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Abstract

End-of-life tyres are a disposal problem resultirgm the large volumes produced worldwide
every year. Waste tyres are difficult to manageahbse of their sheer volume and the potential
impacts on human health and environment. Theseamdied tyres, currently stockpiled and
dumped in the open, are a source of fire hazardspaovide a prolific breeding ground for

mosquitoes and other pests.

The use of waste tyre shreds as fill material iotgehnical applications can help to mitigate the
waste tyre disposal problems. Specifically, whee ghreds are used as lightweight fill material
in the construction of highway embankments, a @®rable volume of waste tyres is consumed.
With regard to this, an investigation into tyreesdts mixed with sandy soils of South Africa was
undertaken to assess the shear strength behaviotlre osand-tyre shred composite and to
propose an alternative use of the scrap tyres pextiavery year.

A series of shear strength tests were performedguailarge-scale direct shear box on the
mixtures composed of tyre shreds with two relaBizes, i.e. 10-15 mm and 50-60 mm sizes,
combined separately with Cape Flats and Klipheuseglds. The shear strength tests started
from unreinforced material (control tests) followky those on tyre shreds-sand composites at
different shred dosages such as 10, 20, 30, 405886 by dry weight, ending on pure tyre
shreds. The results showed that this inclusion rgdlgemproved the shear strength of sand. The
angle of friction reached its maximum at 10% tyneesl content and reduced for increased shred
content in the mixtures. The cohesion was improfeeddosage up to 30%, then decreased at
higher concentrations. Despite the shred size enctmposite, a concentration of 30% by dry
weight was considered as optimum shred contergitdarce granular soils of South Africa, but
the long shreds showed better improvement compgartek small tyre pieces.

Based on the findings of this study, the use ditiigeight tyre shreds sand composite material
was recommended in the construction of road embantsmand the guidelines to be followed
were proposed. Because of the complexity in thpgregion of the mixture based on density, the
optimum shred dosage by weight was converted ioborwe ratio and this corresponded to 55%
shred content by volume which can easily be usediten For workability and simplicity of
guantity measurements in the field, 50% tyre slu@atent by dry volume was suggested in the
proposed guidelines to be mixed with sand in tleparation of embankment material.
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CHAPTER 1 INTRODUCTION

1.1 Background

Large volumes of solid waste are generated all twemworld due to population growth and the
many different human and industrial activities. Muaf the waste materials produced are not
reused and are disposed of in the limited dispsisad available, which may be exhausted in the
near future. Generally, the full hierarchy in wastanagement, starting with waste minimization,
then proper treatment, reuse/recycling and eneeggvery, is required (Hartlén, 1994). It is
more desirable to minimize the need for landfilla$té tyres which are andincreasing day by day

form a part of the global waste management chadleng

The increasing number of cars all over the worksuits in millions of tonnes of waste tyres
generated annually. This has led to major concabwut environmental problems posed by
municipal solid waste that contains an ever-growpngportion of waste tyres. As depicted by
Dickson et al. (2001), the United States of Amegemerates around 270 million waste tyres
each year. European Tyre Recycler Association ETE®8) reported 250 million used tyres in
the European Union; a noticeable amount is stoe®pih the other countries, resulting in the
accumulation of a billion and more used tyres perum all over the world. These tyres have
been stockpiled in the open and more are dumpedally in the veld (in Southern Africa),

mountains, valleys, etc.

South Africa is also one of the countries genegatimany used tyres. In 2012, 60 million scrap
tyres were counted, and more than 11 million tyaes added each year [Recycling and
Economic Development Initiative of South AfricaBEDISA), 2012]. This is due to the fast-

growing economy and population, contributing to thgh demand for cars, which necessitates
more new tyres to be manufactured in this countiy then discarded at the end of their useful
life. A small quantity of waste tyres is recycleat Wifferent applications such as floor-mats,
insulators, various playgrounds, tarred road-makiagd the manufacture of new tyres
[Department of Arts, Culture, Science and Technpl@ACST), 2004]. The remaining high

guantity of these wastes is dumped illegally irfedtdént regions of the country. An example of

waste tyres in South Africa is shown in Figure 1.1.
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Figure1.1: Wastetyre pileat afactory in Atlantis

Discarded waste tyres deposited in open space® ecagr environmental and human health
problems. They are a breeding ground for mosquitelesh transmit malaria. Furthermore,
when burned, waste tyres release different gasashwtontribute to the pollution of the
atmosphere (Hoddinot, 1997). The decomposed ai fiftve pyrolysis and the residues can also
contaminate soil, streams, channels and ground-wate

Worn-out tyres in the form of shreds have been usegound improvement. Various research
projects have been conducted to assess the ernigmemoperties of pure tyre shreds or tyre
shred soil mixtures. These properties include skgangth parameters, hydraulic conductivity,
compaction characteristics, etc. Some civil engyiimg projects have been carried out using
pure tyre shreds or tyre-shred soil mixtures. Aanegle is the highway and road embankments
constructed using tyre shreds and soil in UnitexteStof America which have performed well
(Yoon et al., 2006). In these projects, large nuslo¢ waste tyres were used. The use of these
wastes is not only to prevent the negative impachaman health and environment but also to
reduce their disposal cost, to preserve and protatiire as well as to solve the problems

associated with the soils of low shear strength.
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1.2 Problem statement

In South Africa, a high number of waste tyres idetlannually to the existing volume, causing
major challenges in terms of their disposal. Milboof scrap tyres are generated every year and
added to the existing bulk which are currently kpoled and dumped in the open spaces in the
country. Managing waste tyres in a safe way isrt@ss them in a specific manner and use
them as a substitute for conventional fill matemativil works, especially in the construction of
embankments. In some countries such as the USstevigres in the form of shreds have been
tested in order to identify the feasibility of thbeing used in civil engineering applications. The
results from these experiments showed that theye hgonod properties, for instance high
hydraulic conductivity, low density, good shearesgth characteristics, high resistance to
degradation (durability), etc. It is obvious frohese results that they can be used in combination
with soil to generate lightweight fill materials igh can be used to construct earth structures
resting on compressible soft soil (Yoon et al., @00ndeed, the use of these mixtures reduces

the compressibility of the foundation soils.

Different techniques of ground improvement, for mpée dynamic compaction, stone columns,
geosynthetics, etc., have been used to enhancgethtechnical properties of soils in South
Africa, but no information exists on how waste tgteeds can improve the soil or ground itself.
The technique of ground improvement using wastestyn the form of shreds is environment-
friendly because it cleans the environment, andgike@s and protects nature (Moo-Young et al.,
2001). With this method, a high quantity of thesebfematic wastes can be consumed. The use
of tyre shred soil mixture in the construction aftéa structures such as highway embankments
not only provides the alternative means of reusymgs to address economic and environmental
concerns, but also helps in solving geotechnicablems associated with low shear strength
(Zornberg et al., 2004; Edincliler et al., 2010).

From the reviewed studies, tyre shreds mixed wothvgere found to enhance its shear strength
and reduce the weight of the composite. In additibe contradiction in the experimental results
has been noticed, for example where the adddfayre shreds to the soil increases its shear
strength (Zornberg et al., 2004) or reduces it @lab 2011). This, together with the high
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volume of waste tyres generated and the lack oivleage for using them to improve the soil in

South Africa, governs this study.

1.3 Justification of the study

South Africa generates many scrap tyres each yhahwecome waste, adding to the existing
volume. The volume of waste tyres recycled is s 20% of the total generated, which
indicates that the rest are dumped illegally inropgace, causing threats to human health and the
environment (DACST, 2004).

Various studies have been conducted to asses®aléility of using waste materials in civil
engineering applications. In this regard waste styp@ve been considered to improve the
engineering properties of soil in some developedgntites, showing good performance. They

form a substitute for conventional materials suglsand and gravels.

The studies conducted showed that the use of watrtyses has many advantages in civil
engineering applications, particularly in the fieddl geotechnical engineering. According to
Humphrey and Eaton (1993), tyre shreds are lighteight, possess good strength and thermal
insulation as well as high drainage capacity; tamyalso a cost-effective material and are non-
biodegradable. The use of tyre shreds in constmictonserves natural aggregate resources,
eliminates their disposal cost, reduces stockjpifegaste tyres which are prone to fire and health
hazards, and eliminates damages to structures ofatyee shred soil mixtures (Young et al.,
2003). However, when a tyre shreds/sand mixturesedl as fill material, no excess pore water
pressure can be built up upon loading (HumphreyEatdn, 1993). Furthermore, the effects of
tyre rubber waste on ground water and air qualigyiasignificant (Moo-Young et al., 2001).
Tyre shreds have the additional advantage of besegl as backfill material behind retaining

walls since they induce small horizontal stressisr{phrey and Eaton, 1993).

Many techniques of ground improvement have beerieciput but no investigation has been
conducted on waste tyres to improve the geotechpicperties of soils in South Africa. Due to
all the reasons mentioned above, the investigatidhe use of shredded waste tyres to improve

sandy soils of South Africa is undertaken.
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Furthermore, the study was limited to laboratomnyestigations on shear strengths based on the
inclusion of tyre shreds from waste tyre materialssand (Cape Flats sand and Klipheuwel
sand). The enhancement of the shear strength @pkrld on the increase of cohesion and angle

of internal friction.

1.4 Resear ch objectives

This research aimed at finding the most benefigey} of reusing the waste tyres through ground
improvement which will contribute to sustainablevelepment. The study was carried out to
investigate the effect of shredded waste tyres lwars strength when randomly mixed with

selected sandy soils of South Africa. The spedifiectives are summarized below.

» Undertake laboratory characterization of the sod tyre shreds materials;

» Appraise the effect of varying concentration ofetghreds on shear strength parameters
of sand;

» Determine the effect of varying sizes on sheangtiteparameters of sand;

» Evaluate the effect of varying tyre shred contensbear strength of sand;

» Compare the overall shear strength results fronmnestigated tyre shred sizes.

1.5 Thesisoverview

This thesis provides a literature review in Cha@tewnhich initially presents the background on
tyres, waste tyres and their use in different aapilons, and discusses the various soil
reinforcement techniques. This is followed by thevjpus research work with soil tyre shreds
composites. The mechanical properties of the rekeanaterials and the details of the
experimental procedure for the large-scale dirbetas tests are given in Chapter 3. All the
results, their analysis and discussion are givenCimapter 4. Proposals for the practical
application consisting of the use of waste tyrescivil engineering in South Africa and a

proposed guideline which could be followed are @nésd in Chapter 5. Finally, the conclusion

and recommendations for further research are giv€hapter 6.
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CHAPTER 2 LITERATURE REVIEW

This chapter briefly discusses rubber tyres, thmanufacture and categories, waste tyre
generation and their negative impacts, managenmehtvarious usages. Ground improvement,
emphasizing soil reinforcement techniques, is disoussed. This is followed by the review of
the previous research works on the use of wasés tiyr soil improvement where the results of

various experimental works are briefly presented.

2.1 Rubber Tyres

According to South Africa waste tyre regulatiorie Waste Act, 2008 (Act 59 of 2008) a tyre is
defined as”a continuous pneumatic covering made of naturalsymthetic rubber or a

combination of the two encircling a wheel, whetmaw or retreaded.”. Various parts of a

pneumatic tyre (from Technical Guidelines 2011)sdrewn in Figure 2.1.

Figure 2.1: Cross-section view showing the component of a tyre (Technical Guidelines,
2011)

(1) Tread: the portion of a rubber tyre whichricontact with the road;
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(2) Tread groove: the space between the adjaiteEnor blocks in the tread pattern;

(3) Sidewall: part of a rubber tyre which is beéwehe tread and the area covered by the rim
flange;

(4) & (5) Ply: a layer of rubber-coated parallerds that plays a role of stabilization in radial
tyre;

(6) Cord: the strands that form the fabric of phies in a rubber tyre;

(7) Carcass: a part of a pneumatic tyre which stpphe load when tyre is inflated;

(8) Section width: the distance between the outsidthe sidewalls of an inflated rubber tyre,

when fitted to the rim.

(9) Belt: a layer underneath the tread which id laithe direction of the centre line of the tread

to restrict the carcass in a circumferential dicett
(10) Bead: the part of a pneumatic tyre that isstim and holds the tyre on to it;

(11) Chafer: a part of pneumatic tyre which praddtie carcass against chafing or abrasion by

the wheel rim.

2.1.1 Manufacture of Rubber Tyres

The pneumatic tyre manufacturing process showngarg 2.2 starts from material preparation

in which the compounds are mixed and the componaintise green tyre, such as bead, tread,
side wall and plies, are produced. It is followsdtyre building, where the separate components
produced from material preparation are put togebyebuilding machines to generate a green
tyre. In the curing process the tread and sidepatllerns are applied and the green tyre is then

vulcanized, while in the final inspection, tyreg @hecked before shipping.
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Figure 2.2: Tyre manufacturing process (Arunas, 2011)

2.1.2 Tyrecategories

Based on vehicle applications, the categoriesreftgs given in Department of environmental
Affairs Republic of South Africa (DEA), (2012) asemmarized below:

— Passenger car and light truck tyres
These are the tyres designed to be used on pass@&hgees to transport people and not goods.
All over the world, the estimation in 2010 showédttthe number of automobiles increased up
to one billion compared to 500 millions in 1986 (vgee: www.wikipedia). The increase in the
number of automobiles requires a high number adstyp be manufactured. There are different
types of passenger car tyres, such as high-perfarengyres, all-season tyres, mud and snow
tyres, all-terrain tyres, spare tyres, as welluesftat tyres.

— Heavy duty truck tyres
These are truck and bus tyres. These tyres are arsesbmmercial trucks, dump trucks and
passenger buses.

— Off-the-road tyres
These tyres are designed to use on, for exampleeMbaders, backhoes, graders, trenchers and
construction vehicles.

— Agricultural and off-road flotation tyres
These tyres are designed to use on agriculturaicheshsuch as farm vehicles, tractors and

harvesters.
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— Racing tyres
These tyres are designed for competition vehicl&€bey last for a short period of time. This
classification includes race tyres for Formula aoed racing, time attack, and more.

— Industrial tyres
They include non-pneumatic (airless) and pneuntairy tyres. These are special tyres designed
for construction and industrial equipment suchkag lwaders and fork-lift trucks.

— Aircraft tyres
These are the tyres designed for use on airpldimey. are strong enough to withstand a heavy
load for a short period of time. They are inflabsdhelium or nitrogen to resist expansion and
contraction which can arise during the temperadunck pressure change while flying.

— Motorcycletyres
These are the tyres designed to use on motorcydhey. include sport touring tyres, street and
sport tyres and track or slick tyres.

2.1.3 Wastetyre generation, prevention and minimization

The volume of waste tyres generated depends omtingber of car users and new tyres
manufactured. As presented in Technical Guideli(8305), passenger car and truck tyres

represent 85% of all tyres manufactured; their aositfn is presented in Table 2.1.

Table 2.1: Comparison of the materials which compose passenger car and truck tyres
(Technical Guidelines, 2011)

Material Passenger car % Truck %
Rubber 45 42
Carbon black and silica 23 24
Metal 16 25
Textile 6 -
Zinc oxide 1 2
Sulphur 1 1
Additives 8 -
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The consumption stage of the tyre before its digpsisould be taken into account because it has
impacts on the environment (Beukering and JangX#1). It was explained that in this stage, a
tyre made of rubber may lose 10% of its weightstigpes into the environment, which
contributes to the pollution of the atmosphere.

At the end of their life when discarded, tyres daa mteract with the environment (Fuggle and
Rabie, 1992). Tyres are defined as waste whenaheyo longer mounted on vehicles and not
suitable for use as vehicle tyres due to wear, dena deviation from the manufacturer’s
original specifications. Waste tyres as definedSbyth Africa waste tyre regulations, the Waste
Act, 2008 (Act 59 of 2008) and includea new, used, retreaded or unroadworthy tyre, not
suitable to be retreaded, repaired or sold astawarn tyre and not fit for its original intended
use. When illegally dumped and burnt, waste tyres poedlarge volumes of black smoke and
large quantities of oil which can lead to the camtetion of soil, air and ground water (Neil et

al., 1993). However, the legislation should emptasyre consumption as well as its disposal.

Waste tyres can be prevented or minimized throegise, recycling and recovery. Used tyres
can be directly reused on vehicles or be retreagigidoved before use on vehicles. They can
also be used as a source of fuel in industriesr@pldice other sources of energy. An example is
the cement or lime kilns which use waste tyres as@nd source of energy and can substitute
coal as fuel. The properties of tyre rubber giveTable 2.2 show that waste tyres are good for
use in civil engineering applications. These a@pions include, but are not limited to the

construction of highway embankments over soft saild backfill behind retaining structures.
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Table 2.2: Properties of tyrerubber (CWA, 2002)

- Compacted density - 2.3-4.8 kN/m compared to soil at 15.6—-19.5kN/m

- Durability - non-biodegradable

- Horizontal stress on wall - lower than that of conventional backfill

- Modulus in elastic - range 1/10 of sand

- Permeability - greater than 10 cm/s

- Specific gravity - #1.14-1.27 kg/mhcompared to soil at 2.20-2.80 kd/m
- Thermal insulation - 8 times more effective than gravel

- Unit weight - half the typical unit weight of gravel

- Vertical stress on weak base - smaller than granular backfill

2.1.4 Waste tyre problems

In South Africa, 60 million discarded tyres wereunted in 2012 and 11 million tyres were
added to this waste each year. It has been reptivédécaround 80% are stockpiled or dumped
across the country which can cause threats to himaalth and the environment. Generally the
following are environmental and human health proldecaused by improper management of

waste tyres:

* Human health problems
The dumped or stockpiled waste tyres can sheltstsp&hich carry various diseases. The
stagnant water collected inside tyres also can lme@ding-site for mosquitoes. It is known that
the deadly disease mostly transmitted by mosquitoesalaria. In South America the diseases
transmitted by mosquitoes are yellow fever and derfgver, which affect a high number of the
population (Technical Guidelines, 2011). The haaasdchemicals from the burned tyres like
chromium, cadmium and lead can also be a dandert@n health.

* Environmental problems
Environmental problems can be caused by burningengises and are described below as water,

air and soil pollutions:
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» Air pollution
When tyres are burned, complete combustion relezemd®n dioxide and sulphur dioxide into
the atmosphere while incomplete combustion emdgids and daxious gases (Hoddinot, 1997).
Other hazardous gases such as benzene, furansicawsmadium, hydrogen chloride, mercury,
polynuclear aromatic hydrocarbons, polychlorinabgazhenyls and chromium are released into
the atmosphere (Mpanyana, 2009).

» Soil pollution
After burning waste tyres, the remaining residuas pollute the soil immediately by the
penetration of the liquid products into soil or the gradual leaching of ash and unburned
residues (UK, Chemical Hazard Report, 2003). Accgydb Humphrey et al. (1997), the gradual
leaching of oil can also occur and together witkiddournt tyre residues, endanger the fauna and
flora. However, it can be noted that the contangidegoil takes some time to recover, otherwise

remediation measures have to be taken into account.

» Water pollution
As a result of pyrolysis of the rubber after conttors the decomposed oil penetrates and
leaches into the ground water or can discharge metarby ditches, streams and waterways.
Groundwater may also be polluted by untreated wadged to extinguish fires which carry the
chemical compounds such as aromatic liquids andffoarand are discharged into streams or
leached into the groundwater.

2.1.5 Management of used tyresin South Africa

2.1.5.1 Introduction

Generally, waste management is one way of proigthia environment. According to the CSIR
(1991), the threefold paramount objectives of wasé@agement are:

— Avoidance of waste production;

— Reduction of unavoidable wastes; and

— Disposal of residues in an environmentally accdptabd safe way.
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The system of waste management in South Africalied Integrated Solid Waste Management
(ISWM). This strategy promotes clean technology avakte avoidance and promotes the
resource recovery, recycling, volume reduction protessing to enhance better waste treatment
as well as the reduction of the risks (Wong, 1993 aim of ISWM was to raise the waste
management to a level of decision and facilitieswaste management options which conforms

to the best environmental sound management.

Waste tyres are among the problematic wastes whaste many negative impacts on human
health and environment when unsuitably discardedasté/ tyre generation is, however,
unavoidable, so there should be a sound managesystatm to minimize their generation. The

waste tyre management hierarchy is shown in Figi8e

Most favoured option \ Prevention /

\ Minimization /
\ Reuse /

\ Recycling /

Energy recovery /

Least favoured option \ Disposa /

Figure 2.3: Used and waste tyre management hierarchy (Technical Guidelines, 2011)

2.1.5.2. Prevention and minimization

In South Africa, a high number of scrap tyres isagated throughout the country. As reported
by Phale (2005), the great volume of such waswgerserated in urban areas such as Pretoria-
Witwatersrand and Vereeniging in Gauteng Provitioe,Cape Town metropolis in the Western
Cape, Uitenhage — Port Elizabeth in the EasterneGaqa in the Durban — Pinetown area in

KwaZulu-Natal. These areas face waste tyre disgosalems.
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In Figure 2.3, waste prevention is the first choafewaste management. The target is to
minimize the amount of waste generated enteringwtaste stream. Waste tyre prevention or
minimization can be achieved through retreadingegrooving or direct reuse on vehicles. The
reduction of the amount of waste tyre generati@udeto an increase in the useful life of tyres.
Through retreading/regrooving, waste tyre minima@atcan be achieved because it can save
80% of raw material and the necessary energy ®mptioduction of new tyres (Beukering and

Janssen, 2001). According to ETRA (1998), retregds cost-effective because the price of
retreaded tyres is within 30% to 50% lower thar thfathe new tyres. Figure 2.4 shows the

various stages in the life of a tyre.

From Figure 2.4, it can be seen that tyres canbt&reed in three ways: as new tyres, retreaded
tyres as well as direct re-used tyres. Accordmdechnical Guidelines (2001) aikukering
and Jansse(2001), the used tyres can be directly reused for theginal intended purpose. If
they do not have the minimum remaining tread dep#y have to be retreaded or regrooved (for
truck tyres only) before being reused. The minintemaining tread depth for some countries is
1.6 mm for part-worn tyres to be sold for furtheseuBeukering and Janssen, 2001; Technical
Guidelines, 2011). With retreading or regroovirigsievident that tyre utilization is maximized.
Around 80% of original material can be reused dnitheé process of regrooving is carried out
correctly, the life of a truck tyre can be increhsgp to 30% for only 2.5% of the cost of a new

tyre (Beukering and Janssen, 2001).
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Figure 2.4: Various stagesin thelife of atyre (Technical guidelines, 2011)

The importation of a large number of used tyresdumse disadvantages, i.e the increase in waste
load (Beukering and Janssen, 2001). This is dubeshort lifetime of reusable tyres. Routine
accidents while driving on worn-out tyre were atggiced. In South Africa, the number of used

tyres retreaded annually is given in Table 2.3.
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Table 2.3: Retreaded tyresin South Africa (SATRP, 1998)

Type of tyres Retreaded tyres
Passenger tyres 900 000

Light delivery vehicle tyres 380 000

Truck tyres 900 000

Total 2180 000

2.1.5.3 Recycling for material reuse and recovery

The objectives of recycling are to save the ressiand reduce the impacts of wastes on the
environment by reducing the amount of waste dispasein landfills. Tyre waste may be
recycled through cutting, shredding or grinding didiferent applications (Technical Guidelines
2011). Tyres in the form of shreds mixed with s@ih be used as lightweight fill material in the
construction of highway embankments resting on soft The mixture can also be used as
backfill material behind retaining structures whictduce small horizontal stresses on these
structures. Worn-out tyres as a whole can be usetthé construction of, for example, field
drains, erosion-control stabilization of slopesnhstouction of sea breakwaters, construction of
road Subgrade (Ahmed 2012).

Grinding has economic and environmental advantafyeseported by Beukering and Janssen
(2001), recyclable rubber, steel and textile ariolkd through the grinding process. Rubber
reclaim can be produced by pyrolysis of size-redugees; additives are added when rubber is
subjected to a thermo-mechanical process to prothedinal product. Rubber reclaim can be
used to manufacture new tyres. It is cheap, a9ritse is half that of virgin rubber cost

(Beukering and Janssen 2001).

In South Africa, wealth can be created from wagtest. As reported by Mpanyana (2009), The
tyre recycling plant in Wadeville produces rubbeuncbs which are exported to Europe for
surface road making. He pointed out that wastestgre used to manufacture carbon black which
is sold to Botswana, Zambia, Swaziland, Lesotho Mdanchibia. The carbon black is intended to

be used as cartridges for printer and photocopiepgses. Other waste tyres are used to
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manufacture products such as floor-mats, insulatargl feeding and drinking troughs for

animals and so forth.

2.1.5.4 Recycling for energy recovery

Waste tyres can be used as a secondary sourcelahfthe production of electricity, cement,
paper, steam and steel. They can also be useceimtimeration of garbage. According to
Technical Guidelines (2005), the quantity of tylmgned produces an equivalent amount of
energy equal to the energy produced when the samauatity of good quality of coal is burned.
Despite no emission of sulfur into the environmamd no solid wastes is generated when tyres
are burnt, the emission of gases should be cayefahtrolled to protect the environment (Jones,
1997).

In the New York State Electric and Gas Corporaptant, more than 1.3 million used tyres are
burned to generate power, which saves 16 000 tovinasal for the monthly plant consumption
(Telsa, 1994). In Britain, a tyre incineration glgmoduces 25 megawatts of electricity per day
by burning 900 000 tonnes of worn-out tyres andrdss (residues) are deposited in landfills.
This plant was installed with a number of emiss@aaning-up systems to minimize air
pollution, and the emitted gases from tyres wengvedent to those emitted from coal (Pearce,
1993).

In 1998, nine million tyres were discarded in diffiet provinces of South Africa (SATMC
1998). As reported by Phale (2005), Gauteng Prevgenerated the highest amount compared
to others; these wastes were treated like othetskof solid wastes and deposited in landfills.
But sometimes the landfill operators doubted ougell to accept waste tyres by demanding high
fees for their disposal which led to illegal dungior stockpiling of used tyres. Consequently
waste tyres were dumped illegally in the open spidogvadays, 200 000 tonnes of tyres become
waste each year with more than 11 million tyres plednillegally and some of them are burnt to
retrieve steel wires in the tyres (DEA, 2012). T&rian the use of tyres as a source of fuel in the
cement kilns were performed by Pretoria Portlanch@ and Anglo-Alpha Cement institutes.

The findings showed that waste tyres can be usech adternative source of energy for cement
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kilns, but the challenge was the emission of hafgdises such as dioxins and furans during tyre

burning.

2.1.5.5. Disposal

Waste disposal is the last option for waste manageénit is economically viable to reduce waste
generation, recycle it, reuse it and resource regofmaterial and energy recovery). This may be
a proper way of handling waste for its disposal.si¥ayres have to be reduced before their
disposal, for example when used as a source ofilné¢é cement or lime kilns, where no solid
materials remain and the ash produced can be piacadandfill. Using tyres in the form of
shreds as construction material in civil engineg@pplications could also be a good alternative
means of disposaln South Africa, no option of reducing waste tytefore their disposal in
landfill as well as an engineering application aste tyres which consume high volumes is in

place.

2.1.6 Tyreregulationsin South Africa

Regulations on waste tyres were published on 13rugep 2009 by the Department of

Environmental Affairs and Tourism in South Afric@he paramount objective of these

regulations is to control waste tyre managemenproyiding the regulatory mechanism. These
regulations are summarized in the points belowti@eel of these regulations requires that no
person is allowed to manage waste tyres in a wapsipg any of these waste regulations:

— Recycling, recovery or disposal of waste tyres ngsauthorized by law;

— Recovery or disposal of waste tyres which polldte e€nvironment or cause harm to
human health is prohibited;

— Waste tyres may be disposed of in a waste disdasdity only two years after the
promulgation of tyre regulations. After that, tyfesve to be cut into four pieces before
being disposed of. Those tyre pieces may not heodexd of in landfill unless they are
shredded into small pieces, but bicycle tyres gnelstwith external diameter exceeding

1400 mm are not concerned.
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Tyre manufacturers, waste tyre dealers, landt#l sivners and tyre recyclers will be affected by
these regulations. Section 6(7) of these regulatrequires that the tyre producer is allowed to
manufacture, import new, part-worn, retreadablencggs or supply new, part-worn, retreaded
tyres after showing the approved integrated ingustste tyre management plan or an existing
by the Minister.

2.1.7 The use of waste tyresin geotechnical applications

Waste tyres have been used in different projedisdriield of geotechnical engineering. Some of

these applications are given below.

2.1.7.1 Highway embankment applications

When constructing highway embankments with heavigitematerials on soft ground, the
compression of the soft foundation soil may occleading to high settlement which may cause
the instability and damage of the earth struct@#&gnomou and Mavridou, 2008)0 alleviate
such problems, a lightweight fill material from weasyres such as scrap tyres, tyre shreds, tyre
crumbs and tyre chips or a combination of thesé &l as a substitute for heavy conventional
material can be used (Zornberg et al., 2004). Huepbt al. (1998) reported a project of two
highway embankments of 10 metres high each, cartettuwvith tyre shreds. The compressible
foundation soil comprised of approximately 12 metseft clay. These materials were selected
because they were $300 000 cheaper than othewbgitit fill materials. The improvement of
the soft foundation soil was considered expenshaxce priority was given to the use of
lightweight fill to make the embankments lighteigdie 2.5 is the typical cross-section of one of
these embankments.
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Figure 2.5: Embankment constructed with tyre shreds (Humphrey et al., 1998)

2.1.7.2 Retaining wall backfill

Backfill material comprising of tyre shreds behiadetaining walls was found to produce small
horizontal stresses on the wall structures comptoretbnventional materials (Tweedie et al.,
1998). Another reason for using tyre shreds asfllaakas their hydraulic conductivity. Tyre

shreds are free-draining and no excess pore watssyre can build up behind the wall. An
example of where tyre shreds were used as baoidilérial is shown in Figure 2.6. The purpose

of using these lighter materials was to reducehtirezontal pressure, vibration etc. on the wall.
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Figure 2.6: Tyre shreds backfill material for Merry Meeting rigid-frame bridge
(Humphrey et al., 1998)
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2.1.7.3 Drainage layer in landfill

Figure 2.7 shows the tyre shreds used as uppeloama drainage layers in a landfill site. The
bottom drainage layer forms the role of leachatbection by transporting the leachate for
treatment or release. As seen in the Figure 2:& dlyreds in contact with waste are used as a gas
drainage layer while the leachate collection systetow the waste and on top of sealing layer
are used to prevent the pore water pressure td bpil The gas drainage system is installed in
landfill to collect landfill gas which has a higlotential for greenhouse effect due to its high
content of methane. It can also increase the fisknalfill fire hazards.

The shreds have been found to be interesting toagsdrainage material due to their high
permeability (Warith et al., 2004). The propertafstyre shreds i.e drainage characteristics,
durability, chemical resistant, low density andrthal characteristics, make them ideal for use in

drainage system in landfill.

Soil cover
Geotextile

Drainage layer (tyre shreds)
Protection layer

Sealing layer

Gas drainage layer
(tyre shreds)

Protection layer —+
i Geotextile
Drainage layer/ Emrm———————————— -
(tyre shreds) ,‘ e Sealing layer
Soil
Figure 2.7: Use of tyre shreds asdrainage layer in top cover, as gas drainage layer and as
bottom drainage layer in landfill (Edeskar, 2006).

The suitability of tyre shred as bottom drainaggetahas been studied by Reddy and Saicheck
(1998), and Warith et al., (2004). They found thae shreds have high permeability, even at
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high vertical confining pressures. An example was&'m/s obtained at a stress of 1GPa and

65% compression.

2.2 Ground improvement

2.2.1 Introduction

Ground improvement is a geotechnical term applieémthe soil is forced to adopt the project
requirements by changing its natural state (pragmrtrather than changing the engineering
design in response to the natural limitations efsbil. Generally the soil to be improved is that
with low undrained shear strength (soft cohesivd smd loose sand. The properties of soil
which are likely to affect the cost of constructiare strength and compressibility. Both can be
improved by reducing the volume of the voids, dasieg settlement or by including stronger
material in the soil mass.

There are numerous methods of ground improveméhfahem are grouped in different

categories such as mechanical methods (vibratomypaotion methods, dynamic compaction,
etc.), hydraulic methods (preloading, vertical dsaietc.), chemical methods (deep soil mixing,
grouting), soil reinforcement (use of geosynthetiitses and tyre shreds from waste tyres). One
technigue or another may be chosen to deal witaracplar problem, for instance: increase in
bearing resistance, reduction of settlement, ntibgaof liquefaction, improvement of fill

material, remediation of the contaminated solil, nowement of slope stability as well as the
overall stability of structures. In this sectiompgnd improvement techniques in terms of soil

reinforcement are discussed.

2.2.2 Soil reinforcement

Soil reinforcement is the method used to improve groperties of soil by incorporating

reinforcing materials such as fibres, geosynthetig® shreds from waste tyres and so on, in
soil. The objective of reinforcing soil is to inase its bearing capacity and shear strength,
enhance its stability, reduce lateral deformatiord aeduce settlement (Hausmann, 1990;
Prabakar and Sridhar, 2002; Yarbasi et al., 20&buhut et al., 2007). The material to be added
in the soil should be strong enough to ensurettieteinforced soil provides good strength, i.e.
the shear strength characteristics, bearing capdaiproved drainage in the fine soils, and
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reduced weight of fill as well as the settlementtd structures when the load is applied on it.
This type of ground improvement is a subject of tugrent study and the tyre shreds as
reinforcement material from waste tyres are usedof® reinforcing soil with waste tyres, other

methods of soil reinforcement took place and aiefligrdiscussed below.

2.2.2.1 Geosynthetics materialsin soil reinfor cement

Geosynthetic is the general term to describe palyn@oducts used to solve civil engineering
problems. In this method, the soil is divided istampacted layers and each layer is reinforced
with geosynthetics. These products help to sohgneering problems including but not limited
to erosion, slope failure, poor bearing capacitg ahear strength. Conventional construction
materials such as sand or gravel are considere@ mxpensive. There are many types of
geosynthetics but the commonly used for soil recément include geotextiles, geogrids and

geocells, as shown in Figure 2.8

soil confinement

Geotextiles Geogrids Geocells
Figure 2.8: Geosynthetics commonly used for soil reinforcement (Bathurst et al., 2008)

Geosynthetic materials provide reinforcement infdren of a tensile force at each discrete layer
as a function of tensile strength and pull-out stagice developed by friction and adhesion
between the geosynthetic and adjacent soil (Koeamet Soong, 1998). Geosynthetics also
increase bearing capacity and shear strength pgiregpend stabilize slope. In cohesive soils,
some geosynthetics act as draining material antlerthe rapid dissipation of pore water
pressure developed upon loading. The techniquepdicable in construction of road and
highway embankments, slope stabilization, commeraad office parks, residential

developments, earth dams, retaining walls, etc.

Chapter 3/ Research Material, Equipment and Metloggo Page 23



Various studies were conducted on soil reinforcath vgeosynthetics. Triaxial tests were
performed by Gray et al.,, (1986) on dry sand reodgd with both nonwoven and woven
geotextile with different layers of reinforcemennder different confining pressures. Their
results showed that the fabric inclusion in santtdases its strength, changes its stress-strain
behavior and limit the reduction in post peak sgthross. It was noted that the spacing between

reinforcement in soil has to be well establishedriter to achieve the desired strength.

Apart from sand, the effect of geosynthetics ory acleas evaluated. Unconfined compressive
strength tests were performed by Twinkle and Say@a11) on different samples of woven

geosynthetics (I, 1l and IIl) with clay. Each samphas 73.5 mm in diameter. The spacing
between reinforcement in clay was varied and tingpéas were prepared at their optimum water
content and they were sheared up to 20% axiahstfdie results showed that the peak strength
increases as the fabrics are increased in the Tlegyincrease of strength in the engineered soil

with four layers of reinforcement was in the ordé€f.39%, 171% and 229% respectively.

The bearing capacity of soft clay reinforced witbn® columns containing geotextiles was also
investigated. According to Gray et al. (1986), lbiearing capacity of soft clays can be improved
by using granular piles and this in turn can berowpd by internal reinforcement with oriented
fabric or randomly distributed fibre layers. Thepimmvement of the strength and bearing capacity
of footing resting on clayey soil by including seooolumn having different fabric or randomly
distributed fibre layers was studied. The resuftsveed that the increase of both strength and
bearing capacity were dependent of spacing, tyme @ientation of the reinforcement in

samples.

2.2.2.2 Fibresin soil reinfor cement

Geosynthetic reinforcing material is found to belyfaexpensive in soil reinforcement.
According to Holtz (2001), the total cost of geadswtics is about 20-25% of the total
construction cost which leads to an increase inrallveroject costs. The high cost of
geosynthetics motivated the development of theofisires. Reinforcing soil with fibres, either
natural or synthetic (artificial), is a techniqueground improvement where discrete fibres or

continuous filaments are mixed with soil to improite shear strength and constrain its
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deformation. Fibres in soil are known to improve litearing capacity, shear strength, reduce

settlement of the structure and assist in staltiiimaof slopes.

For these reasons the investigation on fibre-soihmosite interaction was performed by
different researchers. Gray et al. (1986jformed the study on fibreither natural or synthetic)-
sand composite samples using a direct shear damté¢heir results showed an increase in shear
strength and the reduction in post peak strength. [6his reduction in post peak strength was
due to the random inclusion of discrete fibresaih. §he concentration of fibres which gave the
maximum strength was about 2%. Moreover, the imgmoent of engineering properties due to
the inclusion of discrete fibres depends on filyjget fibre length, aspect ratio, fibre content,

orientation and the soil properties.

Apart from sand, the strength of clayey soil-sytithdibre composite samples were also
investigated by Akbulut et al. (2007) for unconfineompressive strength, shear strength
parameters and shear modulus. Fibres used were gabypropylene and polyethylene waste
materials, the size and concentration of fibresedaand the samples were compacted at their
optimum moisture content. The size of the sampbleted, i.e. 35 mm diameter by 70 mm in
length, 50 mm diameter by 100 mm in length and 80 diameter by 160 mm in length. The
findings showed that the addition of fibres in @gysoil increases its unconfined compressive
strength and the maximum value was obtained at @@8tent by weight for all fibre lengths.
The length of fibre should be increased in proportio the sample dimensions. The maximum
cohesion and shear modulus were obtained at the sancentration of fibres and at 10 mm

fibre lengths.

The bearing capacity of compressible clay reinforeath synthetic fibres (polyester) was
evaluated by Kalpana et al. (2011). They conclutthed the inclusion of randomly distributed
fibres in clayey soil increases its ultimate begroapacity and decreases its settlement for
ultimate load.
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2.2.2.3 Soil reinforcement with tyre shredsfrom waste tyres

2.2.2.3.1 Introduction

Another technique of soil reinforcement is the asshredded waste tyres. In this technique the
used tyres are cut into different sizes and areechixith soil at a predetermined concentration
either by weight or volume, giving the good shetaersyth parameters of the composite. The
different sizes of tyre cuts are described in tlet sub-sections.

2.2.2.3.2 Categories of wastetyre pieces (tyr e cuts)

Generally, tyre cuts are available in differentegatries according to their sizes (Moo-Young et
al., 2003). These are slit, shred, chip and graeygound rubber and crumb rubber). The first
type of tyre pieces referred to as slits is obtibg cutting a whole tyre into halves and the
sidewalls are separated from tyre treads. Slitseateced in size to obtain the second category of
tyre cut named tyre shreds ranging from 50 to 30Q. Mhese shreds are irregular rectangular
and square in shape containing steel belts or béadsrding to Moo-Young et al. (2003), tyre
shreds are obtained from primary and secondaryddhmg processes in which the slits are
loaded onto a conveyor feeding system towardsragmyi shredding machine and cut into 300
mm, then proceed towards secondary shredders wéiltite the size to up to 50 mm depending
on the requirements. Furthermore, tyre piecesa&liee chips have also irregular rectangle and
square shape with size ranging from 12 mm to 50 anch are also obtained from secondary
shredding process (Moo-Young et al., 2003). Thégeschave the most wires removed (FHWA,
1998). The last category of tyre pieces referreastthe granulates which involve tyre crumb and
ground rubber with particles ranging from 12 mmOtd5 mm and 4.75 mm to 0.075 mm
respectively are obtained from the granulator uoeng the size of tyre chip from secondary
shredding (Young et al., 2003).

2.2.2.3.3Tyreshredders

There are a number of waste tyre processers atl theeworld. Some of them are discussed

below.

Chapter 3/ Research Material, Equipment and Metloggo Page 26



» ZERMA
The German Company ZERMA designed the tyre-recgdeility which produces high quality
products made from recycled waste tyre. The masepeoduced at the end of the process are
either shreds from primary and secondary shredgingesses which can be used massively in
the cement industry and civil engineering applmadi or 5 mm size crumb rubber and powder

for the other different applications.

In the primary shredding process the passengdyies, light truck tyres and pre-cut truck tyres

are loaded onto the large conveyor towards thed8lerel called ZTS which reduces these
materials into 300 mm to 150 mm or smaller shrdt® conveying system conveys shredded
tyres from the primary to the secondary shreddiracgss called Shredder 2 (ZTTS) which

reduces the material to about 20 mm size shredshidtstage the tyre shreds with steel are
separated and shreds free from steel are fed amweyor towards granulators called GSH where
they are ground into tyre particles between 4 mih amm and less in size. At each stage the
separation equipment is installed to remove maetdlféore to ensure the result of high quality.

The Zig Zag Silter and screening machine 1 CS sépdhe tyre pieces and the material larger
than 6 mm in size are returned into granulatorse@round to smaller particles, depending on
the requirement. The end products of the ZERMA mupeint are tyre pieces less than 1mm in

size. The complete tyre shredding process is showigure 2.9.

=&mm
Car tyre, light <1somm =20mm <fmm Screening
trucktyres | | Shredder1 |,| Shredder 2 Granulator Zig Zag machine 1
and pre-cut ZTS ZTTS ™ GSH ™ Silter ™ s
truck tvres ‘L 4’ \ 4’
IIatarial IIaterisl DE IIaterial
<150mm <20mm staa] <fmm

Figure 2.9: Tyre-shredding processes (Zer ma Company, 2013)
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» American TyreInternational Solution Inc.
Another tyre shredder industry is Tyre Internatidd@lution in America. This industry cuts used
tyres following four steps. As given in Figure 2.1i@e first step is the extraction of the steel
bead heel, followed by tyre shredding then gramnagnd reselling and recycling come at the
end.

A\ 4

Steel bead heel remo | Shreddin

A 4

Granulatiol Reselling & Recyclin

Figure 2.10: Phases of tyre shredding

The steel bead heel removal is the crucial phasgrefrecycling before the tyres are loaded into
the automated plant. The extracted steel bead heelsade up of strands of 20 mm diameter.
Thereafter the tyres are loaded onto the conveyiochwconveys them into the shredders during
the shredding phase. The shredder machines witlhehe of the screening system produce a
minimum size of tyre shreds of 60 mm. The matefram shredders continues towards
granulators where they are reduced to less thanriThunks. At this stage the textile fibres and
steel filaments are mechanically removed by scregequipment. Under granulation phase the
sub phase called refining phase reduces 15 mmpigees into granules of 5 mm textile free

fibres. These rubber particles are further redutmed00 microns in the pulverization phase.

The last phase. the reselling and recycling phesesists of reselling the extracted steel bead
heels from the first phase to the steel recyclirmpufiacturers. Furthermore, the materials from

granulation phases (rubber) are recycled into varfmwoducts.

» South Africa Tyre Recyclers
The last discussed tyre shredder is South Africee Tgcyclers. The steps in tyre cutting in this
facility start from sorting waste tyres, followedy lsteel removal, primary and secondary
shredding, and the last is granulation to obta& smaller rubber particles. The South Africa
Tyre Recyclers products’ applications include brg ased in the making athletics grounds,
building insulation, playground surfaces, tarredd® and new tyre manufacturing. However,

tyre shreds used in the current research were isdpply this facility because it is locally
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available. The shredding processes of tyres aresrshio Figure 2.11. According to the South
Africa Tyre Recyclers (SATR), tyre shreds are aiedi through primary and secondary
(granulation) stages. Further granulation is pengd to generate the finished product depending

on the requirements.

Sorti Secondary G lati
orting Primary stage of .| stage of Steel ) ran.u.a lon
waste [ : > : > » into finished
shredding shredding removal
tyres ) products
(granulation)

Figure 2.11: Complete processes of reducing waste tyres.

On reaching the recycling facility, the tyres acetsd by size and composition for processing.
Tyres suitable for recycling are then loaded ontarge conveyor belt towards the production

line. Reaching the primary stage of shredding, #weyshredded into 90 to 50 mm shreds. The
material from primary shredding are then fed irite secondary stage of shredding (granulator)
where they are reduced into around £18 mm size lchamd less. After secondary stage is
completed, steel and fibre removal take place aftech they are stored in large hoppers for the
next stage. The last stage is the granulation fimished products in which the steel-free

tyre granules are cut by tips and blades and pugiredgh sieves depending on the required

product. Some pictures showing the tyre shred tecyactory are given in Figure 2.12.

Figure2.12: Tyrerecycler factory at Atlantis
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2.2.2.3.4 M echanism of reinfor cing soil with tyre shreds

The mechanism of reinforcing soil with tyre shradgolves selecting appropriate sizes and
optimum content of tyre shreds and mixing them il selected soil until the mixture becomes
homogeneous. Like the mechanism of reinforcemesmngby Gray and Al-Refaei (1986) for the
randomly discrete fibres in soil shown in Figur&3.the randomly distributed tyre shreds in soil
may have the perpendicular or inclined positiond amerlock with soil material in the shear
plane and resist the cut-off during shearing themeases shear resistance of the composites.
This may result in an increase in friction angle @ohesion, which in turn increase the shear

strength of soil.

DEFORMED
FIBER

= % -]

SHEAR
ZONE

Us
INTACT
FIBER

Figure 2.13: Defor mation of fibresduring shearing (Gray and Al-Refaei, 1986)

Where k: Tensile stress developed in the fibres at tharspkane; z: the thickness of the shear

zone; x: horizontal shear displacement

Before the preparation of the mixture, the tyreedrsize and content must be selected. Cetin et
al. (2006) give an example of compositions of migtby weight and by volume in Table 2.4.
Different samples with varying sizes and contentyoé shreds should be prepared and tested in
the laboratory in order to determine the economiyiad shred size and content which give the

good parameters necessary for the project design.

Chapter 3/ Research Material, Equipment and Metloggo Page 30



Humphrey (1999) reported that the use of wastestyrehe form of shreds reduces construction
cost. Instead of improving soft foundation soilgprio the construction of highway embankment
which would be considered expensive. The lightwetgte shreds are cheaper than other light-
weight fill material and can be used to make théa@amiment lighter. This alternative helps to
limit the problems of settlement and the instapilithich can be caused by heavy weight fills

placed on soft soils.

Table 2.4: Preparation of tyre shreds soil mixture, after Cetin et al. (2006)

By weight (%) By volume (%)

Pure clay (0% fine tyre shreds Pure clay

10% fine tyre shreds 18% fine tyre shreds

20% fine tyre shreds 33% fine tyre shreds
30% fine tyre shreds 46% fine tyre shreds
40% fine tyre shreds 57% fine tyre shreds
50% fine tyre shreds 66% fine tyre shreds

100% fine tyre shreds 100% fine tyre shreds

10% coarse tyre shreds
20% coarse tyre shreds
30% coarse tyre shreds
40% coarse tyre shreds
50% coarse tyre shreds

100% coarse tyre shred

25% coarse tyre shreds
42% coarse tyre shred:s
55% coarse tyre shred;s
66% coarse tyre shred:s
74% coarse tyre shreds

100% coarse tyre shred

2.2.3 Summary of the discussed soil reinfor cement techniques

Different methods of soil reinforcement were disagsin this chapter. Like other materials such
as geosynthetics, etc., improving ground with tgheeds aims at increasing shear strength,
bearing capacity and reducing settlements of sofhpressible soils. In South Africa no

information exists on how tyre shreds materials loa used to improve soil properties. The high

number of scrap tyres dumped is also a challengéhi® country. However, this technique has
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the benefits of cleaning up these problematic veasteing cost-effective so that able to preserve

and protect nature.

2.3 Previous studies on tyre shredsin soil improvement

A comprehensive literature review was undertakearder to understand the behaviour of tyre
shreds mixed with soils. In this section, varioesults from laboratory works obtained by other

researchers are reported.

2.3.1 Effects of tyre shreds on Atterberg limits of clayey soils

In the study conducted on tyre shreds soil mixtupésstic limit, liquid limit and plasticity index
were considered. The results from experimental wazlrried out by Cetin et al., (2006)
following American Society of Testing and Mater{&STM) (2003) standards on clayey soil-
tyre shreds composite as presented in Figure 2IbWbh showed that as the clay content of the
clayey soil decreases as tyre shreds are addethamge in liquid limit occurs up to 30% content
of tyre shreds, while the plastic limit remains #ane up to 10% from which it starts to decrease
up to 20%. It was concluded that the increase @& $jreds in clayey (cohesive) soil decreases

its Atterberg limits and clay content.

—&— Clay Content
—¢— Liquid Limit
—&— Plastic Limit

\.‘\ =0— Plasticity Index
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Figure2.14: Variation of liquid limit, plastic limit and plasticity index for clay soil asthe
concentration of tyre-shredsincreases (Cetin et al., 2006).
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2.3.2 Effect of tyre shreds on permeability of soil

The permeability of soil is defined as the flowvaditer through the soil mass. The permeability
of clayey soil is very low. When tyre shreds areedi with low permeable soils, they act as
draining material and increase in permeability.régorted by Cedergren (1989), Ahmed (1993),
and Cetin et al. (2006), the draining materialsimire the development of excess pore pressure
upon loading and accelerate the consolidation ohdation soil by providing shorter drainage
path. As a result, the stability of the structumnstructed with tyre shred-soil mixture can

quickly be achieved.

The permeability of tyre shreds is influenced mgtghred size, compaction effectiveness (initial
density/void ratio), and normal stress. AccordiogHumphrey and Sandford (1993), the value
of permeability of tyre shreds size ranging fromm® to 76 mm at void ratio of 0.583 obtained

using a permeameter is 4.8 cm/s. The hydraulic wcindty of clayey soil, fine and coarse tyre

shreds and the mixture of the two at different radrpressures and different tyre shreds content
were performed in consolidometer apparatus (falliegd method). The results showed that the
permeability of clayey soil alone and the mixturghwva small percentage of tyre shreds is as low
as (10—10®cm/s) and increases as the percentage of tyresshretases and at a decreasing

normal pressure (Cetin et al., 2006).

As shown in Figure 2.15, the hydraulic conductivitgreases as the content of tyre shreds in
clay increases and at low normal pressure. Butddisot prevent the pore water pressure from
building up. To preclude the pore pressure devetopnthe clay-tyre shreds mixtures cannot be
used where drainage is necessary. Consequenysliyeds-sand or shreds-gravel mixtures are
appropriate in these conditions. Clay-tyre shreddures can be used in unsaturated conditions
where low permeability, low weight and high strdngtre required in the fills resting on weak
foundation soil. An example is road embankments laackfill behind retaining walls which
have to be built above the water table. Cetin e{24106) concluded that tyre shred-clayey soil
composite, when mixed with high draining materiatts as sands or gravels, can also be used in

a saturated condition.

Chapter 3/ Research Material, Equipment and Metloggo Page 33



o
=

45
9.0 { . o
- » O 0% Tire Chips

%E ° n] ll’."hw(tvups E 40 O 10% Tire Chips
- 80 Si::fl”‘“:lhll" » \ # 20% Tire Chips
) 2% Tire Chips 4 A 30 Tire Chips
s Aa Tie O 35 fre Chif

70 30% Tire Chips E o T
E ‘ \‘\ B 40% Tire Chips L }\ :“h jlm(‘hlm
- P > 30 - 50% Tire Chips
- 60 @ 50% Tire Chips & \
% 50 \ \\ E 25 \\\ =
g N, ‘\ N g \Q\\ Y
E ) \ £ K - N
NENQ D FETONARS
e AN \l\ e %18 S, SO L, 4 o
s SN - ] \c ~1 =N “\
oY) O\\q ~ \\1 e LY \E\x\% ~ =
é 10 I \“‘“-—w_\ -..ﬁ_?:_“"— E 05 \\e\h\b_bﬂ
4] --e-“"-__":::gc-.h v "*-B—-E%_

00 00

0 50 100 150 200 250 300 350 400 0 50 100 150 200 2350 300 350 400
Normal pressure (kPa) Normal pressure (kPa)

Figure 2.15: Coefficient of permeability versus normal pressure: (a) fine-grained, (b)
coar se-grained tyre shreds clay mixtures (Cetin et al., 2006)

The fine and coarse tyre shreds have higher peiitgathich may be the same as that for sand
and can increase by decreasing the normal preasdrencreasing tyre shred size (Figure 2.16).
Because of their high permeability, Masad et a9@) noted that the pure tyre shreds or tyre
shreds-sand mixtures are useful materials for emaldankment construction.
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Figure 2.16: Coefficient of permeability versus normal pressurefor purefine and coar se-
grained tyre shreds (Cetin et al., 2006)
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2.3.3 Effect of tyre shreds on compaction

The compaction of soil is carried out to incredasedensity which is defined by the ratio of the
mass per unit volumeThe Proctor test was carried out on clayey soile tshreds and tyre

shreds-clay mixtures. The maximum dry densitiesewebtained with their corresponding
moisture content. According to the results obtaibgdAhmed, (1993) and Humphrey et al.
(1993), the density of different compacted pure sfireds ranges from 225 kdhm 714 kg/m.

The investigations on compaction of clay and clageiy mixed with tyre shreds were performed
by Cetin et al. (2006) and their results are shawirigure 2.17. It is clear from the Proctor
curves that the maximum densities are higher fayey soil alone and decrease as the
percentage of tyre shreds increases both for fuecaarse tyre shreds soil mixtures. The same
tests were performed by Oikonomou and Mavridou &@h sand-tyre shred mixture and they
reported that dry density decreases as the pegeenfaubber increases regardless of the rubber
size. Thus, the values of maximum densities shavpibtential for using tyre shreds or tyre
shred soil mixture as a lightweight fill materigdtin et al, 2006; Oikonomou and Mavridou
2008).
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Figure 2.17: Compaction curvefor fine (a) and coarse (b) grained tyre shreds mixtures
(Cetin et al., 2006)
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2.3.4 Shear strength of tyre shred soil composite

Shear strength of soil is defined as the maximueasktress that a soil can sustain or internal
resistance per unit area that the soil mass caar tifresist the failure and sliding along any
internal plane. The resistance of soil dependsrioctidn and how the particles are cemented or
bonded together. The effective shear strengthvisngoy equation 1:

where:

t: shear strength in kN/m

¢': cohesion in kN/r

on': N/A: applied normal stress in kNfm
N: Normal applied load in kN

A: Contact area in fn

@: Angle of internal friction in degree

Reinforcing soil with both geosynthetics and fibreisher natural or synthetic, was not a solution
for waste tyres. These waste tyres were used ilousataboratory works to assess their shear
strength behaviour when mixed with soils and tiseilts were reported as seen in the following

paragraphs.

Masad et al. (1996) evaluated the shear strengttyref shred-Ottawa sand mixtures using
triaxial cell apparatus by varying sizes and cotregion of shreds in the composite. They
concluded that the mixture from Ottawa sand-tyreed$ is a suitable fill material for the
construction of highway embankments over soft casgible soils. The same experiment was
conducted by Prasad and Prasada (2009), but gramypes of soils were used. The
improvement of shear strength characteristics wam 36 to 40 and from 11.77 to 26.48

kN/m? in terms of friction angle and cohesion respetyive

Focusing on aspect ratio and the concentratiornyref $hreds in the mixture, Zornberg et al.
(2004) performed large-scale triaxial tests on dgnel shred composite. In their studies they

used different concentrations of tyre shreds apeéasatios of 1, 2, 4, and 8 shown in Figure 2.
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18 (a, b, c and d). The test specimens were pré@rehe relative densities of 55% and 75%.
The findings showed that the addition of tyre skrém sand enhances its shear strength. It is

concluded from Figure 2.19 that the aspect ratishwéds between 4 and 8 increased the shear

strength and the higher aspect ratio affected thenve change. A high confining pressure, no
influence of aspect ratio on sample volume wasrdsmh The maximum value of shear strength
was recorded at the concentration of 35% tyre shbgdweight. This was obtained at a relative
density of 55%. Therefore the increase in sheangth was independent of an increase in

relative density of sand matrix. The same resuéieeweported by Gotteland et al. (2005).

(b)
Figure 2.18: View of tyre shredswith variouslengths (Zornberg et al., 2004)
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Figure 2.19: Influence of aspect ratio on shear strength (Zornberg et al., 2004)

This was in contrast to Attom (2006), who perforntked tests on the same mixture but using
direct shear box of 10.5 cm x 10.5 cm square aodh digh and varying concentrations of tyre

shreds. Mousa (2006) obtained no optimum tyre dslu@ntent because the shear strength
increased for all investigated concentrations oé tghreds. He reported that shear strength
increased from 0.7 kgfmrat 0% to 1.4 kg/fat 40% content by weight of tyre shreds. The same
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tendency was observed in the other type of sandh&unore, the angle of internal friction was
improved as the tyre shreds quantity increased.alitigor noticed that the increase of initial dry

density increases shear strength of the mixture.

The shear strength behaviour of tyre shred sanduneix was measured by Balachowski and
Gotteland (2007), who performed consolidated dahirteaxial compression tests. The
displacement rate was controlled to 0.4 mm/min #r@dconfining pressures used varied from
100 kPa to 300 kPa. The results obtained led toattlthors’ conclusion that 30% tyre shred
content by dry mass is an optimum for the maximbees strength of the composite. This value
was also reported by Baleshwar and Vianot (2009 weasured the shear strength of tyre
shred sand mixtures using large-scale direct shearby varying the concentration of tyre
shreds in the mixture from 10% to 50% with an wéérof 10% and compacting the test
specimen in the shear box to achieve nearly thermar dry density. Baleshwar and Vianot
(2011, 2013) conducted direct shear strength testhe same mixtures, but varied the shred size

and confirmed the same results.

The results above were checked from Cabalar (20&fhdp performed the tests on samples
without any compaction. From the Figures 2.2 ar2d hoth maximum shear stress and internal
angle of friction decrease as tyre shreds are atilednd up to 10% content beyond which it

becomes nearly constant.

The reason for decrease in shear strength as eegldly Cabalar, (2011) could be the particle
size and shape of sand material. Another reasohtrbgythe small size of rubber particles used

in some studies.
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Figure 2.20: Maximum shear stressversus % of rubber content for Ceyhan (CS) and
Leighton Buzzard Sands (L BS) (Cabalar, 2011)
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Figure 2.21: Friction angle versus rubber content for Ceyhan and L eighton Sands
(Cabalar, 2011)

Tatlisoz et al. (1998) conducted large-scale disbetar tests with tyre shreds, sand, sandy silt,
sand-tyre shreds and sandy silt-tyre shreds mistdree results showed that the shear strength
of the sand-tyre shreds mixtures increases witheasing tyre shreds content up to 30% by
volume. It was noted that the friction angle of teandy silt-tyre shreds mixtures was

independent of tyre shreds content. The increashéar strength of the sandy silt-tyre shreds
mixtures was primarily due to an increase in appamhesion. The same experiment was

performed by Foose et al., (1996) and the resbligimed were almost identical.

Apart from investigation on tyre shred-sand ane tyinred silts composites, Cetin et al. (2006)

performed tests on tyre shreds-clayey soil mixusmg small scale direct shelaox. The box
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was seated in a pan which was filled with water kept full during the testsThe study was
carried out at different tyre shred content anésiit has been seen that the best mixtures which
give high value of shear strength are those witht 2@arse tyre shred2-4.75 mm) and 30%
fine tyre shredg¢< 0.425 mm) when mixed with clayey soil. As showrFigure 2.22 (a & b),

cohesion increases as the tyre shreds contentaseseup to 40%, while the angle of internal

friction decreases and vice versa beyond 40% tyredscontent.

Cohesion (kPa)

{ == Fine Tire Chips
—— Coare Tire Chips

(] 0 l
0 0 20 30 40 50 &0 70 S0 9% 100 [1] W 20 3 40 50 &0 0 BD 90 100
Tire Chips (%) Tire Chips (%)

Figure 2.22: Cohesion (a) and friction (b) angle versus % tyre shreds (Cetin et al., 2006)

In contrast to Akbulut et al. (2007) who performig test on the same soil, the maximum
cohesion was obtained at 2% content and 10 mmHeafyshreds. Unconfined compressive
strength was evaluated as well and the maximumevalas obtained at the same size and
content. The angle of internal friction increasedainon linear way. The summary of previous

studies on shear strength of tyre shred sand neixisrgiven in Table 2.5.
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Table 2.5: Summary of the resultsfrom previous studies on shear strength

References Sail Shred Aspect| Shred Optimum Shear strength
type width Shred ratio | content| Tyre shred (D
(mm) | length (mm) (%) Content (%)
Up to5( 1C @
Foose et al., 50-100 20 30 '
1096 Sand - 100150 | /A 30 34 to 49
Tatlisoz et SSaanndd)% N/A %8 30 30 ? 53
al, 1998 | "y N/A 30-110 30 11 to 39 kPa
25.4 25.4 1 150 Maximum shear
Zornbera et 12.7 25.4 2 15 35 stress:
o oon | sand | 127 50.8 4 30 1.09to 1.71
; 12.7 101.6 8 38 (kg/cn)
1C
20 c:
Mousa, 2006 Sand N/A N/A N/A 30 40 1.09t01.71
40 (kg/lcm2)
10 c:
. 20 19-56kPa
Cet2|rc1)c<)aé al. Clay N/A 20447255 N/A 30 40 Friction angle:
' 40 20-15
50
1
2-5 ; 2 04-185KkP
Akbulutet | /A 5-10 /A . ) a
al.,2007 y 10-15 c
5
10 10 OF
Cabalar, 2011 Sand N/A N/A N/A 20 44-37.6°
50
Vianot and ;g ; %g 30 T
Singh, (2009)| Sand 10 30 3 50 Increase
. 10 1 1C )
g/ilr?nr?t;gldl Sand 10 20 2 0 30 Inc:éase
gn, 30 3 50
Vianot and 1C T
Singh, 2013 Sand 10 20 2 é% 30 Increase
N/A: Not Applicable
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2.3.5 Tyreshredsin improvement of bearing capacity of sail

The bearing capacity of soil is defined as the {oantying capacity of surface unit foundation
soil or rock. It is also the pressure a soil cafelgasupport without failure in shear. Bearing
capacity controls the load from a superstructur&kdsping it lower than the allowable bearing
pressure in order to avoid adverse total and diffeal settlement which may cause damage to

the structure resting on it.

When the estimate of the bearing capacity of thendation gives a very small value, soil
improvement may be required. Therefore the usgrefghreds may be an option to improve the
shear strength parameters (cohesion and frictioglepnof such weak soil types. These

parameters are in direct relationship with its repcapacity.

According to Das (2007), the failure surface foe #tase of general shear failure due to the
ultimate applied load is assumed to be similarh@t shown in Figure 2.23. For equilibrium
analysis Terzaghi (1943) was the first author whappsed the theory to evaluate the ultimate
bearing capacity of a rough rigid continuous fodimaas given in equation (2) below. The
equation has been modified for other types of fatiods. This equation can be used once the

shear strength parameters of soil supporting thedations are known.

%wa P b4

45972 4590/ a LN N 459/~
I I ‘ v: soil unity weight

¢": cohesion
0=0: FI‘ICIIOH angle

Figure 2.23: Bearing capacity failurein soil under arough rigid continuous foundation
(Das, 2007)
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Qu=CNc+gNgq+05B/ Ny ............... (2)

Nc, Ng, Ny dimensionless bearing capacity factors which ardéunction related to internal
friction angle ()

gu: ultimate bearing capacity (in kPa)

c': cohesion of soil (in kPa)

B: the width of the footing (m)

y: Unity weight of foundation soil (in kN/f

g: overburden pressure = Df*(in kPa)

v: Unity weight of overburden soil (in kNfn

Df: depth of foundation from the ground surfacehe base of footing (in m)

Various laboratory studies were conducted to agbessnprovement of the bearing capacity of
soil reinforced with tyre shreds. The results afcsanixed randomly with shredded tyre obtained
by Hataf and Rahimi (2005) showed that the bearaqgacity ratio (ratio of bearing capacity of
improved to unimproved soil) increases as tyredshoontent and aspect ratio increase. It can be
noted that the equation (2) was not used to comjatdearing capacity. However, the bearing
capacity was the maximum pressure applied on thgleabeyond which the failure occurred.
As shown in Table 2.6 below, the optimum tyre shredntent after which the bearing capacity
ratio starts to decrease was found to be 40% amdpimum aspect ratio for the maximum

bearing capacity ratio was 4.

Table 2.6: Bearing capacity ratio of tyre shred sand mixture (Hataf and Rahimi, 2005)

Size of shreds
Tyre shreds content %

2*4cm 2*6cm | 2*8cm| 2*¥10cm| 3*6cm 3*9 cm 3*12 cm
10 1.17 1.46 1.46 1.56 1.56 1.73 1.83
20 1.6 2.03 2 1.97 1.9 2.13 2.2
30 2.15 2.73 2.8 2.84 2.69 2.8 3
40 - 3.2 3.4 - - 3.9
50 - 2.95 3.3 - - - 3.9
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2.3.6 Summary of thereview

The inclusion of tyre shreds in soil showed an iovpment of its engineering properties such as
shear strength. Based on their results, many refss@r derived a conclusion that soil-tyre shred
mixtures is suitable for use as lightweight fill tm@al in the construction of various earth
structures such as highway and road embankment® aodt compressible soils. Settlements of
underlying soil caused by fill material from tyrlered-soil composites are small and no excess
pore water pressures which may cause instabil@plpms can be generated because tyre shreds
are lighter in weight, possess high hydraulic catiglity and are easy to place and compact.

South Africa as a developed country contains a ki@hme of scrap tyres and the use of these
tyres to improve soil is not undertaken. Theretbeeneed to utilize this type of waste for ground
improvement will be beneficial in terms of wastesaerce recovery. It will also help to solve
geotechnical problems related to low shear strerdtiwever, there are some contradictions in
the experimental findings. Zornberg et al. (200dyrfd that addition of tyre shreds to soil
increases its shear strength while Cabalar (20ddgested a reduction of shear strength due to
tyre shreds inclusion. A decrease was observeddnd mixed with fine tyre shreds (Cabalar,
2011). To verify these findings, the study inte &ffect of the inclusion of tyre shreds in South

African sandy soils is undertaken.

This research focused on the investigation of {h@mm content of tyre shreds to achieve the
highest shear strength when mixed with Cape Fkatsl &nd Klipheuwel sand. The shred size
ranges from 10 -15 mm and 50- 60 mm and dosages 1120, 30, 40 and 50% by dry weight
These shred sizes were obtained from the Souttcaffiyre Recycling facility located at

Atlantis, Cape Town. The large-scale direct sheardf 300 mmx300 mm square was chosen to

test the selected tyre shred sizes.
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CHAPTER 3RESEARCH MATERIALS, EQUIPMENT AND
METHODOLOGY

3.1 Introduction

In this chapter the research materials, equipmedttihe methods used in the investigation are
discussed. The mechanical properties of the localyrced sandy soils and tyre shreds from
waste tyres were evaluated and the results prese@mt8ection 3.2. The second part given in
Section 3.3 details the equipment used while Se@id which is the last component describes

the methodology undertaken to achieve the objexife¢his study.

3.2 Research materials

3.2.1 Soil characterization tests

The characterization of the soil materials was grened to assess their mechanical properties.
Some of them were considered significant in th@aration of tyre shred-sand composites while

the others were useful in the interpretation ofrémults. The types of sand selected for this study
were Cape Flats and Klipheuwel sands. The evalyatgukrties as well as the methods used and

standards followed are listed in Table 3.1.

Table 3.1: Experiments conducted to characterize soil

Propert, Methoc Test Standarc

Natural Water Conte Oven drying BS1377-2:1990, clause 3
Particle Densit Small Pyknometer meth BS1377-2:1990, clause 8
Maximum Dry Densit Standard Proctor Te BS1377-4:1990, clause 3
Optimum Moisture Conte Standard Proct Tes BS137°-4:1990, clause 3
Particle Grading of san Dry Sieve methc BS1377-2:1990, clause: 9
Shear Streng Direct Shear metht ASTM D308(-200:
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3.2.2 Soil materials

3.2.2.1 Cape Flats sand

Cape Flats sand used in the study was sourcedPhaolippi Quarry in the Cape Flats region of
Cape Town, South Africa. It is a light grey fineaded, uniform sandy soil with a low percentage
of fines. Based on the results of sieve analybis,Unified soil classification system classified
the soil in Figure 3.1 (a) as uniformly graded sauitth particle sizes ranging from 0.063 mm to
1.18 mm. Kalumba (1998) described the Cape flatsl particle shape as rounded as observed
under a microscope.

3.2.2.2 Klipheuwel sand

This sand was obtained from Kersfontein Quarry—Msdbury area in Cape Town. It is reddish-
brown in colour and classified according to Unifeall classification system as well graded sand
with little fines. The sieve analysis showed thred soil particles ranged from 0.063 mm to 4.75
mm. In contrast to Cape Flats Sand, Klipheuwel qzarticles were angular in shape (Kalumba,
1998). Both Cape Flats and Klipheuwel sands arevshim Figure 3.1 and their various
properties are summarized in the Table 3.2. Thaildd results from classification tests can be
found in Appendix A.

Figure3.1: (a) Cape Flatssand (b) Klipheuwel sand
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Table 3.2: Mechanical propertiesof the soil used in theinvestigation

Cape Flats sand  Klipheuwel sand _
Property Unit
Values
Natural moisture content 3.5 2.6 %
Specific gravity 2.62 2.62 -
Standard Proctor test results:
— Maximum dry density 1.68 1.9 Mg/m®
— Optimum moisture content 10.5 10 %
Vibratory compaction test results:
— Average densest dry densit] 1.8 2.02 Mg/m®
— Average loosest dry density 1.4 15 Mg/m®
Particle size range 0.063t0 1.18 0.063 to 4.75 mm
Mean grain size, B 0.31 1.2 mm
Coefficient of Uniformity, G 1.7 7 -
Coefficient of curvature, C 0.95 15 -
Friction anglegp 40.6 44.6 Degree
Cohesion, C 0 0 kPa

3.2.3. Tyreshreds

The tyre shreds were obtained from the South Affigiee Recyclers’ Factory, located in Atlantis
Cape Town. The two shred sizes supplied were 16uiband 50-60 mm prepared by primary
and secondary shredding respectively. The primaoggss involved cutting waste tyres into
shreds up to 50 mm, while the secondary shreddeppdd the tyre shred from primary
shredding into tyre particles around 15 mm. The umhseparation was carried out to obtain the
selected size ranging between 50-60 mm and siealgsas for 10-15 mm tyre shreds. To obtain
the smaller size, the two sieve meshes 16 mm ahdn® were selected and the tyre shred
particles passed through the 16 mm sieve and tieési@ed onto the 9.5 mm sieve were taken to

range between 10-15 mm.
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It was difficult to obtain the single size of tyslreds to use in this investigation. Therefore,
reinforcement materials as given above were irrdinges selected from those used in previous
studies and were obtained from shredding diffetgpes of tyres. The sizes of these materials
are shown in Figure 3.2.

Figure 3.2: Tyreshreds(a) 10-15 mm and (b) 50-60 mm sizes

Various properties of pure tyre shred were assesBed rubber particles used for specific
gravity test passed through a 2 mm sieve and weeedf steel and wires. It was decided to use
the small tyre pieces because of the limited tgsfailities. The BS specifications, procedure
and equipment used were the same as those uséldef@pecific gravity of the investigated
sandy soils. Thus they were found to have a valygadicle density of 1. This value is within
0.86 and 1.19 obtained by Baleshwar and Vianot §p@tho tested the smaller pieces. The
average value of particle density for small tyreesls was also found by Ahmed (1993) to be
1.02 and that of 50 mm tyre shreds obtained by &ebsl. (1996) was 1.21. The small variation
in specific gravity can be explained by the stedtsbin the long shreds. The density of tyre
shreds obtained by water displacement method w58.3&g/ni and they were found to absorb
water up to 1.7%. This value is within the rangewaiter absorption 1 and 2.5% found by
Ahmed (1993) depending on the amount of exposeddibrhe friction angles found from 10-15
mm and 50-60 mm tyre shreds were 221d 24.8 while the cohesions were 13.3 kPa and 19.4

kPa respectively.
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3.3 Main test equipment

The shear strength of a soil material is determurgdg direct shear box test with various sizes
of sample boxes. In the selection of the size efltbx for a particular test, BS 1377-7:1990 and
ASTM D3080-2003 recommend that the maximum sizeaofiple particles must not exceed one
tenth of the diameter of the sample. Therefore,tdube large size of the tyre shred material of
up to 60 mm in length in this study, a large-sadtect shear box was selected for the testing

regime.

According to the BS, the test was supposed to béedaout in a 600 mm square size shear box
for the tested tyre shreds. But due to the limitesting facilities, the shear strength was
measured using a machined brass box 305 mm squarppooximately 200 mm deep, open at
the top and bottom. The equipment was supplied Hey Geocomp Corporation Company
(www.geocomp.com). The box was horizontally dividedo two halves which could be
accurately fixed together by screws that passeticadly through the walls of the upper half and
screwed into the lower. The box is placed in aamegtilar brass container so that the bottom half
of the shear box is rigidly held and prevented fromving laterally so that when a force is
applied on the brass container the bottom halfhef shear box slides on the upper half box

attached to the ShearTrac-Ill frame.

The whole system as shown in Figure 3.3 is callégaflrac-1ll system comprising a
ShearTrac-1ll frame which provides and controllstieal and horizontal loading on the sample.
The vertical and horizontal loads and displacemargsmeasured by sensors. The machine has
the carriageway which houses the shear box. It damaximum horizontal and vertical
displacement of 100 mm and 90 mm respectively. lhee the maximum capacity of the
machine is 44 kN in the horizontal and verticaldiog. It is capable of applying a constant rate
of shear stress or displacement rate of up to 15pamminute, but the accurate range of the
displacement rate varies from 0.00003 to 7.5 mmmpeute.

The ShearTrac-1ll was supplied with shear softweapable of running an automated direct
shearing force. This software runs the test andives the data from vertical or horizontal load

and displacement sensors respectively. The shegrgmme collects and stores data from the
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test in a test file in the form of tables and gsaplhich can be edited to produce the new tables

and graphs which are reported as the final testtees

Figure 3.3: Automated large Shear Trac-111 system (Various components of Shear Trac-I11
(a) Shear box, (b) Screws, (c) ShearTrac-111 frame, (d) Vertical load cell, (f) Computer
screen, (e) Vertical displacement transducer, (g) Computer monitor, (h) horizontal front
panel controller and (i) Vertical front pand controllers (Geocomp Cor poration, 2012)

3.4 M ethodology

3.4.1 Introduction

This section presents the testing methodology uakien in this study. Different direct shear

tests were carried out on various sand tyre shoedposites to assess their shear strength
behaviour. Direct shear testing involved shearita@terally restrained square soil sample along a
horizontal plane. The failure occurred when theasing resistance reached the maximum value
the soil sample could sustain. For each test afd#iree identical specimens were prepared and

tested under three different normal pressures.
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3.4.2 Sample preparation for direct shear tests

The direct shear test specimens were prepareccordance with Section 7.5 of ASTM D3080-
2003 and conducted on dried clean sand. The pugfdbés was to maximize the shear strength
of soil without any disturbance so that the comigosan be used in unsaturated conditions. The
sand was oven-dried at f@Gfor 24 hours to eliminate the effects of watenteot after which it
was sealed in containers. The tyre shreds werdisdps dry material and therefore no drying

was required.

3.4.2.1 Pure sand (0% tyre shreds)

The test specimen was first prepared on Kliphewssed. Based on its specific gravity and the
volume of the shear box, a pre-estimated quantityean sand of about 45 kg was taken from in
the container and thoroughly stirred on a tray gisirscoop to produce a mixture. The two halves
of shear box (Figure 4.10) were assembled usingitbelignment screws and the weighed sand
was poured in the assembled box. The sand was cbedpia three different layers using a hand
tamper having a standard weight hammer of 2.5 é&gnfa free fall height of 300 mm shown in

Figure 3.4. Each layer was subjected to 25 tamplogs. The compacted layer boundaries were
well positioned to prevent them from coinciding hvithhe shear plane defined by the contact

between the two halves of the shear box.

Figure 3.4: Hand tamper compactor
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The procedure and equipment used to compact thplsamthe shear box is given in ASTM
3080-2003. The standard stipulates that the testirsen can be compacted using the procedures
and equipment used to determine the moisture gersigtionship given in ASTM D698 or
D1557. These procedures were used to compact midensaterial in the shear box during sample
preparation. The compaction of sand was done ierci@ achieve the maximum dry density
obtained from vibratory tests during soil charaetion given in Table 3.5. The level of

compaction achieved was up to 95% of the maximunddnsity.
Based on the maximum dry density attained duringhpaction in the shear box, it was

ascertained that all materials in the shear boeveempacted to 95% of their maximum dry

densities. The various components of the sheaatesjiven in Figure 3.5.

(a) (®) ielﬁi

d
© @ ®

Figure 3.5: Component parts of the shear test for sand/sand: (a) top half shear box and; (b)
loading plate (top cap); (c) bottom half shear box; (d) alignment screws; (€) Klipheuwel
sand and (f) Cape Flats sand

After the shear box was filled with sand, a widetahscraper was used to trim off the excess
material. The sand material remaining after the $gecimen preparation was weighed and
subtracted from the total to get the compacted mahia the shear box prior to the determination
of the density achieved given in Table 4.3. A tap was placed on top of the well-levelled sand
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surface for the purpose of spreading the appliechabpressure on the sample during the shear
test.

A sample was also prepared for the pre-dried cl@éape Flats sand. The quantity of sand
material was estimated and the procedure for sapngparation as for Klipheuwel sand was
repeated. For each type of sand, three similar lemmyere prepared and tested at three different
normal applied pressures of 50, 100 and 200 kPa.cbmpacted test specimen in the shear box
is shown in Figure 3.6.

a b c

Figure 3.6: Prepared test specimen in shear box for pure sand (a) Klipheuwel sand, (b)
Cape Flats sand and (c) the sealed samplein the shear box with top cap

3.4.2.2 Puretyreshred (100%)

The pure tyre shreds were tested to evaluate #tear strength properties. These pieces
comprised of the mixture of shreds from car tyned &uck tyres. Test specimens were prepared
for 50-60 mm as well as 10-15 mm tyre shred siZés. quantity of tyre shred to fill the shear

box was estimated first for 50-60 mm shred lendtased on their particle density of a 1.21

(Foose et al.,, 1996) and a value of 20 kg tyre dshmeas obtained. Since tyre shreds were
varying in sizes, mixing these materials was regfliand was performed manually on a tray
using a scoop after which they were placed in thectishear box in three layers and each layer

was compacted. The prepared sample in the sheds lgosen in Figure 3.7 (a).
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The same estimate was carried out on 10-15 mmdygreds and the amount of 20 kg dry
material was obtained. Tyre shreds taken from tmainer were thoroughly stirred on the tray
and carefully poured into the shear box in threeakincrements and compacted in the same

manner as given above.

In contrast to pure sand, compacting pure tyredshreahe shear box was insignificant. Three
samples were prepared to be tested at three skbeetecal confining pressures. The prepared
sample is shown in Figure 3.7 (b).

Figure 3.7: Sample preparation in the shear box for (a) 50-60 mm tyre shred and
(b) 10-50 mm tyre shreds

3.4.2.3 Sand-tyre shred composite

Mix design

Before preparing the sample of any mixture it isc@l to compute the quantities required for the
mixing. The equation (3) below was thus adoptednduthe preparation of the mixture.

Wts: X. Wtsc ...................................................... (3)

Where
W;s: the weight of tyre shred: the concentration of tyre shreds in the mixture

Wise the weight of tyre shred sand composite.

Chapter 3/ Research Material, Equipment and Metloggo Page 54



The concentrations of tyre shreds considered mghidy were 10, 20, 30, 40 and 50 % by dry
weight. Each percentage of tyre shred content veessidered independently during sample
preparation. The shape of tyre shreds was not@ered in this study and their thickness was not

uniform because of the variability in wear of thasie tyres.

Before mixing, the quantity of tyre shreds to bembmmed with sand was predetermined.
Therefore the concentration of 10% tyre shred lyyrdass was first considered for Klipheuwel
sand and the size of tyre shreds was 50-60 mmtdtaequantity of sand to fill the shear box
was estimated following the similar procedure usedure sand quantity calculations and 10%
tyre shreds by dry mass of that sand was compusedy Lequation (3). The weight of sand
equivalent to shreds was replaced by the weightyod shreds. After all the necessary
calculation, the quantity of each sand and tyredhto be used were taken from the containers
and weighed using a high precision electronic satitg which they were thoroughly mixed on a
tray using a scoop to obtain a well mixed sampbkreGvas taken during mixing to preclude the

segregation of tyre shreds and sand.

The two halves shear box were assembled on thdistatable using the alignment screws and
the tyre shreds sand composite was carefully tearesf into the box in layers. It was decided to
compact tyre shred-sand composite in three layeensure that all the material in shear box
received the same energy. Tyre shreds in the stwree took various positions i.e. vertical,
horizontal and inclined. This is evident becaugettiickness of the single layer was greater than
the length of the longest tyre shreds. Each layes @ompacted using the similar equipment used
in the preparation of the pure sand sample andvetéhe same number of blows equal to 25.
The volume of the specimen in the shear box wasraéted and consequently its mass and then
the density achieved was calculated.

Calculations based on 10% tyre shreds content vepeated for 20, 30, 40 and 50% tyre shreds
content. For each mixing ratio the sample was pegp#ollowing the procedure adopted in the

preparation of the test specimen for the conceatratf 10% tyre shreds in the mixture.

Tests specimens were also prepared on mixturegainorg Cape Flats sand and 50-60 mm tyre
shred. The estimates for the quantities to be miwede done for all the considered shred
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dosages. Both sand and tyre shreds were takentfrencovered containers where they were
stored and were blended on the tray to generatehtilmogeneous mixtures. The same
concentrations of tyre shreds used in the premaratif tyre shreds sand composites for
Klipheuwel sand were considered to evaluate thémywh percentage of tyre shred content
which maximized the shear strength of Cape Flatd.s@he test specimens in the shear box are

shown in Figure 3.8.

a b

Figure 3.8: Prepared test specimen in shear box for (a) Cape Flatsand (b) Klipheuwel
sand-shreds mixturesfor 50-60 mm tyre shreds

Tyre shreds sand composite was prepared for 10+hShneds size. Therefore the computation
was performed to estimate the required materialséord and tyre shreds followed by mixing
these quantities. Test specimens were then pregaretO, 20, 30, 40 and 50% tyre shreds
content by dry mass using the same equipment dluaving the procedures used to prepare the
tyre shred sand composite contained 50-60 mm slsizeds The test specimens in the shear box

are shown in Figure in Figure 3.9.
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Figure 3.9: Prepared test specimen in shear box for (a) Cape Flatsand (b) Klipheuwel sand
-shred mixturesfor 10-15 mm tyre shreds

3.4.3 Assembly of the apparatus

The machine was first switched on to allow the ed8age, then the shear box containing the
specimen was pushed in the testing machine bedthetimelp of the horizontal loading system.
Here, it was well positioned and tightened to the&@Trac-IIl frame using various screws. The
cross bar was lowered on the shear box by thecaétbading system to make careful contact
between the vertical load cell and the stainless| &tall resting symmetrically on the top cAf.

the necessary connections including sensors fdicaeand horizontal loads and displacements

were checked to allow data measurement and regprdin

3.4.4 Direct shear testing (procedur es)

All the required information for the test such asmal applied pressure, shear displacement rate,
maximum displacement for the test, displacemeetwal, minimum time for consolidation were
typed into the shear program (software). Sheasstreas applied by maintaining a constant
displacement rate of 1.3 mm/min and the maximumldtcement of 50 mm was set for each test.
This value of shear rate was obtained from Foosa.gt1996) for shearing tyre shreds sand
mixtures. After setting the test conditions, a t&atefile was created before running the test to

store the generated data. An example of the saleafrom software is shown in Figure 3.10.

The direct shear testing was undertaken in accoedavith ASTM D3080-2003. Therefore
according to the ShearTrac-1ll machine supplieredasn the said standard, the first phase of
direct shear test was the consolidation by applyiognal confining pressure on the sample
using the vertical loading system via a verticadaell. It was followed by the shearing phase
by which a controlled constant rate of displacememove the bottom half shear box sliding on
the top fixed box was applied. Before the shearsphwas commenced, the alignment screws

were removed and a suitable gap ensured. This gagentrolled by the gap screws.
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File View Run Calbrate Control Report Options Help
Test Parameters l Consolidation Table I Shear Table
Project | Specimen | Water Cortent | Read Table

Project Number: Boring Number:

Project Name: Test Number:

Location: Sample Number:

Date of Test: Depth:

Tester: Hevation:

Checker: Sample Type:
Description:
Remarks:

Figure 3.10: Shear control window

After the shearing had been completed, the horatommd vertical loads were zeroed. The
removal of the horizontal (shear) load from the glenwas assisted by the horizontal loading
system composed by motor and worm gear, whereéisaldoading was removed with the help

of vertical loading system (motor combined with mogear). The vertical load cell and cross bar
were raised to facilitate the removal of the sheax from the shear box housing unit (water
bath). The screws were loosened and removed, tmerstiear box was extracted from the
ShearTrac-1ll machine and the sample was removexh fthe box after which the box was

cleaned and dried prior to the preparation of thet test specimen. All steps were repeated for

75 tests performed in this study. The shear stretegt in operationis shown in Figure 3.11.
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Figure3.11: Shear strength test in progress

3.4.5 Direct shear testing programme

A total of 75 tests were conducted in this invesimn. As indicated by the test numbers in Table
3.3 below, three tests were conducted on both @ape Flats and Klipheuwel sands, six on only
tyre shreds alone, thirty on Cape Flats sand-tgreds mixture, thirty on Klipheuwel sand-tyre

shred mixture and three replicate tests performe®@% tyre shred content mixed with Cape

Flats sand. All the specimens were compacted to @5%g sample preparation.
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Table 3.3: Direct shear test programmefor Klipheuwel sand-tyre shred mixtures

Research mater
Test Tyre shreds (1 Test number | Normal pressure
Sand (S) i (kPa)
Tyre siz¢ | Tyre shred
(mm) (%)

San¢Sanc | Klipheuwel SS/K5( 50
(SS) (K) - - SS/K100 100
SS /K200 200

Sanc¢-Tyre | Klipheuwel 10-15 ST /1(-15/10/K5( 50
(ST (K) 10 ST /10-15/10/K100 100
ST 10-15/10/K200 200

ST /1(-15/20/K5( 50

20 ST /10-15/20/K100 100

ST/10-15/20/K200 200

ST /1(-15/30/K5( 50

30 ST /10-15/30/K100 100

ST /10-15/30/K200 200

ST/10-15/40/K5( 50

40 ST /10-15/40/K100 100

ST /10-15/40/K200 200

ST/1(-15/50/K5( 50

50 ST/10-15/50/K100 100

ST /10-15/50/K200 200

Tyre-Tyre ST/1(-15/100/C5! 50
(TT) - 10-15 100 ST/10-15/100/C100 100
ST/10-15/100/C200 200

Sanc¢-Tyre | Klipheuwel 50-60 ST/5(-60/10/K5( 50
(ST (K) 10 ST/50-60/10/K100 100
ST/50-60/10/K200 200

ST/5(-60/20/K5( 50

20 ST/50-60/20/K100 100

ST/50-60/20/K200 200

ST/5(-60/30/K5( 50

30 ST/50-60/30/K100 100

ST/50-60/30/K200 200

ST/5(-60/40/K5( 50

40 ST/50-60/40/K100 100

ST/50-60/40/K200 200

ST/5(-60/50/K5( 50

50 ST/50-60/50/K100 100

ST/50-60/50/K200 200

Tyre-Tyre TT/5C-60/100/C5! 50
(TT) - 50-60 100 TT/50-60/100/C100 100
TT/50-60/100/C200 200
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Table 3.4: Direct shear test programmefor Cape Flats sand-tyre shred mixtures

Research material

Test number

Normal pressurs

Test (kPa)
Tyre shreds (1
Sand (S) | Tyre siz¢ | Tyre shred
(mm) (%)

Sanc¢-Sanc | Cape Flatt SS/C2! 50
(SS) ©) - - SS/C50 100
SS/C100 200

San-Tyre | CapeFlats 1C-15 ST/1(-15/10/C5l 50
(ST ©) 10 ST/10-15/10/C100 100
ST/10-15/10/C200 200

ST/1(-15/20/C5! 50

20 ST/10-15/20/C100 100

ST/10-15/20/C200 200

ST/1(-15/30/C5l 50

30 ST/10-15/30/C100 100

ST/10-15/30/C200 200

ST/1(-15/40/C5! 50

40 ST/10-15/40/C100 100

ST/10-15/40/C200 200

ST/1(-15/50/C5l 50

50 ST/10-15/50/C100 100

ST/10-15/50/C200 200

Tyre-Tyre 1C-15 ST/1(-15/100/C5! 50
(™M - 100 ST/10-15/100/C100 100
ST/10-15/100/C200 200

San-Tyre | Cape Flat 50-60 ST/5(-60/10/C5! 50
(ST) © 10 ST/50-60/10/C100 100
ST/50-60/10/C200 200

ST/5(-60/20/C5! 50

20 ST/50-60/20/C100 100

ST/50-60/20/C200 200

ST/5(-60/30/C5! 50

30 ST/50-60/30/C100 100

ST/50-60/30/C200 200

ST/5(-60/40/C5! 50

40 ST/50-60/40/C100 100

ST/50-60/40/C200 200

ST/5(-60/50/C5l 50

50 ST/50-60/50/C100 100

ST/50-60/50/C200 200
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3.4.6 Reproducibility of the data

It is crucial to produce repeatable results betameying out any experimental works to warrant
that the methods and procedures can be adoptethyoinvestigation. In this study one vertical
confining pressure of 50 kPa was selected andhiee tsimilar test specimens were prepared
considering a concentration of 30% tyre shredsmyynehss in the mixture, 10-15mm tyre shred
size and Cape Flats sand. The materials were tgbkpunixed to produce a homogeneous
mixture, thereafter they were carefully placedha tissembled shear box and compacted using
the equipment and following the method given insadtion 4.4.2 for the preparation of the test
specimen for tyre shred-sand mixture. The procedtobowed to run these tests were exactly
the same as those given in subsection 4.4.4. dhdts obtained are presented and discussed in
Chapter 6.

3.4.7 Data processing

Normal stress (on): is defined as the vertical applied pressure omgkaand can be calculated

by the following equation:

N: Normal force (kN)
A: contact area which is constant throughout tise (i)

Shear stress (1): Shear stress as generated automatically by theineaelets parallel to the
plane being considered, and develops when applieagd tend to activate resisting forces in the

tyre shred sand composite. It can be computeddjottowing equation:
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F: shearing force applied to one half of the sampla horizontal direction while the other is
restrained by the screws tightening it to ShearTidcame, (kN);

A: shear contact area which is the same as abd%je (m

All data were processed by ShearTrac-1ll softwéfeer the test had been completed, the data
from the created template file in the form of tabéand figures were downloaded and the results
from tables such as shear stresses, vertical amebhtal displacements were transferred into an
Excel sheet where they were edited and the newhgrap shear stress versus horizontal
displacement similar to those generated by Sheeilliraoftware were plotted. An example of

these results is given in Appendix B. All findingistained from this investigation are presented,

analyzed and discussed in Chapter 4.
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CHAPTER 4RESULTS, ANALYSISAND DISCUSSION

4.1 Introduction

This chapter presents and discusses all the regelierated from direct shear tests from
unreinforced Cape Flats and Klipheuwel sands a$ aglsand-tyre shred composites. It is
divided into three sections: The first Section pres the evidence of repeatability while the
second Section discusses the results of directr $bsts for a range of shred size mixed with
sand at different dosage and the densities achiduedg preparation of test specimens. The

comparison of these is given in the Section three.

4.2 Repeatability of theresults

Figure 4.1 shows the results of the three replitegé specimens composed of 10-15 mm tyre
shred-Cape Flats sand mixture considering 30%styred content by dry weight and tested at 50
kPa. The peak shear stress ranged from 60.8 kFH.® kPa with an average of 61 kPa.
Therefore all the tests peaked almost at the sanieontal displacement and have the same
maximum shear stress. Experiments 1, 2 and 3 égHilthe maximum shear stresses of 60.8
kPa, 61.2 kPa and 60.8 kPa respectively and peztkaarizontal displacements of 11 mm, 11.11
mm and 10.9 mm respectively. Based on these resultsas confirmed that the methods and

procedures used to run the shear strength testsajed repeatable results.

70
60 |
50 |

N
o

30 |
20
10

Shear stress (kPa)

0 10 20 30 40 50 60
Horizontal displacement (mm)

Figure 4.1: Repeatableresultsfor three samplestested at 50 kPa
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4.3 Direct shear test results of tyre shred sand mixtures

4.3.1 Shear stress horizontal displacement relationship

The relationship between shear stress and horizdigplacement for all conducted tests is

shown in Figures (4.2- 4.5). Various graphs wemdtpd were from the data obtained from the

tested Cape Flats and Klipheuwel sands reinfora#id tyre shred. The concentrations of tyre

shreds ranging from 10 to 50% by dry weight withimerement of 10% were considered. The

composite materials, unreinforced sand (0%), arré pure shreds (100%) were tested at three
different normal pressures of 50 kPa, 100 kPa &@dkPa.

4.3.1.1 Shear stress-displacement response for 10-15 mm tyre shreds

Figure 4.2 (a to g) and Figure 4.3 (a to f) preghatresults from tyre shreds with Cape Flats
sand and Klipheuwel sand composites. At all appdieesses the maximum shear stresses were

recorded and presented in Table 4.1.

The shear stress development from unreinforcedssavas first analyzed. It was seen from
Figure 4.2 (a) and Figure 4.3 (a) (0% tyre shrexgent) that Klipheuwel sand exhibited higher
shear stress than Cape Flats sand. This was dbe fact that Klipheuwel sand is well-graded
sand with a little fine and gravel whereas CapésFand was found to be uniformly distributed
sand ranging from medium to fine. From gradingvesrKlipheuwel sand had a coefficient of
uniformity (C,=7) and Cape Flats sand &1.7). The results suggested that there is possibly
better interlocking between Klipheuwel sand pagsotompared to that in Cape Flats sand which

increased the shear resistance in the shear plane.

It is clear from the figures for unreinforced saamad in Table 4.1 that the increased applied
vertical confining pressures resulted in the exgeehaximum shear stress and all the graphs
showed a pronounced peak. It is possible that bee@sed vertical stress contributed to the
increased degree of contact between sand partgtaésh in turn increased the shear resistance
within the shear plane.

Chapter 4/ Results, Analysis and Discussions Page 65



Figure 4.2: Shear stressversushorizontal displacement for Cape Flats mixed with tyre
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shred size of 10-15 mm at tyre shred content of (a) unreinforced sand (0%), (b) 10, (c) 20,
(d) 30, (e) 40 and (f) 50% by dry weight aswell as (g) puretyre shreds (100%).
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Figure 4.3: Shear stressversus horizontal displacement and vertical displacement against
horizontal displacement for Klipheuwel sand mixed with tyre shred of the size 10-15 mm at
tyre shreds content of (a) unreinforced sand (0%), (b) 10, (c) 20, (d) 30, (e) 40 and (f) 50%

by dry weight.
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Table4.1: Peak shear stressesfor 10-15 mm tyre shreds

Peak shear stresses (kPa)
Cape Flats Sand Klipheuwel Sand
% shred
200
50 kPa| 100 kPa 200 kR 50 kPa 100 kPa
kPa
0 49.9 88.5 177.8 59 96 204.y
10 53.2 98.9 182.6 62.9 109.8 22118
20 57.8 100.8 181.8 63.1 111.7 216(1
30 61.1 101.9 185.9 64.7 117 22047
40 60.8 102.6 183 65.1 108.2 205/7
50 55.3 94.5 174.9 57.9 98.8 1792
100 33.1 54.8 94.4 33.1 54.8 94.4

The shear stress of sand was found to be influebgetde amount of tyre shreds added to sand.
Generally the addition of shreds to both Cape Faatd Klipheuwel sands improved their

maximum shear stress up to an optimum dosage beybioth it decreased.

Specifically, the Cape Flats sand reinforced wi@%ltyre shred by dry weight showed an
improvement in its shear stresses and varied asapalied normal pressures changed. The
maximum shear stresses changed from 49.9 kPa2dk®a. for unreinforced and reinforced sand

respectively.

The continuous increase in the amount of tyre shiiedhe composite resulted in a better degree
of strengthening. This is evident when the maxinsimar resistance of 57.8 kPa was obtained
from the composite containing 20% tyre shreds aapleCFlats sand tested at the applied normal
pressure of 50 kPa compared to that from 10% wvigk 53.2 kPa. All the maximum values of
shear stresses from all tyre shred-sand compasiegiven in Table 4.1 for more comparison.
Some of the maximum shear stresses were obtainddeapeak values. These stresses are
presented as graphs in Figure 4.2 (b & c) and Eigu8 (b) for all normal stresses, 4.2 (d & e)
and 4.3 (c) for 50 and 100 kPa vertical confinimgssures respectively. Other curves in these
figures did not show a pronounced peak which carefegred to as stress-hardening behaviour.
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In these cases ASTM D3080-2003 standard recommntéediailure to occur at the shear strain

between 15 and 20%. In this study all the peakrséteass occurred at a horizontal displacement
less than 40 mm. However, for the ‘no peaked’ gsafhie failure was taken to correspond to

15% shear strain which corresponded to the displané of 45 mm. These are shown in Figure
4.2 (f & g); Figure 4.2 (d & e) and 4.3 (c) for 2@@a; Figure 4.3 (d, e & f) for all applied

normal pressures.

It can be noted by increasing the tyre shreds obmtethe mixture, a high shear displacement
was required to mobilize the peak shear stresall looncentrations of tyre shred, the optimum
tyre shred content for all applied normal presswbgh gave the maximum shear stress was
30%. The same trend was observed for tyre shrguhiiliwel sand composite and the optimum
dosage was identical. Furthermore, the increagedstyred content and normal loading enhanced
the degree of interlock within the sample whichtabuated to the improved peak shear stress of

the composite.

4.3.1.2 Shear stress-displacement response for 50-60mm tyre shreds

As with the 10-15mm tyre shreds, both Cape Flatskdipheuwel sands were mixed with 50-60
mm tyre shreds. Pure tyre shreds and the concemnsatuch as 10, 20, 30, 40 and 50% were
investigated and the results obtained for variqasied normal pressures are depicted in Figure
4.4 (a) to (f) for Cape Flats and Figure 4.5 (a)efpfor Klipheuwel sand.
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Figure4.4: Shear stressversus horizontal displacement for Cape Flats sand mixed with
tyre shred of the size 50-60 mm at tyre shreds content of (a) 10, (b) 20, (c) 30, (d) 40 and (e)
50% by dry weight aswell as (f) puretyre shreds (100%)
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Figure4.5: Shear stressversushorizontal displacement for Klipheuwel sand mixed with
tyre shred of the size 50-60 mm at tyre shreds content of (a) 10, (b) 20, (c) 30, (d) 40 and (e)
50% by dry weight.
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Table 4.2: Maximum shear stressesfor 50-60 mm tyre shreds

Peak shear stresses (kPa)
Cape Flats Klipheuwel
% shreds| 50 100 200 50 100 200

0 49.9 88.5 177.8 59.1 96 204.7
10 55.6 104.1 202.8 61.9 110 2277
20 60.8 117 199.6 63.9 109.6 2262
30 77.9 125.8 208.9 77.6 135.8 230
40 65.2 133.6 205.9 81.8 126.4 2299
50 62.5 127.2 198.6 72 121.2 219
100 43.9 64.1 112.9 43.9 64.1 112|9

As observed in tyre shred-sand composites contaitinl5 mm tyre shreds, the addition of long
tyre pieces to sand enhanced its shear stress.dépeee of enhancement was increasing
continuously reaching its maximum value as the arhaf tyre shred increased up to its
optimum beyond which no more increase in sheasta@ste was observed. These maximum

shear stresses and optimum shred dosages for pleddanormal pressures can be seen in Table
4.2.

The shear stress development for long tyre shredsamalyzed in comparison to that observed
in small size tyre shreds sand composite. The rigalipresented in Table (4.1 & 4.2) showed
that the shear stress development from 50-60 menstyred-sand mixture is higher compared to
that observed from 10-15 mm tyre shred-sand sanfpleshe two types of sand. It can be

explained that the difference in improvement wase tlu the long tyre shreds which had the
larger contact area with sand. These long randafidiributed tyre shreds in sand acted as

anchors in the shear zone and thus increased dlae #sistance compared to small tyre shreds.
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Examples of shear stress improvement from unraefbsand and shreds dosage of 10, 20, 30
and 40% in Cape Flats sand at a vertical presdus8 &Pa were 49.9 kPa, 55.6 kPa, 60.8 kPa,
77. 9 kPa and 65.2 kPa respectively. The same trasdbserved in tyre shred-Klipheuwel sand
composite. For more comparison, the peak sheagsseobtained from this particular size of

shreds are given in Table 4.2.

The results from some experiments showed peak vafuéheir graphs. These can be seen in
Figure 4.4 (a & b) and 4.5 (a) for all verticalestses; Figure 4.4 (c & d) and Figure 4.5 (b) for 50
and 100 kPa. However, the graphs showed streseragibehaviour compared to those from
small tyre shreds sand mixtures. The non peakegghgréor composites comprising Cape Flats
sand are given in Figure 4.4 (c & d) for 200 kPd &ygure 4.4 (e & f) for all applied normal

pressures. Furthermore the graphs with non-proremupeak (stress hardening behaviour) for
Klipheuwel sand are given in Figure 4.5 (b) for 2t and Figure 4.5 (c, d & e) for all vertical

stresses.

The observed stress hardening behaviour can bibusti to the densification of the test
specimens during shearing caused by the interlgcketween tyre shreds-sand or tyre shreds-
tyre shreds particles as well as the applied nopredsure. Moreover, a high shear displacement
especially for high concentration of tyre shredswequired to mobilize the peak shear stress
compared to that of test specimens that contairfed51mm tyre shred. In most cases the
optimum tyre shreds content which gave the maxinsim@ar stress for all vertical confining

pressures was 30%.

In all tyre shreds sand composite comprising eiflfted5 mm or 50-60 mm tyre shreds, it was
thought that the random inclusion of tyre shredsand took the various positions in the shear
zone such as vertical and inclined which contridui® shear reinforcement mechanism, thus
increasing the maximum resistance of sand duriegustesting. This mechanism was explained
by (Gray et al., 1986).
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4.3.2 Vertical deformation horizontal displacement relationship

During shear testing the vertical deformations lné test specimens were recorded. These
deformations described as vertical displacememtphmtted against horizontal displacements in
Figure (4.6 - 4.9). It is apparent from these feguthat the dilatant behaviour is higher than the
contractive behavior for unreinforced sand specsramd a fully contractive for the pure tyre
shreds sample while tyre shred-sand compositegmexs intermediate response between these

two.

As shown in Figure 4.6 (a) and Figure 4.7 (a), imioeced sand (0%) exhibited a small amount
of contraction at a short horizontal displacemaifoived by a high dilation. The amount of

contraction and dilation depended only on appliedmal pressure for unreinforced sand. It can
be seen from 4.6 (a) and Figure 4.7 (a) that thdraction increased as vertical confining

pressure increased which reduced the sample dilatio

For tyre-shred sand composites, the vertical dedtion depended on both applied normal

pressure and the dosage of tyre shreds in the raixtuvas observed from Figures (4.6; 4.7; 4.8

and 4.9) that the increased tyre shred contentremohal pressure increased the contractive
behaviour and reduced the dilatant behaviour oftélse specimen. The pure tyre shred samples
(100%) in Figure 4.6 (g) and Figure 4.8 (f) for 1B-mm and 50-60 mm tyre shred size

respectively exhibited a fully contractive behaviatall applied normal pressures.

It can be noted that anomalies in vertical deforomatvere observed particularly in Figure 4.6
(b, c and d) and Figure 4.8 (a) which exhibited high dilation at 100 kPa compared to that of
50 kPa and Figure 4.7 (f) which showed almost idahtontractive behaviour at both 100 and

200 kPa vertical confining pressures.
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The increased contractive behaviour and reduceatadii behaviour obtained during shear
strength tests were explained by Baleshwar ando¥ig2011). They indicated that the inclusion

of compressible tyre shreds in sand and the moveaierand particles around tyre shreds due to
the increase in vertical normal pressure during@sipbase result in dilatancy effect that is less
than that of unreinforced sand. This increasedctirgraction of the mixtures. These results are

generally in agreement with the results obtainedthgr researchers like Gotteland et al. (2005).

4.3.3 Compacted dry density

Table4.3: The densities achieved during the preparation of test specimens

Dry density (Mg/n)
s;lrryerg% Tyre shred-Cape Flats sand composi}te Tyre shrguh&liwel sand composite
10- Average 50-60 Average 10-15 Average 50-60 Average
15mm mm mm mm
1.701 1.701 1.928 1.928
0 1.702 1.701 1.702 1.701 1.929 1.928 1.929 1.928
1.699 1.699 1.926 1.927
1.62(C 1.64t 1.71¢ 1.82¢
10 1.625 1.623 1.647 1.647 1.716 1.7123 1.825 1.824
1.624 1.648 1.707 1.823
1.55¢ 1.55¢ 1.627 1.72¢
20 1.552 1.553 1.555 1.558 1.620 1.622 1.721 1.723
1.553 1.561 1.618 1.723
1.34: 1.51% 1.49: 1.59¢
30 1.345 1.342 1.516 1.516 1.495 1.495 1.595 1.594
1.339 1.514 1.498 1.593
1.25¢ 1.35% 1.327 1.42¢
40 1.256 1.256 1.355 1.355 1.330 1.329 1.423 1.424
1.254 1.357 1.331 1.423
1.11¢ 1.29: 1.16: 1.36¢
50 1.116 1.114 1.294 1.292 1.164 1.163 1.371 1.369
1.113 1.290 1.160 1.368
0.541 0.51¢ 0.541 0.51¢
100 0.541 0.541 0.517 0.516 0.541 0.541 0.518 0.517
0.541 0.516 0.541 0.516
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The material was compacted in three layers eaaiviag 25 tampings. The results showed that
the density was high for unreinforced sand andedsed as tyre dosage was increased. Example
is for addition of 10% of 50-60 mm shreds in Capedsand which decreased the density from
1701 kg/mi to 1647.2 kg/m The same trend was observed for all tyre shredssmixed
separately with Cape Flats and Klipheuwel sandg décreased density was attributed to the
continued increase of shred content in tyre shmedposite. The density of compacted 10-15
mm tyre shreds was 0.541Mg/mnd that of 50-60 mm was 0.516 Md/rithis difference was
due to the high void contact in the sample withglemtyre pieces leading to the reduction in
density.

Based on the densities achieved from vibratory odsghin Table 3.2 and those given in Table
4.3 for unreinforced material, it can be concludbdt the material in the shear box was
compacted at 95%.

4.3.4 Coulomb failure envelope for tyre shreds sand mixtures

In this subsection the relationship between maxinshear stress and applied normal pressure is
discussed. This relationship which is the Coulomitufe envelope was plotted based on data
from the Section 4.3.1.

The three maximum shear stresses from duplicateplsantested at three different normal
pressures such as 50, 100 and 200 kPa were ugaak tGoulomb failure envelope line. These
stresses were obtained from unreinforced and puee shreds samples and tyre shred-sand
specimens with different shred dosage i.e. 1032040 and 50%. The maximum shear stresses
were taken as ordinates and applied normal pressisr@bscissa. The inclination of these lines
to the horizontal axis represents the slope whigasgthe internal angle of frictiop’) while the

intercept on the vertical axis gives the apparehesion (c’).
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4.3.4.1 Shear strength response for 10-15 mm shred size

Figure 4.10 presents the Coulomb failure enveldpesinreinforced sand, pure tyre shreds and
tyre shred-sand composites containing 10-15 mndstize.

The friction angle obtained from unreinforced s#bfh) was 40.%5and 44.8 for Cape Flats and
Klipheuwel sands respectively. A small value of aggmt cohesion was observed from these
sands and it was thus neglected as cohesion offeamddirect shear test. The results showed
that Klipheuwel sand had higher internal angle raftibn than that of Cape Flats sand. This
difference was attributed to high degree of intgtong within Klipheuwel sand particles as a
result of high coefficient of uniformity of (&7) compared to that of Cape Flats sang=(C7).

The friction angle obtained from pure tyre shre@s\22.1 and the cohesion was 13.3 kPa. The
addition of tyre shred to sand influenced its cadresand friction angle. All shred dosages
considered for Cape Flats and Klipheuwel sands aniviéh this category of tyre shred improved
their cohesion. The friction angle was increasetfd4.6 for pure Klipheuwel sand to 46.¢or

tyre shred-sand mixture at 10% tyre shreds contestt decreased for further increase of shred
content. Any concentration of tyre shred includedape Flats sand decreased its friction angle.
Both cohesions and friction angles from 10-15 mmedhsize are presented in Table 4.4 and

more details are given in subsection 4.3.5.1.

Chapter 4/ Results, Analysis and Discussions Page 81



200
====0% Tyre shreds = =10% Tyre shreds
= « =20% Tyre shreds =— - 30% Tyre shreds
= - 40% Tyre shreds 50% Tyre shreds e
O | 100% Tyre shreds (;’
o -
5150 i v
(O] id
= pe e
n s
Q »/ g e
< FeT e
2 7> R
E 4(,}’," ........
> "r’ ” ......
g 50 e T
= Py {" .......
&) Ol P IO
= ,//’r"
I”
0
0 50 100 150 200
() Normal pressure (kPa)
250
= = (0% Tyre shreds = -+ 10% TYre shreds
= =20% Tyre shreds 30% Tyre shreds
= + =40% Tyre shreds ====50% Tyre shreds :
200 | l—zeee 100% Tyre shreds . / )
g_@ . /7’ Vel
=3 L
(7] / (4 < a"
¥ 150 e
o 7 L
) . 4 L4
(2] / re ’I’
S 2, 27
Q P P
£ 100 L
o /f’ ........
e i LT L et
= .,;'/ ----------
I e
< 50 /i‘ .......
g A
P 2L b
".\//{4 """
e
0
0 50 100 150 200
Applied normal pressure (kPa)

Figure 4.10: Relationship between the maximum shear stress and normal applied pressure
for 10-15 mm tyre shred inclusion in (a) Cape Flats sand and (b) Klipheuwe sand

Chapter 4/ Results, Analysis and Discussions

Page 82



Table4.4: Shear strength parameters (friction angle and cohesion) obtained from tyre
shreds unreinforced sand and tyre shred sand compositesfor 10-15 mm shreds

Tyre shreds Cape Flats Klipheuwel
c C
” (kPa) (T) (kPa) (T)
0 0 40.6 0 44.6
10 11.3 40.7 6.7 46.9
20 17.3 39.5 10.9 45.7)
30 22.5 39 12.9 46.1
40 22.1 38.7 16.3 43.3
50 15.2 38.6 17.8 38.9
100 13.3 22.1 13.3 22.1

4.3.4.2 Shear strength response for 50-60 mm shred size

Shear stress versus normal stress relationshiglsaglotted for 50-60 mm tyre shred inclusion
in Cape Flat and Klipheuwel sands. The lines oflikst fit were used to drawn to show the
Coulomb failure envelopes.

The shear strength parameters found from thesdapegefor pure tyre shreds and tyre shred-
sand composites samples are presented in Tabl&He5same concentrations of tyre shreds as
used in 10-15 mm tyre shreds were considered.eteml the friction angle and cohesion were
enhanced upon adding tyre shreds to the two typssnals.

The friction angle increased when tyre shred dosageased up to 40% for Klipheuwel sand
compared to that from the control test beyond whmohmore improvement was observed. The
maximum value was obtained at a concentration 8b 1re shred. Contrary to the samples
containing 10-15 mm tyre shreds in Cape Flats sé#mal,improvement of internal angle of

friction was observed for the composites havingeBOmm shreds. The dosage giving the
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maximum value was identified as 10%. These angler® w4. 8 and 48.% compared to 40%

and 44.8 from unreinforced Cape Flats and Klipheuwel saedpectively.

All dosages considered in these cohesionless ralteshowed improvement of apparent
cohesion. The maximum values of 36.5 kPa and 3®@a3vkere reached at a shred content of 30%
for each Cape Flats and Klipheuwel sand tyre shmedure respectively. More discussion can
be seen in Subsection 4.3.5.2.

The cohesion obtained was due to the nonlineaatamni of maximum shear stress at failure for
tyre shreds sand composites containing 10-15 mm 3®@&0 mm shreds at different
concentrations in both Cape Flats and KlipheuwetsaThis behaviour was reported by Foose
et al. (1996) and Ahmed (2004) who investigated ghrred sand mixtures.
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Table 4.5: Shear strength parameters (friction angle and cohesion) obtained from puretyre
shreds unreinforced sands and tyre shred sand mixturesfor 50-60 mm shred size

Tyre shreds Cape Flats Klipheuwel
“ lwea © | e | O

0 0 40.6 0 44.6

10 6.3 44.5 3.1 48.1

20 19.5 42.3 5.6 47.6

30 36.5 40.9 30.3 45.2

40 34.8 41 30.1 44.8

50 29.5 40.8 23.1 44.4
100 19.4 24.9 19.5 24.9

4.3.5 Influence of tyre shreds content on cohesion and friction angle of sand
4.3.5.1 10-15 mm tyre shreds size

Figure 4.12 shows the change of cohesion anddnangles for the different tyre shred dosages.
Generally mixing tyre shreds with Cape Flats angpi@uwel sands in various proportions

strengthened them and increased both their cohasidinternal angle of friction.

As presented in Figure 4.12 (a), the addition célstyre shreds to Cape Flats sand improved its
cohesion. This enhancement was obtained for altexanations of tyre shreds in comparison to
that of unreinforced sand. A concentration of 1(8eds in the mixture gave a value of 11.3
kPa. In Figure 4.12 (a) the dosages of 20, 30,MD59% presented a significant improvement
compared to 10% shred content. By looking at thepshof the curve in Figure 4.12 (a), it is
clear from the mentioned shred contents that tharman cohesion was achieved at a dosage of
30%. It can be mentioned that the internal anglé&ictfion in Figure 4.12 (b) dropped for tyre
shreds added to Cape Flats sand in any concenmtratio
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The variation of friction angle for different dogsgin Klipheuwel sand is given in Figure 4.12
(b). In contrast to Cape Flats sand, this compasiteved an improvement in both cohesion and
friction angle. Mixing it with tyre shreds at a @g® of 10% gave a friction angle of 46.8 can

be seen from the same figure that other shred ottsuch as 20 and 30%, provided an
improvement based on friction angle from unreindorsand which was 44.6Beyond these
dosages the friction angle became smaller thathef dontrol test (0% shreds). 10% was
identified as an optimum which maximized the foctiangle. Moreover, the cohesion as shown
in Figure 4.12 (a) was improved for all concentmasi in the same way as in Cape Flats sand,
except the maximum value which was found at 50%.

As presented in Figure 4.12 (a), the Cape Flats-bae shred composite showed the better
improvement in cohesion compared to that of Kliphelusand-tyre shred mixtures. This was
opposed to the friction angle which was increaseKfipheuwel sand-tyre shred composite and
decreased for any tyre shred mixed with Cape Fatlsas shown. The relationship between

friction angle and tyre shred contents is showRigure 4.12 (b).

The difference in improvement of shear strengthapeters from these tyre shred-sand
composites can be attributed to the nonlinearit@aulomb envelopes which required the use of
lines of best fit. The results suggest that therowpment of cohesion and friction angle for the
cohesionless soil might be due to the interlockéfigct and shear reinforcement mechanism
between sand and tyre shreds particles as welleagrading of sands. The improvement of shear
strength parameters was reported by Baleshwar @&ntby (2012) who obtained the maximum

friction angle at shred dosage within 10 and 20%itlie tyre shred sand composite containing
10x20 mm shred size. Moreover, the observed dezrgasriction was reported by Cabalar,

(2011) who studied the shear strength behavioanafll tyre pieces mixed with sand.
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4.3.5.2 50-60 mm shred size

The relationship between internal angle of fricteord cohesion with shred dosage for 50-60 mm
shred size in Cape Flats and Klipheuwel sandsvisngin Figure 4.13 (a & b). Compared to
small shreds the long tyre shreds included in Chla¢s and Klipheuwel sands generally

improved both the cohesion and friction angle.

As with the small shreds, cohesion for long shrdded to Cape Flats sand was increased as the
shreds dosage varied. The change of cohesion hétpércentage of tyre shreds provided in
Figure 4.13 (a) showed that 10% in the mixture leixédd the cohesion value of 6.3 kPa. The
continuous increase of tyre shreds improved praegrely this parameter, reaching a maximum
value of 37.5 kPa at an optimum dosage of 35% oédsland then dropped. The improved
friction angle given by 10% shred in sand was 44T&is value was found to be the maximum

compared to the others obtained from shred conbeysnd 10%.

Figure 4.13 (a & b) shows also the cohesion arddidn angle for Klipheuwel sand-tyre shred
mixtures. It can be seen from these figures thatimprovement in shear strength parameters
followed the same trend as in Cape Flats sand-stoegbosites. 10% dosage gave the internal
angle of friction of 48.4which reduced with shred quantity while the maximeohesion of 34

kPa was identified at 35% beyond which a decreaseolserved.

From the comparison point of view, the maximum iayament in friction angle was almost
identical. The values of 445nd 48.1 were obtained from Cape Flats sand-tyre shred and
Klipheuwel sand-shred composite respectively coempao 40.8 and 44.8 for unreinforced
material, while the enhancement in cohesion shoavstightly different trend. The maximum
values of 34 kPa and 37.5 kPa for Cape Flats shrettsand Klipheuwel sand-shred mixtures

respectively were identified both at a concentratd 35%.
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Figure 4.13: Effect of tyre shred content on (a) cohesion and (b) friction angle for Cape
Flats and Klipheuwel sand contained 50-60mm shreds

The increased cohesion and friction angle for plaigicular size of tyre shreds can be attributed
to the interlocking effects between tyre shreds senttl particles. Also, because of the long size
(50-60 mm) tyre shreds they had more contact amedsacted as anchors and reinforced the

shear zone, which greatly increased the sheartasses of sand compared to 10-15 mm tyre
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shred size. It can also be mentioned that the appatohesion obtained was the value of
intercept from shear stress axis in the Coulomluraistrength envelope. Tatlsoz et al. (1998)
and Attom (2004) reported optimum shred conterbhévicinity of 30% while the shred dosage
of 10% for the maximum friction angle was reportgdBlack and Shakoor (1994) and Ghazauvi,

(2004) for tyre shred-sand mixtures.

The friction angle and cohesion obtained from piyre shred samples were 22and 13.3 kPa
for 10-15 mm size and 24.@nd 19.4 kPa for 50-60 mm. These results wergieement with
those reported by Humphrey, (1993), Foose et @8gland Zornberg et al. (2004).

4.3.6 Influence of tyre shredsand applied normal pressure on shear strength
of sand

Based on the shear strength parameters obtainedstiear strength envelopes, the overall shear
strength of the investigated materials was compbtethe Equation (1) given in Section 2.3.5
and is in relation with tyre shred contents as shawFigure 4.14 (a & b), Figure 4.15 (a & b),
Table 4.5 and Table 4.6.

In Figure 4.14 (a & b), the shear strength from €gfats sand mixed with 10-15 mm tyre shred
showed that the addition of shreds in sand gernyeratteased its shear strength. It is clear from
the graphs in Figure 4.14 (a) that all tyre shredagies considered for Cape Flats sand at all
vertical stresses, improved its shear strengthnga& reference to unreinforced (0%). Overall
shear strength values can be clearly seen in Babldt is seen from this table that shear strength
of tyre shred-sand composite increased as the ntratien of tyre shreds increased reaching
30% then started to decrease. This concentratiertaken as optimum shred for this category of
tyre shred in Cape Flats sand. It was noted #iatarcing Cape Flats sand with small shreds
improvedonly cohesion and reduced its friction angle. Hogrewthe increased shear strength

depended on cohesion and not on friction angle.

The shear strength of the reinforced Klipheuweldsaith 10-15 mm tyre shreds is provided in
Figure 4.14 (b). As with Cape Flats sand, Klipheuwand was strengthened by all

concentrations of tyre shreds at all vertical cainfy pressures. The values of shear strength are
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given in Table 4.5 for more comparison. From tlaiklé, the concentration giving the higher
shear strength was identified as 30%. Contrary apeCFlats sand, the shear obtained from
Klipheuwel sand-tyre shred of 10-15 mm size depédrateboth enhanced cohesion and friction
angle.
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Figure4.14: Relationship between shear strength and tyre shred content for (a) Cape Flats
and (b) Klipheuwe sand for 10-15 mm
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Table 4.6: Overall shear strength sand mixed with tyre shreds of the size 10-15 mm (kPa)

Klipheuwel sand- Cape Flats sand-
tyre shred mixtures | tyre shred mixtures

Shreds

% Applied normal pressure (in kPa)

50 100 200 50 100 200

0 494 | 98.7| 19783 429 858 1716

10 58 113.5| 220.3 54.83 972 183.2

20 62.1 114 222 60 100 18%

30 64 116.8| 225| 63.1 103\6187

40 63.5| 110.6| 204.9 62.3 104.482.7

50 58.1 98.5| 179.3 551 949 1747

100 33.7 54 94.7) 33.7 54 94.[7

A significant increase in shear strength from tbmposite of 50-60 mm tyre shreds and each of
Cape Flats and Klipheuwel sands was noticed. Giyerlh shred dosages considered for this
size as shown in Figure 4.15 (a & b), strengthettexbe cohesionless soils compared to

unreinforced material.

Figure 4.15 (a) presents the relationship betw&esdsdosages and shear strength of Cape Flats
sand-tyre shred composite containing 50-60 mm shizal It is clear from this figure that the
added tyre shred to Cape Flats sand in any cortiEmtincreased its shear strength compared to
that of control tests. A progressive increase efslstrength was observed as the amount of tyre
shreds added to this sand was increased up to B88d sontent beyond which it reduced. For
more clarity, all shear strength values from CajssFsand-50-60 mm tyre shreds composites
are given in Table 4.6.
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Shear strengths offered by Klipheuwel sand-tyredglwomposites with 50-60 mm shred size at
different concentration are presented in Figure(8)6As with Cape Flats sand-tyre shred sand
mixtures, an inclusion of tyre shreds in Klipheuwahd in any concentration increased its shear
strength. A progressive increase in shear stramgthnoted as shred dosages were increased and
levelled off at 30% shred content which was takeroptimum shred dosage for this type of

sand.

The applied normal pressures were also found tecathe shear strength of tyre shred sand
mixtures. An example was the percentage improvemeshear strength calculated using the
shear strengths from control test and those fronphi€éuwel sand-50-60 mm tyre shred
composite with shred dosage of 30% at 50 and 1@0akiplied normal pressures given in Table
4.6. The calculation showed that the improvemedticed from 34.9% to 21.6% for 50 to 100
kPa respectively. It is obvious from these valined the degree of enhancement of shear strength
of the mixture was influenced by applied normalsgtees. The same trend was observed in

other samples taking reference from pure sand ssmpl

Even though the friction angle and cohesion maxchiat shred dosage of 10 and 35%
respectively, it was concluded that the shred carde30% by dry mass in the composite was an
optimum which maximized the overall shear strengthCape Flats and Klipheuwel sands,
considering the two tyre shred sizes mixed sepgrate¢h these soils. The identical optimum

tyre shred content to reinforce the granular sabkweported by Balachowski and Gotteland
(2007); Tanchaisawat et al. (2008); Baleshwar amaahdf (2009, 2011 and 2013).
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Figure 4.15: Relationship between shear strength and tyre shred content for (a) Cape Flats

and (b) Klipheuwd sand for 50-60 mm shred size
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Table 4.6: Overall shear strength of sand mixed with tyre shred of the size 50-60 mm (in

kPa)
Klipheuwel sand-tyre shred Cape Flats sand-tyre
hred mixtures shreds mixtures
S ();)e 3 Applied normal pressure (kPa)

50 100 200 50 100 200

0 52.4 102.6 203.0 42.9 85.8 171.7

10 58.9 114.6| 226.2 55.4 104)5 202.7

20 65 119 228 70 112 205

30 80.6 130.9, 2315 79.§ 123/]1 209.9

40 79.8 1295, 228.9 78.2 1217 208.6

50 72.1 121.1 219. 72.6 115)7 201.8

100 42.7 65.9 112.4 42.71 65.9 1124

4.4 Comparison of theresults

The comparison given herein was between tyre shoeagposite containing 10-15 mm and 50-
60 mm tyre shreds. This was assessed based onssteagth parameters and the overall shear

strength from these mixtures.

4.4.1 Friction angle and cohesion for 10-15mm and 50-60mm tyr e shreds

The comparison of internal angle of friction andhesion for the sand mixed with 10-15 mm and
50-60 mm tyre shreds is given in Figures 4.16 (h)&nd 4.17 and Figures (a & b) for Cape

Flats and Klipheuwel sands.

It is clear from Figure 4.16 (a) that the frictiangle from Cape Flats sand containing 50-60 mm
tyre shreds kept above that of unreinforced santbuf0% shred content while the addition of

10-15 mm tyre shreds to the same soil decreasétkciisn angle. It can be said that the addition
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of longer tyre shreds to this type of sand enhanteffiction angle and that the smaller tyre
pieces reduced it. Contrary to friction angle, ioy@d cohesion was obtained for all shred sizes
at all shred dosages, but the degree of improvemast different. The maximum value of
cohesion obtained from the mixture that containBeb® mm tyre shreds was 37.5 kPa at a
concentration of around 35% compared to that o£3@m tyre shreds, which was 24 kPa at the
same tyre shred content. The percentage differenoaprovement was 37% higher for 50-60

mm.

The comparison of internal angle of friction andhesion from Klipheuwel sand for both 10-15
mm and 50-60 mm tyre shreds sizes was also evdluBbe improvement shown in Figure 4.17
(a) proved that the addition of tyre shred (botraken and larger sizes) to Klipheuwel sand
enhanced its friction angle, but the level of immment was not the same. The maximum value
from 10-15 mm was 46°&nd that from 50-60 mm was 48&.Hence 2.5% difference in degree
of improvement was attained. Except 10-15 mm shr&hpe Flats sand, 10% shred dosage was

optimum giving the maximum value of friction angle.
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Figure 4.16: Comparison of (a) friction angle and (b) cohesion from 10-15 mm and

50-60 mm tyre shreds Cape Flats sand

In Figure 4.17 (b) the cohesion from the reinfor¢digpheuwel sand with the two shreds sizes
was improved and the maximum values of 17.7 kPa #hdkPa kPa from the composite
containing 10-15 mm and 50-60 mm were achievedatra a concentration of 50% and 35%
tyre shreds respectively. However, the degree baecement in cohesion was different with a
percentage difference of 47.9%.

Based on the degree of improvement it was confirthatl the addition of tyre shreds to Cape
Flats and Klipheuwel sands improved cohesion andyimally increased the friction angle for
longer tyre pieces.
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Figure4.17: Comparison of (a) friction angle and (b) cohesion from 10-15 mm and 50-60
mm tyr e shreds Klipheuwel sand

4.4.2 Shear strength of 10-15 mm and 50-60 mm tyre shredsin sand

The plot of shear strength with the variation oktghred sizes and contents as well as applied
normal pressures is shown in Figure 4.18 (a &ty evident from these figures that the shear
strength for the 10-15 mm and 50-60 mm tyre shieclsded in Cape Flats sand increased with
increasing concentration of tyre shreds. For mdaeéfication, shear strength from Cape Flats
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sand-shred and Klipheuwel sand-shred compositesgaeen in Table 4.7 and Table 4.8

respectively. Thus the improvement depended onasidecontent of shredded tyres.

*10-15mm ||
B 50-60mm

Shear strength (kPa)

] 20 40 60 B0 100

shear strength (kPa)

] 14 20 ia 44 30 &d i ] 90 140
(b) Tyre shreds (%)

Figure 4.18: Comparison of shear strength for theinvestigated sizes and the applied
normal pressuresfor (a) Cape Flats sand and (b) Klipheuwel sand
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Table4.7: Comparison of shear strength from two sizes of tyre shreds mixed with Cape

Flats sand
10-15 mm 50-60 mm
Shreds Normal stresses Strength (kPa)

%
50 100 200 50 100 200

0 42.9 85.8| 171.6 429 858 1717
10 54.3 97.2| 183.2 554 104/5 202.7
20 60 100 185 70 112 20%
30 63.1 | 103.6 187 79.8 123|11 209.9
40 62.3 | 102.4 182.7 782 1217 208.6
50 55.1 949| 1747 72.6 1157 201.8
100 33.7 54 94.7| 427 659 1124

14

Table 4.8: Comparison of shear strength from two sizes of tyre shreds mixed with
Klipheuwe sand

10-15mm 50-60 mm

Shreds

% Normal stresses (kPa)

50 100 200 50 100 20(
0 49.4 98.7 | 197.% 524 102/6 203.0
10 58 113.5] 220.3 58.9 114|6 226.2
20 62.1 114 222 65 119 228
30 64 116.8) 225| 80.6 1309 2315
40 63.5| 110.6) 204.9 79.8 1295 228.9
50 58.1 98.5| 1793 721 121j]1 219.

100 33.7 54 94.7 42.7 65.9 1124

An example of the improvement can be picked frorbl@a.7 at 30% tyre shreds from 10-15

mm to 50-60 mm at a normal pressure of 50 kPa.pereentage difference was calculated as
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20.9% higher for 50-60 mm than 10-15 mm shred sizhe same trend was observed in other
shred dosages and normal stresses for this typaraf. It was also the same for Klipheuwel
sand-tyre shred composites given in Table 4.8. difference in the improvement can be

attributed to more contact surface area betweelathe shreds and sand.

With the exception of 10-15 mm tyre shreds includedape Flats sand which decreased its
friction angle, the inclusion of random tyre shre@dsand generally improved its cohesion and
friction angle as well as its overall shear stranddased on the results obtained, it can be
concluded that the longer tyre shreds mixed withtls@d\frican sand soils increased their shear
strength in comparison to small tyre shred sizé® dddition of 30% shred content was better
than all other shred dosage. It can also be mesditimat mixing may have significant influence,

especially when using excessively long tyre sheedg is difficult to produce a well mixed tyre

shred-sand with theses tyre pieces.
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CHAPTER 5 CIVIL ENGINEERING APPLICATION OF WASTE TYRES
IN SOUTH AFRICA

South Africa produces a high volume of waste tymes therefore the need for the utilization of a
great quantity of these wastes is essential. Tlaeee potentially several civil engineering
applications where shredded waste tyres could iieegt Some of these include lightweight
road embankments construction, retaining structbaegfill and as selected drainage systems in
landfill covers, etc. The construction of road emiraent activities may consume a reasonable
guantity of waste tyres. The evidence was a fudlestest embankment constructed by Yoon et
al. (2006) which consumed a great quantity of wasts. However, the objective of this chapter
was to propose the application of shreds and gaangnils of South Africa based on the
experimental results and the guidelines which canfdllowed during the execution of the

project.

5.1 Highway embankment application

The suggested application herein proposes the tddlended tyre-shred granular soils as
lightweight fill material in the construction of ad embankments. When mixed with soil, tyre
shreds reduce its weight and improve its sheangtine which in turn stabilize the embankment
in terms of settlement reduction and the improvenwnslope stability when used as fill
materials. The results obtained from the curramtyssuggest that the long tyre shreds could be
mixed with sandy soils of South Africa, i.e. Capat§ sand or Klipheuwel sand and use as
lightweight fill material in construction of roadmankments in this country. These results can

be seen in Chapter 4.

Based on available guidelines, the constructed sekmhant and experimental results from the
current study, guidelines for the use of tyre shrednd mixture in the construction of road
embankments in South Africa are proposed and discus Section 5.2. These include design

and construction procedures to be followed.
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5.2 The proposed guidelines

These provisional guidelines were based on theiguewonstructed tyre shreds and tyre shreds

soil embankments, available guidelines and theltseBom current research.

5.2.1 Material description

The test embankment constructed by Yoon et al. @@ the USA using tyre shred-sand
composites performed well. In their study, tyreestsrranging from 36 mm to 76 mm were used.
According to South Africa Tyre Recyclers, categorof tyre pieces which can be used in the
construction of road embankments range from 90 mdbd mm and +18 mm produced by
primary and secondary shredding processes respBctASTM D6270-2008recommends that
for tyre shreds layer thickness between 1-3 mm,ntlagimum of 50% by weight must pass
through 75 mm screens, 25% through 38 mm and 18tighr4.75 mm. Besides thatetcurrent
study conducted on tyre shred-sand composites grihat the tyre pieces ranging between 50-
60 mm are better to reinforce cohesionless soitspesed to 10-15 mm shred sizes. Based on
these results, local tyre shredder specificatichsvall as other information indicated above,
shreds ranging from 30 to 80 mm mixed with granstzls could be used in the construction of
road embankments in South Africa. These shredslgtaliill the following requirements as
given in ASTM D6270-2008:

* Tyre shreds must be free of contaminants suchlagrease, gasoline, diesel, etc., that
can create a fire hazard.

» Shredded tyres that have been subjected to fieesa@rpermitted in the fill.

» Tyre aggregates must be free of fibrous organi¢eanéwood fragment and wood chips).

» They must have less than 1% by weight of metalnfiexgs not encased in rubber.

* Metal fragments that are partially encased in rulsball protrude no more than 25 mm
from the cut edge of the tyre aggregates on 75 ¥hepieces (by weight) and no more

than 50 mm on 90 % of the pieces (by weight).

Chapter 5/ Civil engineering application of wagtees in South Africa Page 104



5.2.2 Design consider ation

Design consideration as part of the proposed gueediscusses the mix and structural design.

» Mix design
The blended tyre shreds and soil has a low deositypared to that of soil alone. The tyre shred-
sand composite should meet the technical requirssmguch as having good shear strength,

workability (good mixture), reduced weight of thi haterial, etc.

This study showed that 30% tyre shreds content dgyweight is optimum to reinforce the
selected granular soils of South Africa. To simplilending activities in the field, the mixing
ratio could be prepared on volumetric basis. Thémapn shred dosage by weight from
laboratory study was thus converted into the voliwass and 55% shred content by volume was
obtained which would simply be a used in the figldwever, for workability and simplification

of quantity measurement a ratio of 50:50 (tyre dfs@l) by volume is recommended in the
preparation of embankment fill material. In mosses this mixing ratio is a maximum and
could not be exceeded (FHWA, 2012).

» Structural design
The principal design consideration for a tyre sksadd composite in embankment construction
comprises the composite mixture confinement, th#igha size distribution of tyre shreds and
sand, type of belts and the required compacteditgavfsthe mixture. The following should be
taken into account during the design of the embamkroonstructed from tyre shred.
 The mixture should be enclosed in geotextiles &@ld ensure the necessary
containment.
* 2:1 embankment side slope (Horizontal:Verticabeisommended.
* At least 0.9 mm thickness of soil cover should lzegd between the top of enclosed
tyre shred-soll fill and the base of pavement taimize differential settlement.
* The thickness of tyre shred-soil composite shall exceed 3 m (Salgado et al.,
2003). Where the required height becomes greatar that, it should be split into
different layers having the maximum thickness ofm3each separated by soll

thickness in between.
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* The allowable settlement of the embankment duesédfiweight and traffic could not
exceed the range of 0.3 m to 0.6 m provided theyaiform (FHWA, 2012). Before
placing soil cover and surcharge, the compactezkiiess of tyre shred-soil mixture
equal to the predicted settlement should be praovideavoid the drop of required
height of tyre shred-sand composite.

* For the anticipated heavy wheel loading, 0.6 mighér uncompacted soil surcharge
could be placed and removed by the authorizatiothefengineer. This should be

done to accelerate the settlement before starimgrpent activities.

5.2.3 Construction procedures

» Material Handling
Tyre shreds to be used should reflect the numbeulbic metres of tyre shreds obtained based

on the ratio of the composite and the compactedmelof the embankment.

» Sitepreparation
The site for tyre shred-granular soil embankmentatbe prepared in a similar manner as that of
earthen fill material. In terms of a high waterleabr swampy area which occurs at the base of
the embankment, a granular aggregate drainagedilankld be constructed in order to drain out
the raised water in order to prevent tyre shredsetan contact with groundwater. A provision
should be made to pipe the runoff beneath the ekmbant for the natural runoff passing
through the embankment area (FHWA, 2012).

» Mixing
Mixing materials should be performed at the cortdtom site and blended on volumetric basis
using bucket loads from a front-end loader and dite;n the materials together as well as
possible with the bucket by following the specifimiking proportion. This is to avoid the loss

of expected strength and reduction in volume ofteveiges to be used.
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» Placing and compaction
After the preparation of the embankment base, gétete fabric which encloses tyre shred-
granular soil composites should be laid transvirsal top of the aggregate base of 150 mm
thick. A bulldozer should be used to spread thetunexacross geotextiles in such a way that the

segregation of the materials will not occur.

Yoon et al. (2006) suggested six passes of a D®ri®ulldozer to compact 300 mm thick pre-
mixed material and at each layer, transverse spbEgeotextile can be pinned on the side slope
of the embankment to provide additional reinforcetmef the slope. They recommend the
compacted height of fill to not exceed 3 m. If filerequired exceeds such height, it should be
divided into different layers not greater than thatl be separated from one another by soil layer
in between. A 0.9 m soil thickness encasement mhtehould be placed on side slope and
compacted at the same time the tyre and soil Ef$ wlaced. The same soil thickness should be
placed and compacted on top of tyre shred-soilunest. The cover soil on side slopes should be

covered by top soil and seeded to protect slopamstgerosion.

» Quality control
Beside the a sufficient number of passes of thédbzér on tyre shred sand layer during
construction, the settlement and differential eetént of tyre shred-soil embankment can be
performed using settlement plates and inclinometestlled along slopes of the embankment
and within or adjacent to the roadway (FHWA, 20I®)ese devices may help to monitor the
post-construction settlements. The reading fronmsdhsettlement devices should be taken

periodically for the purpose of comparing the attadhe predicted settlements.

The effect of tyre shreds-soil embankment on therenment should be evaluated. This is
mainly based on fire hazard and groundwater qualtyessment. Occurrence of fire may be
observed in the embankment constructed with tyredshalone or tyre shred-soil fill material.

However, the variation in temperature should be itboed by placing a thermometer at the

centre of the embankment.

The groundwater quality underneath the tyre shoéidesnbankment should be monitored using

installed well points. The results should complythwihe standard limits recommended for
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secondary drinking water (EPA 2002) and the maxinsomtaminant-level standard for drinking
water (IDEM 2000).

It is concluded that long tyre shreds mixed withested granular soils could be used in the
preparation of embankment fill materials in Soutda because of their good performance and
relatively low cost. This is because the smallee fyieces require too much energy during the
different processes as well as the low level ofrmapment of soil properties compared to long
tyre shreds. As suggested above, the materiatidmiprepared at a shred dosage of 50% by dry
volume. This could facilitate the ease of quargitreeasurement throughout field works. The
geotechnical aspects of the tyre shred-sand embentipnoject are given in Figure 5.2.

As a great quantity of tyre shred-soil is used nmbankment, if the demolition or level of the
road embankments or other tyre shred-soil strustigrdikely to happen for other purposes, the
disposal of these materials may be a big challéogmvironmentalists. They should not be used
in any other structures (temporary road embanknientexample), the choice should be
permanent structures (road embankment, retainintjs,watc.) which last longer and not
temporary ones as tyre rubber materials are noselgiadable. In this research, a suggestion is
to use tyre shred-sand mixtures in motor ways atmbmal road embankments in South Africa
which last longer. If levelling is to be done fdret purpose of extending the structure (road
embankment) either increasing its height or the emof lanes, other fill materials should be

placed following the proposed guidelines.
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Figure5.2: Geotechnical aspects of the tyre shred-sand composite embankment project for
aparticular site
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CHAPTER 6 CONCLUSIONSAND RECOMMENDATIONS

6.1 Introduction

This study investigated the shear strength behawbduyre shred and selected granular soil
composites. Two types of sands, i.e. Cape Flatskdiptieuwel sands, were used. They were
selected because of their local availability. Thesés are a common source of fill material used
in the construction of road embankments. The stuay conducted to appraise the compatibility
of tyre shreds and granular soils in order to peceda suitable lightweight embankment fill

material as an alternative means of recycling iglames of the waste tyres stockpiled in South
Africa. Waste tyre shreds were mixed with sandsarious proportions such as 10, 20, 30, 40
and 50% by dry mass and the composites were tesiad a large-scale direct shear box. The

summary of the findings as well as recommendatamagiven in the following sections.

6.1.1 Summary of the findings

The shear strength test results from different gfmeeds sand composites generally showed that
the shear strength parameters as well as the bgbedr strength of sand soils were improved

for the increased tyre shred dosage.

The results showed that the addition of tyre shr@ds0 to 60 mm size to Cape Flats and
Klipheuwel sands improved their friction angle ataeed dosage of 10% by dry mass. A suitable
increase in cohesion was observed as shreds weler &d these soils. This cohesion was
obtained from Coulomb shear strength envelopes@amched its maximum value for both sands
at a shred dosage of 30% by dry mass. The sanewas observed for small tyre shreds (10-15
mm) incorporation in these selected granular sailsl the respective shred contents. The
exception was the slight reduction in internal angfl friction for all tyre shred Cape Flats sand
composites.

The effect of varying tyre shred sizes with regamshear strength parameters was analyzed.
The results showed that the long tyre shreds fdh lmd the selected sands showed better
improvement compared to small shreds. Klipheuwelds&0-60 mm tyre shred composites

showed 41.6% of cohesion and a 2.5% higher friciogle than that for the composite samples

with small tyre shreds. The difference in degree@mdrovement in cohesion for Cape Flats sand
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rubber composite was 37.2%. The results suggelségdite high improvement of cohesion from
Klipheuwel sand was due to the better interparticteraction between the materials compared

to that of Cape Flats sand shred composite.

The overall shear strength of sand was found tanfdeenced by the variation of tyre shred

dosages. It was noted that the addition of tyredhto both Cape Flats and Klipheuwel sands
enhanced their shear strength up to a certain ddbag levelled off. The highest values from all
categories of composites were reached at shre@moat 30% by dry mass. This dosage was
found to be an optimum tyre shred dosage to reiefeelected granular soils of South Africa.

The analogy in the enhancement of the overall sheangth from the two shred sizes mixed
with sands was evaluated. The discrepancies inovepnent were 20.9% and 19.6% higher and
were obtained from Cape Flats and Klipheuwel saadt combined with 50-60 mm tyre shred
in comparison to the composites contained 10-15ghrad size. These values were obtained at

the lowest normal pressure considered during sigari

6.2 Recommendations

From the literature, the use of shredded wastes tyréhighway embankment construction has
performed successfully in the past. These applinatconsume large quantities of waste tyres
and offer technical, economical and environmenaldfits. Based on these, together with the
results obtained from this study, mixing Cape Fhatsl Klipheuwel sands with tyre shreds to
generate the lightweight fill material for the ctmstion of an embankment project is highly

recommended as an alternative option.

Further investigations including but not limiteddompaction characteristics and permeability of
the tyre shreds sand composites, chemical testgrershreds for potential leaching problems,
compressibility study on the use of tyre shredsntulify the geotechnical properties of other
types of soils of South Africa such as clays dsske recommended. The construction of a full-
scale field test embankments made of tyre shredsealected granular soils is recommended to
evaluate its performance and strengthen the prdpgsielines which can be followed during

the execution of tyre shreds soil embankment ptojec
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Appendices

A. Characterization testsresults

A.1 Natural water content

Klipheuwel sand

Can No 1 2 3
Mass of can (g) 100.2 108.4 100.4
Mass of wet soil + can (Q) 400.3 408.5 400.5
Mass of dry soil + can (g) 392.8 401.0 392.9
Mass of dry soil (g) 292.6 292.6 292.5
Mass of water (Q) 7.5 7.5 7.6
Water content (%) 2.56 2.56 2.6
Average water content (%) 2.57

Cape Flats sands
Can No 1 2 3
Mass of can (Q) 93 123.5 109.8
Mass of wet soil + can (Q) 393.1 423.6 409.8
Mass of dry soil + can (g) 382.8 413.3 399.8
Mass of dry soil (g) 289.8 289.8 290
Mass of water (Q) 10.3 10.3 10
Water content (%) 3.55 3.55 3.35
Average water content (%) 3.5
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A.2 Sieve analysis
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A.3 Standard proctor test results
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A.4 Particle density

Cape Flats sand

Test No 1 2 3

mass of bottle + soil + water m3 (g) 87.242 87.983291.610
mass of bottle + soil m2 (g) 40.204 39.340 41.685
mass of bottle full of water m4 (g) 83.360 84.490 7.482
mass of bottle m1 (g) 33.852 33.791 34.984
mass of soil m2 - m1 (g) 6.352 5.549 6.701
mass of water in full bottle m4 - m1 (g) 49.508 @@ 52.448
mass of water used m3 - m2 (g) 47.038 48.592 49.925
volume of soil particles (m4 - m1) - (m3 - m2) mL 42 2.107 2.523
?;;t;:](;)densmps =pL*(m2 - m1)/((m4-m1)-(m3-m2)) 261 263 262
Average value of particle densigys (Mg/m3) 2.62
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Klipheuwel

Test No 1 2 3
mass of bottle + soil + water m3 (g) 93.162 89.55289.496
mass of bottle + soil m2 (g) 44.898 43.850 42.502
mass of bottle full of water m4 (g) 87.273 83.345 4.685
mass of bottle m1 (g) 35.339 33.850 34.7071
mass of soil (m2 - m1) (g) 9.559 10 7.8017
mass of water in full bottle (m4 - m1) (g) 51.934 9.4B5 49.988
mass of water used (m3 - m2) (g) 48.264 45702 HA6.D
volume of soil particles (m4 - m1) - (m3 - m2) mL .63 3.793 2.994
particle densitys =pL*(m2 - m1)/((m4-m1)-(m3-m2))
(Mg/m3) 2.605 2.64 2.61
Average value of particle densips (Mg/m3) 2.62
Tyre shreds passing 2 mm test sieves
Test No 1 2 3
mass of bottle + shreds+ water m3 (g) 88.356 84.8588.179
mass of bottle + shreds m2 (g) 43.447 39.858 43.855
mass of bottle full of water m4 (g) 88.673 84.859 8.199
mass of bottle m1 (g) 36.595 34.703 36.825
mass of shreds m2 - m1 (g) 6.852 5.155 6.53
mass of water in full bottle m4 - m1 (g) 52.078 503 51.354
mass of water used m3 - m2 (g) 44.909 45.001 44.824
volume of shreds particles (m4 - m1) - (m3 - m2) mL 7.169 5.155 6.53
particle densitys =pL*(m2 - m1)/((m4-m1)-(m3-m2))
(Mg/m3) 0.96 1 1
Average value of particle densips (Mg/m3) 1
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A.5 Limiting densities

Maximum dry density (densest state) from vibratowynpaction

Klipheuwel
No 1 2 3
Volume of mould m 0.002314 0.002314 0.002314
Mass of mould (kg) 15.96 15.96 15.96
Mass of mould +soil (kg) 20.64 20.64 20.64
Mass of soil (kg) 4.68 4.68 4.68
Density (kg/m) 2022.5 2022.5 2022.5
Average maximum density(kgfn 2022.5

Cape Flats
No 1 2 3
Volume of mould 0.0022266 0.0022266 0.002226
Mass of mould (kg) 15.95 15.95 15.95
Mass of mould +soil (kg) 20.06 20.02 20.045
Mass of soil (kg) 411 4.07 4.095
Density (kg/m) 1845.86 1827.9 1839.1
Average maximum density(kgfn 1837.6
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Loose density (loosest state)

Cape Flats
No 1 2 3
Volume of mould 0.000946597m0.000946597rh| 0.000946597r
Mass of mould (kg) 4.440 4.440 4.440
Mass of mould +soil (kg) 5.791 5.787 5.783
Mass of soil (kg) 1.351 1.347 1343
Density (kg/n) 1461.76 1423 1418.76
Average maximum density(kgfn 1434.5

Klipheuwel
No 1 2 3
Volume of mould 0.00094659)  0.000946597  0.000946597
Mass of mould (kg) 4.440 4.440 4.440
Mass of mould +soil (kg) 5.891 5.887 5.896
Mass of soil (kg) 1.451 1.447 1.456

Density (kg/m) 1532.9 1528.6 1538.1

Average maximum density(kg/fn 1533.2
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B. Shear strength test (example)

The format of shear stress data as obtained fremsdftware for unreinforced Cape Flats sand

for vertical pressure of 50 kPa

Elapsed| Vertical | Vertical | Horizontal| Cumulative| correct

No Time Stress | Displace| Stress Displace | stress

(min) (kPa) (mm) kPa (mm) kPa

1 0 50.05 0.5105 0.2521 0 0
2 0.08 49.86 0.5184 1.668 0.0107y 1.4159
3 0.1 49.8 0.5215 3.084 0.02001 2.8319
4 0.11 49.86 0.5231 4.693 0.03079 4.4409
5 0.13 49.58 0.5246 6.128 0.04002 5.8759
6 0.15 49.57 0.5246 7.447 0.0538Y 7.1949
7 0.2 49.7 0.5278 10.86 0.1016 10.6079
8 0.3 49.8 0.5325 15.75 0.2016 15.4979
9 0.39 49.9 0.5356 19.12 0.3002 18.8679
10 0.47 49.9 0.5372 21.82 0.4002 21.5679
11 0.55 50.01 0.5356 24.16 0.5018 23.9079
12 0.64 50.21 0.5419 26.39 0.6019 26.1379
13 0.72 50.09 0.5356 27.97 0.7034 27.7179
14 0.79 50.13 0.5293 29.42 0.802 29.1679
15 0.87 50.25 0.5246 30.87 0.902 30.6179
16 0.96 50.19 0.5231 32.17 1.004 31.9179
17 1.04 50.15 0.5168 33.26 1.101 33.0079
18 1.12 50.15 0.5074 34.38 1.202 34.1279
19 1.2 50.07 0.4949 35.22 1.305 34.9679
20 1.27 50.11 0.487 36.05 1.402 35.7979
21 1.35 50.07 0.4667 36.83 1.504 36.5779
22 1.42 50.07 0.451 37.56 1.601 37.3079
23 1.51 50.07 0.4416 38.38 1.706 38.1279
24 1.59 50.46 0.415 39.21 1.802 38.9579
25 1.67 50.32 0.404 39.8 1.906 39.5479
26 1.75 50.23 0.3868 40.38 2.009 40.1279
27 1.84 50.15 0.3727 40.88 2.104 40.6279
28 1.91 50.09 0.3586 41.35 2.206 41.0979
29 1.98 50.09 0.3461 41.83 2.304 41.5779
30 2.05 50.01 0.3304 42.22 2.401 41.9679
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