured unit weight of the resulting mixtures included 17.2 kN /m3 for pure
sand (0% TDA content), 16.6 kN /m3 for 5% TDA content, 15.86 kN /m3 for 10% TDA content,
13.6 kN/m3 for 20% TDA content, 11.8 kN /m?3 for 30% TDA content and 5 kN /m?3 for pure
TDA material (100% rubber). These measured values clearly indicated that the increase of the TDA

percentage within the sand-tire mixtures significantly reduced the unit weight of mixed materials.

1.7.2 Compressibility Characteristics of Dry Sand-Tire Mixtures

In geotechnical engineering applications, compared with other types of granular soils, sand has
received more attention in order to be mixed with TDA. The inclusion of appropriate amounts of
sand may significantly modify the compressibility behavior of granular tire materials. It has been
reported (Tatlisoz et al. 1997) that sand-tire mixtures exhibit somewhat lower compressibility in
comparison with soil-tire mixtures containing silt or clay whereas the tire alone exhibits the highest
compressibility in absence of a soil modifier (e.g., sand, clay or silt). TDA content enhancement
results in an increase of tire particles in the sand-tire matrix which consequently leads to an increase
in compressibility of the sand-TDA mixture. The reason could be explained as the pure TDAs are
highly compressible due to their high rubber content and high porosity. This may impose an
extensive settlement and compaction problems particularly in tire modified embankments filled by
sand-TDA mixed materials (Edil and Bosscher 1994; Youwai and Bergado 2003; Sodom Bali

Reddy and Krishna 2017; Platzer et al. 2018; Madhusudhan et al. 2019a). Numerous studies have
24



already examined the compression behavior of sand mixed with different percentages of tire
particles and mentioned the tire friction as one of the most important factors affecting the
compressibility of the resultant sand-tire mixture. The majority of these studies (B. N. N. Eldin and
Senouci 1992; Ahmed 1993; Rao and Dutta 2006; Wartman, Natale, and Strenk 2007; Zornberg,
Cabral, and Viratjandr 2004; Jamshidi Chenari et al. 2017) have reported a considerable increase
in compressibility of the sand-tire mixture through an increase in tire content (either by total volume
or the total weight of the resultant mixture). There are a few studies that have reported the opposite
trend (Benessalah et al. 2019) however, almost all of the previous studies agree that in high ranges
of vertical stress the influence of tire content on the compressibility of the mixture decreases
(Jamshidi Chenari et al. 2017).

Rao and Dutta (2006) investigated the mechanical behavior of sand mixed with different
percentages of tire by conducting 28 compressibility tests, 4 repeated load tests and 52 triaxial
compression tests. They concluded that sand-tire mixtures having tire content of less than 20%
behave similarly to gravel-sand mixtures. However, excessive compressibility was observed for

those mixtures containing more than 20% of tire.

Wartman et al. (2007) investigated the immediate and time-dependent compression of sand mixed
with tire-derived aggregate. They realized that the magnitude of both immediate and time-
dependent compression of the sand-TDA mixtures are highly dependent on the tire content and the
time. They also concluded that both immediate and time-dependent compressibility of the sand-

TDA mixtures increases with addition in the tire fraction content.

AbdelRazek et al. (2018) have investigated the compressibility of sand-tire materials with different
tire fraction content. They conducted a series of 24-hour loading one-dimensional consolidation
tests. According to the results they have reported, samples containing 5%, 10%, 20%, and 30%
rubber which were subjected to 200 kPa vertical effective stress, reached axial strains of 2.2%,
2.5%, 9%, and 15.6%, respectively. (Figure 1.7). Test results demonstrated that a considerable jump
occurred between the magnitude of axial strain recorded for the soil samples having 10% and 20%
tire inclusion. The same trend can be observed between the samples containing 20% and 30% tire

materials.
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Figure 1.7 Axial strain vs. vertical effective stress for sand-tire mixtures with different tire
content

Modified from: (AbdelRazek, EI-Sherbiny, and Lotfi 2018)

Madhusudhan et al. (2019) carried out a series of triaxial and direct shear tests on dry sand-tire
mixtures. They also observed an increase in the compressibility of the soil mixture as a result of
the increase in the tire content.

Benessalah et al. (2019) conducted a series of odometer tests in order to investigate the effect of
inclusion of rubber particles on the sand compaction and consolidation with a concentration on the
compressibility parameters. Based on the experimental results with an increase in the tire fraction
content the compressibility of sand-tire mixtures decreases, whereas both the compression index
Cc and the swelling index Cs were increased. Moreover, a slight decrease for both preconsolidation
pressure and the oedometric modulus was observed.

Madhusudhan et al. (2019a) investigated the engineering properties of fully saturated mixtures
containing river sand and fine tire particles having dense condition. In this experimental study, the
compressibility behavior of sand-TDA mixtures was examined through a one-dimensional
compression test. The test results for the 100 kPa and 458 kPa compressive stress demonstrated
the same ascending trend of axial compressive strain with an increase in tire inclusion within the
mixture (Figure 1.8). Moreover, as shown in Figure 1.9, under 458 kPa compressive stress the soil
sample made of pure sand (0% TDA) experienced a vertical strain equal to 1.2% whereas the

sample consist of 100% tire exhibited a vertical strain of 57%.
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Figure 1.8 Variation of vertical compressive strain at 100 kPa for various TDA content.

Modified from: (Madhusudhan, Boominathan, and Banerjee 2019a)
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Figure 1.9 Variation of total, plastic and elastic strains at 458 kPa vertical stress.
Modified from: (Madhusudhan, Boominathan, and Banerjee 2019a)
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1.7.3 Shear Strength and Dilatancy Characteristics of Sand-Tire Mix

The shear strength and dilatancy characteristics are the key factors affecting the efficiency and
performance of processed scrap tires when it is considered to be used (either pure or mixed with
soil) in a variety of geotechnical engineering applications such as highway embankments and
backfill retaining structures (Wu et al. 1997; Youwai and Bergado 2003; Mashiri et al. 2015).
Dilatancy is defined as the “variation of the volumetric strain with the plastic deviatoric strain”
(Mashiri et al. 2016). In accordance with volumetric strain, the sign of dilatancy would be either
positive in case of a compressive increment which is known as “contraction” or negative in case of
an expansive increment which is known as “dilation” (Youwai and Bergado 2003). Hence, as
fundamental properties of granular materials, determination of the shear strength and dilatancy of
TDA s are of the primary measures to take before the beginning of the design of both soil materials
and soil structures (e.g., number of TDA layers, depth of each TDA layer, depth of soil-cap etc.).

Humphrey et al. (1993) investigated the shear strength of pure tire chips utilizing direct shear
apparatus custom-designed and concluded that the friction angle of the pure tire chips is somewhere
between 19° and 25°.

Wu et al. (1997) performed a series of triaxial tests on five tire chips having different sizes, shapes,
and gradation features aimed at evaluating the shear strength of tire chips materials. The results
indicated that physical characteristics such as size, shape, and gradation have no influence on the
frictional behavior of rubber tire materials. Moreover, for the five pure tire chips samples, the
internal friction angle calculated to be approximately 40° whereas the interparticle friction angle
(fr) measured as 44°-56°.

Foose et al. (1996) carried out a series of direct shear tests on mixtures of dry sand and TDA in
order to examine the feasibility of employing tire-derived aggregates to reinforce sand. They
observed from the test results that there are three main factors that significantly affect the shear
strength of the sand-TDA mixtures which are defined as TDA fraction content, normal stress, and
the sand matrix unit weight. Moreover, test results indicated that the addition of TDA to sand
increases the shear strength of the resulting sand-TDA mixture and the initial friction angle (f';)
reaches 67° whereas the initial friction angle in unreinforced sand with the same unit weight is 34

degrees.

Youwai and Bergado (2003) investigated the strength and deformation characteristics of sand

mixed with shredded tires through performing drained triaxial tests on compacted sand-tire
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mixtures having different mixing ratios of sand and tire. They reported that based on the test results
obtained, the strength of the sand-tire mixed materials decreases with an increase in the tire content
owing to the fact that shear strength of shredded tires is lower than that of the sand. Moreover, the
peak internal friction angle was measured to be variable between 30 to 34° depending on the tire
shred content within the mixture. They additionally concluded that the strength characteristics of
the sand-tire mixtures are not only a function of the tire fraction content, but they are also influenced
by the size and shape of the tire particles. Furthermore, in experimental investigations, the sample
preparation method is considered as another factor that affects the shear strength behavior of the
resulting sand-tire mix. It has been also observed that similar to cohesionless granular materials,
sand-tire mixtures exhibit both positive and negative dilations which are respectively
corresponding to expansion and compression of the sample. Accordingly, when confining pressure
increased, the tendency of dilatancy decreased owing to an increase in the intensity of confining

stress.

Zornberg et al. (2004) performed a series of tests utilizing a large-scale triaxial apparatus aiming
to investigate the optimum dosage as well as the optimum aspect ratio of shredded scrap tires used
as granular fill materials. The results revealed that the sand-tire shreds mixtures exhibit a sand-like
behavior wherein the tire content is less than 35% by the total weight of the resulting mixture
(weight of tire divided by the total weights of tire and sand), while they exhibit tire-like behavior
when the tire content is beyond 35% within the mixture. Moreover, it has been observed that the
addition of tire shreds up to around 35% leads to an increase in shear strength of the sand-tire
mixtures whereas beyond 35% it will result in a reduction of the shear strength. They also
concluded that the enhancement of aspect ratio of tire particle (the ratio of the length of tire particles
to the width of tire particles) leads to an increase in shear strength of the mixed materials. This
shear strength increment is more highlighted when the aspect ratio rises from 4 to 8. Furthermore,
the samples containing tire fraction content below 35% exhibit dilatant behavior whereas the
samples with tire proportions above 35% demonstrated to be fully contractive. This indicates that
the dilatancy of sand- tire mixtures decrease with an increase in tire content. It can be also
concluded that the addition of tires with percentages above 35% by weight may completely remove
dilatancy within the resulting sand-tire mixed materials. Additionally, the influence of aspect ratio
has been observed to be negligible on the volumetric strain at high confining pressures. It has been
also noted that the dilatancy decreases with an increase in the aspect ratio of the tire shreds when

the specimen is subject to low confining pressures. Finally, based on the results obtained it has been
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concluded that the 35% tire shreds content (by weight) is the optimum tire fraction within the sand-

tire mixtures.

Ghazavi and Sakhi (2005) performed a series of direct shear tests on the samples of sand reinforced
with tire sherds at three different fraction contents including 15%, 30% and 50%. In accordance
with the results obtained from the direct shear tests, it was concluded that the key factors affecting
the shear strength of the sand-tire mixtures are including normal stress, tire content, tire shred
width, tire aspect ratio for a given width and compaction. Furthermore, it has been concluded that
the increase in tire content leads to an increase in the initial friction angle of the mixed sand-tire
materials. In this study the greatest value acquired for the initial friction angle was approximately
f'; = 67°at 50% tire content (Figure 1.10) whereas, previously Foose, Benson, and Bosscher
(1996) have reported the same value of f'; = 67° that was obtained for the mixture with 35% tire
content. In addition, Balunaini et al. (2014) have reported that the end-of-test friction angle of sand

mixed with large tire shreds lies somewhere between 30-33°.

Attom (2006) investigated the influence of tire inclusion on shear strength properties of sand.
Hence, he conducted a series of direct shear tests on 12 soil samples made of 3 different types of
sands with varying gradations mixed with tire shreds at 4 different friction content of 10%, 20%,
30% and 40%. He concluded from the results that the increase in tire shreds content will increase
both internal friction angle and shear strength of the mixed sand-tire materials. This trend was
repeated in all 12 tests. He has also developed a model in order to compute the internal friction
angle and consequently predict the shear strength of the sand-tire mixtures. The results of the

prediction model almost conformed with those measured during the direct shear tests.

Marto et al. (2013) investigated the shear strength of sand-tire chips mixtures varying in tire content
by conducting the standard direct shear test. They have concluded from the results that the shear
strength of the mixture increases slightly with an increase in the tire content up to 20% by weight.
However, beyond this tire fraction content, the shear strength begins to decrease. Moreover, the

severity of this reduction increases with the magnitude of the normal stress (Figure 1.11).

Sheikh et al. (2013) performed triaxial and compression tests in order to investigate the shear and
compressibility behaviors of sand-tire crumb (S-TC) mixtures. In accordance with the test results,
it has been observed that the shear strength and the corresponding axial strain of the mixed materials
are primarily influenced by the tire crumbs content and the magnitude of the confining pressure

(Figure 1.12). Furthermore, in contrast with some of the previous conclusions reported by other
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studies, the results of this study demonstrated that the friction angle of the sand-tire mixed materials
decreases as the tire content increases within the mixture (Figure 1.12).
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Figure 1.10 Influence of tire content on the value of initial friction angle (f';) of sand-tire mixtures
Modified from: (Ghazavi and Sakhi 2005)
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Figure 1.11 Influence of normal stress and tire content on shear strength of sand-tire mix.

Modified from:(Marto et al. 2013)
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Mashiri et al. (2015) conducted a series of monotonic triaxial tests on sand reinforced with different
percentages of tire chips. The target was to investigate the shear strength and dilatancy behaviour
of sand-tire chips (STCh) mixtures.
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Figure 1.12 Influence of tire content and normal stress on friction angle of sand-tire mixtures
Modified from: (Sheikh et al. 2013)

Considering the substantial reduction in dilatancy followed by a simultaneous increase in the shear
strength, they also recognized 35% (by mass) as the optimum percentage of the tire to be mixed
with pure sand for the production of STCh mixture. This conforms with the results that have been
reported earlier by Zornberg et al. (2004). Moreover, their results depict that the increase in
effective confining pressure results in an increase in shear strength and reduction in dilatancy,
whereas the increase in the initial relative density leads to an increase in both shear strength and

dilatancy characteristics of the mixture.

Noorzad and Raveshi (2017) carried out a series of drained triaxial tests on soil samples of sand
mixed with different percentages (by weight) of small tire crumbs aimed at investigation of
behavior of the tire-sand mixtures. They concluded that the peak shear strength and the
corresponding axial strain of sand-TDA mixtures are primarily influenced by the percentage of tire
content and confining pressure (Figure 1.13). In addition, based on their observations from the test
results, they concluded that unlike many test results previously reported by other research the
increase of tire content within the mixture results in a reduction of shear strength of the sand-tire

mixed materials (Figure 1.13).
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Figure 1.13 Influence of tire content and confining pressure on the peak deviator stress
Modified from: (Noorzad and Raveshi 2017)

As can be observed from the results of the above-mentioned studies, the lack of similar behavior in
shear strength of the sand-TDA mixtures based on the TDA content is highly perceptible.
Furthermore, the values achieved for the friction angle of the pure tire (100% TDA) varies in
different studies. A very likely reason for justifying these discrepancies could be human errors
during the experiments as well as the different conditions of the experiments such as room
temperature, moisture content of the mixture, initial void ratio of the sample, magnitude of the

confining pressure, etc.

Although, it could be concluded from the above studies conducted by different researchers that
addition of the TDA to sand up to 35% by total mass of the mixture will result to increase in both
the shear strength and internal friction angel while beyond this amount will result in reduction of
the mentioned properties of the mix. Hence, the mixture having 35% of TDA and 65% of sand by
mass could be considered as the optimum mixture having the highest shear strength and internal

friction angle.

Moreover, this can also justify the reason why a pure TDA sample (100% TDA) exhibits the lowest
shear strength and internal friction angle compared with the sand-TDA mixtures. In fact, in a sand-
TDA matrix, sand particles, which are smaller in size compared to tire particles, act as the texture
elements and fill the pore spaces between the tire particles. This will result in an increase in

interparticle locking. On the other hand, it has been already proven by past studies (P. Guo and Su
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2007) that the presence of interparticle locking is likely to increase both the friction angle and the
shear strength of the granular materials. Hence, it is obvious that the addition of sand to TDA may
result in an increase in both the friction angle and the shear strength of the resulting mixture.

1.8 Civil Engineering Applications of TDA

Due to the scrap tires' non-biodegradable nature, innovative approaches are needed in order to find
new solutions for the recycling of waste tires ever-growing stockpiles. In the past two decades,
there have been several initiatives to address this issue. Hitherto, scientists and engineers have come
up with the three main applications of scrap tires including tire-derived fuel (TDF), civil
engineering applications, and ground rubber applications. Among those civil engineering
applications are the most simple, economical and environmentally friendly use of waste tires.
Moreover, civil engineering projects tend to be sizeable, creating a massive recycling opportunity
for a huge amount of scrap tires to be used as construction materials either in the whole form or in

the form of tire-derived aggregates (TDA).

In civil engineering, TDA has received interest in being used in a variety of geotechnical
applications such as slope stabilization (Belabdelouahab and Trouzine 2014; Basheer et al. 1996;
Grubb et al. 2007), drainage construction (Thakur and Kaushik 2016; Edil and Bosscher 1994),
lightweight backfill for retaining walls and bridge abutments (Tweedie et al. 1998; Tatlisoz et al.
1998), vibration mitigation (D. Humphrey 2003; CalRecycle 2016; Cheng and Ahn 2014; Hoppe
and Oman 2013), thermal insulation (Dana Humphrey and Blumenthal 2010; Edeskar 2006; Hoor
and Rowe 2012), and light-rail construction (Esmaeili and Rezaei 2016; Cal.Recycle 2019).
Moreover, it has widespread application as lightweight fill for embankment constructions such as
highway and bridge embankments on weak and compressible foundation soils (Apex-Companies
2008; Mahgoub and EI Naggar 2019; Foose et al. 1996). In addition, TDA is widely used in
production of high-quality asphalt and concrete through a process in which tire particles, as
alternative aggregates, are mixed respectively with bituminous and cementitious materials. Waste
tires are also processed in order to transform to the form of tire powder. This powder then melted
at high temperatures to extract the polymers from the rubber and improve the bitumen properties
and the resulting asphalt is called rubber modified asphalt (Dana N Humphrey and Swett 2006;
Mujibur Rahman 2004; Presti 2013; Chamberlin and Gupta 1986; Celauro et al. 2012) and rubber
modified concrete (Eldin and Senouci 1993; Azizian et al. 2003; Cal-Recycle 2009; Thomas and
Gupta 2015; S. Guo et al. 2017; EI Naggar et al. 2019), respectively.
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1.9 Geotechnical Engineering Applications of TDA

In geotechnical engineering, a common practice in the backfilling process during the construction
of underground infrastructures such as subway stations, tunnels, and pipelines, often involves using
the same excavated earth materials, such as soil and gravel for backfilling. This construction stage
tends to be a low-cost approach however, in the long-term it leads to a considerable reduction in
the service life of the buried infrastructures. The reduction in service life is due to a high magnitude
of applied loads caused by the inadequate design of backfill materials. These excess applied loads
are not only the results of the heavyweight of unsuitable backfill materials but also their improper
drainage capacity. The heavy weight of filling materials increases the earth pressure while their

poor drainage leads to higher water pressure on the structure.

Tire derived aggregates (TDAs) are made from recycled scrap tires with varying sizes according to
the technical, economic, and environmental requirements of the project. Owing to its considerable
advantages mentioned earlier, TDAs have been gradually utilized in such geotechnical applications
(D. N. Humphrey 2008) as lightweight fill material for embankments construction particularly
those built up on weak soils (Apex-Companies 2008; Mahgoub and EI Naggar 2019; Foose,
Benson, and Bosscher 1996; Bosscher, Edil, and Kuraoka 1997; Dickson, Dwyer, and Humphrey
2001; D. N. Humphrey 2008; S. Bali Reddy, Krishna, and Reddy 2018; Eldin and Senouci 1992),
thermal insulation materials used in road and highways pavement design to control and minimize
frost penetration (Dana Humphrey and Blumenthal 2010; Edeskar 2006; Hoor and Rowe 2012;
Humphrey 2008), subbase drainage materials (Thakur and Kaushik 2016; Edil and Bosscher 1994;
Dana N. Humphrey and Eaton 1995; D. N. Humphrey 2008; Hazarika et al. 2010; S. Bali Reddy et
al. 2018), pile-supported embankments on soft soil (Jeffrey J. Tweedie et al. 2004; D. N. Humphrey
2008), landfill applications (Dana N Humphrey and Swett 2006; Thakur and Kaushik 2016; D. N.
Humphrey 2008), lightweight backfill material to be used in implementation of bridge abutments
and retaining walls (Tweedie et al. 1998; Jeffrey J Tweedie et al. 1998; Humphrey 2008; Reddy et
al. 2018), and anti-vibration mats for machine foundation and railways (Esmaeili and Rezaei 2016;
Cal.Recycle 2019; Humphrey 2008; Ehsani et al. 2015; Hazarika et al. 2010; Reddy et al. 2018).
Although, due to its excessive compressibility characteristics TDA is usually mixed with soil (e.g.,
sand) to form as soil-TDA mixture. The inclusion of soil in TDA materials significantly improves
their mechanical properties. The resultant high-strength soil-TDA mixture when used as backfill
geomaterial in embankment and retaining wall constructions exhibits unique performance
(Tatlisoz, Benson, and Edil 1997; Edincliler et al. 2010; Humphrey 2008; Promputthangkoon and
Karnchanachetanee 2013; Heimdahl and Drescher 1999; S. Yoon et al. 2006; Masad et al. 1996;
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Garga and O’Shaughnessy 2000; Tweedie et al. 1998; Humphrey et al. 1993; FHWA 2016; Basheer
et al. 1996; Reddy et al. 2018). It has been reported that compared with conventional foundation
materials, utilization of soil-TDA mixture may reduce the settlement of the foundation by 22% (S.
Bali Reddy, Krishna, and Reddy 2018).

1.10 Specifications and Guidelines for Use of Scrap Tire in Civil Engineering

The main standard specification currently available for the use of scrap tires in various civil
engineering applications is the ASTM D6270. The ASTM specification was published in its initial
version in 1998. The last version has been published in 2017. Several publications are currently
available addressing the guidelines for the use of processed scrap tire (mainly in form of TDA) in
civil engineering projects particularly as geomaterial in geotechnical applications. A selection from
these references has been provided below.

ASTM D6270

Standard Practice for Use of Scrap Tires in Civil Engineering Applications, American Society for
Testing and Materials, last version available: ASTM D6270-17.

DRRR-2011-038

Civil Engineering Applications of Tire Shreds, a report prepared by Dana N. Humphrey for
California Integrated Waste Management Board, Orono, Maine, 2003.

DRRR-2014-1489

Properties of Tire-Derived Aggregate for Civil Engineering Applications, California Department

of Resources Recycling and Recovery (CalRecycle), Sacramento, California, May 2013.

DRRR-2016-1545

Usage Guide - TDA (Tire-Derived Aggregate), California Department of Resources Recycling and

Recovery (CalRecycle), Sacramento, California, January 2016.

EPA530-R-10-010

Scrap Tires: Handbook on Recycling Applications and Management for the U. S. and Mexico,

United States Environmental Protection Agency, Washington DC, December 2010.

FHWA/IN/JHRP-93/04
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10.

11.

Laboratory Study on Properties of Rubber-Soils, Joint Transportation Research Program, Indiana
Department of Transportation and Purdue University, West Lafayette, Indiana, May 1993. DOI:
10.5703/1288284314210.

FHWA/IN/JTRP-2002/35

Construction of Tire Shreds Test Embankment, Joint Transportation Research Program, Indiana
Department of Transportation and Purdue University, West Lafayette, Indiana, October 2003.
DOI: 10.5703/1288284313165.

FHWA-RD-97-148

User Guidelines for Waste and Byproduct Materials in Pavement Construction, Federal Highway

Administration Research and Technology, U.S. Department of Transportation.

FHWA/TX-03/0-1808-1

Evaluate the Uses for Scrap Tires in Transportation Facilities, Center for Multidisciplinary
Research in Transportation, Texas Tech University, A Report Submitted to Texas Department of

Transportation, Texas, December 2003.

GEM-20
Guidelines for Project Selection, Design, and Construction of Tire Shreds in Embankments,

Geotechnical Engineering Manual, New York State Department of Transportation, Geotechnical
Engineering Bureau, August 2015. (NYSDOT 2015)

ME0012-11/MD04173

Guidance Manual for Engineering Uses of Scrap Tires, Prepared by Geosyntec for Maryland

Department of the Environment, June 2008.

1.11 Existing Models to Predict Creep Behavior of TDA and TDA-Sand Mixtures

There are only a few numbers of studies to emphasize the modeling of long-term mechanical
behavior of TDA and soil-TDA mixture when use as geomaterials in geotechnical engineering
applications. The two selected methods of modelling proposed by two different studies which were

published in the same year have been briefly discussed below.

1.11.1 The model recommended by Ngo and Valdes in 2007

This creep model has been originally developed by Singh and Mitchell (1968) to predict the

behavior of fine-grained soils. Later, in 1997 the model was suggested by Merry and Bray (1997)
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to be utilized for prediction of the creep behavior of a wide range of geomaterials. Finally, in 2007
the model was recommended by Ngo and Valdes (2007) for prediction of the time-dependent
mechanical response of sand—rubber mixtures. This model is capable of predicting strain versus
time via three parameters including a, A, and m, which may be found through the data obtained
from creep tests in which at least two different stress magnitudes are applied to independent
specimens [Egs. (1.1) and (1.2)].

e=a+ edotl-m 1.1
1-m
where,
A
— . _ ac 1.2
a=¢& 1= me

and &, isequal tothe strainatt = 1 min, whereas m represents the rate at which the strain reduces
with time. The value of m is obtained from the slope of the log-log plot of strain rate versus time
for any stress intensity (a). The parameters a and A are achieved from the log-log plot of strain
rate versus time for time t = 1 min. The values of a and A are equal to the slope of the resulting
line and the ordinate intercept, respectively. The parameter a designates the stress dependence of
the creep rate whereas the parameter A represents strain rate equivalentto ¢ = 0. For typical soils
the value of m, A and a respectively ranges between 0.75 and 1.0, 0 and 0.004, and 0.001 and 0.006
depending on the over-consolidation ratio (Singh and Mitchell 1968; Ngo and Valdes 2007).

1.11.2 The model recommended by Wartman et al. in 2007
The second model to predict the time-dependent deformation of the pure tire (TDA) or sand-TDA
mixtures has been recommended by Wartman et al. (2007) which computes the time-dependent

settlement using the following equation:

t
AH, = H(]aglogt—2 1.3
1

In this equation, H is the thickness of the TDA layer and consequently the AH, is the change in the
thickness of the TDA layer; t, is the time when time-dependent compression begins (assumed to
be 1 day); and t, is the time at which the magnitude of time-dependent compression is required
(final time-days), C,. is the modified secondary compression index which is considered

approximately 0.0065 for pure large size TDA (100% tire).
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1.12 Bailey-Norton Creep Law

This section briefly provides a background on the constitutive models proposed to explain the
deformation of materials especially the Bailey-Norton law.

The creep strain (g.) of materials is a function of stress o, time t, and temperature 7, hence it can
be written as (Harry 1980; Boyle and Spence 1983; Penny and Marriott 1995; Yao et al. 2007)

gc = f(ot,T), 1.4
Then the Eq. (1.4) can be rewritten in its separated form as

ec = [1(0)f2(Ofs(D). 15

Among all expressions suggested in different studies the “Norton power law”, which was proposed
by Norton in 1929, received the most attention and was expressed as a stress function where A and

n are the materials constants (Norton 1929; Yao et al. 2007)

£,(0) = Ao™ 1.6

In order to express the time function the popular “Bailey law” was employed where D and m are

the materials constants. The value of m is typically somewhere between % and % (Bailey 1935).
f2(t) = Dt™. 1.7

Finally, based on the “Arrhenius’s law” the temperature dependence can be written as the following

equation while “—AH " is activation energy and R is Boltzman’s constant (Dorn 1955)
(T) =C <_AH) 18
f3 =Cexp =T ) .

Combining Eq. (1.4) to Eq. (1.8) the creep strain can be rewritten as (Yao et al. 2007)
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—AH
€. = Bexp (W) ot™. 1.9

For the special case of an isothermal condition the creep strain can be rewritten as

g = Bt™o™, 1.10

The Eq. (1.10) express the “Norton-Bailey law” that is widely employed for analyzing and
modeling the time dependent creep behavior of materials (Harry 1980; Yao et al. 2007). The Bailey-
Norton law is capable of properly characterizing the primary and the secondary creep stage from
the constant vertical load (uniaxial stress) (Kobelev 2014; Ma et al. 2022; Yao et al. 2007).

1.13 General Conclusion of Chapter 1 (Literature Review)

This section aims to provide a brief discussion on the findings and conclusions related to the review

of the past studies stated in the present chapter.

a) The stockpiling waste tires produce breeding ground for mosquitoes and rodents. Moreover,
since petroleum products are used in production of tires, hence they are naturally flammable
and therefore they are classified as fire hazardous waste materials. Therefore, tire recycling
while it must be economic may help the removal of this type of waste materials from the

environment.

b) New applications of waste tire increase the global demand and consequently better encourage
both public and private sectors to produce different types of TDA by making the recycling

process profitable.

c) Tire rubber is classified as lightweight alternative aggregates when added to the different types
of soil such as sand to from soil-tire mix materials. The lightweight nature of tire leads to

produce a lighter resulting geomaterial when mixed with sand, compare with that of
conventional geomaterials. Typically, the unit weight of processed waste tire is equal to % of

that of sand. This advantage is the principal motivation of using processed waste tires in

production of geomaterials.
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d) Only limited numbers of studies have emphasized the importance of time-dependent creep

behavior of soil-tire rubber materials for use in geotechnical engineering applications. These
include studies conducted by Wartman et al. and Anh and Valdez in 2007. Wartman et al.
examined the immediate and time dependent one-dimensional compression of tire chips and
shreds. In the same year, Anh and Valdez investigated the one-dimensional compression of
specimens, composed of sand and granulated tire rubber. Although even the knowledge
improvement on creep behavior of sand-tire materials provided by these mentioned studies is
somehow limited. These limitations are as follows, a) The constitutive equations that have
developed to model the behavior of soil-TDA mixtures are not able to predict both elastoplastic
and creep behaviors of these geomaterials. b) They are unable to predict both volumetric and

deviatoric time-dependent deformations and are limited to predict only the volumetric creep.

The Norton-Bailey law is widely used for analysis and modeling of the time dependent creep
behavior of materials. Along with all proposed creep models, for the constant stress, the
Norton-Bailey law is considered as the most common constitutive equations to model the
primary, secondary or tertiary creep stages through the introduction of a power law relationship
between creep rate and stress.
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CHAPTER 2

2 Methodology

2.1 Introduction

This chapter contains the methodology of the present study. Aimed at the obtention of the proposed
objectives of the study efforts were made in order to design an appropriate research program. This
research program is comprised of two main portions including an experimental program and a
numerical simulation program. In the numerical section of this study, equations have been proposed
aiming to provide a satisfactory prediction of shear strength and creep deformation behaviors of
the sand-TDA granulated mixed materials. Although the numerical sections have been properly
discussed within chapters 3 and 4 of this thesis. The experimental section of this study consists of
four different laboratory tests including: 1. Long duration creep tests; 2. Direct shear tests; 3.
Triaxial tests; and 4. Small-scale foundation tests. The purpose of conducting the above-mentioned
experiments was to determine the elastic, plastic and creep parameters of pure granulated TDA as

well as the sand- TDA granulated mixtures.

2.2 Test Materials

The test materials employed in the experimental program within this study incorporate granulated
tire-derived aggregate (TDA) and the Ottawa sand. Moreover, the test samples prepared during
four experiments can be categorized into two general types including a pure TDA sample made of
100% granulated TDA and sand-TDA samples made of sand-tire mixtures with different mixing
ratios. It must be noted that sand does not exhibit significant creep. Sand deformations generally
occur instantaneously. Moreover, the objective of this study is to determine the creep and plasticity
parameters for the sand-TDA mixtures in order to develop appropriate constitutive models to
estimate the instantaneous and the long-term mechanical behaviors of such mixtures. There are

numerous studies already conducted to investigate different mechanical properties of sand.
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Therefore, for Ottawa sand the mechanical characteristics such as the critical friction angle were
obtained from the literature.

The granulated rubber tire used in this study is a by-product of scrap tires which were recycled
through a process of size reduction to form as tire-derived aggregate. In 2015, this TDA material
(Figure 2.1) had been supplied by the Shercom Industries Inc., and transported from Saskatoon in
Saskatchewan to the geotechnical engineering laboratory at Laval University in Québec.
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Figure 2.2 Grain-size distribution curves of TDA and Ottawa sand used in this study
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The true density of the TDA was measured by the supplier company using a helium pycnometer
and reported between 1.14 - 1.24 (g/cm?). Granulometric and particle size distribution curves for

this material is illustrated in Figure 2.2 and Figure 2.3 respectively.

Owing to the calculated values of C, = 1.69 and C. = 1.03 for this type of TDA material and also
as it can be observed from its granulometric curve this rubber granular material is considered as
poorly graded if classified according to the Unified Soil Classification System.

Furthermore, in this study graded Ottawa sand conforms to ASTM C778 and furnished by U.S.
Silica Company (Figure 2.4) has been used in the preparation of those specimens which contain
portions of both sand and TDA.
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Figure 2.3 TDA particle size distribution by percentage

Figure 2.4 Graded Ottawa sand used in this study
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A grain-size distribution curve for Ottawa sand is also illustrated in Figure 2.2. From the shape of
this curve and with calculated values of C,, = 2.1 and C. = 1.26, this sand is also defined as a poorly
graded sand (SP).

2.2.1 Sample Preparation Procedures

Aiming to investigate the influence of the tire fraction content and its intensity on the creep and
plastic behaviors, the two components of the mixture including sand and TDA were combined at
various volumetric ratios depend on the deigned tests. For the first two tests which are the creep
test and direct shear test the 5 different mixtures of sand-TDA were prepared at 8, = 0.2, 0.4, 0.6,
0.8, and 1.0, where 8, represents the volume fraction of TDA per total volume of the mixture and
the 6, = 1 reflects the sample which contains pure granulated tire rubber (100% TDA). For the
triaxial test, 3 different mixtures of sand-TDA were prepared at 6,, = 0.50, 0.75, 1.0 whereas for
the small-scall foundation test a single mixture of 6, = 80% were prepared. Since, these mixtures
involve two poorly graded materials and hence represent an undesirable field condition but a
sensible one when running creep tests. The advantage is that the effect of creep, which this study
shows to be inextricably linked to the TDA content, is more apparent when the fabric is unstable.
Generally, in the field, well-graded sand is an important requirement if one wishes to obtain a stable
mixture when combined with TDA. As shown in Figure 2.5, a phase diagram is plotted for the
sand-TDA mixture and used to determine the initial void ratios that correspond to the five
volumetric ratios mentioned previously. Note that this phase diagram illustrates the state of the

sample before starting the test.

This was possible because both the weights of the TDA and sand phases, as well as the total volume

they occupied were measured beforehand.

Table 2.1 Test sample specifications.

TDA Volume Volume of Mass of Density (p)  Unit Weight I\r}iotiigl

Content (%) Sample (m3)  Sample (kg) (kg/ms) (Y) (KN/m3) Ratio
20 0.000221 0.324 1466 14.37 0.64
40 0.000221 0.273 12355 12.10 0.74
60 0.000221 0.224 1013 9.93 0.83
80 0.000221 0.173 785 7.70 0.94
100 0.000221 0.124 561 5.50 1.05
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Figure 2.5 Phase diagram of TDA-sand mixture

For the calculations, the specific gravity of the TDA (Gtpa = 1.15) and Ottawa Sand (Gsang =

2.65) were necessary. The phase volumes of the TDA and Sand were obtained respectively as

Wrpa
GTpA Yo

weight of the TDA-Sand mixture were known at the start of all tests. The values of density, unit

Wsand
Gsand Yo

and Vgang = . Consequently, the initial void ratio, e, and initial unit

Vrpa =

weight and initial void ratio of the specimens with respect to their TDA volume fraction content

have been calculated as shown in Table 2.1.

2.3 Description of the Creep Test for Determining the Creep

Parameters of the Norton-Bailey Constitutive Model

In order to investigate the time-dependent creep response of sand specimens mixed with granulated
tire rubber and also the pure granulated tire specimen the first step is to determine the necessary
creep parameter for the above-mentioned materials. Hence, a creep test was designed to be run for
a long duration aiming to achieve the long-term deformation parameters of the designed test
materials. A total of 25 creep tests were performed on 5 different mixtures having various TDA
fraction contents under 5 different vertical stresses. The different stages of the experiment including
a description of the test materials, specifications of the cell (mold), mixture preparation,
specifications of the specimens, sample placement, and compaction techniques, and test apparatus
design and setup, as well as the test procedures, duration, and data recording method, have been

explained within the following few subsections.
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2.3.1 Description of the Samples and Test Apparatus Setup

The creep tests in this study were conducted via a modified version of the classical consolidometer
typically used by geotechnical engineers. The consolidometer was primarily modified by replacing
the consolidation ring with a cylindrical cell which consists of three parts (Figure 2.6). The cell is
made of aluminum 6061 alloy and capable of accommodating a test sample measuring 50 mm in
height and 75 mm in diameter (Figure 2.7). A cylindrical loading cap (loading cylinder) made of
the same aluminum alloy having a diameter of 74 mm (Figure 2.7) was used in order to apply the
vertical pressure to the test sample inside the cell. The two components of the test material were
mixed on a clean paper at various mixing ratios and then placed inside the cell. A consistent
procedure for preparing and testing dry samples of sand-TDA mixtures at a loose state was
established. To avoid any unnecessary compaction of the sample, the loading cap is placed at the
top of the sample right before the adjustment of the location of the cell within the consolidometer
apparatus (Figure 2.8).

In order to investigate the influence of the magnitude of the vertical normal stress on the creep
deformation behavior of the sand-TDA mixtures, five different normal stresses including ¢ = 20,

35, 50, 75, and 100 kPa were applied vertically on the test samples for a long duration.

The setup of the consolidometer utilized for conducting the creep test in this study was carried out
quite manually. Therefore, the preparation of the weights which are responsible to produce the
vertical pressure is necessary prior to beginning of the consolidation test. For this reason, the
required amounts of weights to produce each of the selected normal stresses must be calculated
with respect to Egs. (2.1) and (2.2).

oX 103X Ac xk (2.1)
w = g

W = w—wg (2.2)

Where, w is the total weight including mass of the loading cap, k is the constant of the testing
apparatus (consolidometer constant), A. is the cross-section area of the cylindrical loading cap (or
the cross-section area of the test sample), g is gravitational acceleration, wyg are the required
amounts of weights (Figure 2.9), and w, is the weight of the aluminum cylinder. It must be noted

that the mass of aluminum cylinder was measured to be m, = 0.32 kg.
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Figure 2.7 The cylindrical aluminum cell and loading cap with their dimensions
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Figure 2.9 Measurement and preparation of the weights

As previously mentioned, a typical consolidometer was employed in order to conduct the creep test
(Figure 2.10). After the preparation and placement of the test specimen inside the cell and also
preparation of the weights to be added to the test apparatus, the loading cap was placed at the top
of the sample inside the cell and the cell was placed and centered at its location in the test apparatus.

The apparatus was then leveled manually using a typical level and the side leveling jacks. The load
is ready to be added to the system upon placement of the weights on the weight hanger. Although,
an assistant must hold up the weights and the weight hanger to prevent unwanted early transmission
of the load to the system and consequently to the sample.
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As shown in Figure 2.10, the load is transmitted to the sample through a loading bar connected to
a plate located at the bottom of the consolidation cell. Upon loading, two jacks which act as the
connectors between loading bar and the plate, start to push up the sample while the loading cap is
fixed within the apparatus. Hence, the load is transmitted to the test specimen vertically.

Loading Bar

Dial Il;dicator
]‘

Sample Placed
inside the Cell

Figure 2.10 Creep test illustration

The data recording was performed manually using a digital chronometer installed right next to the
deformation dial indicator. For the purpose of high accuracy, a digital camera was used in order to
record the test data within the first minutes upon the beginning of the test. The camera was well
adjusted in front of the apparatus, while able to capture the variations on the deformation dial

indicator and the digital chronometer in a single frame.

After completion of all the above-mentioned preparations and adjustments, the test is ready to
begin. To avoid missing the very first seconds of the test due to the possible inconsistency, the
camera must start filming earlier right before loading the system and beginning of the test. The
Consolidometer must be kept level within the entire of the test duration. To accomplish this, after
applying the load a quick level adjustment is necessary in order to bring back the loading bar into

its accurate horizontal position. The same procedure must be performed to keep the loading bar at
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the horizontal position until the end of the test (Figure 2.10). The duration of all 25 creep tests was
6000 minutes. It must be noted that during the test when the rate does not change, we reached the
secondary creep phase.

2.4 Description of the Triaxial Test for Determination of the Plasticity

Parameters for the Constitutive Critical State Model

Aiming to determine the necessary elastic and plastic parameters of the sand-TDA mixtures, a
series of triaxial tests were performed. These tests were conducted on sand-TDA samples with
varying volumetric mixing ratios including 8,, = 0.50, 0.75, 1, where 6,, represents the volume
fraction of TDA per total volume of the mixture. Similar to the previous sample preparation
practices, again a consistent procedure for preparing and testing dry samples of sand-TDA
mixtures at a loose state was established. Comprehensive information on characteristics of the
two granular materials including sand and TDA have been previously provided in Figure 2.1,
Figure 2.2, Figure 2.3 and Figure 2.4 within section 2.2 (Test Materials) of this manuscript.
Moreover, a phase diagram for the sand-TDA mixture which was employed to determine the
initial void ratios that correspond to the above- mentioned three volumetric ratios (6, = 0.50,

0.75, 1) has been illustrated in Figure 2.5.

2.4.1 Test Apparatus and Experimental Procedure

As shown in Figure 2.11, a standard triaxial apparatus, generally used for soils, was chosen for
this study. The sand-TDA specimens which measured 35.1 mm in diameter and 67.5 mm in
height were prepared to be tested (Figure 2.12). The required percentages of TDA were
uniformly mixed with Ottawa sand in a dry condition. The sand-TDA mixture was then poured
into a rubber membrane inside a split mold formerly under vacuum. The sand-TDA specimens
when sheared were subjected to confining cell pressures of 50, 100 and 150 kPa for each
volumetric ratio of 6, = 0.50, 0.75, 1.

A conventional drained triaxial test displacement rate of 0.0061 mm/min was maintained
throughout the tests (tests were performed in dry state). Consequently, a total of 9 triaxial tests
on sand-TDA dry granular mixtures were conducted. The vertical deformations of the
specimen were measured by a LVTD installed vertically at the top of the cell and transmitted

to the computer to be recorded (Figure 2.13). All the 9 tests continued to reach 23% strain.
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Figure 2.12 Test materials (sand and TDA) and triaxial test sample preparation
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Figure 2.13 Illustration of the sample under triaxial testing while LVDT is connected to the PC to
measure and record the vertical deformations occurred during the experiment

2.5 Direct Shear Tests for Determination of the True Stresses of the
Creep Tests

It has been reported that the side friction must be considered as one of the major affecting factors
within the compression tests. In fact, the vertical stress is reduced due to the generation of the
opposite friction stresses during the compression process within the consolidation testing device.
The friction loads are measured to be 10-40 percent of the original vertical applied load
(CalRecycle. 2013).

In several studies conducted previously in which consolidation tests were carried out, the sidewalls
of the cell were oiled up aimed at the removal of the friction influences on the magnitude of the
applied loads. However, the mechanical properties of the soil sample may be affected by the oil
compounds as soon as the oil inevitably reaches the soil particles. In particular, where rubber tire
materials are included in the test sample as the only test material (pure tire samples) or as one of
the two constituent components of the testing mixture (e.g., sand-tire mixture), the presence of oil

poses significant impacts on the mechanical characteristics of the tire particles.

Hence, in this study instead of using any type of grease or lubricant gel, an appropriate distance
was considered between the loading cap and the sidewalls of the cell secure the minimization of
the friction influences while simultaneously avoid exiting the test materials out of the cell through

the free space between cap sides and the cell sidewalls. The dimensions information including
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internal the diameter of the cylindrical aluminum cell, as well as the diameter of the loading cap,
have been provided earlier in section 2.3.1 and within Figure 2.7 on page 47 of this thesis

manuscript.

In addition, a series of direct shear tests were performed aiming to determine the friction stress
between the test materials and the sidewalls of the cylindrical aluminum cell. During the creep test,
a friction force is produced between the test material and sidewalls of the cell which is made of Al
6061. Hence, a series of shear tests were necessary in order to measure opposite forces acting
against applying vertical loads to the samples.

2.5.1.1 Shear Box Test Procedure

In this study, a typical shear box apparatus (in accordance with ASTM D 3080) was employed in
order to perform direct shear tests on the sand-tire mixtures (Figure 2.14). To accomplish the
determined target of the test, a well-polished cubic plate made of aluminum 6061 alloys was put in
the interaction with the test samples of sand-TDA mixture with varying TDA contents (Figure
2.15).

——————

o — =
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Horizontal force
generation device

(Y

| Weights to produce

vertical load
Adjustment

handle to provide , Loading frame to
initial contact A ’ apply vertical load

Figure 2.14 Illustration of direct shear test using shear box apparatus
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As explained previously, in the creep tests a total of 25 tests including 5 different mixtures (6,=
0.2, 0.4, 0.6, 0.8, and 1) subjected to five different nominal stresses (o = 20, 35, 50, 75, and 100
kPa) were conducted. Consequently, in order to comply with the creep test, here again a total of
25 direct shear tests were performed on Al 6061 in contact with the mixtures of sand-TDA in a
similar condition to the creep test (same mixtures under the same nominal stresses). This enables
the obtention of the relevant friction stresses and consequently calculation of true stresses applied

to samples within the creep tests.

Figure 2.16 Illustration of the shear box and LVDTSs positions as well as the data recording by
computer during the direct shear testing
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A consistent procedure for preparing and testing dry samples of sand-TDA mixtures at a loose state
was established. As mentioned earlier this sample preparation and test procedure was carried out
in accordance with the ASTM D 3080 hence one may study this standard specification for more
detailed information. Once again, it must be noted that these direct shear tests were carried out in
order to complete the results of the previously conducted creep tests.

After the preparation of the sample, it is placed in the shear box using a clean paper. The paper is
then gently folded enough for the purpose of ease of Pouring material inside the box. The box is
then located in its place in the apparatus. The surface of the sample must be flattened using a leveler,
before placement of the loading cap on the sample (Figure 2.17).

The vertical load is produced through the weights and transmitted by a loading frame to the loading
cap and consequently to the test sample. As shown in Figure 2.14, an adjustment handle is used to
provide initial contact. The data recording button must be activated prior to the beginning of the
test in order to secure a proper data recording from the very first seconds of the test beginning. The
two LVDTs sensors including horizontal and vertical must be checked in order to provide
appropriate contact prior to the beginning of the test.

Figure 2.17 Flattening of surface of the sample before placement of the loading cap

56



The test begins upon the switching on of the horizontal force generation device (engine). During
the test, the horizontal displacements are detected by the horizontal LVDT sensor while the vertical
deformations are measured by the vertical LVDT sensor, and these data are transferred to the
computer to be recorded (Figure 2.16).

2.6 Small-Scale Foundation Test

In order to verify the robustness of the FEM creep model an independent creep test of long duration
(18655 min), with different conditions and using a different stress path, was carried out where the
values of the parameters were not obtained from the same test. Figure 3.27 illustrates FEM versus
the small-scale foundation test results. As observed from this figure, a satisfactory match between
the results of the finite element simulations and the small-scale foundation test is evident.

This laboratory test was conducted by subjecting a circular rigid plate having diameter of 74.65
mm (Figure 2.18) to a vertical load of a long duration. This enabled the measurement of the total
vertical displacement as a function of time. As per the previously described creep tests, the friction
components between different surfaces were accounted for in the determination of the total vertical
displacement curve. The test was conducted at a vertical pressure of 100 kPa on a sand-TDA

mixture having a TDA content of 8,, = 80% volume fraction.

The two components of the specimen were partially placed in order to produce the mixture inside
the cell which was made of plexiglass. The surface of the sample was then leveled accurately
(Figure 2.18).

Figure 2.19 shows the experimental loading frame and the cylindrical cell which contains the rigid
circular aluminum plate resting on the sand-TDA mixture. As it can be observed, the load is
transmitted to the sample from a weight holder which is connected to a loading bar at the top of the
cell through two jacks (left and right jacks) acting as the connectors. Upon the beginning of the test
the load is transferred by the circular aluminum loading cap to the sample pushing/punching the

sand-TDA mixture downward.

The data recording was performed manually using a digital chronometer installed right next to the
deformation dial indicator. For the purpose of high accuracy, a digital camera was used in order to
record the test data within the first minutes upon the beginning of the test. The camera was well
adjusted in front of the apparatus, while able to capture the variations on the deformation dial

indicator and the digital chronometer in a single frame (Figure 2.20).
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To avoid missing the very first seconds of the test due to the possible inconsistency, the camera
started filming earlier right before loading the system and beginning of the test. The data recording
for small-scale foundation test continued for a long duration of 18655 minutes.

-

Figure 2.18 Test materials (sand and TDA) and the testing cell before and after the sample
preparation and placement
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Figure 2.20 Data recording procedure during small-scale foundation test
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Résumé francais

L’étude présentée dans ce chapitre fait partie d'un programme expérimental qui a été menée pour
déterminer les parameétres, élastique, plastique et de fluage des mélanges granulés TDA-sable.
Cependant, ce chapitre ne met I'accent que sur I'obtention des parameétres de fluage a utiliser dans
les équations constitutives. Les essais ont été réalisés en considérant des échantillons TDA-sable,
a un contenu volumétrique donné en TDA, retenus latéralement et chargé axialement sous un
incrément de contrainte totale de longue durée. Les résultats obtenus indiquent clairement une
phase primaire de fluage qui se transforme rapidement en une phase de fluage secondaire
stationnaire, n'atteignant jamais la phase tertiaire. L'amplitude de la déformation de fluage a été
fortement affectée par la teneur volumétrique en TDA. De plus pour une valeur constante de celle-
ci, le taux de déformation de fluage augmente avec la charge appliquée. Cette tendance a été
observée dans tous les essais, a la différence que I'ampleur de la vitesse de déformation dépend de
la contrainte appliquée et de la teneur volumétrique en TDA. Cette observation a conduit a
I'adoption de la loi Bailey-Norton comme possibilité de modéle constitutif pour fluage des

mélanges TDA-sable. Ensuite, I'extension multiaxiale de cette loi de fluage a été utilisée dans un
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code MEF commercial pour la simulation du comportement de fluage d'une plaque circulaire rigide
reposant sur un melange TDA-sable. Finalement cette simulation a été vérifiée par le biais d’un

essai de laboratoire a petite échelle du méme probléme.

Mots-clés : Mélange TDA-sable, teneur en fraction volumique de TDA, fluage non

stationnaire, vitesse de déformation par fluage, équation constitutive, FEM.
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3 Laboratory Creep Parameter Determination of Sand-TDA
Mixtures with Subsequent FEM Validation

3.1 Abstract

This study is part of an experimental program that was conducted to determine the elastic, plastic
and creep parameters of TDA-sand granulated mixtures. However, this paper emphasizes only the
obtention of creep parameters for use in constitutive equations. This was attained by considering
sand specimens, at a predetermined TDA volumetric content, which were restrained laterally and
loaded axially with a total stress increment of long duration. The measured results clearly indicated
a primary creep phase that rapidly transitioned into a secondary stationary creep phase, never
attaining the tertiary phase. The magnitude of the creep strain was strongly affected by the TDA
volume fraction content. Moreover, at a constant TDA volume fraction content the creep strain rate
increased with applied load. This trend was observed in all of the tests, with the difference that the
magnitude of the strain rate depends on the applied stress and TDA volume fraction content. This
observation conduced the adoption of the Norton-Bailey law as a possible constitutive model for
creep of TDA-sand mixtures. The multi-axial extension of this creep law was then used in a
commercial FEM code to simulate the creep behaviour a rigid circular plate resting on a TDA-sand

mixture. This simulation was then verified via a small-scale laboratory test of the same problem.

Keywords: TDA-sand mixture, TDA volume fraction content, Non-stationary creep, Creep strain

rate, Constitutive equation, FEM.

3.2 List of Symbols

A Creep parameter in the Norton-Bailey Law having units (kPa)~"(min)~"?
B Proportionality factor of the creep flow law

b Creep parameter associated to time

6; The Kronecker delta

€5 Tensorial representation of the creep strains
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3.3

The evergrowing disposal of automobile tires is a global issue. Stockpiling these tires presents
various consequences. The most important one is that stockpiled tires are a fire hazard. Another is
the undesirable fact they provide a breeding ground for mosquitoes and rodents. For this reason,

scrap tire management requires innovative and efficient methods of tire disposal and use.

The most common forms of scrap tires are whole, halved, shredded and granulated. These in turn
are found alone or mixed with different types of soils. Generally, the shredded and granulated forms

of scrap tires are mixed with sand and/or silt to form what are commonly referred to as tire derived

Tensorial representation of the creep strain rates

The effective creep strain

The effective creep strain rate having unit (min=1)

The vertical creep strain rate having unit (min=1)
Arbitrary reference strain rate having unit (min=1)
Coefficient of earth pressure at rest

Creep parameter associated to stress

Tensorial representation of the deviatoric stress in (kPa)
The total axial stress in (kPa)

The total lateral stress in (kPa)

Tensorial representation of the total stress in (kPa)
Extrapolated creep modulus o, having units (kPa)
Power law creep parameter or creep modulus having units (kPa)
The effective stress having units (kPa)

Variable representing the temperature in (°C)

Variable representing time in minutes

TDA percentage volume ratio

Introduction

aggregate (TDA) soil mixtures.
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Tire derived aggregates (TDA) are increasingly used in geotechnical applications. In most of these
operations they are mixed with granular soil materials at various volumetric ratios. The
employment of such mixtures as fill material for embankments (Humphrey 2008; Bosscher et al.
1997; Bosscher et al. 1992) and bridge abutments (Apex Companies 2008), as well as their use for
backfilling retaining walls is well documented. In northern regions TDA-granular soil mixtures are
also employed in pavement design. They primarily serve as an insulating layer (Humphrey and
Eaton 1995) in order to prevent frost heave and hence degradation of the road surface. Moreover,
a serendipity condition arises because this overlay mixture also acts as a damping layer against

vibrations from the resulting traffic flow.

A review of the literature, related to past studies, exposes a lack of experimental as well as
numerical investigations on long-term time-dependent constitutive behavior of TDA-sand
mixtures. Engineering applications require such models for design purposes. One of these studies
(Wartman et al. 2007) examined the immediate and time-dependent compression of tire chips and
shreds. A characteristic relationship was shown to exist between the strain and time for TDA
composites under one-dimensional compression. The time-dependent deformation was also shown
to be inversely proportional to the sand content. Moreover, both the applied stress and tire particle
size appear to have a negligible effect on time-dependent compression TDA. In the other study
(Ngo and Valdes 2007), the one-dimensional compression of specimens, composed of sand and
granulated tire rubber, was investigated. There again, results indicated that the time-dependent

deformation is significant.

However, researchers have reported on the shear behavior of sand—TDA compositions (Foose et al.
1996; Ghazavi and Sakhi 2005; Sheikh et al. 2013; Zornberg, Cabral, and Viratjandr 2004). Other
studies have investigated the compressibility behavior of such mixtures in relation to elasto-
plasticity with emphasis on the reorientation and rearrangement of sand-TDA particles (Ahmed
1993; Meles et al. 2013; Wartman et al. 2007). The dynamic response of TDA backfill was also
considered in order to evaluate its performance under dynamic loading applied to structures (Ahn
and Cheng 2014).

In this study, the time-dependent creep response of sand specimens mixed with granulated tire
rubber is also experimentally examined and verified numerically with FEM analyses. The FEM
analyses considered both the creep tests and a small-scale rigid plate resting on a TDA- sand
mixture. The next ‘‘Sand-TDA Mixtures of the Creep Tests’’, ““‘Apparatus for the Creep Tests”’,
““Testing procedure’’, “Discussion of the Creep Test Results’’ sections describe the experimental

investigation and discuss the creep test results.
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3.4 Sand-TDA Mixtures of the Creep Tests

For the creep tests in this study, the specimens consisted of mixtures of two granular materials. One
of these materials is Ottawa sand whose granulometric curve is shown in Figure 3.1. From the
shape of this curve and with calculated values of C;, = 2.1 and C, = 1.26, this sand is defined as a
poorly graded sand (SP). The other material is a tire derived aggregate (TDA) obtained at Shercom
Industries Inc. in Saskatoon, Saskatchewan, Canada, with calculated values of C,, = 1.69 and C, =
1.03. This rubber granular material would also be considered as poorly graded if classified
according to the Unified Soil Classification System. A granulometric curve for this material is also
shown in Figure 3.1.

For the purpose of the tests these two materials were combined at five different volumetric ratios:

0, =0.2,0.4,0.6, 0.8, 1, where 6, represents the volume fraction of TDA per total volume of the

mixture. As just mentioned, these mixtures involve two poorly graded materials and hence
represent an undesirable field condition but a sensible one when running creep tests. The advantage
is that the effect of creep, which this study shows to be inextricably linked to the TDA, is more
apparent when the fabric is unstable. Generally, in the field, a well graded sand is an important
requirement if one wishes to obtain a stable mixture when combined with TDA.

In Figure 3.2, a phase diagram for the sand-TDA mixture was used to determine the initial void
ratios that correspond to the five volumetric ratios mentioned previously. This was possible because
both the weights of the TDA and Sand phases, as well as the total volume they occupied were
measured beforehand. For the calculations, the specific gravity of the TDA (Gtpa = 1.15) and

Ottawa Sand (Gsanq = 2.65) were necessary. The phase volumes of the TDA and Sand were

Wsand
Gsand Yo

ratio, e, and initial unit weight of the TDA-Sand mixtures were known at the start of all tests.

obtained respectively as Vypa =

. Consequently, the initial void

3.5 Apparatus for the Creep Tests

The creep tests in this study were conducted via a modified version of the classical consolidometer
(Figure 3.3) normally used by geotechnical engineers. Typically, in these tests a sand specimen
with a predetermined 0, is restrained laterally and loaded axially with a total stress increment of
long duration. The stress increment is maintained throughout the primary creep phase, well into the

secondary creep phase, but never attaining the tertiary phase. During the creep tests, measurements
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are made of change in the specimen height versus time, and this data is used to determine the

relationship between the stress, and the creep strain and strain rate.

The consolidometer was primarily modified by replacing the consolidation ring with a cylindrical
aluminum cell (Figure 3.4). The cell is capable of accommodating a soil sample measuring 50 mm
in height and 75 mm in diameter.
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Figure 3.1 Grain-size distribution curves of materials used in the present study
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Figure 3.2 Phase diagram of TDA-sand mixture
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3.6 Testing procedure

Placement of the TDA-sand mixture in the cell was carried out by pouring the sand from a minimal
height in order to attain a loose state. There was no compaction afterwards. The height indicator in
Figure 3.4 ensured the repeatability of the tests with respect to the unit weight. This was possible
because the TDA-sand mixture was prepared based on the volume fraction of TDA per total volume
of the mixture.

The walls of the cell were not coated with any form of silicon grease because of possible chemical
reaction with the TDA. In fact, silicon grease generally softens rubber, and this would certainly
change the characteristics of the granular TDA. Instead, a total of 25 shear box test (Figure 3.5)
were carried out in order to determine the friction angle between the TDA-sand mixture and the
same material that made up the aluminium cell. Typical results of the shear box tests are given in
Figure 3.6. As shown in the Table 3.1,Table 3.2, and Table 3.3 an estimate of the wall friction,
developed during the creep tests, enabled the determination of the true applied stresses in place of

the applied nominal stress A typical calculation is provided within the section 3.15 (Appendix).
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Figure 3.3 Consolidometer loading frame used for the creep tests
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Figure 3.5 Typical shear box test setup to determine the friction angle between TDA-soil
mixture and aluminum alloy 6061
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Figure 3.6 Typical shear box test result of a TDA-sand mixture resting

Table 3.1 Friction angle: shear box tests results (aluminum—Ottawa sand—TDA mixture)

TDA (%) Friction Angle & (Degrees)
20 22.15
40 21.79
60 22.37
80 21.97
100 26.89

Table 3.2 Net force calculation, based on the estimated wall friction obtained in shear box tests

Nominal Net Force (KN)
Stress, o,
(kPa) TDA=20% TDA=40% TDA=60% TDA=80% TDA =100%
20 0.0880 0.0876 0.0864 0.0846 0.0788
35 0.1535 0.1529 0.1508 0.1513 0.1322
50 0.2198 0.2183 0.2152 0.2019 0.1835
75 0.3299 0.3259 0.3156 0.2979 0.2833
100 0.4399 0.4348 0.4243 0.3907 0.3990
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Table 3.3 True Stress*, Based on Net Force Calculations

Nominal True Stress (kPa)
Stress, o,
(kPa) TDA=20% TDA=40% TDA=60% TDA=80% TDA =100%

20 19.96092082 19.91471594 19.78039363 19.56947175 18.91816636
35 34.87842032 34.81344112 34.56188529 34.62328778 32.16018669
50 49.88059139  49.70683605  49.34118088 47.84735874 45.26697781
75 74.83717008 74.39235108 73.18824742 71.20596978 68.91468576
100 99.78289344  99.21112246  97.99060169 94.18786859 94.59083178

* An explanation on the calculation of the true stress is provided in the Appendix section.

3.7 Discussion of the Creep Test Results

A total of 25 creep tests and 25 shear box tests were carried out in the present study. As mentioned,
the shear box tests were required in order to determine the friction between the TDA-sand mixture
and the wall of the cell. Specifically, all mixtures were axially loaded at five different nominal
stresses of long duration: o, = 20, 35, 50, 75, 100 (kPa).

The recorded total strain versus time curves, resulting from the applied stresses, were composed of
an instantaneous strain and a delayed creep strain. A typical result for the case 6, = 40% is shown
in Figure 3.7.In Figure 3.8 the total strain of Figure 3.7 is plotted as function of the applied stress
for specific times of the test. These Figure 3.7 indicate the nonlinear nature of the creep response.
The instantaneous strain may contain an elastic and plastic contribution and is unrelated to the time
dependent creep strain. Consequently, for the purposes of isolating the creep strain and thereby
determining the creep parameters, the instantaneous strain was subtracted from the total strain. The
instantaneous strain is defined as the first point that could be captured immediately after the
application of the load took by the pictures of the camera. Test results of the creep strain versus
time, for two typical TDA volume fractions, are shown in Figure 3.9 and Figure 3.10. For example,
Figure 3.10 depicts the creep behavior of pure TDA and is the test with the highest creep response.
In fact, one observes from these figures that the magnitude of the creep strain is strongly affected

by the TDA volume fraction 6.

In geotechnical engineering, creep is primarily associated to clays (Mitchel and Soga 2005; Feda
1989; Mitchel et al. 1968). This form of creep produces a volume change just as consolidation.

However, the driving mechanisms for volumetric creep and consolidation are different. In saturated
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clays the driving mechanisms for consolidation is a pressure gradient. The response to this pressure
gradient is flow (Darcy's Law) which produces a change in volume because water is ejected from

the voids producing large strains (Foriero and Ladanyi 1998).
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Figure 3.7 Constant stress logarithmic creep curves of the total strains (40% TDA)
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Figure 3.8 Total strain as a function of the applied vertical stress for specific times (40% TDA)
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Volumetric creep of clays also produces a volume change, but water is ejected from the voids
because of a rearrangement of the soil particles. The cause or driving mechanisms of both
consolidation and volumetric creep are different but the end result is a volume change.

Deviatoric creep on the other hand produces a distortion, not a volume change. In the problem
being studied sand is mixed with rubber particles (TDA). Rubber does not flow out of the specimen,
it does not flow like a liquid phase. TDA experiences distortion, which is attributed to the nature
of the rubber phase. The sand particles being relatively incompressible with respect to the rubber
particles. Upon vertical loading of the TDA-sand specimens, the rubber particles in the sand voids
experience a contained relative displacement and distort occupying a different space of the sand
structure. Contemporarily, the elastic properties of the TDA-Sand mixture system are responsible
for both the volumetric as well as deviatoric elastic deformations. The overall result is a settlement

of the surface.

It is important to mention here that saturated clays also experience deviatoric creep under undrained
conditions (Foriero and Keviczky, 2000). Generally, this component of creep is rarely discussed
because it occurs at the same time as consolidation and volumetric creep. The three forms of

mechanisms are difficult to uncouple.

Generally, creep of pure sand alone is mainly due to particle crushing at very high confining
pressures (Kampour and Lade 2013; Brzesowsky et al. 2014). That condition is not met in the
present tests. Consequently, one presupposes that the rubber granular material is mainly responsible

for the creep response of the sand-TDA mixture.

Itis clear from Figure 3.9 and Figure 3.10 that the creep strain, at a constant TDA volume fraction,
increases with the applied load. Moreover, in the very early stages of all tests, the creep rate
decreases and then tends towards a stationary approximate creep strain rate. This trend is observed
in all of the tests, with the difference that the magnitude of the strain rate depends on the applied

stress and TDA volume fraction.

The initial phase of the tests, when the creep rate decreases, is generally called the primary creep
phase. Subsequently, as time progresses the creep strain rate attains a predominantly near constant
or stationary value, initiating what is commonly known in creep mechanics as the secondary phase.
One cannot overemphasize that in the early stages of all tests, the creep rate decreases rapidly over
a very short period of time. As mentioned, previously, for questions of brevity, only the particular

cases pertaining to TDA volumetric ratios of 6, = 0.8 and 8, = 1, are shown in Figure 3.9 and

Figure 3.10. For this reason, extraction of the creep parameters is better achieved by analyzing the
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corresponding log-log plot of the creep rate versus time curves. This mapping of the test results for
determining the creep parameters, in the context of the equation of state approach, is covered in the

next section.

3.8 Equation of state approach to model creep of Sand-TDA mixtures

In this study the equation of state approach (defined hereafter) is utilized to model creep. The stress-
strain state is determined by treating the TDA-sand mixture as a whole or as a quasi-continuous
medium. It is tacitly assumed that changes in the proportions of individual phases per unit volume

are negligible. Hence an expression for the creep strain in the form

€s = Aol t?  (Norton-Bailey law) (3.1)
is chosen based on the observed creep test results such as those of Figure 3.9 and Figure 3.10. The
Norton-Bailey law is known in the creep literature (Andersland and Ladanyi 1994) to model
primary, followed by secondary creep only. Here o, and €, stand respectively for the equivalent or

generalized stress and strain. These equivalent values are obtained via

3
Op = E SU SU (32)
and,
€ = E6--6-- 1<i,j<3) (33)
e 3 ij Cij =4H) =

where S;; and €;; are respectively the tensorial representations of the deviatoric stresses and creep

strains. The stress deviator tensor Sj; is determined from the stress tensor o;; by the definition of:

Sij = 0ij — 3 Tkk 6;; (@A=<ij<3) (3.4)
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where &j; is the Kronecker delta. The use of the effective quantities is intended to satisfy the

requirement that a multi-axial formulation must reduce to the conditions of the present tests (soil
sample is restrained laterally and loaded axially).

In the creep law expression (3.1) the creep parameters A, n and b are all functions of the TDA

volume fraction 6,, and the temperature, T (° C).

However, in order to calculate the creep parameters, the law is rewritten in the form suggested by
suggested by Ladanyi (Ladanyi 1972; Andersland and Ladanyi 1994; Foriero and Robitaille, 2016):

(6

where equivalently in the Norton-Bailey law (3.1),

A= <Uicp>n (%)b (3.6)

Consequently, the creep parameters determined in the tests are n, b and o.p,. The parameter o,

(kPa) is defined as the creep modulus corresponding to an arbitrary reference strain rate, €.

(min~1) and volume fraction of TDA, 6,, (%), in the sand-TDA mixture.

The effect of 6,, as well as temperature T (° C) is included in the value of the creep modulus o,

by means of an empirical power law provided below:

0 b
Ocp = Oco (1 + 105%) f(T) (3.7

where o, is the value of o, extrapolated back to 8, = 0 and p is the slope in the log-log plot of

Op
100%

Ocp VErsus (1 + ) All tests were performed in the soil mechanics laboratory at Laval

University at room temperature. By considering the room temperature as the reference temperature,
then f(T) =1 for the present purposes. For the tests conducted at various temperatures, f(T)
describes a functional dependence in its own right. This functional dependence is normally based

in numerous forms such as that of the theory of rate processes or a power law.

The Baily-Norton law (3.1) represents an equation of state approach, which means it limits the

analyses to step changes of stress that are of long duration. In variable stress problems this law is
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generally differentiated with respect to time because the creep strain rate is of interest. In doing so
the time derivative of stress is ignored, even though one is dealing with a variable stress problem.
This procedure characterizes the essence of an equation of state approach. Therefore, the time
hardening formulations, equations (3.1) and (3.5) are differentiated with respect to time to yield the
corresponding creep rates:

€,° = AclbtP1 (3.8)

and,

b-1

€c = €c <:T’;>n (%t) (3.9)

3.9 Back-Calculation of the creep parameters based on the test results

As previously mentioned, the sand-TDA mixtures were confined to a cylindrical aluminum cell
and thereby restrained laterally upon loading. It is noted that for axial symmetry, such as in the

present tests, o, = (o, — g3) and €. = €. For this reason, Eq. (3.9) is recast in the form:

b-1

.c . (01— 03 " €ct
€1 =€\ 75 iy (3.10)
cp

where o3 = K,0,. The K, coefficient is difficult to predict in such confined conditions. However,

its value is not necessary for the determination of the creep parameters. If one plots the test result

values of €5 versus t in a log-log space, then:

_ n .. p
og(éf) = tog (%= (3) | - = py10g(0 (341)

cp

and the value of the parameter b is calculated with the slope of the resulting test curves by virtue
of:

_ Alog(€5)
b=1- <Alog (t)) (3.12)
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Typical results obtained with this Eqg. (3.12 are shown in the log-log plots of Figure 3.11 and Figure
3.12. These two figures correspond to tests respectively at TDA volume fractions of 6, = 0.6 and
0, = 1, where the Sand-TDA mixtures are subject to axial stresses of long duration. The trend in
all of these tests confirm that the creep rate versus time curves are, for all intense and purposes,
parallel. As depicted in these Figure 3.11, the creep parameter b does vary with the axial stress, but
the difference is imperceptible. Hence, from the engineering or practical point of view an average
b value gives an adequate estimate of this creep parameter and is also shown in the figures.
Essentially the creep parameter b increases with an increase in the TDA volume fraction 6,,. This
creep parameter is associated with time in the creep laws previously mentioned [Egs. (3.1) and
(3.5)], and therefore the greater its value, the higher is the magnitude of the creep strains. As

expected, the back calculated value of b is the highest in the case of pure TDA (8, = 100%).

As for the creep parameter, n, which is associated with the applied stress, a similar procedure is
adopted. The expression containing the creep parameter n is extracted from ((3.11) and transformed

with:

n .. b - b
) () o= (o) 5) -
log [( oo ) (b b] = log [(Ucpn> b +nlog (o1 — 03) (3.13)
And, in order to obtain (at a constant t) the value of:
_ Alog (Cb)
" Alog (0, — 03) (3.14)

here,
o= (Lm0 ”(é_c)”b
1\ o b (3.15)

Figure 3.13 depicts the calculation of the n parameter for a particular TDA volume fraction 6,, =
0.6. Since, as previously mentioned, the value of the confining stress o3 = K,a; is very difficult
to measure but not necessary in such tests, typical K, values for loose, medium and dense sand
were assumed. As expected, these values do not affect the slope of the resulting line in a log-log

plot of Cb versus a,, — ay,.
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These results confirm that the n parameter decreases as the TDA volume fraction 6, increases
(Table 3.4). The only exception to this observation is the case of pure TDA which result yielded an
increase in the n parameter. A plausible explanation is related to the possible mechanisms affecting
creep of the TDA only. In addition to the sliding among the rubber particles, the particles
themselves creep. The polymer chains in TDA rubber are mobile and slide past each other because
they do not share chemical bonds with the other chains around them (Ward and Sweeney 2004).
This time dependent movement of the chains in the rubber, which is closely linked to the stress
field, is generally suppressed by the sand matrix. In the case of pure TDA this kinematic constraint

is relaxed and thus creep is more pronounced.

Finally, the value of the creep parameter o, representing the creep modulus, is calculated for a

selected value of €, = 0.0001 min~?! with:

S
S

(% b (3.16)

Ocp = (01— 03); <
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Figure 3.11 Determination of the time creep parameter b (60% TDA)

79



)
-
o

()

-
S
w

—
S
F-Y

——— 0, ,=20kPa, b=0.023399
o= 35 kPa, b=0.022145
o =50 kPa, b=0.02657

—— o0, =75kPa, b=0.018217
o= 100 kPa, b =0.01356

—

S
(3]
T

Creep Strain Rate ¢, (min.
S
(=]

10" 102 10°
Time, (min.)

-
S
~

Figure 3.12 Determination of the time creep parameter b (100% TDA)

03 ¥ ¥ T T T T T T T T T
0.25¢ —
0.2F n = 0.40198 :
2045} :
£ ]
£
o
O 01°F -
. KD=0.58, n=0.40198
’ K0=0.29, n=0.40198
[ ] Ko=°'44' n=0.40198
0-05 1 1 1 1 1 1

10 20 30 40 50 60 80 100
(0,-0,), (kPa)

Figure 3.13 Determination of the creep parameter n (60% TDA)

80



101 T T T

O Test Results
-~ Power Law
10°
©
o
=
2
<)
10"
10'2 1 1 1 1
1 1.2 1.4 1.6 1.8 2

(1+0_1100%)

Figure 3.14 Determination of the creep modulus for the power law

Table 3.4 Creep parameters obtained from long duration tests at the reference strain rate (e, =
0.0001 min~1) and room temperature.

Unit weight ~ Void Stress Time

Volume ratio b ratio  constant constant Power law  Bailey—Norton law A
0, (%) Y C3) . n b o, (kPa) [(kPa) " (min)~?]
o
20 14.37 0.6438 0.4342 0.0081 0.8644 1.0343
40 12.10 0.7362 0.4290 0.0109 0.4340 1.3540
60 9.93 0.8265 0.4019 0.0112 0.0636 2.8543
80 7.69 0.9351 0.3863 0.0168 0.0339 3.4158
100 5.50 1.05 0.4262 0.0208 0.0389 3.6278

The results of these calculations, for all TDA volume fractions 6, are plotted in a log-log plot of

] - . . .
10§cy) as shown in Figure 3.14. shows this plot, which demonstrates a functional

O¢p VErsus (1 +
dependence (Eq. (3.7)) of the creep modulus on the TDA volume fraction. This relationship (3.7)
is necessary when estimating a creep modulus at a particular TDA volume fraction for use in the
previously described creep laws [Egs. (3.1) and (3.5)].

81



The full results of the just described parameter determinations are given in Table 3.4. Based on
these results, one can observe that the Baily-Norton law parameter A (Eq. (3.6)) increases with the

volume fraction of TDA (6,,). Once again this is expected because the volume fractions of TDA is

the primary cause of the creep deformations in the Sand-TDA mixture. Moreover, it must be noted
that the sand does not creep. Hence, a test sample of pure Ottawa sand was not included in the
experimental program of this study.

3.10 Assessment of the Creep Law Based on the Back-Calculated Creep
Parameters

In order to verify the accuracy of the back-calculated creep parameters, the creep law (Eg. (3.9))
along with the test results are plotted in a log-log plot of €. vs time. Figure 3.15 and Figure 3.16
depict that the curves obtained with this creep law give a good approximation of the test results for
8, = 0.4 and 6, = 1. These constitutive equations must now be incorporated in a FEM code in
order to verify their efficiency when modeling a typical field problem involving TDA. However, it
is very difficult to obtain field test results in the literature that are completely documented. For this
reason, FEM simulations of the present lab tests represent a rational first start in the validation
process. This sets the stage for the next sections where in the first step finite element analyses,
using the commercial software COMSOL, are undertaken to model the creep tests (laterally
restrained, axially loaded cylindrical TDA-soil samples). Subsequently a different FEM analysis,
that considers a small scale rigid circular plate resting on a TDA-sand mixture, completes the

assessment of the proposed creep law.
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3.11 Extension of the Creep Law for Multi-axial Deviatoric Creep FEM
Formulations

Generally, incorporation of a creep law in a FEM formulation requires the adaptability of this law
to multiaxial stress fields. Hence, in modeling of the deviatoric creep phenomenon the constitutive
equations must satisfy certain requirements. For one, a multi-axial formulation must reduce to the
correct uniaxial formulation when necessary. Secondly, the constitutive model should express
constancy of volume (isochoric creep). Thirdly the constitutive equations must exemplify
independence from a superimposed hydrostatic pressure and fourthly, the principal directions of

stress and strain should coincide (Foriero and Robitaille 2016).

Generally, the rate of deformation tensor is written in terms of the stress deviator tensor in indicial

notation via the flow rule:
€i=BS; (1<ij<3) (3.17)

where, S is a proportionality factor. The stress deviator S;; is determined from the Cauchy stress

tensor g;; with the definition of:

1 .

where §;; is the Kronecker delta (whose value equals 0 when i # j and 1 when i = j).

The use of the deviator stress tensor renders the ow rule independent of the superimposed

hydrostatic pressure thus satisfying the third requirement mentioned previously.
The flow rule in and of itself incorporates the fourth requirement of collinearity of stress and strain.

In order to determine the proportionality factor, £, one must define an effective stress and strain

rate which are respectively given as:

3

and,
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o= S asijs® (3.20)

Substituting (3.17) into (3.20) and by considering (3.19) and (3.8), yields for the proportionality

factor,

ﬁ — iec — EAbo.n—ltb—l
20, ¢ 27 € (3.21)

Thus, a non-stationary time hardening multi-axial ow rule is represented by:

3
€f =5 SyAbol~HtP™t  (1<ij<3) (3.22)

while a strain hardening one is rendered by:

. 3 1 -1 b-1 ..
€ =5SyAbbog € b (1<ij=<3) (3.23)

ij e

For the FEM simulations in this study the time hardening formulation is adopted.

3.12 FEM Model to Simulate a Small-Scale Foundation Creep Test

The approach taken in this section is two-fold. First, a FEM simulation of the creep tests is
performed using the creep law precisely obtained from these tests. This simulation is necessary in
order to verify the robustness of the FEM creep model. Secondly, once the previous requirement is
satisfied, this FEM model is applied to a practical case of a small-scale foundation (rigid circular
plate) resting on a TDA-sand mixture. This was necessary in order to verify the constitutive model
using a completely different stress path. The results confirm the applicability of the

proposed constitutive creep law.

Precisely, we first examine the axisymmetric FEM model representation of a typical creep test.

Geometrically, this type of analysis is justified because all the creep tests in this study meet the two
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basic requirements of axial symmetry. First, it is clear that the cell is a body of revolution (Figure
3.4). Consequently, one adopts a cylindrical coordinate system having global coordinates r, 8 and
z. Moreover, since the geometry of the cell is invariant with respect to the 6 coordinate, one
considers only the remaining (r, z) coordinates. The second requirement is that the material
properties as well as boundary conditions are not a function of 6. This last requirement is fulfilled
because in all tests the specimens are restrained laterally and loaded axially. The analysis implies,
for example, that an eight-node rectangular element is rotated by 21 radians. The actual elemental

volume is then given by dV = 2nrdrdz.

A typical axisymmetric finite element mesh generated with the commercial FEM software
COMSOL is shown in Figure 3.17. A thin layer elastic interface element was utilized in order to
model the interface condition between the aluminum loading cap and the soil. It is very difficult to
characterize the interface properties of this contact surface. For this reason, two extreme ideal
conditions were modeled in order to bracket the real one. Both the cases of a completely smooth
and rough interface were imposed by assigning respectively a very low and high value to the
tangential spring constant of the thin layer elastic interface element. The mesh is also refined in the
vicinity of this contact zone. The results of the FEM analyses indicate there is no difference when

either of these two conditions are imposed.

In order to conduct the FEM creep analyses an estimate of the elastic parameters for both the TDA-
sand mixtures and aluminum loading cap is also required. The elastic parameters for the TDA-sand
mixtures were typically estimated based on the previously mentioned triaxial tests (applied cell
stress of 100 kPa at 8, = 80% TDA) given in Figure 3.18. Consequently, an interpolated Young's
modulus of E = 17.75 Mpa and a Poisson's ratio of u = 0.3 were used for the elastic properties
of TDA-sand mixtures (8, = 80%). As previously mentioned, the TDA-sand creep parameters used
in the simulations are given in Table 3.4. For the aluminum loading cap, one considers that its
rigidity is much greater than that of the soil mixture. From the practical point of view the aluminum
cap cannot creep and was modeled only as an elastic domain having a Young's modulus of E =

68.9 Gpa (Aluminum alloy 6061) and a Poisson's ration of u = 0.33.
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Figure 3.18 Triaxial test results of initial elastic modulus as a function of %TDA for g,, = 100 kPa

Figure 3.19 and Figure 3.20 illustrate a typical FEM simulation for a vertically applied stress of
100 kPa at 8,, = 80% and 6, = 100% TDA content. These figures show the axial creep strain rate

as a function of time. The result of interest here is that the axial creep strain rate decreases with
time at a nearly constant rate of change of the creep strain rate. Also shown in Figure 3.21 are the

vertical displacement contours (vertically applied stress of 100 kPa at 6, = 80%) at t = 1000 min.
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It is very difficult to compare the creep strain rate of the test and FEM results because one cannot
measure with certitude the initial strain rate at the very beginning of any of the present tests. The
reason is that the load is applied instantly at the very beginning of the test not to mention that the
results are plotted in a log-log plot in order to obtain the pertinent creep parameters. For this reason,
in order to compare test and FEM results, the measured instantaneous creep strain rate is taken at
t = 0.1 min and is used as the point of departure for both the tests and FEM simulations. The
essence here is that the slopes of the creep strain rate curves are nearly equal when one compares
the test results to the FEM simulations.

Finally, all of the FEM simulations of the creep tests confirmed the just previously discussed
results. The only difference is that the magnitude of the creep strain rates depends on both the TDA
volume fraction content (6,,) and on the magnitude of the applied load. In order to show this general
trend, typical results of simulations at lower axial loads and TDA contents are displayed in Figure
3.22 and Figure 3.23. As in the previous cases, the corresponding axial creep strain rate decreases
with time at a nearly constant rate of change of the creep strain rate (Figure 3.22). At an even lower

axial load and TDA content, a similar behavior is observed (Figure 3.23).

This fact confirms the validity of the FEM model with regards to the empirically determined creep
strain rate law (3.8). Having established the robustness of the FEM model, one must now turn to a

practical problem having a different stress path in order to assess the creep constitutive equation.

Consequently, in the second phase of the present section, one examines the creep behaviour of a
small scale circular rigid plate (Figure 3.24 and Figure 3.25). A laboratory test was conducted by
subjecting a circular rigid plate to a vertical load of long duration. This enabled the measurement
of the total vertical displacement as a function of time. Figure 3.25 shows the experimental loading
frame as well as the cylindrical cell which contains the rigid circular aluminum plate resting on the
TDA-sand mixture. As per the previously described creep tests the friction component between the
different surfaces was accounted for in the determination of the total vertical displacement curve.

The test was conducted at a vertical pressure of 100 kPa for a TDA-sand mixture of 8,, = 80%.
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Figure 3.24 Rigid circular plate resting on a TDA-sand mixture
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Figure 3.25 Laboratory setup for small-scale circular rigid plate resting on a TDA-sand mixture

Again, for comparison purposes, a FEM simulation of the foundation test with the commercial
software COMSOL was carried out. A typical finite element mesh for the ensuing analysis is shown
in Figure 3.26. In order to comply with the previous creep tests the following entries were imposed:
the creep parameters of the TDA-sand mixture n= 0.3868,b= 0.0168,A4 =
3.4158 (kPa) ™ (min)~? (Norton-Bailey Law), the elastic parameters for the TDA-sand mixture,
E =17.75 Mpa and p =0.3, and the elastic parameters of the aluminum plate E = 68.9 Gpa and
p = 0.33. Moreover, in order to obtain the initial stress field, before application of the foundation
load, input of the densities for both the aluminum circular rigid plate, p = 2700 kg/m3, and the

TDA-sand mixture p = 784.16 kg/m3 were necessary.

The FEM simulation gives an acceptable result when compared with the measured experimental
values as seen in Figure 3.27. FEM solutions are generally upper bounds to the actual solution and
this fact is captured by the present model. Moreover, it is difficult to obtain a homogenous TDA-
Sand mixture for testing and this could as well have affected the measured results. For the FEM

simulations one assumes a homogeneous medium. It is interesting to note that the FEM model does
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capture the pile-up that occurs along the cell wall (Figure 3.28 and Figure 3.29). These figures show

respectively (for t = 200 and 18655 minutes) the vertical strain and displacement contours.

In order to completely assess the chosen constitutive model a large-scale field model is necessary.

However, as previously mentioned, this requires a well-documented field case.
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Figure 3.26 Axisymmetric finite element mesh used for the small-scale foundation simulations
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Figure 3.27 FEM simulation of rigid circular plate resting on a TDA-sand mixture
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3.13 Conclusions

The experimental results obtained in this study have shown that granulated TDA-sand mixtures
exhibit a time dependent deformation when subjected to a constant load. This manifestation of
creep begins with an instantaneous strain, followed by a decreasing rate of strain (primary creep)
which gradually attains a practically constant value (secondary creep). The Norton-Bailey law
proved to be useful if one wishes to model a non-stationary creep phase that leads up to a stationary
one. This law is effective even more so, because it is easily incorporated in commercial or

programmed FEM codes.

The test results indicate that the magnitude of the creep strain is strongly affected by the TDA
volume fraction content. Furthermore, the creep strain as well as strain rate, at a constant TDA
volume fraction, increases with the applied load. This trend is observed in all of the tests, with the
difference that the magnitude of the strain rate depends on the applied stress and TDA volume
fraction.

The creep parameters were verified via FEM simulations of the laboratory tests. A satisfactory
match of the creep strain rate was obtained, with the Norton-Bailey constitutive equation, in all of
the tests. Finally, an FEM simulation of a rigid circular plate resting on a TDA-sand mixture, using

the obtained creep parameters, yielded reasonable results.
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3.15 Appendix

The true stress is calculated by assuming that full mobilization of the shear stress is produced along
the cell wall for a length equal to the maximum displacement of the loading cap. The shear stress

mobilized at the TDA—-aluminum interface cell wall is obtained with,

fw = Tr (28 max)
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where r and §,,,4, are, respectively, the internal radius of the cell and the maximum displacement

of the loading cap. The mobilized shear stress is approximated with,

75 = K,optan(5)

where K,, g, and § stand, respectively, for the coefficient of earth pressure at rest, the nominal
stress and the angle of internal friction between the TDA-sand mixture (Table 3.1) and the
aluminum cell wall. Values of K, for loose granular soils generally range between 0.3 and 0.5. For
the purposes of the present calculations, a value 0.5 was chosen. The true stress o, is calculated

based on the net force divided by the projected area of loading and is given by,

fn_fW

nr?

Oy =

where the nominal force is calculated with £, = o,,mr2. Typical results of the calculated true stress

are given in Table 3.3.
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Résumé francais

Cette étude s'inscrit dans le cadre d'un programme expérimental environnemental sur l'utilisation de
pneus usés d'automobiles pour des applications géotechniques. Différents types d’essais de
laboratoire ont été effectués pour déterminer les paramétres d'élasticité, de plasticité et de fluage de
mélanges granulats dérivés de pneus (TDA) et de sable. Cependant, cet article met I'accent sur les
parameétres de plasticité par le biais du développement d'un modéle d'état critique baseé sur les résultats
d'essais triaxiaux. Ceci a été atteint en considérant des échantillons de sable, & une teneur
volumétrique prédéterminée de TDA, soumis a trois pressions de confinement différentes sous une
vitesse de déplacement axial constante. Le modeéle Cam-Clay modifié a simulé les courbes de
contraintes déviatoriques par rapport a la déformation axiale avec une réponse élastoplastique non
linéaire obtenue dans les essais. Les résultats ont indiqué un niveau de résistance au cisaillement
important qui dépend de I'angle de frottement a I'état critique et qui a son tour dépend de la teneur
volumétrique en TDA. Pour les mélanges TDA-sable utilisés dans la présente étude, l'effet de la
teneur volumétrique en TDA démontre un renforcement de la matrice de sable. Cependant, ce

renforcement diminue a mesure que la teneur en TDA augmente.
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4 A Critical State Model of Sand-TDA Mixtures Based on
Triaxial Tests

4.1 Abstract

This study is part of an environmental experimental program on the use of scrap automobile tires for
geotechnical applications. Different types of laboratory tests were conducted to determine the elastic,
plastic and creep parameters of TDA-sand granulated mixtures. However, this paper emphasizes the
plasticity parameters via the development of a critical state model based on the results of triaxial tests.
This was attained by considering loose sand specimens, at a predetermined TDA volumetric content,
subject to three different confining pressures under a constant axial displacement rate. The calculated
deviatoric stress versus axial strain curves, obtained via the modified Cam Clay model, captured the
non-linear elastoplastic response obtained in the tests. Results indicated that the level of the shear
strength is highly dependent on critical state friction angle which in turn depends on the TDA content.
For the loose TDA-sand mixtures used in the present study, the effect of the TDA content
demonstrates a reinforcement of the sand matrix. However, this reinforcement diminishes as the TDA

content increases.

4.2 Introduction

Environmental as well as economic conditions have given rise to the use of recycled tires as
construction materials. There are various reasons for this. One of them is that stockpiles of discarded
tires are on the rise and constitute a real fire hazard, not to mention a breeding ground for rodents.
Another reason is that natural resources like sand, clay, gravel and other mineral aggregates are being
depleted throughout the world because of the opening of new quarries. Finally, when shredded, tire
derived aggregates (TDA) could be mixed with traditional construction aggregate materials. The basic
characteristics of such mixtures are that they are lightweight and frictionally resistant precisely as a
result of the TDA. Another important property of sand-TDA mixtures is their low thermal

conductivity. This constitutes an economic and engineering advantage over traditional materials.

Granular material mixed with TDA is increasingly used in geotechnical applications. In many of
these operations sand is mixed with TDA at various volumetric ratios. The resultant sand-TDA

mixture have been used in such applications as highway embankment and bridge abutments (Bosscher
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et al. 1992; Bosscher et al. 1997; Apex Companies 2008). In northern regions TDA-granular soil
mixtures are also employed in pavement design. They primarily serve as an insulating layer

(Humphrey and Eaton 1995) in order to prevent frost heave and hence degradation of the road surface.

A review on the related past studies, exposes a lack of experimental as well as numerical
investigations on long-term time dependent constitutive behavior of sand-TDA mixtures. A recent
study on sand-TDA mixtures clearly indicates a primary creep phase that rapidly transitioned into a
secondary stationary creep phase, never attaining the tertiary phase (Foriero, A. and Ghafari, N.
2020). The magnitude of the creep strain was strongly affected by the TDA volume fraction content
(Schofield and Wroth 1968). This observation conduced the adoption of the Norton-Bailey law as a
possible constitutive model for creep of TDA-sand mixtures. Other studies such as Wartman et al.,
examined the immediate and time dependent compression of tire chips and shreds (Roscoe and
Burland 1968). The time-dependent deformation of the mixture was also shown to be inversely
proportional to the sand content. In another study, the one-dimensional compression of specimens,
composed of sand and granulated tire rubber, was investigated (Ngo and Valdez 2007). There again,
results indicated that the time dependent deformation is significant. However, a complete constitutive
model must consider, in addition to time dependent deformations, the shear strength of the sand-TDA

mixtures.

In the past decades, most of the laboratory research with regards to shear strength was conducted on
sand reinforced with tire chips (generally from 10 to 300 mm in size) (Apex-Companies 2008; A
Foriero and Ghafari 2020; Ward and Sweeney 2004; AbdelRazek et al. 2018; Foose et al. 1996). The
direct shear box test and the triaxial test were the apparatuses mostly used to test these mixtures. The

overall research emphasized that the shear strength of sand is increased by the tire chips.

Direct shear box tests by Bosscher et al. and Foose et al. show an increase in shear strength with a
rubber content of up to 50 % (Humphrey and Eaton 1995; AbdelRazek et al. 2018). Foose et al. also
reported that the failure envelope of sand-rubber mixtures containing dense sand is non-linear
(AbdelRazek et al. 2018). Yang et al. also observed a non-linear failure envelope of the shear stress
but in the cases of granulated rubber and not tire chips (Mitchel, and Soga 2005). However, most
studies of sand mixed with granulated rubber, using the direct shear box, show inconsistencies in the
results. For example, Anbazhagan et al. (2007) determined an increase of the shear strength when
granulated rubber is mixed with uniform sand. However, the shear strength decreased when the
granulated rubber was mixed with poorly graded sand. Ghazavi (2004) reported an insignificant

increase in shear strength of the mix with an increase in granulated rubber.
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Experimental studies on the shear strength measured in the triaxial apparatus also show considerable
inconsistencies in the test results. A study by Noorzad and Raveshi (2017), in which tire crumbs act
as reinforcement of a sand-tire mixture, found that the shear strength decreases with increase in the
amount of tire crumbs. A similar conclusion was obtained for mixtures of sand and granulated rubber
by Youwai and Bergrado (2013) and Madhusudhan et al. (2017). On the other hand, a study by
Venkatappa R. and Dutta, R.K. (2006) determined some improvement in strength on additions of
rubber inclusions. Tyre chips with an aspect ratio of 2 showed the best improvement for low confining
pressures and chip content.

Numerous laboratory investigations have considered sand reinforced with tire chips whereas, only a
few have considered sand-TDA granular mixtures. Although, none of the previous studies have
considered a critical state model for interpretation of the test results.

4.3 Sand-TDA Mixtures of the Triaxial Tests

For the triaxial tests in this study, the specimens consisted of mixtures of two granular materials. One
of these materials is Ottawa sand whose granulometric curve is shown in Figure 4.1. From the shape
of this curve and with calculated values of €, = 2.1 and C, = 1.26, this sand is defined as a poorly
graded sand (SP). The other material is tire derived aggregate (TDA) obtained at Shercom Industries
Inc. in Saskatoon, Saskatchewan, Canada, with calculated values of C,, = 1.69 and C. = 1.03. This
rubber granular material would also be considered as poorly graded if classified according to the
Unified Soil Classification System. A granulometric curve for this material is also shown in Figure
4.1.

For the purpose of the tests these two materials were combined at three different volumetric ratios:
0, = 0.50, 0.75, 1.00, where 8, represents the volume fraction of TDA per total volume of the
mixture. In Figure 4.2, a phase diagram for the sand-TDA mixture was used to determine the initial

void ratios that correspond to the five volumetric ratios mentioned previously.

This was possible because both the weights of the TDA and Sand phases, as well as the total volume
they occupied were measured beforehand. For the calculations, the specific gravity of the TDA (Gpa

= 1.15) and Ottawa Sand (Gsanq = 2.65) were necessary. The phase volumes of the TDA and Sand

Wrpa Wsand

were obtained respectively as Vyp, = and Vsgng = . Consequently, the initial void

GrpA Yo Gsand Yo

ratio, e, and initial unit weight, y, of the TDA-Sand mixtures were known at the start of all tests (Table
4.1).
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Figure 4.1 Grain-size distribution curves of materials used in the present study
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Figure 4.2 Phase diagram of TDA-sand mixture

Table 4.1 Initial void ratio and unit weight of Ottawa Sand-TDA mixture

TDA (%) Void Ratio, e, Unit Weight, v, =3
50 0.78 11.02
75 0.91 8.25
100 1.05 55
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4.4 Test Equipment and Experimental Procedure

A standard triaxial apparatus, generally used for soils, was chosen for this study (Figure 4.3). The
sand-TDA specimen measured 35.1 mm in diameter and 67.5 mm in height. A consistent procedure
for preparing and testing dry samples of sand-TDA mixtures at a loose state was established. The
required percentages of TDA were uniformly mixed with Ottawa sand in a dry condition. The sand
was then poured into a rubber membrane inside a split mold former under vacuum. The sand-TDA
specimens when sheared were subjected to confining cell pressures of 50, 100 and 150 kPa for each
volumetric ratio 8, = 0.50, 0.75, 1.0. A conventional drained triaxial test displacement rate of 0.0061

mm/min was maintained throughout the tests.

4.5 Test Results and Observations

A total of 9 triaxial tests on sand-TDA dry granular mixtures were completed in the present study.

Test samples at three different TDA volumetric ratios 8, = 0.50, 0.75, 1.0 were subjected to three

different confining pressures of 50, 100 and 150 kPa.

Typical stress-strain curves for the cases pertaining to 8, = 0.50 and 0.75 are exhibited in Figure 4.4

and Figure 4.5. Results show, as one would expect, that for a constant TDA volumetric ratio, the

deviatoric stress increases with the confining stress.

Figure 4.3 Triaxial test configuration
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However, from these two Figure 4.4s, an increase in the TDA volumetric content tends to lower the
shear strength of the sand-TDA mixture. Moreover, both Figure 4.5 and Figure 4.6 depict a strain

hardening behavior.
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Figure 4.4 Test results of deviatoric stress versus axial strain at 50 % TDA

Although, it is evident from these two figures that an increase in the TDA volume fraction content

(6,) tends to lower the shear strength of the sand-TDA mixture. Furthermore, a strain hardening

behavior is evident in both Figure 4.5 and Figure 4.6
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Figure 4.5 Test results of deviatoric stress versus axial strain at 75 % TDA
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This was confirmed by the barrel shape of the specimen at the end of the test (Figure 4.6) which

occurred at an axial strain of approximately 23%.

An interesting result for the triaxial tests with pure TDA particles 6,, = 1.0 is given in Figure 4.7.
Here again the deviatoric stress increases with the confining stress but for the lower confining stresses
this increase is minimal. The stress-strain behavior in this instance and for practical purposes appears
to be linear. It is obvious that, for this case in which the sample is prepared from 100% TDA the

behavior is elastic.

Figure 4.6 The shape of the sand-TDA sample having 75% TDA at the end of the triaxial test

In all of these tests one must define the value of the failure strain. At approximately 23% of the axial
strain, the sand-TDA specimen is severely distorted as previously mentioned (Figure 4.6). Hence,
the critical state, which is reached when no further changes in shear stress and volume occurs under
continuous shearing, cannot be attained. Several studies on triaxial testing have defined failure based
on a predetermined strain in the range of 10 to 20 % (Yang et al.,2002; Noorzad and Raveshi, 2017).
Thus, in this study, 4 different values of the vertical strain (e, = 10%, 15%, 20%, 23%) were
considered (Figure 4.8, Figure 4.9, Figure 4.10) in order to examine the effect of the TDA content on
the presumable deviatoric stress at failure. As seen in these Figure 4.8s, for a constant confining
pressure, an increase in the TDA content lowers the deviatoric stress. Again, the deviatoric stress

increases with the confining cell pressure at one particular TDA volumetric ratio.
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35'I(')est Results of Deviatoric Stress versus Axial Strain at 100% T.D.A.
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Figure 4.7 Test results of deviatoric stress versus axial strain at 100 % TDA

As observed from these figures, for a constant confining pressure, an increase in the TDA volume
fraction content (6,,) results to reduction in the deviatoric stress. Once more, it is evident from these
figures that the deviatoric stress increases with the confining cell pressure at one particular TDA

volumetric ratio.
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Figure 4.8 Deviatoric stress versus axial strain at failure for 3 = 50 kPa
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The previous stress-strain curves (Figure 4.4, Figure 4.5 and Figure 4.7) showed a reduction in the
stiffness of the sand-TDA mixtures as the TDA content increased. An average representation of

stiffness for non-linear behavior is through the secant modulus.
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Figure 4.9 Deviatoric stress versus axial strain at failure for o3 = 100 kPa
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Figure 4.10 Deviatoric stress versus axial strain at failure for g3 = 150 kPa
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Figure 4.11, Figure 4.12 and Figure 4.13 exhibit the secant modulus at the vertical failure strains
previously cited. As confirmed by the previous results, the trend is analogous. The secant moduli

decrease with an increase in TDA and a decrease of the confining pressure.
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Figure 4.11 Secant elastic modulus versus axial strain at failure for o3 = 50 kPa
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Figure 4.12 Secant elastic modulus versus axial strain at failure for o3 = 100 kPa
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Secant Elastic Modulus Versus Vertical Failure Strain at o, 150 kPa
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Figure 4.13 Secant elastic modulus versus axial strain at failure for o3 = 150 kPa

It is clear from the previous experimental results that the TDA volumetric ratio plays an important
role as far as the behavior of the mixture is concerned. A constitutive equation is therefore needed
that accounts for this. Consequently, the next section of this paper is devoted to the development of a
simple framework capable of describing, interpret and anticipate the sand-TDA mixture response to

loading.

4.6 A Critical State Model to Interpret TDA-Sand Mixtures

As a preliminary attempt in understanding TDA-sand mixtures, it is tacitly assumed that such
mixtures are quasi-single phased. This means that deformation causes no change, or negligible
change, in the phase ratio per unit volume. In this particular case one refers to the sand-TDA phase
ratio, implying that the TDA does not flow out of the sand matrix. Consequently, the term effective

stress shall be indiscriminately used from hereon.

The fundamental concept of a unique failure surface is adopted in the present approach. Moreover,
the terms failure and critical state are taken as synonymous. From hereon, the failure line will be
referred to the critical state line (CSL) (Schofield and Wroth 1968). The yield surface is an ellipse
whose equation in (p’, q, e) space is

li I, ./ qz
(P)Z—PPC‘FW:O (4.1)
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and is a function of the TDA volumetric content through the friction constant M. The other variables
p’, ., q are respectively the effective mean stress, the maximum past effective mean stress and the
deviatoric stress. In geotechnical engineering this surface is better known as the modified Cam-Clay
yield surface (Roscoe, K.H., and Burland, J.B., 1968).

The Mohr-Coulomb failure criterion is written in terms of the previously mentioned stress invariants

as

qr = MOy (4.2)

where pf, q; are respectively the effective mean stress and the deviatoric stress at failure. Since the

triaxial testing program in the present study dealt with axisymmetric compression only, the expression

for the friction parameter is specialized to

6 sin(pss (0))
3 — sin(@ls (0)) (4.3)

M(6) = M:(0) =

where the critical state friction angle ¢/ is back-calculated from the present triaxial tests with

o, 3 M:(0)
sin(@¢s (0)) = 6= M.(0) (4.4)
The equation for the critical state line in (e — p') space is represented by
ef =eéer— A ln(p}) (45)

where ef , er ,A,p} are respectively the void ratio at failure, the void ratio on the critical state line

when In(p') = 1, the slope of the critical state line and effective mean stress at failure. One

determines e, from the initial state of the soil with

!

er = e, +(A—k)n <%) + kIn(pl) 4.6)

here k is the unloading/reloading index or the recompression index.
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In order to calculate the elastic response, the elastic modulus E’ is required. This modulus is obtained
from the triaxial tests. One can approximate this modulus by a secant modulus (Figure 4.11, Figure
4.12, Figure 4.13) over the stress increment of interest. However, an estimate of this modulus is also
possible using the critical state model through the bulk modulus. The bulk modulus is calculated with

g = P +eo)

7 4.7)
and since E' = 3K'(1 — 2u") one obtains that
B = 3p'(1+ e,;()(l —2u") 4.8)
Consequently, the elastic shear modulus, G, is also estimated as
_3p'(1+ep)(1 - 2u)
= (4.9)

2k(1 + 1)

Egs. (4.7) and (4.8) indicate a non-linear elastic behaviour because both are functionally dependent

on the mean effective stress. Consequently, calculations must be carried out incrementally.

The total volumetric strain is the sum of the elastic and plastic volumetric strain and is written as
Ae, = A€¢ + Aeh (4.10)

where the superscripts e and p indicate the elastic and plastic components. If the soil yields at a void
ratio of e; and a small increment of stress causes the yield surface to expand to a void ratio of e, ,

then the corresponding total change in volumetric strain is given by

_ A, _|ez_61|_ A
1+e, 1+e, 1+e,

b2
Ae In(=)
v P! (4.11)

where p; and p; are the applied mean effective stresses producing the overall stress increment.

For the same stress increment the volumetric elastic strain increment is calculated with (4.7) as
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Aey == (4.12)
or via
k P2
A€t = In(=
&= T3e, nGD (4.13)

by considering the unloading/reloading line associated with the maximum mean effective stress for
the yield surface on which unloading initiates. The change in volumetric plastic strain is now

calculated as Ae? = Ae, — Ae¢ and is expressed as

k—/’ll
1+e, n(

P2

A€l = ?
v pl) (4.14)

The shear strains are calculated from the representation of the yield surface. Furthermore, for the
purposes of the present study, these strains are calculated by assuming that the plastic potential
function and the yield function are the same. In other words, a normality condition is assumed. The
resulting plastic deformation produces a volumetric and a deviatoric plastic strain components. The
volumetric plastic deformation was given in (4.14), the deviatoric component of the volumetric plastic

strain is obtained as

q
M©E) '~ L) (4.15)

P_ 4P
de; = de,

by considering the normal to the yield surface. Finally, the elastic deviatoric strains are obtained with

Aq
Ae€ = 3 (4.16)

One must use all the above strains (Egs. (4.10) to (4.16)) in incremental calculations, because they

are only valid for small changes in stress.
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4.7 Calculation Procedure for The Stress-Strain Response of The Sand-
TDA Mixture

From the equations of the last section one can determine the stress-strain response and the volume

changes from the initial stress state. The required parameters are p,,, e, ,p¢ , A, k, 6, p.s(0) and u'.

The procedure used in this study to simulate the stress-strain response of the present triaxial tests
results is as follows: a) Determine the TDA volumetric content 8 of the sand-TDA mixture; b)
Determine the mean effective stress and the deviatoric stress at initial yield by finding the coordinates

of the initial yield surface with the effective stress path. This is achieved numerically by finding the

root of the resulting coupled Eq. (4.1) and p’ = p, + % of the particular test; c) Determine the mean

3p!) 3M(0)p}
Po and q/ _ (0)po.

effective stress and deviatoric stress at failure with pf = —= ® =5y

d) Calculate the

non-linear elastic modulus G using (9); e) Calculate the initial elastic volumetric strain with ((4.13)
and initial elastic deviatoric strain using ((4.14); f) Discretize the stress path from the initial stress
point to the failure point into a number of equal sufficiently small stress increments; g) Determine the

major axis of the ellipse, using the current mean effective stress, for each stress increment via (4.1)

withp, =p' + ; h) Calculate the volumetric strain increment for each stress increment using

(M(9))2 "
(4.11); i) Calculation of the plastic volumetric strain for each stress increment using (4.14); j)
Calculate the plastic deviatoric strain increment for each stress increment using (4.15); k) Calculate
the elastic deviatoric strain increment for each stress increment via (4.16); 1) Sum the elastic and

plastic deviatoric strains increments to give the total deviatoric strain increment; m) Sum the total

volumetric strain increments; n) Calculation of e; = €7+ =, 0 = Z +p'and o3 = p’ — 1.

This procedure was codded and carried out numerically with the MATLAB software (Foriero, A.
2019).

4.8 Comparison of The Critical State Model with The Triaxial Test
Results

The TDA-sand mixture parameters p,,e, ,pc,60 and ¢@.s(6) were known for all the triaxial tests

carried out in this study. The parameters A,k and u’ were estimated.

1

In general, for soils S5 S

>—>I?¢‘
-

—and 0.1 < u’ < 0.4 (Schofield, A. and Wroth, C.P., 1968). For the

(421

simulations, a ratio of 1= 0.15 and a value of u’ = 0.3 were taken. Numerous simulations showed

that the level-value of the shear strength at the critical state was insensitive to the values of these
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parameters. It was also observed that these values affect mostly the initial portion of the stress-strain
curve. The reason being that the critical state shear strength, obtained with the Modified Cam Clay
model, is strongly affected by the critical state friction angle ¢.;(6) through the Mohr-Coulomb
relation q; = M(8)ps. On the other hand, the yield surface, represented by the elliptic locus, is

responsible for the elastic wall at a particular void ratio thus affecting the stress-strain curve mostly
before failure. Consequently, emphasis will be placed from hereon on the shear strength of sand-TDA

mixtures.

As previously mentioned, in this study the failure state is synonymous with the critical state.
Moreover, we reiterate that establishment of the failure state of a sand-TDA mixture depends on a
chosen strain criterion (Yang et al.,2002; Noorzad and Raveshi, 2017). In order to determine a value
for the critical state friction angle, 4 different values of the vertical strain (e, = 10%, 15%, 20%,
23%) were considered at 3 different TDA contents. Figure 4.14, Figure 4.15, Figure 4.16 and Figure
4.17 show typical determinations of the value of a mobilized friction angle ¢,,,,,(6) based on the
triaxial test curves of Figure 4.5 and Figure 4.6. These values were obtained, for a particular TDA
content, by linear regression based on the picked-off (ps, q¢) pair at the 4 previously stated vertical

strains.

The critical state friction angle is determined from a plot of the mobilized friction angles versus the
vertical strains at which these mobilized values were obtained (Figure 4.18 and Figure 4.19). As
previously mentioned, the critical state was difficult to attain because of the excessive deformations

achieved during the tests (Figure 4.6).
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Figure 4.14 Determination of the frictional constant M at a TDA of 50 % and €,, = 20 %
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Determination of M at TDA=50% (ev =23%)
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Figure 4.15 Determination of the frictional constant M at a TDA of 50 % and €, = 23 %

The critical state friction angle is unique and generally obtained when the stress-strain curve attains

a limiting value of the shear stress.
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Figure 4.16 Determination of the frictional constant M at a TDA of 75 % and ¢, = 20 %
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Determination of M at TDA=75% (ev =23%)
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Figure 4.17 Determination of the frictional constant M at a TDA of 75 % and €, = 23 %
Figure 4.18 and Figure 4.19 show that a critical state friction angle is asymptotically approached at
very high vertical strains, where the value of the mobilized friction angles begin to level off. This

leveling of the mobilized friction angle depends on the TDA content.

Mobilized Friction Angle Versus Vertical Strain at TDA = 50%
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Figure 4.18 Mobilized friction angle versus vertical strain at TDA =50 %
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Mobilized Friction Angle Versus Vertical Strain at TDA = 75%
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Figure 4.19 Mobilized friction angle versus vertical strain at TDA =75 %

For a TDA volumetric ratio of 8 = 50% (Figure 4.18) a critical state friction angle greater than 38°
is realistic since this value continues to grow. On the other hand, Figure 4.19, for the case 8 = 75 %,
shows that a value of 34° could be taken as a lower bound. Consequently, in the simulations that
follow, the critical state friction angle is bracketed in order to capture the measured shear strength of
the triaxial tests.

The MCC yield surface as well as the CSL, for Ottawa sand and a typical Ottawa Sand-TDA mixture

at 8 =50 %, are shown in Figure 4.20. It is clear from this figure that the TDA reinforces the sand

matrix because the yield surface is expanded and the critical state line assumes a greater inclination.
In all of the following simulations a sand-TDA sample is sheared at its current mean effective stress,
P, , by increasing the axial stress, while keeping the cell pressure a5 constant. The imposed effective

stress path has a slope of 5 = 3. The load is incremented along the effective stress path until the

sand-TDA mixture fails. Figure 4.21, Figure 4.22, Figure 4.23 and Figure 4.24 show the results of
four triaxial test simulations using the MCC. These simulations were conducted at confining cell

pressures of 100 and 150 kPa and TDA contents of 50% and 75%.
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300 Modified Cam Clay Model in p-q Space For Ottawa Sand
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Figure 4.20 Modified Cam Clay Model in p-gq Space for Ottawa Sand
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Figure 4.21 Deviatoric stress versus axial strain, void ratio versus axial strain, and deviatoric strain
versus volumetric strain at 50% tire derived aggregate (TDA) and o3 = 100 kPa.
Note: MCC = modified Cam Clay.
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Figure 4.22 Deviatoric stress versus axial strain, void ratio versus axial strain, and deviatoric strain
versus volumetric strain at 50% tire derived aggregate (TDA) and o3 = 150 kPa.

Note: MCC = modified Cam Clay.
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Figure 4.23 Deviatoric stress versus axial strain, void ratio versus axial strain, and deviatoric strain
versus volumetric strain at 75% tire derived aggregate (TDA) and o3 = 100 kPa.

Note: MCC = modified Cam Clay.
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Figure 4.24 Deviatoric stress versus axial strain, void ratio versus axial strain, and deviatoric strain
versus volumetric strain at 75% tire derived aggregate (TDA) and o3 = 150 kPa.
Note: MCC = modified Cam Clay.

Figure 4.21, Figure 4.22, Figure 4.23 and Figure 4.24 depict, for each of the four tests, the calculated
deviatoric stress versus axial strain in comparison with the test results. The initial yield surface
expands, and the stress-strain response is a curved path because the sand-TDA mixture behaves
elastoplastically. As previously stated, the level of the shear strength is highly dependent on critical
state friction angle which in turn depends on the TDA content. In all of these cases the deviatoric

stresses obtained in the tests are bracketed by the theoretical curves generated with the MCC.

In all simulations, the curves of the void ratio versus vertical strain (Figure 4.21, Figure 4.22, Figure
4.23 and Figure 4.24) show an overall compression of the specimen. The initial void ratio attenuating
towards a critical void ratio. Again, this behaviour conforms with that of loose granular materials.
The resulting barrel shaped specimen (Figure 4.6) at the end of the test is a manifestation of this type

of behaviour.

Finally, the curves of the deviatoric strain versus volumetric strain confirm that distortion increases
with the volumetric strain. The curve assuming a non-linear shape with no peaks. In other words, no
dilation is predicted by the MCC because all of the sand-TDA mixtures were in a loose state at the

start of the test.

Overall, the critical state model is satisfactory if one wishes to predict the overall magnitude of the

shear strength of initially loose sand-TDA mixtures. The model is highly dependent on the critical
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state friction angle, ¢. , which in turn depends on the TDA volumetric content. For the loose TDA-
sand mixtures used in the present study, the effect of the TDA content demonstrates a reinforcement
of the sand matrix. However, this reinforcement diminishes as the TDA content increases.

Finally, triaxial tests on dense sand-TDA specimens are warranted because such samples will sustain
higher stresses than loose samples. Moreover, one expects a peak value of the deviatoric stress at low
vertical strains followed by a decrease with increasing strain, attaining a critical deviatoric stress. The
determination of the critical friction angle in such tests will be evident provided the critical state is
attainable. Moreover, since it is well known in the literature that the MCC model performs less well
when dilation is present (Jefferies and Been, 2006), a hew constitutive model capable of capturing

this effect will be required.

4.9 Conclusions

Based on the triaxial test results obtained in this study the following conclusions transpired. In
general, TDA content reinforces a sand matrix when compared with the original sand. For loose sand-
TDA mixtures, results show that for a constant TDA volumetric ratio, the deviatoric stress increases
with the confining stress. However, an increase in the TDA volumetric content tends to lower the
shear strength of the sand-TDA mixture. A strain hardening behaviour was confirmed by the stress-
strain curves, and by the barrel shape of the specimen at the end of the test which occurred at an axial

strain of approximately 23%. Consequently, the critical state is difficult to attain in such cases.

Test results also showed a reduction in the stiffness of the sand-TDA mixtures as the TDA content
increased. In particular the secant moduli decreased with an increase in TDA and a decrease of the

confining pressure.

It is clear from the previous experimental results that the TDA volumetric ratio plays an important
role as far as the behaviour of a mixture is concerned. A constitutive equation based on a critical state
model (MCC) is satisfactory in predicting the level of the shear strength offered by a sand-TDA
mixture. The calculated deviatoric stress versus axial strain curves, obtained via the model, captured
the non-linear elastoplastic response obtained in the tests. The level of the shear strength is highly
dependent on critical state friction angle which in turn depends on the TDA content. In all of these
cases the deviatoric stresses obtained in the tests are bracketed by the theoretical curves generated
with the MCC.
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In all simulations, the curves of the void ratio versus vertical strain show an overall compression of
the specimen. The initial void ratio attenuating towards a critical void ratio. Again, this behaviour

conforms with that of loose granular materials.

Finally, the curves of the deviatoric strain versus volumetric strain confirm that distortion increases
with the volumetric strain. The curves assume a non-linear shape with no peaks. In other words, no
dilation is predicted by the MCC because all of sand-TDA mixtures were in a loose state at the start
of the test.

4.10 List of Symbols

€o Initial void ratio

ef Void ratio at failure

er Void ratio on the critical state line when In(p;) =1
€ Total deviatoric strain

€ Elastic deviatoric strain

e? Plastic deviatoric strain

€y Total volumetric strain

€ Elastic volumetric strain

el Plastic volumetric strain

Pes Friction angle at the critical state

y Unit weight having unit %

K Unloading/reloading index

p' Mean effective stress in (kPa)

Po Initial mean effective stress in (kPa)

Dy The mean effective stress at yield in (kPa)

De Maximum past mean effective stress in (kPa)
Py Mean effective stress at failure in (kPa)

A Compression index

M Friction constant

125



q Deviatoric stress in (kPa)

qr Deviatoric stress at failure in (kPa)
qy Deviatoric stress at yield in (kPa)
01 The total axial stress in (kPa)

O3 The total lateral stress in (kPa)

0, TDA percentage volume ratio

4.11 Acknowledgments

The authors acknowledge and thank Shercom Industries Inc. in Saskatoon, Saskatchewan, Canada
for their provision of the TDA used in the laboratory tests. Finlay, the authors also acknowledge the
technical support of Christian Juneault (Technicien en travaux d'enseignement et de recherche) of

Département de génie civil et de genie des eaux, Laval University.

4.12 Author Contributions

The authors confirm contribution to the paper as follows: study conception and design: A. Foriero,
N. Ghafari; data collection: N. Ghafari, A. Foriero; analysis and interpretation of results: A. Foriero,
N. Ghafari; draft manuscript preparation: A. Foriero, N. Ghafari. All authors reviewed the results and

approved the final version of the manuscript.

4.13 Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/or

publication of this article.

4.14 References

Anbazhagan, P., Monobar, D.R., Rohit, D. (2017). Influence of size of granulated rubber and tyre
chips on the shear strength characteristics of sand-rubber mix. Geomechanics and Geoengineering,
12 (4), 266-278. doi:10.1080/1748025.2016.1222454.

Apex Companies, (2008), Tarrtown bridge project case study guidance document for tire derived

aggregate embankment construction and design strategic recycling contract No.353R06 Pollution
Prevention Section™, Equad, LLC 269 Great Valley Parkway Malvern, Pennsylvania 19355.

126



Bosscher, P.J., Edil, T.B., and Eldin, N., (1992). Construction and performance of shredded waste
tire test embankment. Transportation Research Record, 1345, 44-52.

Bosscher, P., Edil, T. and Kuraoka, S., (1997), Design of highway embankments using tire chips",
Journal of Geotechnical and Geoenvironmental Engineering, 123(4), pp. 295-380 304.

Foriero, A. (2019). Exposé MATLAB, Faculté des sciences et de génie, Informatique pour I'ingénieur,
pp. 1-323.

Foriero, A. and Ghafari, N., (2020), Laboratory Creep Parameter Determination of Sand-TDA
Mixtures and Subsequent FEM Validation", Indian Geotechnical Journal, doi.org/10.1007/s40098-
019-00407-0.

Foose, G.J., Benson, C.H., and Bosscher, P.J. (1996). Sand Reinforced with Shredded Waste Tires".
Journal of Geotechnical Engineering, 122(9), 760-767.

Ghazavi, (2004). Shear strength characteristics of sand mixed with granular rubber”. Journal of
Geotechnical and Geological Engineering, 22, 401-416.doi:10.1023/B:GEGE.0000025035.74092.6¢

Humphrey, D.N. and Eaton, R.A., (1995), Field Performance of Tire Shreds as Subgrade Insulation
for Rural Roads", Proceedings of the Sixth International Conference on Low-Volume Roads,
Transportation Research Board, Vol. 2, pp. 77-86.

Jefferies, M., Been, K. (2006). Soil Liquefaction: A Critical State Approach (1st ed.). CRC Press.
https://doi.org/10.4324/9780203301968.

Madhusudhan, B.R., Boominathan, A. and Banerjee, S. (2017). Static and large-strain dynamic
properties of sand-rubber tire shred mixtures. Journal of Materials in Civil Engineering, 29 (10),
04017165. doi:10.1061/(ASCE) MT.1943-5533.0002016.

Mitchel, J. and Soga, K., (2005), “Fundamental of soil behaviour”, 3rd ed., Chap. 12, Wiley,
Hoboken, N.J., pp. 465-521.

Ngo, A. and Valdez, J., (2007), “Creep of Sand-Rubber Mixtures”, Journal of Materials in Civil
Engineering, Vol. 19, No. 12, pp.1101-1105.

Noorzad, R., Raveshi, M., (2017). Mechanical behaviour of Waste Tire Crumbs-Sand Mixtures
Determined by Triaxial Tests., Geotech Geol Eng., Vol. 35, pp. 1793-1802.

Rao, G.V., Dutta, R.K. (2006). Compressibility and Strength Behaviour of Sand-tyre Chip Mixtures.
Geotech Geol Eng 24, 711-724. https://doi.org/10.1007/s10706-004-4006-X.

Roscoe, K.H., and Burland, J.B. (1968). On the generalized stress-strain behaviour of wet clay.
Engineering Plasticity, J. Heyman and F. Leckie (eds.). Cambridge University Press, Cambridge, pp.
535-600.

Schofield, A. and Wroth, C.P. (1968). Critical State Soil Mechanics. McGraw-Hill, London.

Ward, J.I. and Sweeney, J., (2004), \An Introduction to the Mechanical Properties of Solid Polymers",
2nd Ed., John Wiley and Sons.

127



Wartman, J., Natale, M. and Strenk, P., (2007), \Immediate and Time-Dependent Compression of
Tire Derived Aggregate”, Journal of Geotechnical and Geoenvironmental Engineering, Vol. 133(3),
pp. 245-256.

Yang, S., Lohnes, R.A., and Kjartanson, B.H. (2002). Mechanical Properties of Shredded Tires.
Geotechnical Testing Journal, 25(1), 44-52. doi:10.1520/GT11078.

128



CHAPTER 5

5 Results and Discussion

The majority of the results and findings achieved through the experimental and numerical
investigations conducted within the present study have been presented within chapters 3 and 4 of this
thesis. Additional results that have not been earlier stated in previous chapters are presented in the
present chapter. The main objective of this chapter is to discuss and validate the obtained results from

chapters 3 and 4.

5.1 Results of Creep Parameter Determination

This section discusses the results achieved from the two laboratory experimental works including the
creep tests of long duration and the direct shear tests simultaneously. Since the direct shear tests have
been performed in order to modify the values of nominal stress and consequently achieve the values
of the true stresses applied to the samples during the creep tests, hence, their results may not be
presented individually. Therefore, a combination of the results of the two lab experiments has been

rendered within the same section.

5.1.1 Results of Direct Shear Tests for Determination of the Nominal Stresses
The direct shear tests were performed aiming to determine the friction stress between the test

materials and the side walls of the cylindrical aluminum cell. During the creep test, a friction force

was produced between the test material and side walls of the cell which is made of Al 6061.

Therefore, a total of 25 direct shear tests were conducted on Al 6061 in contact with 5 different
mixtures of sand and rubber having a TDA volume fraction content of 6,=0.2,0.4,0.6,0.8,1.0 (same
mixtures used in creep tests) subjected to 5 different nominal stresses including o = 20, 35, 50, 75,
100 kPa (same nominal stresses applied during creep tests) in order to achieve the relevant friction

stresses and consequently calculation of true stresses applied to samples within the creep tests.

The typical results of the direct shear tests between AI6061 and the test material having the TDA

volume fraction content of 8,,= 0.6 has been depicted in Figure 5.1. The same graph shows the typical
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results for the test material of 6,= 0.8 was illustrated previously within section 3.6, as Figure 3.6.
Moreover, the value of the friction angle obtained during the shear box tests have been provided
within Table 3.1. As it can be observed the resulted friction angels between Al6061 and the four
mixtures of 6,= 0.2, 0.4, 0.6, 0.8 are very similar and close to approximately 22 degrees. However,
the values of friction angle obtained from the last series of tests between Al6061 and the sample
containing pure TDA (6,,= 1.0) indicates an increase to reach approximately 27 degrees. The result
was quite predictable. Rubber is considered as a high friction material which makes it suitable for the
production of automobile tires and shoes. The soft and adhesive nature of the rubber makes it capable
of intimate contact with the opposite surfaces. When mixed with rubber, the sand particles attach to
the surface of the granulated rubber particles which prevents direct contact between the TDA and the
aluminum walls. In return, test material made from pure TDA exhibits high friction in contact with

the inner walls of the mold.

The values of the net forces (related to the creep tests) have been calculated in accordance with the
estimated friction angles achieved at the end of the shear box tests (Table 3.1) and provided in Table

3.2, within section 3.6.

Consequently, the values of true stresses, which have been vertically applied during the creep tests,
were calculated in accordance with the obtained net forces (Figure 5.2). The achieved values of the

true stresses are stated within section 3.6 as Table 3.3.
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Figure 5.1 Direct shear test results of sand-TDA mixture (6, = 0.6) resting on a plate made of
aluminum alloy 6061
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Nominal Stress

¥

Total Friction Stress

True Stress X A = (Nominal Stress X Ac) — (Total Friction Stress X Ag)

Figure 5.2 Calculation of true stresses based on the nominal stresses and friction stresses (Ac: area
of cylinder (cap) As: cross-section area of soil)

5.1.2 Discussion on the Creep Test Results

As mentioned earlier in the methodology section, a series of creep tests were performed for a long
duration in order to determine the value of the creep parameters essential for conducting a numerical
modeling of time dependent deformation behavior of the geomaterials composed of sand and TDA.
Hence, a total of 25 creep tests were performed on 5 different mixtures having various TDA volume
contents (6, = 0.2, 0.4, 0.6, 0.8, 1.0) under 5 different vertical stresses including (g, = 20, 35, 50,

75, 100 kPa) for the duration of 6000 minutes.

Figure 5.3 and Figure 5.4 illustrate the typical movements of the loading cap inside the cell during
the different stages of the creep test. As it can be observed from Figure 5.3, the test is started
simultaneously through the beginning of the vertical load application. As illustrated the load is applied
to the specimen via the loading cap. It is evident from this figure that the first stage of the volumetric

strain begins with an instantaneous strain which occurs simultaneously with applying the load.

Owing to the low dry density and the soft and flexible nature of the rubber, the TDA materials have
a high compressibility characteristic in comparison with the typical soils such as Ottawa sand.
Therefore, when the mixtures composed of sand and TDA are subjected to vertical loads, in particular

the instantaneous strain occurs in a large scale and immediately.

131



After the completion of the instantaneous strain, the development of the creep strain begins (Figure
5.4). Although the magnitude of the creep strain is often less than the instantaneous strain and it
occurs in a long period of time at a very low rate, it must be accurately estimated and carefully
considered by the engineers as one of the design key-factors. By the beginning of the creep stage the

strain rate starts to decrease considerably.

Nominal Stress

Instantaneous Strain, e®

—

B XA

Figure 5.3 Instantaneous strain occurs simultaneously with applying the vertical load

Nominal Stress

Total Strain
€ = E(i) + E(C)

Instantaneous Strain, €V

1
Delayed Creep Strain, e(c)_i_

AR2222)

Figure 5.4 lllustration of the total strain which is sum of Instantaneous strain and creep strain

Consequently, as illustrated in Figure 5.4 the total strain is calculated through the sum of the

instantaneous strain and the creep strain of the sample.

The test results of the creep strain versus time, for four samples having different TDA volume

fractions content of 8, = 0.4, 0.6, 0.8, 1.0, and subjected to the five different constant stresses of
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oy = 20, 35, 50, 75, 100 kPa, are presented within Figure 5.5, Figure 5.6, Figure 5.7, and Figure 5.8,
respectively.
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Figure 5.5 Creep strain versus time curves of sample having 40% TDA under 5 constant stresses
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Figure 5.6 Creep strain versus time curves of sample having 60% TDA under 5 constant stresses
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Figure 5.7 Creep strain versus time curves of sample having 80% TDA under 5 constant stresses
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Figure 5.8 Creep strain versus time curves of sample having 100% TDA under 5 constant stresses

It is apparent from these figures that the magnitude of the creep strain increases with the increase in

the intensity of the applied vertical stresses. Moreover, it is obvious from these figures that the
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intensity of the creep strain increases with the increase in the TDA volume fraction content (Hp). As
it can be observed the creep strain ranged from 0.04 to 0.1 for the sample having 40% TDA (Figure
5.5), from 0.075 to 0.2 for the sample having 60% TDA (Figure 5.6), from 0.1 to 0.3 for the sample
having 80% TDA (Figure 5.7) and finally, from 0.14 to 0.41 for the sample having 100% TDA (Figure
5.8). For instance, Figure 3.10, which was presented earlier in chapter 3, depicts the creep behavior
of pure TDA and is the test with the highest creep response. Hence, one observes from these figures

that the magnitude of the creep strain is highly influenced by the TDA volume fraction content (6,,).

In chapter 3, within section 3.7, Figure 3.7 and Figure 3.9 have illustrated the plots of constant stress
creep curves of the total strains respectively for the samples having TDA volume fraction content of
8, = 0.4, 0.8, in accordance with the obtained results from the creep tests. As it can be observed in
these figures the total strains are plotted over the logarithmic time aiming to clearly and perceptibly
depict the first part which is related to the instantaneous strain.

It is obvious from these figures that as expected the magnitude of the total strain increases with the
increase in intensity of the applied vertical stresses. Moreover, it is evident from these figures that the
intensity of the instantaneous strain and the creep strain and consequently the total strain is increased
with the increase in the TDA volume fraction content (6,,).

Through a closer look at the Y axis, it can be observed that the ascending slope of the curves at the

secondary deformation phase (creep strain curves) where the 8,, = 0.8 (Figure 3.9) is slightly steeper
than the ascending slope of the creep strain curves plotted for the sample with 8,, = 0.4 (Figure 3.7).

Although, the difference in the intensity of the instantaneous strain occurred in the two above-

mentioned samples is obviously apparent.

Furthermore, the curves in Figure 3.8 are the total strain of Figure 3.9 which are plotted as function
of the applied stress for specific times of the test. All these figures (Figure 3.7, Figure 3.8 and Figure
3.9) reveal the nonlinear nature of the creep response. As it has been discussed earlier in chapter 4,
the instantaneous strain may contain an elastic and plastic contribution and is totally unrelated to the
time-dependent creep strain. Hence, in order to isolate the creep strain and thereby determining the
creep parameters, as mentioned previously in section 3.7, the instantaneous strain was subtracted from
the total strain. The instantaneous strain is determined from the images of the dial indicator recorded
by a cameraat t = 6 s. Thistime (¢t = 6 s) is determined in accordance with the logarithmic plots of
creep curves of the total strains drawn for samples containing different TDA content (Figure 3.7 and

Figure 3.9). The observations and analysis of the mentioned camera recording images from dial
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movement rate confirm the time t = 6 s which determined from the logarithmic plots of creep curves

of the total strains.

As discussed in chapter 3 under section 3.9, the values of the time creep parameter b are calculated

Alog(éf))
Alog (£))°

The typical results of time creep parameter b calculated through the above-mentioned equation for

using the slope of the curves obtained from the creep tests through the equation b = 1 — (

two samples of 6, = 0.6 and 1.0 and illustrated previously in chapter 4 (Figure 3.11 and Figure 3.12).
The curves of the parameter b for two other samples of 8, = 0.4 and 0.8 are plotted here and shown

in Figure 5.9 and Figure 5.10, respectively. The trend in all of these tests confirms that the creep rate

versus time curves, for all purposes, are parallel.

As it can be observed from these figures, the creep rate versus time curves is parallel together and the
creep parameter b is variable in accordance with the magnitude of the axial stress and the TDA
volume fraction content (6,,). Although, as reported earlier in this study, the axial stress related
variations are negligible as the plotted curves associated with parameter b are situated very close to
each other in all the figures. Therefore, as mentioned earlier, from the engineering and practical point
of views, an average b value gives an appropriate estimate of this creep parameter as presented in the
figures. Moreover, parameter b is associated with time in the creep laws, previously stated in chapter

3, hence, the greater its value, the higher is the magnitude of the creep strains.

As previously discussed in chapter 3 under section 3.9, the values of the stress associated creep

parameter n are calculated using the slope of the curves obtained from the creep tests through the
Alog (Cb) _|{o1703 " 2 b

Alog (01—03) where Cb = [( Ocp ) (b) b]'

The typical results of creep parameter n calculated through the above-mentioned equation for the

equationn =

sample of 8, = 0.6 and illustrated previously in chapter 4 (Figure 3.13). The curves of the parameter
n for three other samples of 8, = 0.4, 0.8 and 1.0 are plotted here and shown in Figure 5.11, Figure

5.12 and Figure 5.13, respectively.

Since as previously mentioned, the value of confining stress a; = K,0; is very difficult to measure
but not necessary in such tests, typical K, values for loose, medium and dense sand were assumed.

As expected, these values do not influence the slope of the resulting line in a log-log plot of Cb versus

oy — 0. The K, values obtained from the experiments are shown in Figure 5.11, Figure 5.12, and
Figure 5.13
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Figure 5.9 Determination of the time creep parameter b (40% TDA)
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Figure 5.13 Determination of the creep parameter n (100% TDA)

5.2 Evaluation of the Creep Law Based on the Back-Calculated Creep Parameters

Owing to verify the precision of the back-calculated creep parameters, the creep law (Eq. (3.9))
together with the test results are plotted in a log-log plot of €. vs time. Figure 5.14 and Figure 5.15
illustrate the comparisons of the results of creep law with the lab test results for samples having TDA

volume fraction content of 6,, = 0.6, 0.8 respectively. It is obvious from these figures that the curves

obtained through this creep law give a good approximation of the test results.
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Figure 5.14 A comparison of the creep law with the test results for g, = 75 kPa (60% TDA)
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Figure 5.15 A comparison of the creep law with the test results for g, = 75 kPa (80% TDA)

140



5.3 Rebound Behavior of a Sand-TDA Sample Under Triaxial Testing

Aiming to investigation of the rebound behavior of sand-TDA mixtures under triaxial loading, a sand-
TDA sample containing 60% TDA (6,, = 0.6) was prepared and subjected to the a3 = 300 kPa for a
long duration of approximately 5000 min within the same triaxial apparatus. The sample was prepared
through the same procedure as previously employed for other sample preparation that has been
explained in chapter 2. Moreover, the size of the sample was similar to that of other previously tested
samples (35.1 mm in diameter and 67.5 mm in height). Again here, a conventional drained triaxial
test displacement rate of 0.0061 mm/min was maintained throughout the entire of the test
including unloading stage. A constant oz = 300 kPa was applied to the sample during the entire
of the test while the sample was axially loaded and unloaded (deviatoric stress was changing) in

order to record the rebound behavior of the mixture.

The resulting curve of deviatoric stress versus axial strain during axial loading and unloading
has been illustrated in Figure 5.16, whereas the obtained curve of axial strain versus time is
plotted within the Figure 5.17. These figures demonstrate the nonlinear behavior of the sand-
TDA mixture during the rebound process. Hence, it is obvious from these figures that the
deformation and rebound behaviors of the sand-TDA mixtures during axial loading and

unloading are very similar.
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Figure 5.16 Rebound behavior of sand-TDA mixture having 6,, = 0.6 under o3 = 300 kPa triaxial loading
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Figure 5.17 Axial strain vs time during triaxial loading and rebound for sand-TDA mixture of 8, =
0.6 under g; = 300 kPa

5.4 Simulation of the Behavior of the Sand-TDA Mixtures During a
Tunnel Excavation

5.4.1 Introduction

This example simulates the behavior of a soil-tire aggregate mixture during the tunnel excavation.
The surface settlement and the extent of the plastic region around the tunnel are important parameters
required to predict the necessary reinforcements during the excavation.

In order to calculate the in-situ stresses, two steps are performed in COMSOL. In the first step of this
study, the state of the soil before the excavation of the tunnel is computed. In the second step, the
elastoplastic behavior is examined once the soil is removed. For comparison purposes, this example
also considers the soil without TDA reinforcement.

In order to speed up the calculations, the soil in the first step is considered elastic whereas in the
second step the soil is modeled with the Drucker-Prager soil plasticity model. The simulations will
be limited to 2D.
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5.4.2 Finite Element Mesh

The geometry consists of a soil layer that is 60 m deep and 90 m wide. A zone measuring 20 m in
width and 40 m in height is filled with a mixture of soil-tire-derived aggregates. This zone will host
the tunnel after excavation. A circular cavity measuring 20 m in diameter is excavated at a depth of
30 m on the axis of symmetry. A bedrock is assumed to be 60 m below the surface and constraints
the vertical displacements. A roller boundary condition is used for simulating an infinite extension of

the soil in the lateral direction.
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Figure 5.18 Finite Element Mesh

5.4.3 Soil Properties Aggregate

Young’s Modulus, E = 20 MPa and Poisson’s ratio 4 = 0.3

Cohesion ¢ = 150 kPa and angle of internal friction ¢’ = 28°

Density = 2000 kg/m3

The Drucker-Prager criterion matches the material parameters to the Mohr-Coulomb criterion

5.4.4 Properties of Soil-Tire Aggregate Mixture

Young’s Modulus, E = 20 MPa and Poisson’s ratio 4 = 0.3

Cohesion ¢ = 150 kPa and angle of internal friction corresponding to 50 % TDA is ¢’ = 38°
Density = 1500 kg/m3

The Drucker-Prager criterion matches the material parameters to the Mohr-Coulomb criterion
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5.4.5 Results and Discussion

The next figures show the stress distribution due to gravity for the cases with and without TDA (first
step of the analyses). The roller and symmetric boundaries conditions cannot create a homogeneous
vertical variation for the soil deposit with the TDA (Figure 5.20) because of the 20 by 40 m zone

which will eventually host the excavation.
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Figure 5.19 The initial stress field for a soil deposit with no TDA
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Figure 5.20 The initial stress field at 50% TDA
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In the second step, the tunnel domain or the excavation zone of the soil-TDA mixture is extracted.
The plasticity analyses using the Drucker-Prager plasticity model is implemented for both the cases
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with and without TDA. In Figure 5.21 and Figure 5.22 the Von Mises stress contours are shown
respectively before and after the excavation. The extent of the region that experiences plasticity, in
both cases, is also shown in Figure 5.23 and Figure 5.24. It is evident from these Figures that the

soil-TDA mixture produces a more limited plastic zone.
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Figure 5.21 The stress field after excavation with no TDA
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Figure 5.22 The stress field after excavation at 50% TDA
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Figure 5.24 The effective plastic deformations after excavation with 50 % TDA

The horizontal displacement and the subsidence of the top surface due to excavation are shown
respectively in Figure 5.25, Figure 5.26, Figure 5.27 and Figure 5.28. Again, here the effect is
significant and the soil-TDA mixture produces much less displacements in the lateral as well as

vertical directions.
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Figure 5.25 Horizontal displacement from the axis of symmetry of tunnel after excavation with no
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Figure 5.26 Horizontal displacement from the axis of symmetry of tunnel after excavation with

50% TDA
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CONCLUSION

Owing to the phenomenon of mechanization of societies the auto industry is growing faster than
expected, which has led to the precipitate production of massive amounts of waste tire across the
world. The dependence of people on to daily use of automobiles and consequently generation of
higher guantities of scrap tire in such vast countries as Canada, that is additionally located in a cold
region, is more highlighted. With careful and particular considerations to the disastrous experiences
of two landfill tire fires that took place previously in the Ontario and Quebec provinces, recently a
nationwide consensus has been developed aiming to reduce the illegal scrap tire landfills through

recycling of these waste materials.

Application of processed scrap tire in form of Tire Derived Aggregate (TDA) for the various civil
engineering purposes not only helps to remove vast quantities of scrap tire from the environment but
additionally offers engineering advantages to the project designs and consequently the built-up

structures.

In particular, when used as geomaterial in backfilling projects, mixtures of TDA with conventional
soils especially sand have demonstrated to offer such unique mechanical and thermal properties as
lightweight owing to its low unit weight, good thermal insulation due to its low thermal conductivity,
appropriate drainage because of its great hydraulic conductivity, and removal of vast quantities of
scrap tire thanks to the often mega projects and consequently demand to enormous volumes of

geomaterials.

One of the main and all-time concerns of geotechnical engineers regarding the use of novel
geomaterials is the long-term performance of the material which directly influences the service life

of the civil engineering structures.

Owing to the low elastic modulus of tire rubber, geomaterials containing TDA are extremely
compressible, making the excessive instantaneous and creep deformations a major concern for the
geotechnical engineers. Hence, appropriate measures are necessary to be taken in order to achieve a
reliable prediction of the long-term mechanical behavior of such materials. In order to prevent
plausible failures these predictions are essential to be carried out by the design engineers and the

results must be considered within the designs of the projects.

In order to obtain the objectives of the study, a series of laboratory experiments including direct shear

tests, creep tests, triaxial tests, and a small-scale foundation test was carried out, finite element
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simulations were conducted and consequently, a critical state model and constitutive equations have

been proposed.

In accordance with the findings of the creep parameter determination and the developed constitutive

model the following conclusions have been achieved:

1. The achieved laboratory testing results have demonstrated that the granulated materials
containing sand-TDA mixtures while under a constant load experience a time-dependent creep
deformation. This manifestation of creep begins with an instantaneous strain, followed by a
decreasing rate of strain (primary creep) which gradually attains a practically constant value

(secondary creep).

2. The Norton-Bailey law proved to be useful if one wishes to model a non-stationary creep phase
that leads up to a stationary one. Furthermore, since the law is simply incorporated into

commercial or programmed FEM codes, hence, it is even more effective.

3. Moreover, the test results reveal that the magnitude of the creep strain is highly influenced by
the TDA volume fraction content (6,,). Additionally, at a constant TDA volume fraction, the
creep strain along with the strain rate increases with the vertical applied load. This trend is
observed in all of the tests, with the difference that the magnitude of the strain rate in influenced

by the intensity of the applied stress and TDA volume fraction (6,,).

4. The creep parameters were verified via FEM simulations of the laboratory tests. A satisfactory
match of the creep strain rate was obtained, with the Norton-Bailey constitutive equation, in all
of the tests. Eventually, the FEM simulation of a rigid circular plate resting on a TDA-sand

mixture, which employed the creep parameters achieved, gave satisfactory results.

5. The magnitude of the delayed creep deformation (long-term settlement) of the sand-TDA
mixtures has been found to be significant. Therefore, an accurate estimation of the creep
strain of such mixtures should be considered by the design engineers in geotechnical field

projects.

In accordance with the findings of the plasticity parameter determination and the developed critical

state model the following conclusions have been achieved:

6. Itisevident from the triaxial test results that typically, TDA inclusion reinforces a sand matrix

when compared with the sand without reinforcement (original sand). The results show that as
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10.

11.

12.

TDA volumetric ratio is constant, the magnitude of the deviatoric stress increases with
confining stress for loose sand-TDA mixtures. Although, an increase in the TDA volumetric

content tends to reduce the shear strength of the sand-TDA mixture.

By observing the stress-strain curves and simultaneously the barrel shape of the specimen at the
end of the experiment that eventuated at an axial strain of approximately 23%, a strain hardening
behaviour is evident for the specimen with TDA volumetric ratio of 75%. Therefore, the critical

state appears to be complicated to obtain in such cases.

The test results depict that an increase in the TDA volumetric content results in a decrease in
the stiffness of the sand-TDA mixtures. Especially, an increase in TDA volumetric ratio and a
decrease of the confining pressure cause reduction of the secant moduli.

It is evident from the earlier discussed test results that the TDA volume fraction content plays
a significant role as long as the behavior of the mixture is concerned. A constitutive equation,
while in accordance with a critical state model (MCC), can adequately predict the amount of
shear strength available in the sand-TDA mixture. The calculated deviatoric stress versus axial
strain curves, achieved through the model, captured the non-linear elastoplastic response
obtained in the tests. The level of the shear strength is significantly linked to the critical state
friction angle which in turn depends on the TDA fraction content. In all these cases, the
deviatoric stresses achieved from the tests are bracketed with the theoretical curves generated
with the MCC.

In all simulations, the curves of the void ratio versus vertical strain indicate an overall
compression of the sample. Initial void ratio mitigates towards a critical void ratio. This pattern

is similar to that of loose granular materials.

The curves of the deviatoric strain versus volumetric strain confirm that distortion increases as
the volumetric strain increment. The curves assume a non-linear shape with no peaks. In other
words, no dilation is predicted by the MCC since all of sand-TDA mixtures were in a loose state

at the beginning of all tests.

The plotted curve of deviatoric stress versus axial strain obtained from the results of axial
loading and unloading of the specimen within the triaxial apparatus has been demonstrated
the nonlinear behavior of the sand-TDA mixture during the rebound process. Hence, it can
be concluded from the plotted curves that the deformation and rebound behaviors of the

sand-TDA mixtures during axial loading and unloading are very similar.
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In accordance with the findings of the Simulation of the Behavior of the Sand-TDA Mixtures

During a Tunnel Excavation the following conclusions have been achieved:

This example presented a 2D simulation on the behavior of a sand-TDA mixture during a tunnel
excavation. It must be noted that the surface settlement and the extent of the plastic region around
the tunnel are important parameters which are essential in order to predict the required
reinforcement during the excavation. For comparison purposes, this example considers both soil

and soil-TDA (6, = 0.50) reinforcement. The conclusions are as follows.

13. It was observed from the results that the sand-TDA mixture (50% TDA by volume)
produces a significantly limited plastic zone in comparison with the simulation that considers

sand without reinforcement.

14. Furthermore, it is evident from the simulations that the magnitude of the horizontal and
vertical displacements over the tunnel experience a significant reduction, in the case of sand-
TDA mixtures (50% TDA by volume), when compared with that of sand without

reinforcement.
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