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ABSTRACT

This technical report is a state-of-the-art literature review regarding tyre shreds as a
construction material for published material in English, Swedish and Norwegian
languages. The main focus is to present the technical and environmental properties of tyre
shreds focusing on the use of the material as unbound aggregates in foundation and
geotechnical engineering applications.

The technical properties of tyre shreds are relatively well investigated. In general, methods
for determining technical properties for soils have been used in the studies. Compared to
conventional soil materials like sand and gravel, tyre shreds are considered to be a
lightweight material, ρ = 500-900 kg/m3 depending on compaction and overlaying
pressure. The low thermal conductivity, λ = 0.15-0.30 W/m,K, makes the material
interesting for thermal insulation. The permeability is high, k  ≈ 10-2 m/s, at overlaying
pressures up to at least 200 kPa. Tyre shreds is a relatively weak material, Young’s
modulus E ≈ 1 MPa depending on overlaying pressure. Poisson’s ratio is typically ν  ≈ 0.3.
The stress-strain relationship is non-linear and the material becomes stiffer as the stress
increases. The shear strength is high at large strains, c' = 0-82 kPa and φ' =15–36º at 20 %
strain, and low at smaller strains, c' = 0-12 kPa and φ' = 19-38º at 10 % strain. The
durability of tyre shreds seems not to be a problem in applications where the material is not
exposed to UV-radiation or heat.

The environmental implications of using tyre shreds in ground engineering applications
have here been studied by dividing the results into three different categories; chemical
content, leachability and environmental response. Tyre shreds contain compounds that
have a pollution potential, e.g. PAH, phenols and zinc. The leachability of most
compounds is low under normal conditions in civil engineering applications, i.e. for pH 5-8
and water as a leaching agent. Ecotoxicological studies show that tyre leachate causes
response in these tests. Compared to the European Unions classification for chemicals
these responses are below hazardous limits. However, some other species studied are
sensitive to tyre leachate. Field experiences of using tyre shreds shows, up to know, no
measurable negative effects in surrounding environment.

Tyre shreds have beneficial properties, e.g. low density, high hydraulic conductivity, low
thermal conductivity and high shear strength at large strains. There are properties of tyre
shreds which differs from soil materials like sand and gravel that must be especially
considered in design, e.g. the elastic properties. There are several successful examples of
use of tyre shreds in civil engineering applications, e.g. in road embankments, as thermal
insulation layer, in lightweight embankments and as draining layers in landfills. There are
also examples of not successful projects resulting in useful experiences in design work and
limitations of the material. The environmental effects of using tyre shreds needs to be
considered. Before use a site-specific evaluation is recommended where both the
construction and surrounding environment are considered. Based on today’s knowledge the
use of tyre shreds should be limited to above the ground-water table and, if high
percolation is expected, to non-sensitive recipients where the potential accumulation of
pollutants may not be a problem.
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PREFACE

The work presented is a state-of-the-art report of knowledge of using tyre shreds in civil
engineering applications, focusing on geotechnical and foundation engineering. The main
subjects in the study are technical properties of tyre shreds for foundation engineering
applications and background data to be used for environmental assessment. A laboratory
study on technical and environmental properties of tyre shreds and a master thesis work on
the possible use of tyre shreds as a drainage layer has been performed at Luleå University
of Technology as a prologue to this work.

This work was founded by support from the Swedish Construction Industry’s Organisation
for Research and Development (SBUF), Ragn-Sells AB, the Swedish Tyre Recycling
Association (SDAB), NCC, The Swedish National Road Administration (Vägverket), The
Swedish National Railway Administration (Banverket), and Luleå University of
Technology. The work in this report has been carried out at the Division of Soil Mechanics
and Foundation Engineering, Department of Civil and Mining Engineering at Luleå
University of Technology.

I would like to thank PhD and university lecturer Bo Westerberg, my tutor, for help and
support with the report. I would also like to express thanks to PhD Josef Mácsik for help
with the environmental related part of this report and Lic.Eng. Bo Svedberg for important
input in this work. The founders who made the work possible and their interest for
investigating the possibility to use tyre shreds in foundation engineering applications are
greatly appreciated. Finally I would like to thank Professor Sven Knutsson, head of my
division, for introducing me to this work and to general guidance in the work.

Tommy Edeskär
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1 INTRODUCTION

1.1 Background

Post-consumer tyres have become a growing disposal problem caused by the increasing
number of vehicles on the roads in the developed countries. Post-consumer tyres are non-
degradable and, because of their shape, quantity, and compaction resistance, require a large
amount of space for stockpiling and landfilling. Since tyres are inert and the lack of landfill
capacity increases, there is a need to find other disposal means than landfilling. The Basel
Convention recommends to find other disposal means for post-consumer tyres than
landfilling, UNEP (2000). In Europe, for example, the European Union has taken
legislation as a tool to encourage new applications of used tyres by restricting the disposal
means. The Council Directive 1999/31/EC of 26 April 1999 on the Landfill of Waste
stipulates that from 2003 can used tyres no longer be deposited in landfills unless they are
used as a construction material. Shredded tyres are allowed for landfilling until 2006,
Eurolex (2001). Similar legislation is used in North America in order to reduce the amount
of tyres in landfills.

Civil engineering applications is one alternative use area that might be favourable because
most applications do not need much processing and consume large volumes of tyres. One
m3 of shredded tyre fill contains about 100 waste tyres as an example. The use of tyres in
civil engineering applications is not new, tyres having been used for erosion control and
slope stabilisation in an informal fashion virtually since tyres have existed. Today, shreds
or granulates of post-consumer tyres are e.g. used in asphalt mixtures, as lightweight fill
material in road constructions or in foundation engineering applications. These
applications vary in the amount of tyre processing required. For instance, tyre rubber used
in asphalt mixtures must be ground to a relatively fine particle size of less than 2 mm,
whereas whole tyres can be used in erosion control. The cost of processed material
increases as the sizes of the shreds are reduced. There is an interest to find applications that
could benefit from the physical properties of the material while the required amount of size
reduction would be minimised.

From geotechnical engineering perspective, waste tyres have interesting properties. Tyres
have high strength (especially when steel belted), the durability is excellent, the supply is
potentially high, the cost is low and the density is low. Tyres are manufactured to combine
flexibility, strength, resiliency and high frictional resistance. If tyres are reused as a
construction material the unique properties of tyres can once again be exploited in a
beneficial manner. The benefits of using waste tyres are particularly enhanced if they can
be used to replace virgin construction materials made from non-renewable resources.

The use of used tyres in foundation engineering differs a lot between different countries.
The use of post-consumer tyres is quite common in several states in North America, in
some Canadian provinces and in France. In countries such as Germany, Japan and Great
Britain the use appears to be nearly non-existent. In Finland research and test-facilities
with used tyres have been carried out, Svedberg and von Brömsen (2000).
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In the USA there is an established standard for nomenclature and determination of some
technical (engineering) properties, ASTM (1998), and in Europe the work with
establishing a common standard is now in progress by European Tyre Recycle Association,
ETRA (2002). These standards make it easier to use tyre shreds in civil engineering
applications by specifying the material and its properties.

In several European countries taxes are used to direct waste materials from the landfills to
alternative depositions i.e. incineration or re-use. In Sweden the landfill tax is about 370
SEK (approximately 41 Euro) per ton landfilled waste, which is aimed as an economic
margin for refining the waste to some useful application, RVF (2003).

In Sweden 50 000 – 55 000 ton used tyres are collected each year. The amount corresponds
to 90 – 100 % of the disposed tyres per year. The collected tyres are retreaded, exported,
used as fuel in the cement industry or processed, SDAB (2002).

1.2 Scope of study

The objective of this study is to review the state-of-the-art knowledge of technical and
environmental properties of tyre shreds focusing on geotechnical and foundation
engineering applications.

Technical properties of interest are basically density, porosity, compaction and
compression behaviour, elasticity, water content, capillarity, shear strength and stress-
strain behaviour, creep behaviour, thermal conductivity and heat capacity and durability
and degradation.

Environmental properties are studied concerning composition of tyre materials,
accessibility of compounds and environmental response from field objects.

1.3 Limitations

This literature study is limited to only deal with tyre shreds, i.e. cut used pneumatic tyres in
nominal sizes 50-300 mm. To point out interesting features of tyre materials studies with
smaller fractions than shreds, i.e. chips and granulates, is reported. Properties of tyre and
soil mixtures are briefly reported. The environmental concerns are limited to the impact of
tyre shreds in civil engineering constructions. The literature study is limited to published
material in English, Swedish or Norwegian language.

In appendices extended information is given regarding technical and environmental
properties.

1.4 Structure of report

In chapter 1 the studied subject is introduced and limitations of the study given.
Characterisation and classification of fragmented tyres is presented in chapter 2. In chapter
3 technical properties and the mechanical behaviour of tyre shreds that are interesting from
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an engineering view are presented. Chapter 4 deals with the chemical content of tyre
shreds, leaching properties and published experiences from using tyre shreds in ground
engineering applications. The aim is to compile background data useful for environmental
assessment. The discussion in chapter 5 compiles the conclusions from the previous
chapters. Data presented in the appendices is used in chapter 3 and 4 as reference material.

1.5 Conversion factors

The figures and data in this report are presented in SI-units with a few exceptions. For the
cases where the results in the used references are not presented in SI-units the results were
converted before presented in the report. The used converting factors are presented in table
1.5.

Table 1.5. Used converting factors to the SI-units.
Foreign unit SI-unit Foreign unit SI-unit

1 Btu 1.055056 kJ 1 pcf 16.01846 kg/m3

1 Btu/hr, ft F 1.730735 W/m K 1 psf 0.04788 kPa
1 inch 0.0254 m 1 psi 6.89475 kPa

1 F 0.5556 K 1 pound 453.59237 g
1 ft 0.3048 m
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2 CHARACTERISATION AND CLASSIFICATION OF
FRAGMENTED TYRES

2.1 Introduction

During the 1970:s and 1980:s, when investigations about the possibility to use tyre shreds
as a construction material started several names were used to describe different fractions,
e.g. shreds, chips, granulates and so on. The denotation of the material between the studies
was not coherent. This chapter deals with the standards for post-consumer tyre products in
the USA and in Europe. Since the products are affected by the components of the raw
material, i.e. car tyres, and the fragmentation process, those aspects are also discussed. In
this report the proposed denotation by the European Tyre Recycling Association (ETRA)
will be used.

2.2 Standardisation of post-consumer tyre products

In the USA there is an established standard for nomenclature and determination of some of
the technical properties, ASTM (1998), and in Europe the work with establishing a
common standard is now in progress. These two standards will to some extent differ in
nomenclature and procedures to determine properties.

The American Society of Standard Methods (ASTM) has established the Standard Practise
for Use of Scrap Tires in Civil Engineering Applications D 6270-98, ASTM (1998). The
aim of the standard is to “provide guidance for testing the physical properties and gives
data for assessment of the leachate generation potential of processed or whole scrap tyres
in lieu of conventional civil engineering materials”, ASTM (1998). The ASTM guidelines
are applicable to tyre fills less than 3 m thick.

In Europe the European Tyre Recycling Association (ETRA) has agreed in a business
standard, CEN Workshop Agreement, CWA 14243, for the recycling industry dealing with
post-consumer tyres, ETRA (2002). The work with converting the CWA to a CEN-
standard has begun during 2003. The CWA is divided into two parts. Part 1 concerns the
production of post-consumer tyre materials and part 2 is a guidance manual offering more
detailed information about possible applications for the different processed products.

Both in the ASTM-standard D 6270 and in ETRA’s CWA there are proposed test methods
for determining engineering properties and proposed methodology for environmental
investigation. The proposed methodologies are adapted from the field of geotechnical
engineering and general leaching procedures used in the USA. These test procedures are
not adjusted for the properties of tyre shreds nor, in many cases, the used sizes of the tyre
shreds. The final CEN-standard may be changed compared with today’s CWA in
procedures and definitions. In this literature review test methods and results will be
discussed.
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2.3 Nomenclature and definitions

In Europe and the USA different terminology are used to define waste tyres, tyre shreds,
granulates etc. In this report the European terminology, used in the CWA 14243 Post-
consumer tyre materials and applications, ETRA (2002), will be used and the American
will be slightly reviewed.

In Europe ETRA uses the term Post-consumer tyre; “a tyre which has been permanently
removed from a vehicle without the possibility of being remounted for further road use”,
ETRA (2002). In the USA the ASTM distinguish between scrap tyres and waste tyres. A
scrap tyre is a tyre, which can no longer be used for its original purpose due to wear or
damage. A “waste tire is defined as a tire, which is no longer capable of being used for its
original purpose, but which has been disposed in such a manner that it can not be used for
any other purpose”, ASTM (1998).

In table 2.1 the European and American designation for fragmented tyre products are
presented and compared. Sieving is the method used in both nomenclature systems to
define the sizes. The size refers to the length of a side on a quadratic screen width. In
reality the particles are more or less irregular. In figure 2.2 tyre shreds of different sizes are
shown.

Table 2.1 Designations for different sizes of processed tyres in Europe, CWA14243 Post-
consumer tyre materials, ETRA (2002) and in the USA, ASTM D 6270-98, ASTM (1998).
CWA 14243 (Europe) ASTM D 6270-98 (USA)
Designation Size Designation Size
Fine powder < 500 µm Granulated 425 µm – 12 mm
Powder < 1 mm Ground rubber 425 µm – 2 mm
Granulate 1 – 10 mm Chip 12 – 50 mm
Chip 10 – 50 mm Shred 50 – 305 mm
Shred 50 – 300 mm Rough shred 50×50×50 < X < 762×50×100

Figure 2.1 Example of post-consumer tyre products. To the left tyre shreds and to the right
larger shreds.
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2.4 Components of a pneumatic car tyre

Tyres are the raw material for tyre shreds. Tyre shreds are basically produced from
pneumatic car tyres but to some extent from other raw material sources like truck tyres and
rubber belts. Since car tyres are the main source (truck tyres are made by similar
composition of material) only car tyres will be discussed. The components of a car tyre are
shown in figure 2.2.

Figure 2.2 The components a pneumatic car tyre, Blic (2001).

Tyre shreds do not only contain rubber. The components of a car tyre can roughly be
divided into rubber, steel cord and textile fabric. Functionally the tyre consists of a carcass
and a tread. The tread is the outermost layer that has contact with road. During the use
under the vehicle wear will reduce the thickness of the tread layer. The wear loss may be
10-20 % of the total weight of the tyre, Blic (2001). The carcass is the bearing structure. It
is in the carcass the steel cord and the textile fabrics are used as reinforcement. The
distribution of mass of the three components of a car tyre is shown in figure 2.3.
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Figure 2.3 Distribution by mass of the components rubber, steel cord and textile fabrics of
an average European car tyre. After Blic (2001).

These three components affect the properties of the tyre shreds. The rubber and steel cord
affects most of the technical and environmental properties and the textile fabric the water
absorption. This will be discussed in detail in chapters 3 and 4. In chapter 4 the chemical
composition a car tyre will be discussed in detail.

2.5 Refining processes

The size and shape of a tyre shred is dictated primarily by the design of a particular
shredding machine and setting of its cutting mechanism. Processing the material through
more than one shredder produces small-sized tyre shreds and tyre chips, each adjusted to
produce finer cuts than its predecessor. Classifiers can also be used to separate the finer
sizes from the coarser ones. Usually the chips are irregular shaped with the smaller
dimension being specified by the manufacturer, and the larger size being two to four times
that size (Bosscher et al. 1997). A tyre shredder and classifiers are shown in figure 2.4.

Slit tyres are produced in tyre cutting machines. These cutting machines can slit the tyre
into two halves or can separate the sidewalls from the tread of the tyre. Slit tyres have a lot
of exposed steel belts.
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Figure 2.4 Shredding of car tyres by Ragn-Sells AB, Sweden.

In most cases production of tyre shreds or tyre chips involves primary and secondary
shredding. A tyre shredder is a machine with a series of oscillating or reciprocating cutting
edges moving back and forth in opposite directions to create a shearing motion that
effectively cuts or shreds tyres as they are fed into the machine. The size of the tyre shreds
produced in the primary shredding process can vary from as large as 200 to 460 mm long
by 100 to 230 mm wide, down to as small as 100 to 150 mm in length, depending on the
manufactures model, and condition of the cutting edges. The shredding process results in
exposure of steel belt fragments along the edges of the tyre shreds. Production of smaller
tyre shreds and tyre chips, which are normally sized from 76 mm down to 13 mm, requires
two-stage processing of the tyre shreds (primary and secondary shredding) to achieve
adequate size reduction. Secondary shredding results in the production of chips that are
more equidimensional than the larger size shreds that are generated by the primary
shredder, but exposed steel fragments will still occur along the edges of the chips.
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3 TECHNICAL PROPERTIES

3.1 Introduction

The chapter deals with technical properties of tyre shreds. Material properties and available
design parameters are described. The test methods presented in the studied references,
origins in most cases from the geotechnical field. This is due to the fact that the material is
unbounded and that most of the authors are researchers in this field. However, the used test
methods are originally adapted to soil and similar aggregates like crushed rock and not for
tyre shreds. The main problems of conducting laboratory tests on tyre shreds are the large
particle sizes of tyre shreds compared to gravel and other soils, the protruding steel cord,
the high elasticity and the lack of a proper failure criterion in shear strength tests. The
recommended methods by “Standard Practise for Use of Scrap Tires in Civil Engineering
Applications” D 6270-98, ASTM (1998) and CWA 14243, ETRA (2002) are given if it is
specified for each properties discussed.

During the 1980’s some field trials with tyre shreds as insulation layers in roads were
performed in the USA, Humphrey et al. (1992). In the early 1990’s the interest, mainly in
the USA, increases and results in more field trials and laboratory experiments to determine
the technical properties and understand the behaviour of the new material. Important work
were done by Humphrey et al (1992) among others. Later in the 1990’s and in the early
2000’s triaxial tests were performed to better understand the shear strength behaviour of
the material, e.g. Wu et al. (1997). Recently a new concept of interpretation of the
compression and shear strength behaviour has been suggested, Yang et al. (2002).

3.2 Definitions

3.2.1 Volume and weight

The basic designations and abbreviations used as a basis to define the technical properties
presented in this chapter are defined in the phase diagram in figure 3.1.

Figure 3.1. Phase diagram with designations and abbreviations used to define volume and
mass for the three phases of a grained material.

V

Air

Water

Solids

Va

Vw

Wa ≈ 0

Ww

Ws

W

Vv

Vs

V = Volume
W = Weight
a = Air (gas)
w = water (liquid)
s = solid
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3.2.2 Sizes

Processed tyre materials are often irregular in shape. Most processed material, like shreds
and chips, are disc-shaped. Therefore, in this study the dimension of the material is
presented in two different ways. Where it is possible the width and length are given.
Otherwise is the term nominal size used. With nominal size means the distance of longest
side, i.e. the length of the material. The thickness of the processed material is usually the
same as the thickness of the raw material, the processed tyre. To achieve smaller and
thinner chips the material need to be processed in a mill. Typical values of thickness of
tyre chips and shreds are 10-25 mm.

Sieves are used to grade the material. The material passes sieves with defined mesh widths
in descending orders. The material retained on each sieve is separately weighted and
expressed as a percentage of the total weight of the sample. Using sieves the material is
sorted by the width, figure 3.2. ETRA (2002) recommends specifying the size distribution
in the material in two different ways. The first way is to only specifying the upper limit,
the largest mesh width the tyre shreds passes under sieving, for example tyre shreds < 50
mm. The second option is to define the material as the interval between the meshes the
material passes and remains in under sieving, for example tyre shreds 25 < X < 50 mm.
ASTM (1998) recommends to use the ASTM standard Test method D422 to grade tyre
shreds. Since the density of tyre shreds it is permissible to use a minimum weight of test
sample that is half of the specified value.

Figure 3.2. Length, width and thickness of a tyre shred. Sorted by length; length >width >
thickness. The width is the longest side that passes a sieve mesh.
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3.3 Density

Density is the quotient between mass and volume and depending on what features of tyre
shreds that are studied different definitions of density are used. In this chapter are compact
density and bulk density are discussed.

The compact density, ρs, is the quotient of the mass Ws and the volume Vs of the solids, i.e.
the individual particles (e.g. a tyre chip), equation 3.1.

s

s
s V

W
=ρ      [kg/m3] (Equation 3.1)

The values of the compact density for the studies presented in this report for tyre shreds are
compiled in Appendix 1. The average compact density of these data are 1.16 t/m3 ranging
between 1.08-1.27 t/m3. Humphrey et al. (1993) determined the compact density for glass
belted tyre shreds to be 1.14 t/m3. Unfortunately no reference has specified if only steel
belted has been used in determination of compact density. However, a qualified
assumption from the studies is that the compact density for steel belted tyre shreds is about
1.15 t/m3. The higher metal content, i.e. larger amount of steel cord, the higher compact
density. The variety in the results of the compact density may be affected by different
thickness of steel cord used in different parts of the tyres and if e.g. tyre shreds from tyres
that origins from heavy vehicles have been investigated.

Compared to granular soils the compact density of tyre shreds is low. Depending on the
individual minerals in the soil particles the compact density typically varies between 2.2-
2.9 t/m3, Lambe and Whitman (1979).

The specific gravity, G, is the compact density divided by the density of water, equation
3.2.

w

s

w

s

g
g

G
γ
γ

ρ
ρ

=
×
×

=      [-] (Equation 3.2)

The designation is often used instead of the compact density ρs, especially by American
authors. If the density of water is approximated to 1.00 the values of compact density and
specific gravity becomes equal. Since the specific gravity G > 1 for tyre shreds, they are
heavier than water and will sink if put in water.

The bulk density, ρ, is the quotient of the total mass and the total volume, equation 3.3.
Since the weight of the air in the pores are negligible the total mass can be expressed as the
mass of the solids and the pore liquid.

V
WW

V
WWW

V
W wsgws +≈

++
==ρ      [kg/m3] (Equation 3.3)
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Since a volume of tyre shreds is very compressible the bulk density of tyre shreds
primarily depends on the applied load, table 3.1 and figure 3.3. In some extent the density
also is affected how well the material is compacted.

Table 3.1. Examples of reported bulk density values for different pressures and sizes of
tyre shreds.

Vertical pressure
[kPa]

Bulk density
[kg/m3]

Size Reference

0 440 – 450 50×50 mm2 Westerberg and Mácsik (2001)
30 – 50 500 - 700 50×50 mm2 —  ||  —

400 810 - 990 50×50 mm2 —  ||  —
0 505 - 600 ≤ 38 mm Wei et al. (1997)

Examples of bulk density at different vertical load are presented in figure 3.3. The tyre
shreds were compacted by 60 % Proctor energy before the load was applied. As seen in
figure 3.3 the difference in bulk density between the different type of tyre shreds, glass and
steel belted, are small.

0
100
200
300
400
500
600
700
800
900

0 2 4 6 8 10 12 14 16 18 20
Vertical stress [kPa]

D
en

si
ty

 [k
g/

m
3 ] SB  Size < 51 mm

SB Size < 76 mm
SB Size < 76 mm
SB Size < 51 mm
GB size < 38 mm

Figure 3.3. Relationship between vertical stress and bulk density for three different types
and sizes of tyre shreds. The tyre shreds origins from different suppliers in the USA. SB
denotes steel belted tyre shreds and GB glass belted. The samples were air dried and
compacted by 60 % Proctor energy before the vertical stress was applied, after Humphrey
et al. (1997).

From the reported results compiled in appendix 1 the bulk density ranges from about 450-
600 kg/m3 for loose compaction and 600-800 kg/m3 for dense compaction. Notice that the
bulk densities unexpected were slightly higher for the glass belted tyre shreds compared to
steel belted despite the slightly higher compact density for steel belted tyre shreds. There is
a possibility that the type of protruding cord from the tyre shreds affects the way the tyre
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shreds rearranges into more dense states. The differences in densities may also be due to
the different sizes of tyre shreds.

The bulk density of tyre shreds is low compared to soils. The bulk density of soils depends
on the composition of soil particles, grain size distribution, compaction state and water
content. Typical values of dry density for granular soils are 1.19-2.29 t/m3, loose to dense
state, Lambe and Whitman (1979). The average bulk density of tyre shreds is about 1/3 of
the average dry density of granular soils.

To sum up it can be concluded those factors that affects the density for tyre shreds are:

− The amount of steel belted shreds vs. glass belted. The higher amount of glass
belted tyres the higher density. However the difference in practical design work
may be negligible since the variation in density at given surcharge is wide.

− The surcharge. Tyre shreds are very compressible and therefore are the bulk density
strongly affected by the surcharge.

− The size of the individual tyre shred.

− The amount of protruding steel cord.

3.4 Porosity and void ratio

Porosity, n, is the ratio between the pore volume, Vv, and the total volume, V,

V
Vn v=      [%] (Equation 3.4)

of a sample and is represented as percentage ranging from 0 < n < 100. The void ratio, e, is
defined as the ratio of the volume of voids Vv to the volume of solids Vs and is expressed
as a number falling in the range of 0 < e < ∞, equation 3.5.
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The porosity and void ratio both represents the amount of pore volume of an amount of
material. The relationship between porosity and void ratio is expressed in equation 3.6.
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     [%] (Equation 3.6)

Since a volume of tyre shreds is relatively compressible the porosity and void ratio are
strongly dependent of the applied pressure. The porosity for tyre shreds is relatively high
compared with e.g. gravel. At a vertical surcharge of 40 kPa, which may be representative
pressure when tyre shreds are used as a light-weight-fill material in a road embankment,
the porosity for 50×50 mm2 tyre shreds are approximately 50 %, Huhmarkangas and
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Lindell (2000). This value can be compared to granular soils which has a porosity normally
ranging between 12-50 %, densest to loosest state, Lambe and Whitman (1979). Values of
porosity values for tyre shreds are presented in table 3.2.

Table 3.2 Porosity for different sizes of tyre shreds at different pressures.
Vertical Pressure

[kPa]
Size

[mm]
Porosity

[%]
Reference

41.7 50×50 52.3 Huhmarkangas and Lindell (2000)
42.7 50×50 55.3 —  ||  —
N.A. 300 79 Drescher and Newcomb (1994)
N.A. 20 – 46 55 – 60 —  ||  —
N.A. 20 – 76 53 Humphrey et al. (1992)
N.A. 20 – 76 37 —  ||  —

N.A. = Not Avaliable

Relationship between void ratio and applied pressure is presented in figure 3.4. The
average void ratio varies between 0.62 and 0.96 and decreases as the stress increases.
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Figure 3.4 Relationship between vertical stress and void ratio for three different types and
sizes of tyre chips. The < 38 mm tyre chips are glass belted and the others steel belted from
different suppliers in the USA. The samples were air dried and compacted by 60 % Proctor
energy before the vertical stress was applied, after Humphrey et al. (1997).

Drescher and Newcomb (1994) conclude that porosity, and thus also void ratio, is
dependent on the size of the tyre shreds. In their study they found that large sized tyre
shreds (mean area of 0.093 m2) yield a porosity of 80 % whereas smaller shreds (< 30 mm)
have a porosity of about 60 %. This seems to correspond to loose fills, as shown in figure
3.4. The void ratio for larger tyre shreds may achieve smaller void ratio under surcharge.

To sum up it can be concluded that the main factors that affect the porosity and void ratio
of a volume of tyre shreds are the surcharge and tyre shred size. The surcharge is the most
important factor. Increasing surcharge decreases the porosity and void ratio. Since tyre
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shreds are more compressible than for example gravel the magnitude of decrease is larger
for tyre shreds than for gravel and other soils. Tyre shreds has high porosity and void ratio
even at high surcharges. The tyre shred size is important especially in loose fills. Smaller
shreds gives lower porosity and void ratio.

3.5 Permeability

Permeability, k, also refers as the hydraulic conductivity, K, is a parameter describing the
resistance for water to flow through a volume of grained material (e.g. tyre shreds).

AikQ ××=      [m/s] Equation (3.7)
Where Q = Flow [m3/s]

k = Permeability [m/s]
i = Hydraulic gradient [-]
A = Cross section surface [m2]

The permeability (hydraulic conductivity) of tyre shreds basically depends on size, density
and pressure. The results from the studies compiled in table 3.3 shows that tyre shreds has
a very high permeability. The majority of studies report the permeability of tyre shreds to
be about 10-2 m/s. Granulates seems to have lower permeability, Cecich et al. (1996).

Table 3.3. Values of permeability of tyre shreds.
Size

[mm]
Density

ρ [kg/m3]
Permeability k

[10-2 m/s]
Reference

25 – 64 469 5.3 – 23.5 Bresette (1994)
25 – 64 608 2.9 - 10.9 —  ||  —
5 – 51 470 4.9 - 59.3 —  ||  —
5 – 51 610 3.8 – 22 —  ||  —
5 – 51 644 7.7 Humphrey et al. (1992)
5 – 51 833 2.1 —  ||  —

20 – 76 601 15.4 —  ||  —
20 – 76 803 4.8 —  ||  —
10 – 38 622 6.9 —  ||  —
10 – 38 808 1.5 —  ||  —
10 – 38 - 0.58 Ahmed (1993)

38 - 1.4 – 2.6 Humphrey (1996)
19 - 0.8 – 2.6 —  ||  —
25 - 0.54 – 0.65 Ahmed and Lovell (1993)
38 - 2.07 —  ||  —
19 - 1.93 —  ||  —

0.8 – 10 562 – 598 0.033 – 0.034 Cecich et al. (1996)

Westerberg and Mácsik (2001) investigated the hydraulic conductivity for 50 × 50 mm2

sized tyre shreds at high vertical stresses. With vertical pressure at 400 kPa, resulting in
approximately 40 % vertical compression of the tyre shreds, the hydraulic conductivity
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varied between 3-8 cm/s in 6 performed tests. They also tried to evaluate the hydraulic
conductivity at a vertical stress of 200 kPa but failed due to too high hydraulic conductivity
for the experiment setting.

The magnitude of the permeability is comparable with sandy and coarse gravel and, Lambe
and Whitman (1979). Gravel is often used as draining material in constructions.

ASTM (1998) recommends that the permeability for tyre chips of maximum size 19 mm
should be determined in accordance with the ASTM standard Test Method D 2434. Tyre
shreds are too large and the permeability is too high use the method D 24334. Thus ASTM
(1998) recommends to test the permeability with a permeameter where pressure,
corresponding to the field application, can be applied don the tyre shreds.

To sum up it can be concluded that the permeability:
− Is in the order of 10-2 m/s
− Decreases as the tyre shreds compresses but is still high up to at least pressures of

200 kPa.

3.6 Water content and capillarity

The water content, w, is defined as

s

w

W
W

w =      [%] Equation (3.7)

Humphrey et al. (1992) has investigated the water absorption capacity in tyre shreds, i.e.
the maximum water content. Water absorption capacity is the amount of water adsorbed
onto the surface of the tyre shreds. It is expressed as the percent water based on the dry
weight of the particles. In the USA the water absorption capacity is determined in
accordance with ASTM-standard ASTM C 127. The results of the maximum achieved
water content in investigated tyre shreds are presented in table 3.4.

Table 3.4 Maximum water content in tyre shreds, Humphrey et al. (1992).
Supplier Maximum size

[mm]
Number of

samples
Average water

content, w
[%]

Range of water
content, w

[%]
Pine State Recycling 40 2 2.0 2.0 – 2.1

Palmer Shredding 76 2 2.0 1.9 - 2.0
F&B Enterprises 38 2 3.8 3.8 – 3.9

Sawyer Environmental Recovery 38 4 4.3 3.4 – 5.3

The average absorption ranged from 2.0 to 4.3 % between the investigated tyre shreds. The
authors did not find any correlation between water absorption capacity and tyre shred size
or relative proportion between glass versus steel belted tyre shreds.
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Due to the high permeability of tyre shreds, ranging between approximately 1-10 cm/s
depending on degree of compaction and overload, the hydraulic retention time of water in
a drained situation are low in a tyre shred fill. The water content in tyre shreds consists of
surface water on the tyre shreds. The relatively large sizes of tyre shreds, compared with
gravel and other soils, implies tat the amount of bounded water in tyre shreds are low.

No study where the capillarity explicitly has been investigated has been found. Since tyre
shreds has high porosity and a low content of fines it is realistic to assume that the
capillary rice of water is very low in tyre shreds.

3.7 Compaction properties

Compaction improves the mechanical properties of a granular material, because when a
material is compacted the pore volume decreases, which results in a stiffer structure, higher
shear strength and smaller settlement.

A common way to describe compaction work origin from Proctor compaction. The method
is used for granular materials like soils to find the optimum water content resulting in
maximum dry density at given compaction work. The material is placed in a cylinder in a
number of layers and compacted with a falling weight dropped from a fixed height. The
compaction work, CW, is expressed as energy per unit volume of material according to
equation 3.8,

V
hWbnuCW ×××=      [J/m3] Equation (3.8)

where nu=number of compacted layers, b=blows per layer, W=falling weight, h=falling
height and V=total volume of compacted material.

Laboratory compaction of tyre materials using the Proctor method has been done by
Manion and Humphrey (1992), Edil and Bosscher (1992), Ahmed and Lovell (1993),
Humphrey and Sandford (1993), Cecich et al. (1996) and Bosscher et al. (1997) among
others. Their results are compiled in appendix 1. The studies ranges from tyre granulates to
tyre shreds of approximately 76 mm. Larger tyre shreds has not been investigated,
probably because of difficulties in finding large-scale test equipment. After Proctor
compaction the range of dry density varies in the ranges of 594 – 684 kg/m3, for the
studied references.

Manion and Humphrey (1992) investigated the compaction effort with Proctor tests. They
used a modified-, standard-, and 60 % standard Proctor. Summarised results are presented
in table 3.5. They found that the samples were only slightly denser independently of the
used compaction effort. The test implies that the tyre shreds only need a little compaction
effort to achieve the maximum compacted density. The test was also performed on wet tyre
shreds, moisture content about 5.3 % with 60 % standard proctor. The resulting density
was 64 kg/m3 higher compared to dry tyre shreds. Ahmed and Lovell (1993) conclude that
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only little compaction effort is needed to achieve maximum density, which confirm these
results.

Table 3.5. Compaction results using Proctor compaction.
Test Standard Energy per unit volume

[MJ/m3]
Blows per layer Dry unit weight

[kg/m3]
Modified 2.69 330 656
Standard 0.59 73 640

60 % standard 0.36 44 640

Cecich et al. (1996) compared the particle size distribution after Modified Proctor
Compaction on tyre granulates. They found no change in gradation of the tyre granulates
caused by the compaction procedure.

Ahmed and Lovell (1993) studied the effect of using different laboratory compaction
methods on different sizes of tyre chips. The results are presented in figure 3.5. They
concluded that the resulting dry density is not very sensitive to the size of the tyre chip
except when vibratory compaction were used. Vibratory compaction resulted in lower dry
density when the sizes of tyre chips increased.
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Figure 3.5. Resulting dry density with different laboratory compaction methods and sizes
of tyre chips. Vibration was not tested on 25 mm tyre chips. After Ahmed and Lovell
(1993).

The independence of size in Bosscher et al. (1997) study on tyre chips may be applicable
to larger tyre shreds too. Humphrey and Sandford (1993) tested different sizes of tyre
shreds with 60 % Standard Proctor with only small differences in resulting dry densities,
table 3.6.
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Table 3.6. Reported values of density after compaction for tyre shreds using 60 % standard
Proctor energy, Humphrey and Sandford (1993).

Size
[mm]

Compacted density
[kg/m3]

< 38 616
< 51 642
< 76 619

In field applications however there are different opinions about the impact of using
vibrating equipment compared with static. Humphrey and Nickels (1997) evaluated the
effect of different compaction equipment in a field study of a light-weight application with
tyre shreds. Measurements showed that smooth drum or tamping foot vibratory rollers with
a static weight of 9 tons and a track mounted bulldozer with a constant pressure of 59 kPa
were all equally effective. But a loaded 11 m3 dual rear axle dump truck proved to be
ineffective since its tyre sank deeply into the tyre shreds and fluffed up the tyre shreds
rather than compacting them. Edil and Bosscher (1992) conclude after their work with test
embankments that densification of tyre shreds best is achieved by application by pressure
rather than vibrations. The compression performance of large (maximum nominal size 76
mm) and smaller shreds are comparable. Heimdahl and Drescher (1999) conclude that
compaction and high overburden pressure might cause large-size tyre shreds to rearrange
and form a layered structure.

Compaction of shredded tyres does not follow Proctor’s moisture-density relationship.
This behaviour may result from the non-existence of pore water to form the liquid film
around the shreds. It makes conventional density controls, such as relative compaction,
inapplicable for evaluating tyre shreds in field constructions. This may imply that some
other means needs to be used to control the field density of tyre shreds during construction.

In general, the factors affecting compaction of tyre shreds are; compaction methods, tyre
chip sizes, lift thickness, chip/soil ratio (if used as a mix) and in laboratory testing the size
of compaction mold Ahmed (1993). There are no investigations found that studies the
compaction impact of lift thickness. Edil and Bosscher (1992) recommend that optimum
compaction effort should be determined on test section in field for the actual material
under actual conditions. Cocentino et al. (1997) suggests that compacted density in field
could be determined by the volume change method. Theoretically, the compacted density
is equal to the initial density (bulk unit weight) multiplied by the change ratio of volume
induced by compaction. That is;

cc
c H

H
V
V 00 ρρρ =×=      [t/m3] (Equation 3.9)

ρc = Compacted density [t/m3]
ρ = Bulk density [t/m3]
V0 = Volume before compaction [m3]
Vc = Volume after compaction [m3]
H0 = Thickness of tyre chip  fill before compaction [m]
Hc = Thickness of tyre chip fill after compaction [m],
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where ρc is the compacted density of concern, ρ is the initial bulk density and V0/ Vc is the
volume change ratio after compaction. Since the change of layer thickness is induced by
compaction, the ratio f initial height and the compacted height, H0/ Hc, can be used instead
of the volume ratio.

ATM (1998) recommends testing the maximum dry density on dry tyre shreds with 60 %
Proctor energy according to ASTM standard Test Method D 698. Vibratory compaction is
not recommended.

Based on the results from the reviewed authors, following general conclusions can be
drawn about compaction of tyre shreds:

− Reported values of achieved dry densities after laboratory compaction ranges from
594–684 kg/m3.

− The water content seems to have negligible effect on the compaction result.
− The compaction result is not improved by increasing the compaction energy.
− Tyre shreds may rearrange during compaction.
− The effects, i.e. degradation, on individual tyre shreds caused by compaction are

negligible.
− Static compaction seems to be preferable compared with vibrating.
− Optimum lift thickness for compaction work has not yet been investigated.

The dry density achieved in compaction tests, i.e. Proctor-tests, are in most cases not the
final density in field applications since the elasticity of the material will decrease the
volume resulting in increase in density when tyre shreds compresses under load. Achieving
a high dry density by compaction effort decreases the settlements in a tyre shred fill.

3.8 Compression behaviour

The compressibility, or stress-strain relationship, is important to know to be able to predict
the settlement from overburden load in a construction. Soils, accept clays, are in general
considered to have a more or less linear stress-strain relationship if the soil is well
compacted at reasonable stress levels. Individual tyre shreds differs from friction soils in
two important ways, the protruding steel cord causing a natural distance between contact
surfaces at low stress levels and the elasticity in the particles. This chapter primary deals
with the compressibility behaviour of tyre shreds caused by change in vertical load.

Tyre shreds are highly compressible compared to gravel and other soils. The high porosity
and the high elasticity of the individual tyre shreds due to the high rubber content cause
this. Edil and Bosscher (1994) explains the compressibility of tyre shreds with increasing
vertical load primarily due to two mechanisms:

1. Bending and reorientation of shreds into a more compact arrangement.
2. Compression of individual shreds under stress.
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Ahmed (1993) describes the compression behaviour in three compression states:
1. Minor compression from rearrangement and sliding of shreds, occurring mainly

during the first loading cycle, and is mostly irrecoverable.
2. Major compression caused by bending and flattering of tyre shreds which is mostly

recoverable upon unloading.
3. Elastic deformation of the individual shreds, which is very small, occurring

generally at stresses from 140 kPa and higher and is totally recoverable.

The non-linear compression behaviour is shown in figure 3.6. As seen the tyre shreds
become stiffer at increasing compressive load. The figure also shows the stiffer response
after reloading. This behaviour is also confirmed by for example Humphrey et al. (1993)
among others.
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Figure 3.6. Vertical compression as a function of vertical pressure for four loading tests on
50×50 mm2 tyre shreds. After Westerberg and Mácik (2001).

Humphrey et al. (1993) compared tyre shreds from three different suppliers. They found a
general trend of increasing compressibility with increasing amount of exposed steel belts.
However, the authors also conclude that from a practical view the difference in
compressibility from the three different suppliers is small.

Compiled results of vertical strain under vertical loading are presented in table 3.7. The
results between the different surveys are similar. The reported strains from Westerberg and
Mácsik (2001) are however slightly lower than the others. If the average values of
minimum vertical strains and maximum vertical strains respectively the maximum values,
for each vertical pressure are compared the average difference in vertical strain is 7.5 %
less for compacted initial state compared with loose fill if the results from Westerberg and
Mácsik (2001) is excluded. If the result from Westerberg and Mácsik (2001) is included
the average vertical strain is about 4 % less for compacted initial state compared loose
initial state.
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Table 3.7. Reported minimum and maximum values of accumulated vertical strain at
different stress levels for tyre shreds.

Vertical Strain [%]
Vertical pressure

[kPa]
10 25 50 100 200 400 Reference

Size
[mm]

Initial state Min Ma
x

Min Max Min Max Min Max Min Max Min Max

76.2 Compacted 7 11 16 21 23 27 30 34 38 41 Humhrey et al.
(1992)

50.8 Compacted 8 14 15 20 21 26 27 32 33 37 Humhrey et al.
(1992)

25.4 Compacted 5 10 11 16 18 22 26 28 33 35 Humhrey et al.
(1992)

50.8 Compacted 5 10 13 18 17 23 22 30 29 37 Manion and
Humphrey

(1992)
50.8 513-673 kg/m3 4 5 8 11 13 16 18 23 27 27 Ahmed (1993)
76.2 Compacted 12 20 18 28 Nickels and

Humphrey
(1995)

50.8 Loose 18 18 34 34 41 41 46 46 52 52 Humhrey et al.
(1992)

25.4 Loose 8 8 18 18 28 28 37 37 45 45 Humhrey et al.
(1992)

N.A. Loose 9 9 12 17 17 24 24 31 30 38 Drescher and
Newcomb

(1994)
50 Loose 1 4 5* 11* 8 16 15 22 28 35 37 42 Westerberg

and Mácsik
(2001)

N.A. Not avaliable
* At 30 kPa.

ASTM (1998) points out that the high compressibility of tyre shreds necessitates the use of
a relatively thick sample in laboratory tests involving compressibility. Also the wall
friction is commented since the wall friction can lead to underestimation of the
compressibility of the specimen. To be able to estimate actual load on the specimen in the
compression axis ASTM (1998) recommends measurements of axial load in one-
dimensional tests in both ends of the specimen, along the compression axis.

3.8.1 Triaxial compression

Ahmed (1993), Masad et al. (1995) and Lee et al (1999) have performed triaxial testing
under drained conditions with tyre shreds of different sizes among others. The general
shape of the stress-strain curves from the surveys shows an approximately linear behaviour
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between deviatoric stress and axial strain, as shown in figure 3.7. The material does not
reach peak deviatoric stress, as granular soils usually do under drained conditions. The
decrease in volume is non-linear to the axial strain. For low confining pressures the
decrease in volume is larger at small axial strains but small at larger axial strains. For
higher confining pressures the decrease in volume is approximately linear to axial strain
for small axial strains. Lee et al. (1999) noted that bulging were apparent at low axial
strains at low confining pressures. For higher confining pressures the samples were bulging
at about 10 % axial strains.

Figure 3.7. Results from triaxial compression tests on samples of 30 mm tyre shreds under
3 confining stresses, Lee et al. (1999).
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To sum up compression behaviour of tyre shreds, it can be concluded that:
− Tyre shreds are highly compressible compared to conventional soil materials like

e.g. gravel and sand.
− The stress-strain relationship is non-linear.
− Both elastic and plastic deformations normally occur upon loading.
− Tyre shreds have stiffer response at reloading.
− In triaxial compression no peak strength is obtained, since the shear stress

continuously increase with increasing strain.

3.9 Elastic Properties

The elastic modulus is used as a measurement of the stiffness of a material or a
construction, i.e. the elastic deformation under stress. In general the elastic modulus for
gravel and similar material is not a constant but is assumed to be constant in specified
stress intervals. In general, the elastic modulus is defined as

ε
σ=E      [Pa] (Equation 3.9)

Depending of test procedure or application different definitions of elastic modulus are
used. The modulus of elasticity, Youngs’s modulus E, is a measurement of the stiffness of
the material. It is defined as the quotient between the total change of stress and total
change of strain in the same direction. Here are the vertical stress and strain discussed.
Constrained modulus Mc, or oedometer modulus, is determined under static load in one
direction with radial support. The resilient modulus Mr is the modulus determined after
loading cycles. Depending of used method to determine the magnitude of elastic modulus
can vary. Therefore, back calculated and elastic modulus determined from Falling Weight
Deflectometers is separately shown.

Young’s modulus E has been chosen to quantify the elastic modulus since it together with
Poisson’s ratio and the shear modulus is a basic constant of the linear elastic theory. Since
most surveys evaluated the constrained modulus Mc the following relationship has been
used to transfer Mc to E, Lambe & Whitman (1979),

ν
νν

−
−+

=
1

)21)(1( cME      [Pa] (Equation 3.10)

The value of the constrained modulus is higher than corresponding Young’s modulus.

Results of Young’s modulus evaluated from the constrained modulus and Poisson’s ratio
from different tyre shreds, at 110 kPa surcharge, are presented in table 3.8, Humphrey and
Sandford (1993). Young’s modulus ranges from 0.77-1.25 MPa. The result shows an
increase in Young’s modulus as the tyre shred size increases.
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Table 3.8. Reported values for constrained modulus Mc and calculated values of Young’s
modulus E using equation 3.10, Humphrey and Sandford (1993).

Size
[mm]

Surcharge
[kPa]

Constrained modulus (Mc)
[kPa]

Elastic modulus (E)
[kPa]

Poisson’s ratio ν
[-]

38 110 1270 770 0.32
51 110 1680 1120 0.20
51 110 1470 1250 0.30
76 110 1730 1130 0.28

Yang et al. (2002) performed a triaxial test on tyre granulates and compared the results
with others authors results; Ahmed (1993), Benda (1995), Masad et al. (1996) and Lee et
al. (1999), figure 3.7. As seen in the figure the modulus E increases with increasing
confining pressure σ3, but the rate of increase decreases at higher confining pressure. Yang
et al. (2002) suggests a quadratic curve to approximate the modulus E by the confining
pressure σ3

2
33 0191.02.13 σσ −=E      [Pa] (Equation 3.10)

Figure 3.7. Yang et al. (2002) proposes following relationship for Young’s modulus as a
function of confining pressure, σ3, using own and other results.

Heimdahl and Drescher (1999) has observed that large sized tyre shreds (larger than
approximately 150 mm) initially placed randomly in a fill tend to rearrange themselves
because of compaction or high gravity loads (overburden) and align predominantly in the
horizontal plane. The resulting structure can be regarded as layered, whose in-plane
properties are expected to differ from the out-of-plane properties. The anisotropy affects
the settlement prediction and the compression behaviour. Heimdahl and Drescher (1999)
conclude that the in-plane Young’s modulus E is about three times greater than the out-of-
plane modulus E'. Young’s modulus (E) in the plane of the stacked tyre shreds were found
to be 5.86 MPa. In the plane perpendicular to the stacked tyre shreds Young’s modulus (E)
were found to be 2.19 MPa. These values are higher than other authors reported results.
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Used method is important when evaluating elastic modulus. Länisvaara et al. (2000)
designed and evaluated a secondary road in Finland using 450 – 730 mm thick tyre shred
layer under 900 mm thick soil cap. The used elastic modulus in the design work was 1
MPa, based on laboratory studies. The evaluated elastic moduli were 1.5-2 MPa,
considerably higher.

To sum up it can be concluded that the elastic (Young’s) modulus:
− Is low compared to the elastic modulus of conventional construction materials like

sand and gravel.
− Increases with applied load.
− The in-plane modulus is higher than the out-of-plane modulus.

3.9.1 Resilient Modulus

The resilient modulus of pavement materials defines their recoverable deformation
response under repetitive loading. It is a primary material property used in the analysis and
design of flexible pavement systems. Under repetitive loading, materials undergo certain
unrecoverable (or plastic) deformations in addition to the recoverable (or elastic)
deformations, figure 3.8.

Figure 3.8. Strains developed under repetitive loads, after Ksaibati and Farrar (2003). εr is
the resilient strain after several loading cycles, normally 100 cycles, and used in
determination of the resilient modulus.

The plastic strains can be determined by monitoring the accumulating unrecovered strains
during the cycles of repetitive loading. These permanent strains are indicative of the rut
potential in a flexible pavement system. The resilient modulus (Mr) is used in for example
the USA and in Sweden to represent the elastic properties of a material in a road during
road loading conditions. The resilient modulus measures the resilience of a material under
a series of load applications. The resilient modulus is normally determined in a modified
triaxial cell. The standard procedure is to apply an axial load which is applied for 0.1
seconds and remove it for 0.9 seconds. This loading sequence is repeated 100 times.

The resilient modulus (Mr) is the imposed repeated axial stress (σ) divided by the resilient
axial strain (εr) under the last loading cycle:
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r
rM

ε
σ=      [Pa] (Equation 3.11)

The resilient modulus can be estimated by using the relationship in equation 3.12, where θ
is the first invariant of stress, and A and B is experimentally determined constants, ASTM
(1998). Recommended test procedures by ASTM (1998) for tyre shreds are AASHTO T
274. The maximum particle size typically is limited to 19 mm by testing apparatus, which
precludes the general applicability of this procedure to tyre shreds.

B
r AM θ=      [Pa] (Equation 3.12)

There have been some attempts of trying to experimentally determine the resilient modulus
of tyre shreds. The problem is the large size of the individual particles and puncturing of
the membrane caused by the steel cord. Edil and Bosscher (1992) tried to use a PVC-
membrane instead of a latex membrane but failed to determine the resilient modulus
because of excessive sample displacement and distortion. Ahmed (1993) applied AASHTO
T 274 to tyre shreds and tyre shred/soil mixtures. For tyre shreds the constants were
determined to be A=36.3 psi and B=0.55.

Nickels (1995) determined the constants in Equation 3.12 to be A=4.4 kPa and B=1.16.
The resilient modulus based on these constants as a function of vertical stress is presented
in figure 3.9.

Figure 3.9. The resilient modulus as function of vertical stress using equation 3.12.
Humphrey and Nickels (1997) determined the constants to be A=4.4 kPa and B=1.16.
Ahmed (1993) determined the constants to be A=36.3 psi and B=0.55.

As seen in figure 3.9 the results using the different constants of A and B, and converting
the resulting resilient modulus to SI-units differs a lot. The resilient modulus is
considerable lower than for gravel and other soils material.

Bosscher et al. (1997) proposes equation 3.10 to be applicable for calculation of the
resilient modulus by knowing the constrained modulus, i.e. oedometer modulus, and the
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Poisson’s ratio. It is the same equation for transforming the constrained modulus to
Young’s modulus. To be able to compare the resilient modulus estimated with equation
3.10 with experimental results calculated resilient modulus is presented in table 3.9. The
references used in the calculations are references, which has data where the elastic
modulus and Poisson’s ratio are given at a known vertical stress.

Table 3.9. Estimated resilient modulus Mr based on equation 3.10 and values of Poisson’s
ration and confined elastic modulus.

Tyre shred
size

[mm]

Confining
pressure

[kPa]

Poisson’s
ratio, ν

[-]

Constrained
elastic

modulus Mc

[MPa]

Resilient
modulus, Mr

[MPa]

Reference

30 110 0.45 0.78 0.21 Humphrey et al. (1993)
38 110 0.32 0.77 0.54 Humphrey and Sandford

(1993)
51 110 0.2 1.12 1.01 —  ||  —
51 110 0.3 1.25 0.93 —  ||  —
76 110 0.28 1.13 0.88 —  ||  —

As seen in figure 3.9 the results based on equation 3.10 differ a lot to the results presented
in table 3.9. At 110 kPa vertical stress the span is 355-1589 kPa. The corresponding
estimated values of the resilient modulus in table 3.9, varies 210-1001 kPa. The range of
the resilient modulus is in the same magnitude both the experimentally suggested
relationships and the theoretically estimated resilient modulus. This range in results is too
large to be satisfying. The resilient modulus for tyre shreds needs to be more investigated
and material models needs to be evaluated.

Compared to granular soils tyre shred is a weak material. Young’s modulus for granular
soils depends on the individual soil particles, grain size distribution, compaction state and
water content. Using screened sand as a reference material Young’s modulus varies
between 138-241 MPa, loose to dense state, under dry conditions, Lambe and Whitman
(1979).

Based on these results following general conclusions of the resilient modulus of tyre shreds
can be made:

− The resilient modulus of tyre shreds is low compared to conventional material like
gravel and other soil materials.

− The result of the few experimental data differs a lot in magnitude of resilient
modulus.

− The theoretical estimation of the resilient modulus spans in the same range as the
experimental results.
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3.10 Poisson’s Ratio

The elastic deformation in a plane elastic deformation state is usually expressed with
Poisson’s ratio and is used to predict strains in construction design. Poisson’s ratio varies
between 0 and 0.5. Poisson’s ratio is not a constant but is stress dependent like the elastic
modulus for highly compressible materials like tyre shreds. Poisson’s ratio is the quotient
between the horizontal strain and the vertical strain, figure 3.10 and equation 3.10.

Figure 3.10. Deformations (strains) used in definition of Poisson’s ratio.

v

hv
ε
ε

−=      [-] (Equation 3.13)

ν = Poisson’s ratio [-]
εh = Horizontal strain (=∆h/h)
εv =Vertical strain (=∆v/v)

Two different methods have been used to determine the Poisson’s ratio by the authors
studied. Calculation of the Poisson’s ratio by measuring the vertical and horizontal stresses
in a specimen under vertical load using equation 3.14 and 3.15 is an indirect method. Most
results origins from this methodology. The other method is by strain measurements in
triaxial cells under axial compression (active) conditions.

v

hK
σ
σ

=0      [-] (Equation 3.14)

K0 =Coefficient of earth pressure at rest [-]
σh = horizontal stress [kPa]
σv = vertical stress [kPa]

0

0

1 K
K
+

=ν      [-] (Equation 3.15)

ν = Poisson’s ratio [-]
K0 =Coefficient of earth pressure at rest [-]
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Since different test methods (evaluation methods) has been used to determine the Poisson’s
ratio, the results are presented in tables based on method. Table 3.11 reports Poisson’s ratio
based on measurements on vertical and horizontal stresses, using the relationships in the
equations 3.14 and 3.15, at given values of K0. Table 3.12 reports Poisson’s ratio at given
vertical stress where only this data is given, and table 3.13 reports values of Poisson’s ratio
based on direct strain measurements in triaxial tests.

Table 3.11 Reported values calculated from the coefficient of lateral earth pressure K0.
Tyre shred size

[mm]
Coefficient of lateral earth pressure, K0

[-]
Poisson ratio

[-]
Reference

50 0.44 0.30 Manion and Humphrey (1992)
76 0.26 0.20 Humphrey et al. (1992)
51 0.41 0.28 —  ||  —
25 0.47 0.32 —  ||  —
51 0.4 0.30 Drescher and Newcomb (1994)

Table 3.12. Reported values of Poisson’s ratio at given confined stress.
Tyre shred size

[mm]
Confining stress

[kPa]
Poisson’s ratio

[-]
Reference

50 ≈ 9 0.27 Edil and Bosscher (1992)
—  ||  — ≈ 12 0.3
—  ||  — ≈ 18 0.17 —  ||  —
—  ||  — 280 0.45 Newcomb and Drescher (1994)

Table 3.13. Reported values of Poisson’s ratio based on direct strain measurements in
triaxial tests.
Tyre shred size

[mm]
Confining stress

[kPa]
Poisson’s ratio

[-]
Reference

2-10 20 0.29 Yang et al. (2002)
—  ||  — 28 0.27 —  ||  —
—  ||  — 40 0.28 —  ||  —
—  ||  — 60 0.30 —  ||  —

As seen in table 3.11 there is no relationship between the tyre shred size and there is a
trend of increasing Poisson’s ratio when K0 increases. Based on the figures in table 3.12
there seems to be no relationship between Poisson’s ratio and confining pressure. This is
confirmed by the results from Yang et al. (2002), in table 3.13.

Edil and Bosscher (1992) recommend to use Poisson’s ratio 0.2-0.3 in design. Yang et al.
(2002) found no relationship between confining pressure and Poisson’s ratio in the range
20-60 kPa and recommend to use their average value ν=0.28 in design work.

ASTM (1998) recommends using results from confined compression tests and calculating
the Poisson’s ratio by equation 3.14 and 3.15.
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To sum up it can be concluded from the studied references on Poisson’s ratio for tyre
shreds that

− There is a minor difference between used methods and the results in determine
Poisson’s ratio.

− Most authors recommend using Poisson’s ratio in the range 0.20-0.30 in design
work.

3.11 Shear Strength

Shear strength is a fundamental mechanical property that governs stability and bearing
capacity of a construction. For tyre shreds it seems that reported shear strength is strongly
depended on the used test method. Therefore the review is divided by used test method.
The used methods are direct shear tests, triaxial tests and reported angles of repose from
tyre shred piles. Most tests are performed on dry tyre shreds. In practical applications
shredded tyres may be in moisture conditions. The effect of water on the mechanical
behaviour for tyre shreds needs to be more investigated.

The results can be divided into three design cases, 10 % displacement, 20 % displacement
and maximum shear strength since the shear strength varies with displacement. This is due
to the fact that the shear strength in tyre shreds seems to increase with increasing
displacement. Therefore is it important to use correct design parameters according to the
acceptable displacements in the actual applications. In table 3.14 results are viewed
according to the three design cases from appendix 1. It is important to point out that the
cohesion intercept c and friction angle φ are dependent of each other and should be used in
pair from each determination in design. When comparing the results between 10 and 20 %
displacement the parameter c is higher for the 20 % displacement case giving higher
resulting shear strength.

Table 3.14. Shear strength parameters from Appendix 1 at three different design cases.
Design case Cohesion intercept, c

[kPa]
Friction angle, φ

[°]
10 % displacement 0 – 11.5 19 - 38
20 % displacement 0 – 82 15 – 36.5

Peak value 0 45 - 60

Factors that may affect the shear strength of tyre shreds are:
− The amount and length of protruding steel cord.
− The disc shape of the particles.

The shape of tyre shreds, flat discs, differs from the common round soil particles.
Therefore the friction angles evaluated from soil testing methods should be evaluated with
caution when the shear strength is compared with soil and crushed rock materials.

To better understand the characteristics of the shearing response of tyre shreds Yang et al.
(2002) measured the friction between two tyre shred discs. The 63.5 mm diameter discs
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were cut out from the sidewalls of tyres ad used along the discs interface. The friction was
measured by direct shear test using two discs. The obtained friction angle increased as the
displacement increased linearly to a constant value at 39° after 2.5-3.5 mm displacement.
The rubber to rubber friction is 39° as the disc starts to slide. The friction angle for the
discs is larger than the friction angle for tyre shreds at 10 % displacement, typical 32°, but
is smaller than friction angles obtained by 20 and 30 % horizontal displacements.

The friction angle of 39° for the discs represents the sliding friction of rubber on rubber. It
is expected that the friction angle of tyre shreds would be greater due to the combined
effect of interlocking of particles and sliding friction. Lower values of the friction angle, as
for tyre shreds at 10 % displacement, suggests that rolling or individual deformation occurs
at early stage of shearing.

Typical values of shear strength at 10 % displacement for granular soils is φ'=26-36ο

depending on soil type under drained conditions, Lambe and Whitman (1979).

3.11.1 Shear strength determined by Direct Shear Tests

Direct shear tests are performed by first a one-dimensional compression under confined
conditions to achieve the desired normal stress in a shearing box. Pulling either the upper
or lower part of the shearing box perpendicular to the applied normal stress does the
shearing process. An apparatus constructed to be able to shear large particles like tyre
shreds are shown in figure 3.11. During the shearing procedure used shearing force,
distance of displacement at the shearing box and change in the specimen height are
measured. Direct shear tests can be performed under drained or undrained conditions. For
tyre granulates, chips and shreds no published tests were found performed under undrained
conditions. For free draining materials, like processed tyres, it is unlikely to have high pore
pressures affecting the shear strength and therefore drained tests are applicable to most
probably applications with the materials.

The maximum shear strength is defined as the maximum registered shearing force under
the shearing procedure. Testing shear strength on tyre shreds with a direct shear strength
apparatus is difficult since the tyre shreds does not give a peak value in reasonable strain
range. If no peak value is registered the shear strength is determined as the measured
shearing force at a certain displacement, for example 10 %. In general the shear strength
increases with displacement for tyre shreds at least up to 20 % displacement.
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Figure 3.11. Apparatus used for direct shear test on tyre shreds at Luleå University of
Technology, Westerberg and Mácsik (2001).

Humphrey et al. (1993) tested the shear strength for three different tyre shreds. The highest
shear stress had the smallest, maximum 51 mm, and most equidimensional type of tyre
shreds, φ=25ο and c=8.6 kPa, compared with the larger fractions, maximum 76 mm, φ=21ο

and c=7.7 kPa respectively φ=19ο and c=11.5 kPa. A reasonable explanation is that the
equidimensional tyre shreds achieve higher shear strength caused by a higher degree of
interlocking. The disc-shape, that larger tyre shreds have, increases the sliding between the
individual tyre shreds and therefore has lower shear strength. The highest cohesion had the
tyre shreds with the highest amount of exposed steel belts. The shear strength tests were
conducted until 10 % displacement was achieved. When the strain exceeded 10 % the
cohesion intercept decreased. The authors therefore recommends that the intercept used in
design should be c = 0.

Yang et al. (2002) concludes based on others and own studies that stress-displacement
curves from direct shear-tests are non-linear with no well-defined peak stress for most
tests. Samples compressed at low horizontal displacements reached a minimum volume,
then dilated after about 15 % horizontal displacement. If minimum volume is used as the
failure criterion, the Mohr-Coulomb envelope has a friction angle of 41º with zero
cohesion. Data from the compiled studies indicates that particle size does not affect the
shear strength. The variation in strength parameters seems to depend on the normal stresses
at which the specimens were tested. According to Yang et al. (2000) a synthesis of all
direct shear test data suggests that the strength envelope for 10 % displacement failure
criterion is non-linear and may be described as a power function.

3.11.2 Shear strength determined by triaxial testing

Shear strength using triaxial apparatus has been studied by Wu et al. (1997). The studied
material varied from 2-38 mm. The selection of smaller size materials was not only
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because of the size limitation of the test equipment but also by the fact that the interparticle
internal frictional property of materials is dependent of their morphology, not on their size.

Five tyre chip products without protruding steel cord having different size, shape, and
gradation characteristics were tested in triaxial equipment following constant σ1 stress
paths. The internal friction angle determined of the five tyre chip products tested was in
excess of 40°. The interparticle friction angle φf was calculated to be 44° - 56°. All five
chip products have similar frictional behaviours with a negligible cohesion intercept when
the confining pressure is less than about 40 kPa, Wu et al. (1997). The summarised results
are presented in table 3.15.

Table 3.15. Result from triaxial testing of five different tyre products without protruding
steel cord. After Wu et al. (1997).
Product Shape Maximum

size
[mm]

Volume strain at 55
kPa
[%]

Young’s modulus
E

[kPa]

Friction angle
φ

[°]

Interparticle
friction

φf

[°]
1 Flat 38 27.0 580-690 57 56
2 Granular 19 26.5 430-580 54 53
3 Elongate 9.5 31.6 350-480 60 53
4 Granular 9.5 25.4 450-600 47 47
5 Powder 2 57.0 450-820 45 44

Yang et al. (2002) consider the peak deviator stress to be the most accurate definition for
shear failure for tyre shreds in triaxial testing rather than using defined strains. The
coincidence of peak deviator stress and minimum volume at similar axial strains suggests a
failure mechanism similar to the direct shear test results. At small axial strains, individual
tyre shreds deform and move into available void space. The strains that occur during this
phase are primarily volumetric as opposed to shear strains. It is only after the minimum
volume is has been reached that the tyre shreds begin to shear or slide past one another.
The Mohr-Coulomb parameters using maximum deviator stress as the failure criterion as a
friction angle leads to about 37º and zero cohesion, Yang et al. (2002).

3.11.3 Observed repose angles

Tyre shreds appear to have high internal friction based on observed angles of repose, i.e.
the steepness of a fill, of tyre shred piles. Edil and Bosscher (1992) observed that angles of
repose of loose tyre shreds were 37º to 43º. For compacted tyre shreds the observed angle
of repose were as high as 85º.

3.12 Lateral stress

The ratio of horizontal to vertical stress is expressed by a factor called the coefficient of
lateral stress or lateral stress ratio, and is denoted by the symbol K:
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v

hK
σ
σ

=      [-] (Equation 3.16)

The coefficient of lateral stress at rest, K0, denotes the special case when there has been no
lateral strain within the ground. This state is related to the stress-state within a fill in which
no additional forces acts in the horizontal or vertical direction towards failure.

In a laboratory study Tweedie et al. (1998) studied Ko. Three different tyre shreds where
tested ranging from 38 – 76 mm in size. The average values of Ko is presented in table
3.17.

Table 3.17. Average values for coefficient of lateral earth Pressure at rest, Ko, for different
depths and surcharges. After Tweedie et al. (1998).

Surcharge
Depth

[m]
0

[kPa]
12.0
[kPa]

23.9
[kPa]

35.9
[kPa]

Coefficient of lateral earth pressure at rest , Ko

[-]
0 0.95 0.55 0.47 0.47
2 0.38 0.33 0.31 0.31
4 0.29 0.27 0.24 0.24

The distribution of horizontal stress against a rigid concrete wall by the tested tyre shreds
and expected horizontal stress from a typical granular fill are presented in figure 3.11. As
seen in the figure, the amount of horizontal stress is considerable lower using tyre shreds
than using a conventional fill of granular soil.

Tweedie et al. (1998) concludes in a full-scale field trial that;

− The horizontal stress for tyre shreds increase with increasing surcharge. At
surcharges less than 12.0 kPa, the horizontal stress increases with depth. As the
surcharge increases the horizontal stress becomes nearly constant with depth.

− The at-rest horizontal stress measured for tyre shreds is about 45 % less than that of
typical granular fill.

− The coefficient of lateral earth pressure at Ko, decreases with depth at each
surcharge. Ko decreases with depth as the surcharge increases until 23.9 kPa and
remains constant from 23.9 to 35.9 kPa.

− There were little difference in the value of Ko for the investigated tyre shreds from
different suppliers and with different sizes, suggesting that Ko is not dependent on
the tyre chip size and amount of steel belts.

− When tyre shreds are unloaded then reloaded there is no significant change in
horizontal stress on reloading. Thus, the horizontal stress for tyre shreds is not
increased by reloading.

− The angle of wall friction between concrete and tyre shreds ranges from 30° to 32°.
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Figure 3.11. Horizontal stress distribution for tyre shreds and calculated horizontal stress
for a granular soil with a density ρ=2.023 t/m3 and friction angle φ=38ο, using the
expression K0=1-sinφ at 35.9 kPa surcharge, Tweedie et al. (1998). The F & B Enterprises
tyre shreds has maximum size 38×38 mm2 (equidimensional) and Pine State Recycling’s
and Palmer Shredding’s tyre shreds were flat with maximum wide 76 mm.

ASTM (1998) recommends using results from confined compression tests and calculating
the coefficient of lateral stress by using the equations 3.14 and 3.15.

3.13 Creep

The total settlement of a fill can be divided into two parts; the initial settlement where most
of the total settlements occur after compaction and loading by the superstructure, and the
secondary settlement due to creep. Surveys done by Humphrey et al. (1992) and Heimdahl
and Drescher (1998) show that long time settlements may be needed to consider.

Humphrey et al. (1992) studied creep under constrained conditions during 31 days for three
different tyre shreds ranging from 5 to 76 mm. The applied vertical stress was 49 kPa. The
strain that occurred between day one (after one day of loading) and day 31 ranged between
0.8 and 1.0 %. The study concluded that creep occurred for 25 days. The authors points out
that some of the creep can be explained by the fact that the load distribution in the fill were
delayed due to friction to the wall of the container. They conclude that time dependent
settlement occur in a fill at least for a couple of days after a vertical stress is applied.
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Heimdahl and Drescher (1998) studied creep in experiments ranging up to 400 days under
constrained and unconstrained conditions on 50 mm large tyre shreds. The test
arrangements are shown in figure 3.12.

Figure 3.12. Test arrangement for long time study of creep: a) constrained conditions, b)
unconstrained conditions. After Heimdahl and Drescher (1998).

The constrained test may simulate the conditions in the middle of a road and provides a
lower bound of settlements. The unconstrained test simulates the response of the material
to loading at, or near, the edge of an embankment. The applied vertical stress for the
constrained test was 83 kPa and the applied vertical stress for the unconstrained test was 50
kPa. The results are shown in figure 3.13.

Figure 3.13. Variation of creep with time referenced to one day after loading under
constrained and unconstrained conditions. After Heimdahl and Drescher (1998).
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Figure 3.13 depicts the variation of vertical strain with time past 24 hours for the
constrained and unconstrained test. In general, creep settlement in the unconstrained test
was larger than for the constrained test. A pronounced decrease in strain-rate over the first
few days is seen for both constrained and unconstrained tests. The strain-rate decreased
with time until 30 days after loading and it fluctuated little with time thereafter. Heimdahl
and Drescher (1998) states that the increased rate of strain for the period ranging from 150
to 250 days may be caused by an increased humidity during the summer months at the tests
facility. Based on creep strains the authors determined the average strain-rate for the period
from 60 to 365 days beyond loading to be 0.052 % per week for the unconstrained test. For
the constrained creep test the average strain-rate for the same period was 0.036 % per
week. The average strain-rates for the period from 330 to 360 days beyond loading were
0.12 % and 0.0093 % per week for the unconstrained and constrained tests, respectively.
The authors conclude that a mass of small size (50 mm) shredded tyre pieces exhibits
progressive creep when subject to long-term loading, with a noticeable rate of creep
settlement occurring even after one year.

To sum up it can be concluded that creep occurs in tyre shred fills. Most of the creep takes
place during a short period of days but some creep will continue under a long period of
time.

3.14 Thermal conductivity and heat capacity

The thermal conductivity is the property that describes the heat transfer capacity within the
material. In tests where tyre shreds are used the voids is also included in the heat transfer.
The specific heat capacity is the amount of energy required to rise the tyre shreds one
degree Celcius.

Humphrey et al. (1997) performed a survey that studied the influence of density, glass- and
steel belted tyre shreds and influence of used temperature gradient. The test results showed
that the apparent thermal conductivity of tyre shreds tends to decrease as the density
increases. The thermal conductivity varied between 0.195 - 0.318 W/m K over a density
range of 0.58 - 0.79 t/m3 for tests conducted with temperature gradients of about 27 K/m.

The thermal conductivity for tyre shreds of maximum 51 mm nominal size decreased from
0.251 to 0.225 W/mK as the density increased from 0.63 - 0.69 t/m3. A possible
explanation is that the smaller voids at the higher density caused a reduction in heat
transfer by convection. The thermal conductivity of glass belted tyre shreds was roughly 15
% lower than the values for the steel belted shreds at the same density in the survey. A
possible explanation is that the glass belts have a lower thermal conductivity than steel
belts.

The influence of temperature gradient was investigated for steel belted tyre shreds of
maximum nominal size of 76 mm. The apparent thermal conductivity of tyre shreds
increases from 0.161 to 0.226 as the temperature gradient increases from 22.3 to 68.5 K/m,
an increase of 40 %. This is probably caused by the increase of free heat convection of air
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through the voids between the tyre shreds as the temperature gradient increases. This
significant effect of temperature gradient shows the importance conducting laboratory tests
at a temperature that is similar to the gradient expected in the field.

Shao and Zarling (1995) studied the effect on thermal conductivity of moisture content and
density of 25 mm tyre shreds. The moisture increased the thermal conductivity about 6 %.
This increase may be regarded as negligible. The test results are shown in table 3.18.

Table 3.18. Thermal conductivity [W/m K] values for tyre shreds at different conditions.
After Shao and Zarling (1995)

Rubber shreds Water content
[%]

Low compaction High compaction
(556 kg/m3)

Non-Wetted 2 0.123 0.124Thawed samples
Wetted 5 0.149 0.164

Non-Wetted 2 0.138 0.142Frozen samples
Wetted 5 0.163 0.171

The thermal conductivity increased with increasing particle size, increased water content
and increased compaction. The thermal conductivity was higher for tyre shreds tested
under frozen conditions than when tested under thawed conditions.

No explicit studies of the heat capacity of tyre shreds have been found. An estimation by
using the composition of an average car tyre, BLIC (2001), and assuming that the tyre
consists only by rubber and steel cord implies that the heat capacity is about 1470 J/kg K.
The background data and calculations are given in appendix 1.

The low thermal conductivity of a rubber material and the air in the voids between tyre
shreds suggest that tyre shreds have a potential to be good insulation to limit the depth of
frost penetration beneath roads, Humphrey et al. (1997).

An experiment in Maine, USA, has shown that shredded car tyres can act as an effective
insulation layer under dirt, gravel roads. Duffon (1995) found the frost penetration of the
road material reduced and less creation of mud and rutting due to thawing of the ground.
The 15 to 30 cm thick layer of shredded tyres was placed at depths in the range of 30 to 50
cm below the surface. The frost penetration was 75 to 90 cm with the tyre shreds compared
with 150 to 165 cm without them.

The thermal conductivity for soils is dependent on the individual soil particles and the
water content. The higher water content the higher thermal conductivity. A typical value of
thermal conductivity on dry sand is 1.1 W/m,K, Andersland and Ladanyi (1994).
Compared to dry sand the thermal conductivity of tyre shreds is about 80 % less.

The most common conventional thermal insulation materials used in Sweden are foam
plastic and light-weight aggregate (expanded clay). Table 3.19 compares the thermal
conductivity and corresponding thickness coefficients between these materials and tyre
shreds. Foam plastic is used as reference material and the given factor reflects the increase
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in thickness of the material relative the foam plastic in order to compensate the higher
thermal conductivity.

Table 3.19. Comparison between commonly used thermal insulation materials in
foundation engineering applications. The values of thermal conductivities origins from
Swedish suppliers.

Insulation material Thermal conductivity λ
[W/m K]

Relative thickness coefficient

Foam plastic 0.0035 1
Lightweight aggregate (LECA) 0.15 4.3

Tyre shreds 0.20 5.7

To sum up it can be concluded about the thermal properties of tyre shreds that:
− The thermal conductivity of tyre shreds ranges between about 0.1 – 0.35 W/m K

depending on density and moisture content.
− Moisture has a negligible effect on the thermal conductivity
− Steel belted tyre shreds has slightly higher thermal conductivity compared with

glass belted tyre shreds.
− Increased density increases the thermal conductivity. However, this effect is low.
− The temperature gradient is important when determine the thermal conductivity
− The heat capacity is estimated to be about 1470 J/kg K.

3.15 Exothermic heat reactions

Tyre shreds are combustible and in three tyre shred fills in the USA with thickness in
excess of 7 m have experienced a serious heating reaction. Therefore guidelines in the
USA has been developed to minimise internal heating of tyre shred fills. The guidelines are
applicable of fills less than 3 m thick, ASTM (1998).

Shredded tyres are combustible at temperatures above 322 °C. Generally combustion
requires an external ignition source; although there have been a few fires which seem to be
associated with self-heating of tyre shred fills. Humphrey (1996) investigated the
mechanisms of self-heating reactions in large tyre shred fills in the USA. The combustion
processes in these cases could be caused by heat released either by the presence of organic
oils and microbiological degradation, the oxidation of steelwires, or microbes consuming
liquid petroleum products that could have been spilled on the tyre shreds during
construction. The self-heating fire incidents have involved in relatively thick, more than 6
m, thick tyre shred fills. Post-consumer tyres have a heating value ranging from 28 MJ/kg
to 35 MJ/kg.

Humphrey (1996) presents two main theories of the self-heating mechanism in the studied
cases: Accumulated heat in the tyre shred fill caused by the oxidising process of steel cord
in presence of oxygen and pyrolysis of the rubber in the tyre shreds under anaerobic
conditions.
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Tyre shreds are good thermal insulators. If heat is produced in the tyre shred fill or
transferred to the fill the temperature is easily rising. Oxidation of exposed steel wires from
shredded tyres is an exothermic reaction, equations 3.17 and 3.18:

322 )(4634 OHFeOHOFe →++ (Equation 3.17)

322 234 OFeOFe →+ (Equation 3.18)

This exothermic reaction is accelerated by the existence of fine steel wire particles in the
tyre shreds, and the reaction rate increased with the raised temperature and lower pH
environments, Humphrey (1996).

In the chemical reaction in equation 3.17 and 3.18, the oxygen consumed in the oxidation
of iron may come from the infiltration of surface air, or air trapped in large void spaces in
tyre shred fills. This identical to the metal oxidation exposed to open air. If the fill is thick,
the excellent heat-insulating capacity property and these factors could expedite the heat
build-up in the fill layer and raise the temperature very quickly. As this process continues,
it may have been able to provide sufficient heat for pyrolys reaction to be induced.
Pyrolysis is an endothermic process and requires additional heat to progress. Pyrolisation,
or heating in anaerobic conditions, causes destructive distillation of the tyre shreds and
produces petroleum products, thus using the roadbed to smoulder. The pyrolytic process
can be represented by the following reaction, Cosentino et al. (1995):

CHCHSONCOCOOHCOHSNOHC 69034745 242228624217716699 ++++++++→
Equation (3.19)

The products from this endothermic reaction include (1) a gas stream containing primary
hydrogen (H2), methane (CH4), water vapour, carbon oxides etc; (2) tar and/or liquid
petroleum products represented by C6H8O; and (3) a char consisting of almost pure carbon.

There were two theories used to explain the causes of the tyre chip fill burning. One theory
is the burning of tyre shreds is the direct result of chemical oxidation of iron. Humphrey
(1996) has shown by calculating that the enthalpy of the oxidising process is enough to rise
the temperature to make it possible to induce the pyrolytic process in equation 3.19. The
other theory is that it is the combustion of the products from the pyrolytic process that
causes the heat in the self-heating mechanism.
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ASTM (1998) lists the following factors to be considered when designing tyre shred fills to
avoid self-heating:

− Limit the amount of exposed steel wires in the fills.
− Limit the thickness of tyre shred fill to maximum 3 m.
− Limit the access to air and water.
− Limit the presence of inorganic and organic nutrients to minimise the

microbiological activity.
− Larger shreds are advisable due to their decreased surface areas and fewer cutting

surfaces, thus reducing the amount of exposed steel that can be oxidised.

3.16 Durability and degradation

There are two types of studies of the durability of tyre shreds. Studies on old tyre material
and tests on new tyre material. Like geosynthetics, mainly fabricated of polymer materials
like tyre shreds, tyre shreds are young materials in a construction point of view. Besides
studies on tyre material general experiences from the use of geosynthetics can also be used.
Leclerq et al. (1990) concludes that the surrounding environment below the ground surface
in general for geosynthetics is favourable from a degradable perspective. The temperature
is low, the materials are protected from UV-radiation and the pH in groundwater is in
general not extreme (pH 4-5).

AB-Malek and Stevensson (1986) studied the physical condition of vulcanised natural
rubber submerged in 24 m of seawater for a period of 42 years. The pH-value was 7.8 and
the amount of dissolved oxygen 8.77 mg/l at the location of the storage place of the tyres.
The conditions could be described as slightly alkaline and oxidising. The conclusion of the
investigation concluded that no serious deterioration of the rubber had occurred. The
results of the tests of the technical properties are compiled in table 3.20. The results are
divided into inner tubes and tyres. After 42 years of submersion, the maximum amount of
water absorbed was 4.7 %. No adverse effect of strength properties of the tyres and inner
tubes were detected.

Table 3.20. Compiled results from testing old tyres and inner tubes after 42 years in
seawater. The results are compared with reference material, re-fabricated material samples
of similar composition as the original tyres and inner tubes were made of. After AB-Malek
and Stevensson (1986).

Test Inner tube,
wet

Inner tube,
dry

Reference tube Tyre,
 dry

Reference
tyre

Tensile strength [MPa] 21 22 23 29 30
Tensile Modulus (M300) [MPa] 3.2 4.9 2.2 13.5 11

Elongation at break [%] 619 593 730 512 600
Trouser tear strength [N/mm] 13.7 11.5 9.5 9 9

Hardness (IRHD) N.I. N.I. N.I. 71 61
Compression set  [%] N.I. N.I. N.I. 26 38

N.I. = Not Investigated
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A chemical evaluation of the rubber condition was performed by studying free sulphur,
sulphide (S2-) and combined Sulphur (Sc). No free sulphur was found in the samples
indicating the rubber to be fully cured. The ratio S2-/(Sc-S2-) may be used as another
measurement of the state of the rubber. The generally low values of ratio indicate that the
condition of the rubber is good. However, the ratio is higher in tread compared with the
ratio under the tread suggesting that some polysulphidic crosslinks in the tread region may
have degenerated into sulphides. This could be an ageing process due to the proximity of
the tread to the external environment or it could reflect initial differences in processing
methods between the tread and under tread region. No visible or chemical indications were
found of biodegradation of the material.

Table 3.21. State of cure in the tyre samples after submerged in 42 years in the sea
expressed as combined sulphur and sulphide. The combined sulphur and sulphide are
presented as percentage of the natural rubber in the samples. After AB-Malek and
Stevensson (1986).

Tread surface Under-tread region
Combined sulphur (Sc) [%] 2.71 2.40

sulphide (S2-) [%] 0.68 0.34
S2-/(Sc-S2-) [-] 0.33 0.17

Reddy and Saichek (1998) performed the ASTM Test Method for Insoluble Residue in
Carbobnate Aggregates D 3042 in orders to access chemical changes that would take place
under extreme acidic conditions in landfill applications. The test was also performed on
five different granular soils to compare the results with. The tyre shreds were insoluble to
96.4 %, based on this test compared with 40 - 70 % for the granular soils. This result
shows that tyre shreds possess high chemical resistance and are suitable under severe
acidic chemical conditions. The authors were planning to make further tests with actual
landfill leachates.

To sum up it can be concluded that tyre shreds seems to have high durability under normal
foundation engineering conditions, based on investigations on old tyres. The protruding
steel cord is expected to corrode under oxidising conditions but the rubber seems to be
structurally intact. In acidic conditions it appears that tyre shreds are more insoluble in
water than granular soils.

3.17 Effects of tyre shreds on geomembranes

In many applications its useful or necessary to combine the use of tyre shreds with
geomembranes. The protruding steelcord and the elastic properties may cause damage or
burst to the geomembrane.

Reddy and Saichek (1998) performed laboratory and field tests to study the effects of tyre
chips and shreds on geomembranes, primarily for use in drainage layers in landfill
applications. The tyre shreds origin from one cutting process step and were rectangular
shaped with 5 - 10 cm width and approximately 60 cm length. The tyre chips were
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reprocessed tyre shreds resulting in roughly square or rectangular pieces ranging from 2.5
cm to 13 cm edges.

The damage caused under the construction phase were studied by comparing the effect of
overturns by different spreading equipment, loaders or bulldozers, the effect of using
different thickness of geomembrane and using tyre chips or shreds. In general, following
conclusions were made:

− Tyre shreds caused greater damage on geomembranes than the tyre chips.

− Loaders causes more damage than bulldozers

− Heavier geomembranes (543 g/m2) were preferable to lighter geomembranes according
to physical damage.

Tensile tests on the used geomembranes from the construction test were performed by
Reddy and Saichek (1998). It showed that the samples had a tensile stress at burst that was
equal to, or slightly less, than the tensile stress at burst for the virgin geomembrane.
However, the elongation at burst for the tested geomembranes was significantly different
than that for the virgin geomembranes. The most damaged geomembrane samples
consistently showed a lower elongation at burst compared with less damaged samples and
virgin geomembranes.

A common method of interpreting pull-out test results is with interaction coefficient Ci,
which compares the effective strength of the soil-geosynthetic interface to the shear
strength of the soil. The interaction coefficient is defined for cohesionless backfill as (GRI
Test Method GT6)

)tan(2 φσ n
i WL

PC =      [-] (Equation 3.20)

and for cohesive backfill as

)tan(2 cWL
PC

n
i +

=
φσ

     [-] (Equation 3.21)

where
P = measured pullout force
L = embedded length of reinforcement in soil
W = widht of the geosynthetic specimen
σn = applied normal stress
φ and c = total shear strength parameters for the backfill.

The interaction coefficient represents the ratio of the average interface strength to the
internal shear strength of the backfill. The average interface strength is a combination by
strike-through and the non-uniform shear resistance that develops on the surface. An
interaction coefficient greater than unity (Ci>1) indicates that that there is an efficient bond
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between the soil and the geosynthetic and that the interface strength between the soil and
the geosynthetic is greater than the shear strength of the soil.

Bernal et al. (1997) performed pull-out tests on geogrids using tyre shreds as backfill and
obtained interaction coefficients (Ci) lower than common interaction coefficients for
geogrids with soil.

Tatloisoz et al. (1998) performed tests on a variety of geotextiles and geogrids with tyre
shreds and soil-tyr mixtures. Summarised results are presented in appendix 1. Interaction
coefficients for both geosynthetics in the tyre shred backfill are greater than or near unity
within normal stress that was used. For the other backfills (soil and soil-tyre chip
mixtures), the interaction are less than unity, indicating that the effective interface friction
was lower than the shear strength of the backfill.

Tatlosiz et al. (1998) values of interaction coefficient are in general higher than Bernal et
al. (1996). This can be explained by the difference in strength parameters (φ and c) used
for the backfill and the displacement used to define pull-out capacity.

3.18 Concluding Remarks

The density of tyre shreds is low compared to soil and rock material. This property makes
the material suitable for lightweight fill applications. Since the compact density of tyre
shreds is slightly above the density of water the tyre shreds does not float and therefore do
not need buoyancy prevention if put into water. However, the density difference is low and
there is likely that tyre shreds could be mobile in ruff water conditions.

Tyre shreds have high porosity and thus have high permeability. Despite the compressible
nature of tyre shreds permeability tests shows that tyre shreds still have high porosity even
at high pressures. The low water content, even after long periods submerged in water may
mainly be explained by the hydrophobic nature of rubber, the main component of tyre
shreds. Studies of capillarity of tyre shreds have not been found. However, it is reasonable
to assume that the capillarity is low and can be assumed to be negligible considering the
high porosity and the low maximum water content.

Compacting tyre shreds is easy because no water needs to be added, maximum density is
achieved with low amount of compaction energy and static compaction equipment is
preferable. There is a lack of knowledge about maximum height in lifts to achieve
acceptable compaction. Therefore it is recommended either to use small lifts or to test the
compaction result at the construction site. The strains are smaller if the initial state of tyre
shreds is compacted compared to loose fills.

The stress-strain behaviour of tyre shreds is non-linear. Tyre shreds become stiffer as the
stress increases. In applications where the overlaying stress will change, in for example
road embankments, the strain caused by the additional stress must be considered. It is not
only the load distribution that needs to be considered for overlaying materials, but also the
overlaying load. One implication in light-weight fill applications is that a certain load is



52

needed to limit the strains. If the superstructure is too light additional load may cause
unacceptable strains in the tyre-shred fill.

Tyre shreds are considered to be a weak material compared to sand and gravel. Of the
elastic properties the resilient modulus, the elastic parameter used in pavement design,
needs to be more investigated. Mixing tyre shreds with soil has been tested in order to
create stiffer structures, but is not reviewed in this study. Poisson’s ratio has been
determined through several methods and seems to be rather independent of overlaying
pressure.

The shear strength increases with strain and no peak values of shear strength have been
observed in either direct shear tests or triaxial tests. However, in practice, the strain
acceptable to the construction will limit the shear strength.

The lateral stress is low. This is partly explained by the low density of tyre shreds. An
effect seen if handling tyre shreds is that the material seems to have a form of internal
cohesion, the angles repose is almost 90°. This effect may also contribute to the low lateral
stress.

Creep in tyre shred fills under load is expected. Most of the settlements occurs in the range
of days, but creep will occur during in one year or more.

The thermal conductivity of tyre shreds is low compared to soil. The thermal conductivity
is well investigated, but no laboratory tests results have been found on the specific heat
capacity of tyre shreds. The specific heat capacity is however possible to estimate as done
in this report.

Based on experience, technical and chemical testing of old tyre material, the rubber
component of tyre shreds could be considered to be inert to chemical ageing and
biodegradation. The material is however combustible at temperatures exceeding 322 °C.
The protruding steel cord will corrode over time. In the USA guidelines are available to
avoid self-heat reactions.



53

4 ENVIRONMENTAL PROPERTIES

4.1 Introduction

Due to the content of potential hazardous compounds in used tyres and the designation as a
waste product there may be concerns of the potential environmental effects of shredded
tyres in civil engineering applications. Thus it is important to investigate tyre shreds
properly in order to use the information to perform an application, and site specific
evaluation, before use. There are several surveys available on the content of post-consumer
tyres, leachability of different compounds under different leaching conditions in laboratory
and actual cases where tyre shreds were used in full scale. Effects on organisms are studied
in ecotoxicological tests.

The composition of tyres as a product changes with time due to development in tyre
quality and new regulations from authorities. The trend is that the amount of some of the
currently public discussed hazardous components, mainly PAH and butyl rubber, is
decreasing. In 2009 aromatic oils as ingredient in car tyres sold within the EU will be
forbidden, BLIC (2003). This increases the possible use of tyre shreds in a wider range of
applications. The composition of hazardous compounds also differs between types of tyre.
For example is the content of aromatic oil generally lower in mud and snow-tyres
compared to regular, summer rated, tyres.

The environmental properties presented in this report may be divided into four different
types of investigations; the chemical content of a tyre, the leachability of tyre shreds,
ecotoxicological tests and environmental studies at field trials with constructions made by
tyre shreds. The chemical content of tyres was investigated in detail by the European tyre
producers association, BLIC (2001), and by authors like Westerberg and Mácsik (2001).
Leachability of tyre granulates has been investigated by Håøya (2002) and Westerberg and
Mácsik (2001) among others. BLIC has studied reproduction, mobility and mortality on
different organisms in ecotoxicological tests, UNEP (2000). Humphrey and Katz (2000)
and Håøya (2002), among others, have performed environmental studies at field sites
where tyre shreds have been used or handled under 5 years or more.

This chapter begins with a review about the chemical composition of tyres followed by
leaching tests. Experiences from environmental investigations from field trials are then
reviewed. A summary of ecotoxicological results are given. Working environmental issues
are briefly discussed in one section. In concluding remarks in the end of this chapter the
presented data in the chapter are discussed.

4.2 Composition of tyres

4.2.1 Introduction

Tyres manufactured today have a complex composition of hydrocarbons, minerals and
metals. When Blic (2001) compiled an average European summer rated tyre the list of
constituents were 63 different ingredients. In order to describe the composition of a care
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tyre it is convenient to begin with the main functional parts of the tyre; the bed, carcass and
the tread, figure 4.1.

Figure 4.1. The components of a pneumatic car tyre, Blic (2001). The main components
are the bed, carcass, and the tread.

The bed consists of rubber-covered metal wires or braids that do not stretch and therefore
can hold the tyre on the rim, round which the plies of the carcass are wrapped. The carcass
is an assembly of plies made of spun or braided cords of natural fibres (cotton), synthetic
fibres (nylon or rayon), or metal. The most common carcass today is made of braided
rayon cords. These cord plies constitute a sort of reinforcement of the tyre on which the
sidewalls and tread are applied. The sidewalls and the tread are made of one or more
rubber-based mixtures to which carbon black is added. About 40 % of the tyre are rubber,
over 25 % are soot, almost 15 % are steel, 5 % is textile fabrics and the remaining 15 % of
other chemical compounds. The amount of inflammable materials is almost 90 % and the
effective thermal value is about 31 MJ/kg. The sulphur content of a tyre is in the same
order of magnitude as in fuel oil, Mäkelä and Höynälä (2000).

In a life cycle assessment study (LCA) an average composition of a European car tyre were
estimated, BLIC (2001). All European manufactures provided a specific list of ingredients
for two alternative models of tyres; a 195/65R15 H rated summer tyre with a carbon black
based tread and a 195/65R15 H rated summer tyre with a silica based tread. Two separate
lists of ingredients were calculated for both types. The results are presented in appendix 2.

During its use the car tyre wears and small particles are abraded by friction. Typically a car
tyre loses 10-20 % of its weight by wear during this phase, Blic (2001). Thus the
composition of a used tyre differs in composition compared to a new one. Principally all
loss comes from the tread. In table 4.1 is an estimation of the composition in the tyre
shreds based on 10-20 % wear of the tread from the average tyre suggested by BLIC
(2001). The estimation is based on the assumption that the chemical compounds in the
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tread are uniformly distributed and all loss of material occurs in the tread. The results are
presented both in mass of the remaining tyre and as percent of the remaining weight.

Table 4.1. An estimation of the average composition of an used European tyre with carbon
black tread (CB) respectively silica based tread (Si) after 10 % and 20 % wear loss of the
tread, reflecting the expected composition of tyre shreds. The estimation is based on
calculations from the average composition of a European tyre presented by BLIC (2001).

CB- tread Si-tread CB- tread Si-tread
Loss in tread 10 % 20 % 10 % 20 % 10 % 20 % 10 % 20 %
Raw material g g g g % % % %

Synthetic Rubber 1758,7 1377,3 1777,9 1411,2 22,7 20,0 22,4 20,0
Natural Rubber 1453,1 1449,0 1516,1 1485,1 18,7 21,0 19,1 21,1
Carbon Black 2022,7 1725,8 1570,5 1486,6 26,1 25,0 19,8 21,1

Synthetic Silica 48,5 47,9 619,7 372,7 0,6 0,7 7,8 5,3
Sulphur 109,3 102,3 110,4 103,4 1,4 1,5 1,4 1,5

ZnO 125,4 117,3 126,2 118,2 1,6 1,7 1,6 1,7
Aromatic Oils 535,9 398,4 453,4 359,8 6,9 5,8 5,7 5,1
Stearic Acid 63,2 57,7 81,1 68,2 0,8 0,8 1,0 1,0
Accelerators 68,3 61,0 79,3 67,6 0,9 0,9 1,0 1,0

Antidegradants 116,5 103,0 127,6 110,1 1,5 1,5 1,6 1,6
Recycled Rubber 35,3 35,3 36,3 35,9 0,5 0,5 0,5 0,5

Coated wires 1011,4 1011,4 1011,4 1011,4 13,0 14,7 12,8 14,4
Textile fabric 411,6 411,6 411,6 411,6 5,3 6,0 5,2 5,8

Total % 100,0 100,0 100,0 100,0
Weight (g) 7760,0 6897,9 7921,6 7041,6

Most of the material, about 75 % of weight, in used tyres consists of the carcass. Even if
most of the material in a tyre consists of the carcass the environmental labelling in the
Nordic countries has so far focused on the PAH content in the tread, Nordic Ecolabelling
Board, (2001). As seen in appendix 2 the amounts of PAH is similar in the carcass as in the
tread in a used tyre.

Tyres contain about 1.5 % by weight of elements or compounds listed in Annex 1 of the
Basel Convention, UNEP (2000). These are encased in the rubber compound or present as
an alloy element. The constituents classified as hazardous waste constituents by the Basel
Convention and the constituents’ concentrations by weight are listed in table 4.2, UNEP
(2000). As seen in the table these constituents occur in trace levels. Copper, zinc, stearic
acid and butyl rubber are used as ingredients in the tyre manufacturing. The use of butyl
rubber is decreasing. Cadmium and lead occurs as impurities, mainly in the zinc oxide.
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Table 4.2. Elements and compounds classified as hazardous waste by the Basel convention
in tyres and those concentrations by weight. After UNEP (2000).
Constituent Chemical name* Remarks Content

[%]
Y22 Copper compounds Alloying constitutent of the

metallic reinforcing material
(steel cord)

≈ 0.002

Y23 Zinc compounds Zinc oxide, retained in the
rubber matrix

≈ 1

Y26 Cadmium On trace levels as Cd-
compounds attendant substance

of the ZnO

< 0.001

Y31 Lead
Lead compounds

On trace levels, as attendant
substance of the ZnO

< 0.005

Y34 Acidic solutuions or acids in
solid form

Stearic acid, in solid form ≈ 0.3

Y45 Organohalogen compounds other
than substances in Annex

Halogen butyl rubber
(tendency:decreasing)

Content of halogen
< 0.10

* Designation according to annex 1 in the Basel Convention

In engineering applications it is especially interesting to know the amount of chemical
compounds related to the bulk density of the tyre shreds in the application. The amounts of
compounds related to different densities are presented in appendix 2.

4.2.2 Organic compounds

There are a large number of different organic compounds in tyres and the composition and
amount differs between types of tyres and manufactures. Therefore it is impossible and
impractical to discuss each individual organic compound. The selection of presented
organic compounds in this section is based on the content in the tyre, possible effect on the
environment based on detected compounds from leaching studies and concerns in public
discussion.

Rubber
Rubber is the major component by weight of tyres. A representative European car tyre
consists of about 42 % rubber by weight, where about 24.5 % of the tyre consist of
synthetic rubber and 17.5 % natural rubber. Natural rubber is produced by extraction from
the rubber tree Hevea Brasiliensis which grows in tropical regions in South America,
Africa and Asia. Thailand, Indonesia and Malaysia produce about 80 % of the world
production of natural rubber. About 60 % of world synthetic rubber production are used for
the production of tyres. The used rubber types are listed in table 4.3. The major part of the
synthetic rubber used in tyres is Styrene-Butadiene rubber (SBR), Blic (2001).
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Table 4.3. Shares of the amount of used synthetic rubber in an average European car tyre,
Blic (2001).

Rubber type Estimated share in synthetic rubber [%]
Styrene-Butadiene rubber (SBR) 74-81

Polybutadiene, butadiene, isoprene 15-21
Halogenated copolymers 3-4

Chlorbutyl rubbers 1

Antidegradants and Accelarators
Antidegradants and accelerators are used as additives in the car tyre production with a
mass contribution of respectively 1.5 % and 1 % to the total car tyre. The most widely used
antidegradant and accelerator, 6-PPD (N-(1,3 dimethylbutyl)-N’-phenyl-p-phenylene
diamine) and CBS (N-Cyclohexyl-2-benzothiazole sulphenamide), can cause skin irritation
for humans and are harmful and very toxic to the aquatic environment (hazard labelling
R50/53 and N) according to data from the IUCLID database and supplier Material Safety
Data Sheets (MSDS), Blic (2001). As seen in figure 4.2 many of these compounds are
polycyclic aromatic compounds (PAH).

Figure 4.2 Chemical structures of selected accelerators and antioxidants used in tyre
manufacturing, Evans (1997).
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About 26 % of a used tyre consists of carbon black, CASNR 1333-86-4. Carbon black is a
fine, odourless powder. About 69 % of the world-wide production of carbon black is used
as reinforcing filler for tyres, Blic (2001). Carbon black is formed either by pyrolysis or by
partial combustion of vapours containing carbon. Commercial carbon black may be
produced by several methods. Among these, the furnace-black process accounts for more
than 95 % of the total world-wide production of carbon black. This method is based in the
partial combustion of aromatic residual hydrocarbons and gas. After combustion the gases
enter a bag filter where the solid matter is separated. It is not carbon black itself that is
toxic, but carcinogenic hydrocarbons present in carbon black as impurities, like 3,4-
benzpyrene, Toxnet (2003).

About 6.9 % of used tyres consist of aromatic oils. The “Aromatic oils” (commonly called
aromatic extracts) used in the tyre industry originate as a by product from the manufacture
of lubricant oils, Blic (2001). PAH is a huge family of organic compounds, consisting of
over one hundred compounds. PAH are built up with coal and hydrogen atoms linked
together in two or more benzene rings, each consisting of 6 coal atoms. Beside this basic
structure there are some PAH built up with 5 coal atoms rings, for example acenaftene and
flourene, Conell (1997).

The discussed PAH compounds are the 16 PAH compounds listed on the “priority list” by
the U.S EPA (Environmental Protection Agency). The selection of these 16 PAH
compounds by the U.S. EPA are based on following arguments:

− There is information available on these compounds.
− Some of them are considered to have possible negative effects on human health and

the environment representative for PAH.
− These PAH occur in highest concentrations among PAH compound.
− It is the highest risk to be exposed to these PAH.

The limitation to these 16 PAH is basically because these are the ones which are
investigated. The 16 EPA PAH compounds are often divided into carcinogenic and
remaining PAH:s. The 7 carcinogenic PAH compounds and remaining 9 PAH compounds
are presented in table 4.4. More chemical and environmental data of the individual PAH
compounds are given in appendix 2.

The content of PAH in tyres might be used as comparison with Swedish Environmental
Protection Agency’s (EPA) guidelines for land uses. These guidelines serves as soil
remediation goals for different types of land uses based on content of individual
compounds and might be considered what levels that could be accepted in different
applications. The different land uses are sensitive land use (KM), less sensitive land use
with groundwater protection (MKM-GV) and less sensitive land use (MKM).
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Table 4.4. Classification into carcinogenic- and remaining PAH of the 16 PAH compounds
on the U.S. EPA priority list. After Perhans (2003).

Carcenogenic PAH Remaining PAH
Benzo(a)anthracene Naphthalene

Chrysene Acenaphten
Benzo(b)flouranthene Acenaphtylene
Benzo(k)flouranthene Fluorene

Benzo(a)pyrene Phenanthrene
Dibenz(a,h)anthracene Anthracene

Indeno(1,2,3-c,d)pyrene Flouranthene
Pyrene

Benzo(g,h,i)perylene

From results given in table 4.5 it can be seen that the total amount of carcinogenic PAH
and the total amount of non-carcinogenic PAH exceeds the Swedish EPA soil remediation
goals for sensitive land use (KM).

Table 4.5. Analysed content of polycyclic aromatic hydrocarbons (PAH [mg/kg TS]) in
tyre granulate compared with the Swedish Environmental Protection Agency’s (EPA) soil
remediation goals for sensitive land use (KM), goals for less sensitive land use with
groundwater protection (MKM-GV) and for less sensitive land use (MKM). Bolded
analyse results marks where a guideline limit exceeds. After Westerberg and Mácsik
(2001).

Compound Concentration
[mg/kg TS]

KM
[mg/kg TS]

MKM-GV
[mg/kg TS]

MKM
[mg/kg TS]

Naphthalene 0.55
Acenaphtylene 5.6

Acenaphten 0.3
Fluorene < 0.15

Phenanthrene 4.3
Anthracene 0.83

Fluoranthene 4.3
Pyrene 17

Benzo(a)anthracene* 8.5
Chrysene* 6

Benzo(b)flouranthene* 3.3
Benzo(k)flouranthene* 2.5

Benzo(a)pyrene* 3
Dibenz(a,h)anthracene* < 0.47

Benzo(ghi)perylene 6
Indeno(1,2,3-cd)pyrene* 0.21

Sum 16 EPA-PAH 62
Sum 16 Carcinogenic PAH* 24 0.3 40 40

Remaining PAH 38 20 40 40

*  Carcinogenic PAH
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4.2.3 Metals

There are two main sources of metals in tyres, steel cord used as reinforcement and zinc
oxide used in the vulcanisation process, Blic (2001). In the car tyre two types of wire are
applied as cord. Zinc or bronze-coated wire is used for the bead and brass-coated wire is
used for the belt wires.

In table 4.6 the metal content in tyre shreds are compared with the Swedish Environmental
Protection Agency’s (EPA) soil remediation goals for sensitive land use (KM), less
sensitive land use (MKM) and the average composition of continental crust. None of the
analysed metals exceeds the Swedish EPA’s soil remediation goals for sensitive land use
(KM). As seen in table 4.6 zinc content is approximately twice as high in tyres compared
to the average composition of continental crust. The detection limit of the used analysis on
the tyre-shred material is higher than the comparison levels arsenic and cadmium. The
concentration of lead is below the detection limit in the used analysis. But the detection
limit of the analysis is approximately equal to the content in average continental crust
implying that the content of lead is in the same magnitude, or less, than the average
composition the continental crust. Based on the metal content the overall conclusion is that
the pollution potential of tyres compared with the average composition of continental crust
is low.

Table 4.6. Analysed metal and arsenic content [mg/kg TS] compared with the Swedish
Environmental Protection Agency’s (EPA) [mg/kg TS] for sensitive land use (KM), less
sensitive land use (MKM) and the average composition of continental crust. After
Westerberg and Mácsik (2001) and Faure (1991).

Material
[mg/kg TS]

KM soil
[mg/kg TS]

MKM soil
[mg/kg TS]

Continental Crust
[mg/kg TS]

As <9,95 15 40 1,0
Cd <1,99 0,4 12 0,098
Co <1,99 30 250 29
Cr <1,99 120 250 185
Cu 32,1 100 200 75
Fe 452 - - 70600
Mn 3,51 - - 1400
Ni <1,99 35 200 105
Pb <9,95 80 300 8,0
Zn 174 350 700 80

KM The Swedish EPA:s soil remediation goals for sensitive land use
MKM The Swedish EPA:s soil remediation goals for less sensitive land use

4.2.4 Other constituents

Together with steel wires, textiles are used in the carcass of the car tyre as reinforcing
materials. The main textile products used are rayon, polyamide (nylon) and polyester.
Precipitated silica (SiO2) is used extensively as reinforcing fillers. Since the mid-1990s the
main application of precipitated silica is the use in rubber for the production of tyres, Blic
(2001).
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4.3 Accessibility

Even more important than the content of potential pollutants is their accessibility since
these elements only can do harm if they reach the surrounding environment. Accessibility
is however not independent of the content of the compounds. High content and low
accessibility respectively low content and high accessibility may be no problem to
environment since these cases may result in low total exposure to the environment. But the
opposite case, low total content and high accessibility or high content and low accessibility
may result in high exposure. The application of material is the critical factor that controls
the final exposure to the surrounding environment. Focus in this section is on constituents
that occur in such amounts in tyres making it reasonable to consider the environmental
effect of the compound.

Leachate tests are common ways to investigate material environmental properties in order
to gain information useful in an environmental risk assessment. Unfortunately leachate
tests are hard to interpret into a risk assessments. Leachate tests are often simulation of “a
worst case”, or often how much it is possible to leach of a certain compound under certain
conditions, during controlled conditions. The results are not direct applicable on the
conditions of the actual application but serves as indicator of which compounds that can be
expected to be mobile and if the concentrations can be high or low.

4.3.1 Organic Compounds

Main focus of accessibility of organic compounds from tyres has been PAH. Other
constituents such as phenols are less investigated.

PAH analysis result from a leaching test according to EN 12457 of tyre granulates and tyre
shreds is presented in table 4.7. At neutral conditions the leachability of PAH is
considerably lower for tyre shreds compared to granulate indicating that the available
leaching surface is an important factor. For tyre granulates the leachability of the total
amount of PAH was 11 µg/l and the carcinogenic amount of PAH 0.03 µg/l at neutral pH-
conditions. The other 14 PAH-compound concentrations are below the detection limits of
the analysis. The total amount PAH for the tyre shreds were 0.02 µg/l and the carcinogenic
amount of PAH less than 0.02 µg/l. At alkaline conditions only results for tyre granulates
are available. The accessibility of total PAH is lower compared to corresponding leaching
results for tyre granulates at neutral conditions. The result of this leaching test shows that
the leachate of the analysed organic compounds leach in small amounts during neutral and
alkaline conditions. The leachate did not exceed the Swedish EPA groundwater guidelines.
A general trend in these results is higher concentrations of organic compounds in neutral
conditions than in alkaline.

The Minnesota Pollution Agency (MPCA) financed a laboratory study on waste tyres,
Engstrom (1994). The leaching tests were performed from pH 3.5 ranging to 8.0. The study
showed that the highest concentration of PAH:s and Total Petroleum Hydrocarbons were
found at alkaline conditions (pH 8). Constituents of concern included carcinogenic and



62

non-carcinogenic PAH:s. At neutral conditions (pH 7) the tyre chips did not leach any
contaminants of concern. The study also implied that shreds from newer tyres have slightly
higher amount of leachable PAH compounds than old tyres.

Table 4.7. Leaching tests of PAH according to EN 12457 with L/S 10 on tyre granulates by
Westerberg and Mácsik (2001) and on tyre shreds by Håøya (2002). The results are
compared to the Swedish EPA guidelines for groundwater, SNV (1999a). At neutral
conditions distilled water was used as leaching agent and at alkaline 1 M NaOH.

Sample Tyre granulate Tyre shred Tyre granulate Guideline Groundwater
µg/l

pH pH 7 pH 6.9 pH 13.6
Compound [µg/l]

Naphthalene 11 0.02 < 0.29

Acenaphtylene < 0.14 < 0.02 0.46

Acenaphten < 0.5 0.02 < 0.5

Fluorene < 0.2 0.02 2.8

Phenanthrene 0.1 < 0.02 < 0.05

Anthracene < 0.01 < 0.02 < 0.01

Flouranthene < 0.01 < 0.02 0.09

Pyrene < 0.05 0.02 < 0.06

Benzo(a)anthracene* 0,03 < 0.02 < 0.01

Chrysene* < 0.01 < 0.02 < 0.01

Benzo(b)flouranthene* < 0.01 < 0.02 < 0.04

Benzo(k)flouranthene* < 0.01 < 0.02 < 0.01

Benzo(a)pyrene* < 0.01 < 0.02 < 0.02

Dibenz(a,h)anthracene* < 0.01 < 0.02 < 0.01

Benzo(ghi)perylene < 0.05 < 0.02 < 0.06

Indeno(1,2,3-cd)pyrene* < 0.01 < 0.02 < 0.01

Sum 16 EPA-PAH 11 0.3 3.4

Sum 16 Carcinogenic PAH* 0.03 < 0.02 < 0.05 0.2

Remaining PAH 11 0.3 3.4 10

*  Carcinogenic PAH

The results in the studies of Westerberg and Mácsik (2001) and Engstrom (1994) do not
correspond in leaching behaviour considering the pH. However, the amounts of accessible
PAH are low in all studied pH-values, 3.5-8.
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The unpolar structure of the PAH-molecules makes the compounds low soluble capacity
into water. Naftalene is the PAH compound with the highest soluble capacity with 31 mg/l.
Naftalene is also the PAH compound occurring in highest concentration in the leachate in
the studied tests. Compared with for example ordinary salt (NaCl), which is considered to
be easily solved into water, the soluble capacity is 3.57·105 mg/l.

Leaching with an organic solvent (n-hexan) on tyre granulates was studied by Westerberg
and Mácsik (2001). After 24 h of leaching procedure by soxhlet, 470 mg/kg TS of PAH
were extracted from the tyre granulates. Of these 470 mg/kg TS were 100 mg/kg TS
carcinogenic PAH and 370 mg/kg TS remaining PAH. Exposure of an organic solvent
constitutes a problem for tyres. On the other hand is a situation where tyre shreds in civil
engineering application are exposed to organic solvents, probably the solvent it self will be
the main focus from a pollution perspective.

In a five-year study of the water quality effect of tyre shreds placed above the groundwater
table in North Yarmouth, Maine, in the USA, the leachate was analysed, Humphrey and
Katz (2000). Volatile- and semi-volatile compounds were studied. For several samples all
organic compounds were under the detection limits. Volatile compounds that were found
during the survey period were toluene at 70 µg/l, 1,1-dichloroethane and 4-methyl-2-
pentanone present at trace levels < 5 µg/l at one occasion. Semi-volatile compounds were
3&4 metylphenol 100 µg/l, benzoic acid 25 µg/l, phenol 74 µg/l, 2-(4-morpholinyl)-
benzothiazole at detection levels. The conclusion of the study is that tyre shreds in
embankments placed above the groundwater level do not leach significant levels of organic
compounds to the surroundings.

Håøya (2002) performed a leachate test and included phenols in the analysis. The analysis
results on phenols are presented in table 4.8.

Table 4.8. Phenols and TOC from leachate test at neutral pH from tyre shreds, Håøya
(2002).

Compound Range
 [mg/kg TS]

4-tert-Octylphenol 0.002 - 0.05
4-n-Nonylphenol 1.001×10-5  – 0.003
iso-nonylphenol

(technical)
0.005 –0.007

Bisphenol-F 0.007 - 0.03
Bisphenol-A 0.02 - 0.06

TOC 53 - 61

Bisphenol-A and Nonylphenol are considered to have negative environmental effects in
low concentration. Octylphenol is leaching in larger amounts but are considered to have
less impact on the environment than Bisphenol-A and Nonylphenol in similar
concentrations, Verschueren (1996). In a characterisation of leachate from tyre products
the content of phenols ranged from 0- 50 µg/l phenol in the leachate, Zelibor (1991).
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O’Shaughnessy and Garga (2000) studied leaching of tyre shred and soil mixtures in
column tests under acidic- (pH 3.5), neutral- (pH 6.5) and alkaline conditions (pH 9.5).
The tyre shreds were mixed with quartz sand or kaolinite clay and both mixtures were
tested in all conditions. The leaching agents were circulated in 90 to 180 days in the
columns. Based on other studies not reviewed in this report the organic compounds
benzothiazole, (1,1-dimethylethyl)-2-methoxyphenol, 2,5-dibutylthiophene, 4-(2,2,4-
trimethylpentyl)phenol, 2(3H)-benzothiazolone and 4-(2-benzothiazolythio)morpholine
were chosen to be target compounds, expected to be found in the leachate. These
compounds represent phenols, accelerators and degradation products of more complex
compounds found in those studies. The organic compounds occurred in higher
concentrations in alkaline conditions. The concentration of all the organic compounds
decreased under the test except for 4-(2-benzothiazolythio)morpholine. This compound is a
stable degradation product. The concentrations of phenols and 2(3H)-benzothiazolone
decreased rapidly under all conditions. The general trend was a lower release of the tyre
shreds mixed with kaolinite compared to quartz sand. In a two year field study of using
tyres as soil reinforcement O’Shaughnessy and Garga (2000) only found 4-(2-
benzothiazolythio)morpholine in the leachate in one test section of three and in two of
totally seven sampling occasions of these target organic compounds studied in the column
tests.

4.3.2 Metals

Results from leaching tests on tyre granulate and tyre shreds is presented in table 4.9. The
leaching ability of zinc and sulphur are relatively high during neutral pH-conditions but
copper occurs in low levels. The concentration zinc is considerably lower for tyre shreds
compared to granulate indicating that the available leaching surface is important. At
alkaline conditions zinc and sulphur are more mobile than during neutral conditions. Also a
notable content of copper and lead is noted. Since the total amount of copper in tyres is low
this is not considered as a problem. The higher content of iron for tyre shreds is caused by
the presence of steel cord in the samples.

The Minnesota Pollution Agency (MPCA) financed a laboratory study on waste tyres,
Engstrom (1994). The leaching tests were performed from pH 3.5 ranging to 8.0. They
found that the highest concentration of metals was found at acidic conditions (pH 3.5).
Metals of concern were barium, cadmium, chromium, lead, selenium and zinc. No
contaminants of concern were found in neutral conditions (pH 7).

O’Shaughnessy and Garga (2000) studied leaching of tyre shred and soil mixtures in
column tests under acidic- (pH 3.5), neutral- (pH 6.5) and alkaline conditions (pH 9.5).
The tyre shreds were mixed with quartz sand or kaolinite clay and both mixtures were
tested in all conditions. The leaching agents were circulated in 90 to 180 days in the
columns. An increase of aluminium, iron zinc and manganese was detected in the leachate.
All these metals exceeded the Ontario drinking water objectives except for zinc. The
results shows that zinc easier leach out of the tyre shreds at alkaline conditions and that the
concentration of iron in the leachate strongly depends on precipitation. Thus the
concentration of iron was less under acidic conditions compared to alkaline conditions in
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the end of test. In general the concentrations of metals were lower in the columns where
tyre shreds were mixed with kaolinite than with quartz sand. In a two year field study by
O’Shaughnessy and Garga (2000) where tyres was used as soil reinforcement all the
studied metal concentrations, including the enriched metals in the laboratory study, were
below the Ontario drinking water guidelines.

Table 4.9 Leaching tests of metals according to EN 12457 with L/S 10 on tyre granulates
by Westerberg and Mácsik (2001) and on tyre shreds by Håøya (2002). The results are
compared to the “Berliner list”. Bolded analyse results exceeds limits in the “Berliner list”.
At neutral conditions distilled water was used as leaching agent and at alkaline 1 M NaOH.

Sample Tyre granulate Tyre shred Tyre granulate The Berlin list
pH 7 6.9 13.6 I II III

Compound
Ca mg/l 3.46 < 0.6
Fe mg/l 0.284 0.705 0.462
K mg/l 1.43 9.14

Mg mg/l 0.125 < 0.27
Na mg/l 3.09 22200
S mg/l 2.5 10.1
Al µg/l 8.49 901
As µg/l 2.27 1 1.69 40 60 80
Ba µg/l 10.6 8.08
Cd µg/l 0.078 0.52 0.12 5 10 15
Co µg/l 5.33 5 5.81
Cr µg/l 2.95 < 5 5.96 20 30 40
Cu µg/l 5.77 6.2 383 40 60 150
Hg µg/l < 0.02 0.0386 1 2 3
Mn µg/l 56.4 74.8 5.57
Ni µg/l 4.31 < 5 1.37
Pb µg/l 8.44 <10 48.8 40 60 150
Zn µg/l 1310 188.4 7050 1000 1500 2000

I Water protection area
II Flodial/alluvial deposits
III Area with no aquifer

In a five-year study of the water quality effect of tyre shreds placed above the groundwater
table in North Yarmouth, Maine, USA the leachate were analysed, Humphrey and Katz
(2000). The metals barium (Ba), cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb),
and selenium (Se) were studied since they have a suspected health risk and therefore are
included in an American primary drinking standard. Further were aluminium (Al), iron
(Fe), manganese (Mn), zinc (Zn), chloride (Cl-) and sulfate (SO4

2-) studied since they have
an aesthetic effect on drinking water and are referred to a secondary drinking water
standard. Barium and Chrome were present in low levels in both the control section
(without tyre shreds above) and on the test sites in the same amounts, indicating that the
two metals are occurring naturally in the percolating water through the embankment at the
location. Cadmium, copper, lead, and selenium were generally occurring in concentrations
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below the detection limits of the used method (ICP-MS). Representative concentrations
were 0.5 µg/l cadmium, 9 µg/l copper, 2 µg/l lead, 0.17 µg/l selenium in the analysed
leachate. Humphrey and Katz (2000) conclude that these concentrations were too low to
statically consider it as enrichment. The concentrations for aluminium and iron were higher
in the unfiltered samples than the filtered, indicating that these two metals are also
occurring in a particulate form. Aluminium, iron, manganese, and zinc were also present in
the control section. There was no evidence of enrichment of aluminium or zinc in the test
sites. Iron and manganese were present in higher concentrations in the test sites.

4.3.3 Other constituents

No study of the accessibility of other compounds than are presented under metals and
organic compounds has been found.

4.4 Environmental Response

The environmental response is site specific. In this section are the potential hazard of the
compounds in tyre material focusing on those compounds where leaching tests indicates a
pollution potential. Ecotoxicological studies on organisms are also reviewed.

4.4.1 Organic Compounds

The organic compounds are presented as naphtalene, carbon black, PAH’s and phenols.
The selection is based on the amount in leachate (naphtalene and phenols) and the
environmental debate in Sweden (carbon black and PAH).

Almost all of leachable organic compounds consist of naphtalene. The other investigated
organic compounds except phenols occur in concentrations close to the detection limits in
available investigations. The analysed levels of naphtalene from leaching tests by for
example Westerberg and Mácsik (2001) are however low compared to response levels in
ecotoxicological tests. The concentration of naphtalene in the leachate were 11 µg/l
compared with the toxicity classification of micro-organisms OECD 209 EC50 > 30 mg/l,
Verschueren (1996).

Carbon black, is an extremely fine, smoke like odourless powder consisting of black
carbon solids. Carbon black is insoluble in all solvents, including water. There is
inadequate evidence in humans for the carcinogenicity of carbon black. There is sufficient
evidence in experimental animals for the carcinogenicity of carbon black. There is
sufficient evidence in experimental animals for the carcinogenicity of carbon black
extracts. Overall evaluation: Carbon black is possibly carcinogenic to humans. The original
incrimination of carbon black as a carcinogenic agent is due to presence of impurities as up
to 1% by weight of 3,4-benzpyrene, Toxnet (2003).

PAH is the largest group of carcinogenic compounds known today. Most living organism
has the capability to decompose PAH, but often the resulting compounds are even more
toxic. PAH is a very large group of compounds, for example has over 500 been detected in
the air. In general PAH are soluble in lipids, persistent and in some cases bioaccumulative,
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KemI (2003). Toxicological data for individual PAH-compounds studied in leachate tests
are compiled in table 4.10.

Table 4.10. Toxicological effects of some PAH-compounds, after KemI (2003).
Compound Persistent Bioaccumulative Carcinogenic according to ICPS (1998)
Antracen + + (+)

Benz(a)antracene + + +
Benzo(a)pyrene + + +

Benz(b)flourantene + + +
Benz(e)pyrene + ?

Benz(g,h,i)perylenee + + -
Chrysene + + (+)

Dibenz(a,h)antracene + + (+)
Flourantene + + ?

Indeno(1,2,3-cd)pyrene + + (+)
Pyrene + + ?

+ Classified as persistent, bioaccumulative by the EC
(+) Has caused cancer in animals but are not classified as carcinogenic.
? Not enough studies are available for classification as carcinogenic
- Negative result
Empty box – no survey available

However, the low concentrations, under or near the detection limits, of carcinogenic PAH
from tyre shreds implies that PAH is expected in most cases to be no environmental
problem of concern since it is reasonable to expect even lower concentrations in field
applications.

Bisfenol-A and nonylphenol are considered to be harmful for the aquatic environment in
low concentrations at levels approximately around 1 µg/l. Bisphenol-A is easily
decomposed under aerobic conditions. Nonylphenol decomposes in a slower rate.
According to Toxnet (2002) nonylphenol is biodegradable under aerobic conditions. It is
uncertain if nonylphenol is significantly biodegradable in anaerobic conditions. Koc of
nonylphenol is estimated to be 31000. Nonylphenol is expected to be immobile in soil with
organic content. Nonylphenol has been found to strongly absorb to sewage sludge, and
stream and pond sediment. If released to water, nonylphenol is expected to adsorb strongly
to suspended solids and sediment. Thus it is not reasonable to expect long distance
pollution of nonylphenol in applications in the unsaturated zone. According to Toxnet
(2002) bisphenol-A released to soil is expected to have moderate to low mobility. This
compound may biodegrade under aerobic conditions following acclimation of micro
organisms. If released to acclimated water, biodegradation would be the dominant fate
process (half-life less than or equal to 4 days). In non-acclimated water, bisphenol-A may
biodegrade after a sufficient adaptation period, it may adsorb extensively to suspended
solids and sediments or it may photolyze, decomposition by light. If released to soil,
bisphenol-A is expected to have moderate to low mobility because of its water solubility.
Based upon aqueous biodegradation tests), bisphenol-A may biodegrade under aerobic
conditions following acclimation. This compound is not expected to undergo chemical
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hydrolysis or volatilise significantly from soil surfaces. If released to acclimated water,
biodegradation would be the dominant fate process (half-life less than or equal to 4 days).
In non-acclimated waters, bisphenol-A biodegrades, it may adsorb extensively to
suspended solids and sediments, or it may photolyze. This compound is not expected to
bioaccumulate significantly in aquatic organisms, volatilise, or undergo chemical
hydrolysis.

Håøya (2002) has performed laboratory leaching tests and analysed soil and water from an
existing tyre shred fill in Solgård, Norway. The results from the leachate test and on-site
sampling are compiled in figure 4.3. The leaching results are presented within the frame.
NOEC means “no observed effect concentration” and is the highest concentration at which
a known effect of the compound does not occur in a toxicological test and PNEC
“predicted no-effect concentration” of the compound in the environment.

Figure 4.3. Laboratory leaching results and analysis results from existing tyre shred fill in
Solgård Norway, Håøya (2002). The results inside the frame origins from the leaching test.

The leaching results and field results from Solgård show that phenols needs to be
considered when using tyre shreds in applications in contact with water. If the amount of
phenols accumulates in a water recipient it may have an impact on micro-organisms.
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4.4.2 Metals

Based on leaching tests by Westerberg and Mácsik (2001) zinc (Zn) may be an
environmental issue in neutral pH-conditions and copper (Cu), Lead (Pb) and zinc (Zn) at
alkaline conditions. The concentrations in the leaching tests are extreme compared with the
expected concentrations in a field application. The lowest and highest levels of Swedish
EPA’s guidelines for environmental quality classification of groundwater and watercourse
are presented in table 4.12.

Table 4.12. The lowest and highest levels in the Swedish EPA:s classification system for
environmental classification of groundwater and watercourse, SNV (1999a) and SNV
(1999b).

Metal Groundwater Watercourse
Extremely low

[µg/l]
Very high

[µg/l]
Extremely low

[µg/l]
Very high

[µg/l]
Zn ≤ 5 > 1000 ≤ 5 > 300
Cu NA NA ≤ 5 > 45
Pb ≤ 0.2 > 10 ≤ 0.2 > 15

At neutral conditions the zinc concentrations in the leachate, 1310 µg/l in Westerberg and
Mácsik (2001) test, would be classified as very high, in both groundwater and watercourse.
The cupper concentration 5.77 µg/l just exceeds the “extremely low”-level for
watercourses. The lead, 8.44 µg/l, is below the “very high”-levels of both groundwater and
watercourse. Considering the dilution when leachate mixes the water in a recipient and if
the ratio between recipient and the volume of the leachate is high the effect of leachate on
these metal concentrations would be insignificant. But if this ratio is low, or the recipient is
very sensitive at least the effect of zinc must be considered. If the tyre shreds are placed in
alkaline conditions precautions regarding zinc must be considered in any application.

In the groundwater, under a tyre shred fill Håøya, (2002) found the Zinc concentration to
be 14 µg/l, copper 14-22 µg/l and lead under the detection limits.

4.4.3 Other constituents

No data has been found on other compounds, i.e. textile fabrics (rayon, polyamid and
polyester) and silica. These textile fabrics are however common in the society and silica
natural in the environment has not been focused on as a potential environmental hazard
yet.

4.4.4 Ecotoxicology surveys

In a literature review Evans (1997) compiled results from environmental studies. The
results from over 50 tests are included. The tests differ a lot in methodology and studies
species. Tyre leachate and solutions with compounds used in tyre manufacturing are tested,
tests are performed under freshwater-, estuarine and saline conditions, and a number of
species under different exposure times and other conditions. The studied responses are
growth, mortality, reproduction and activity/mobility .In general, a response is observed on
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the tested organism. Most sensitive to tyre leachate was rainbow trout fry where the
response is acute toxicity. However, the rainbow trout fries survived in leachate from tyres
that has been submerged in water for 10 years. Other investigated fishes, such as guppy
(Poecilia reiculta, Poeciliidae), goldfish (Carassius auratus), fathead minnow (Pimephales
promelas, Cyprinidae) were less sensitive to tyre leachate. Of the invertebrates
Ceriodaphnia dubia is more sensitive to tyre leachate under certain conditions than
Daphnia magna. The bacteria Photobacterium phosphoreum’s activity is affected under all
conditions.

UNEP (2000) has compiled results from ecotoxicology tests provided by BLIC (the
Eurpean rubber manufactures). The tests were performed 1995 and 1996 at Pasteur Instute
in Lille and at Pasteur Institute in Paris. The tested material was tyre tread dust obtained
from several European tyre companies. The tyre material was leached according to NFX
31 210, 100 g material and 1000 g of water mixed by shaking under 24 h and then filtered.
The performed ecological tests and results are presented in table 4.13. EC50 is the
corresponding raw material concentration in water at which the growth (algae) or the
mobility (small shellfish) is reduced by 50 % after exposure time. LC50 is the
corresponding raw material concentration in water at which 50 % of the population die
after exposure time.

Table 4.13. Ecotoxicological tests results on leachate from tyre material at L/S 10
performed by BLIC, UNEC (2000).
Test feature Specie Organism EC50 LC50 Test method

Growth Algae S.Capricornutum > 13000 mg/l
(72 h)

NF EN 28692/
ISO 8692

Mobility Small shellfish Daphnia magnia >69000 mg/l
(24 h)

NF T 90 301/
ISO 6341

Mortality Fish Brachydano Rerio >58000 mg/l
(24 h)

NF T 90 303/
ISO 7346-1

UNEC (2000) uses the ecotoxilogical scale used in the European Union for the labelling of
new chemical substances through the effects on aquatic organisms eg:

− Very toxic to aquatic organisms if EC50 or LC50 < 1mg/l
− Toxic to aquatic organisms if EC50 > 1 mg/l or LC50 < 10 mg/l
− Harmful to aquatic organisms if EC50 > 10 mg/l or LC 50 < 100 mg/l

It can be seen that the first ecotoxicological response (on algae) shows an order of
magnitude of 130 times greater than the maximum concentrations at which it is
acknowledge one substance is considered harmful to aquatic organisms. The response in
this test corresponds with the reviewed test by Evans (1997).

4.5 Recommended methods for investigation of environmental effects

There are a number of different and possible standardised tests for analysing content and
leachability of compounds for used tyres. The reviewed test below are recommended in
official documents specific for analysing tyre products.
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In the USA the ASTM-standard D 6270 suggests that The Toxicity Characteristics
Leaching Procedure (TCLP) (USEPA Method 1311), which is used to characterise
hazardous waste, should be used as test-method fore tyre shreds (ASTM 1998). This
method is also recommended to use by European Tyre Recycling Association (ETRA) in
the draft standard in Europé, ETRA (2002).

In Europe, however, the common characterisation tests for analysing waste products are
the leaching tests EN 12457 at L/S-quotient 2 and 10, batch leaching with destillated water
in 24 h. This method is however originally used for inorganic analysis.

For analysis of PAH in tyre material the Swedish National Chemicals Inspectorate (KemI)
recommends following methods (KemI (2003)):

− IP 391/90 Aromatic hydrocarbons types in diesel fuels petroleum distillates by
high performance liquid chromatography with refractive detection (Swedish
standard SS 155116).

− ISO 1407:1992 Rubber- Determination of solvent extract detection (Swedish
standard SS-ISO 1407).

− ISO 4645:1984 Rubber and rubber products – Guide to the identification of
antidegradants – Thin layer chromatographic methods detection (Swedish standard
SS-ISO 46 45).

4.6 Interaction with the surrounding environment

Tyre shreds has the capability to absorb compounds onto the surface and form chemical
complexes by oxidised iron and manganese. Micro-organisms may also use the tyre
material surfaces as habitat. Following examples were tyre shreds are used, or possible use
investigated, shows that tyre shreds may have positive effects on the surrounding
environment too.

Kim et al. (1997) studied sorption of the organic compounds onto tyre rubber was affected
by presence of other organic compounds, ionic strength, pH, ground tyre particle size and
temperature. They found that none of these factors, except size of the particles,
significantly affected the sorption of the studied organic compounds; m-xylene,
ethylbenzene, toluene, trichloroethylene, 1,1,1-trichloroethane, chloroform and methylene
chloride. The sorption increases as the particle sizes of tyre rubber decreases. In larger
fractions the specific surface area is smaller and steel cord present. Since the sorption of
organic compounds takes place onto rubber surfaces the specific sorption decreases due to
increased mass in the tyre shreds. The partion coefficient, Kp, for m-xylene was 977 l/kg
and for the other studied compounds 13 l/kg.

Microorganisms use the surface of the tyre shreds as growth place. Tyre shreds are used to
create surfaces for micro-organism growth in bio-processes. The high permeability makes
the material suitable in filters and limits the risk of clogging. Example of processes were
tyre shreds has been used is odour removal (oxidation of H2S), Scheels & Park (1995), and
as packing material in anaerobic and aerobic reactors for removal of polychlorinated
phenols, Shin et al. (1999).
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4.7 Working environment

Working environment issues are important since they affect the ability to use the material.
In this section focus are on dust from handling the material since it is the most relevant
way of exposure.

The exposure of particles from handling shredded tyres has been studied by Ulfvarson et
al. (1998). Studied process steps were shredding tyres, milling and sieving shredded tyres
and discharging of shredded tyres at shipping and in cement industry.
The monitoring at the different working stations included:

− Dust

− Respiratory amount of dust (particles < 5µm)

− Organic content in the dust

− Polycyclic Aromatic Hydrocarbons, solid and gas phase

− Metals

Compiled results from the study are presented in table 4.14.

Table 4.14. Compiled results of dust measurements from shredding, milling and handling
tyre shreds in shipping and cement industry, after Ulfvarson et al. (1998). Regulation limit
in Sweden for organic dust is 5 mg/m3.

Process Monitoring location Total amount of dust
[mg/m3]

Respireable dust
[mg/m3]

Organic content
[%]

Shredding Shredder 0.04 - 0.10 0.02 – 0.04 N. D.
Loading vehicle 0.03 – 0.16 0.03 N. D.

Milling All locations 0.14 -2.8 0.07 – 0.34 N. D.
Loading/unloading
/cement industry

Loading vehicle 1.0 0.24 N. D.

Manual work 1.6 0.15 N. D.
Cleaning cyclones 14 -15 1.8 – 1.9 22 – 38

Cleaning conveyor belt 13 – 32 4.0 – 7.9 28

N. D. = No Data

As seen in table 4.14 the amount of dust is low in shredding and milling processes. The
higher content of dust during/loading/unloading the ship and in the cement industry may be
explained by the handling occurring indoors compared with the “similar” process of
shredding, and surrounding handling activities. Inorganic dust from other processes in the
cement industry also contributed to the higher total amount of dust. Adjusting the total
amount of dust to organic dust shows that all monitoring data in the survey however is
below the Swedish regulatory levels for organic dust in the air.

The metal content in the dust were analysed in dust from the shredding test. The analysis
included calcium, iron, arsenic, cobalt, chromium, copper, manganese, molybdenum,
nickel, lead, titanium, vanadium, wolfram, and zinc. Only calcium and iron exceeded the
detection limits. The concentration of calcium was 1.9 µg/m3 in the air at the shredder and
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13.4 µg/m3 at the loading vehicle to be compared with the regulatory level at 2 mg/m3 as
CaO. The corresponding iron concentrations were 3.8 µg/m3 at the shredder and 6.7 µg/m3

at the loading vehicle to be compared with the regulatory level at 3.5 mg/m3 respirable
concentration. The metal concentrations are about 1000 times less than the regulatory
levels.

The organic content in the dust from the milling process were analysed. Above detection
limits were naphthalene, acenaftylen, acenaften, flouren, fenantren, flouranten, and pyren
found. Of these compounds are, fenantren, flouranten, and fyren classified as maybe
carcinogenic on humans by IARC (International Agency for Research on Cancer).
However are the levels low, 0.02 – 0.63 µg/m3 for the individual compounds.

Ulfvarson et al. (1998) conclude:

− An explanation of the low content of dust may partly be explained by the processes
occurring outside.

− PAH in gas state is a neglible problem since the temperatures in the studied
processes is too low for PAH occurring in gas phase.

− The monitored amount of naphthalene is 10000 to 100000 times lower than
regulatory limits in the USA.

In appendix 2 are the present safety data sheet from Ragn-Sells AB and the safety sheet
from the CWA presented. The main concern of safety is due to the risks associated with
fire in the material. The fumes are considered to be hazardous.

To sum up it can be concluded that dust from handling tyre shreds in the open air does not
need special precautions regarding health issues. Indoor may dust protection equipment be
needed depending on the handling process. However, dust, i.e. rust, could be an aesthetic
problem if the tyre shreds are handled in sensitive environments, Edeskär and Westerberg
(2003).

4.8 Concluding Remarks

There are a number of ingredients in tyres that have a known negative effect on human
health and the environment. It is impractical from a foundation engineering point of view
to be able to exact specify the chemical content of tyre shreds. Since there are qualified
studies on the chemical content of the manufactured tyres this data is a good approximation
of the average content. The accuracy is good enough to specify intervals of different
chemical types.

During normal (neutral) pH condition leachate tests implies that tyre chips do not leach
contaminants in concentrations that concerns human health or the environment. But at
extreme pH conditions the situation is different. At high pH values (alkali conditions)
organic compounds, zinc, copper and lead leaches from tyre shreds. At acidic conditions
(low pH values) metals are leaching.
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Reviewed results from field studies, road embankment and process sites for manufacturing
tyre shreds, shows that most metals that are present in tyre shreds are detectable in the
groundwater in low concentrations. Zinc does not occur in high levels compared to other
metals as indicated in the studied leaching tests. The iron may occur in high
concentrations. Organic pollutants have only been detected in trace levels, close to the
analysis limits. If this is due to low leaching, dilution or the low solubility of the organic
compounds in combination with sorption on soil particles is yet to be investigated.
However, the studies imply that leaching of target compounds, i.e. PAH and phenols are
low.

The main issues in an environmental point of view of using tyre shreds are the leaching of
phenols and zinc, and not PAH as been focused on, at least in Sweden. Use of tyre shreds
in the unsaturated zone under capping prohibiting water to percolate appears to be a
possible design in most applications and in most areas. However, to avoid possible
problems of not investigated compounds and to gain more experiences, especially on the
possible leaching of phenols, it is recommended to limit the use of the material to less
sensitive areas. If special precautions are taken it may also be possible to use the material
in areas like water protection areas and where special concerns of the environment need to
be considered. Using tyre shreds as a drainage layer needs a site-specific evaluation. In
landfill applications where the leachate is collected the zinc and phenols from tyre shreds
may be negligible compared to the leachate content. In other applications a site-specific
evaluation is needed that estimate the amounts of leaching compounds and possible effect
on the recipients.

There are several leaching studies available on tyre shreds. The next step is to include
phenol in more studies and try to deplete the tyre shreds from leaching compounds in order
to be able to estimate mainly how much zinc, phenols and other leaching compounds that
are available. It is reasonable to assume that the concentrations from these compounds
would decrease when the available leaching surface on the tyre shreds gets depleted.
Depleting of leaching compounds is especially interesting in drainage applications since
water percolation is expected.

Ecotoxilogical tests on organisms shows that the first ecotoxilogical response (on algae)
shows an order of magnitude of 130 times greater than the maximum concentrations at
which it is acknowledge one substance is considered harmful using the European Unions
criteria for labelling new chemical substances through effects on aquatic organisms.
However, it is shown that some organisms are sensitive to tyre leachate (rainbow trout fry).

There is no need for workers to use protection equipment for dust when handling the
material in the open air. In spaces with bad circulation of air there might be a need of
protection equipment against inhaling dust if the work is performed under a long time.

Tyre shreds acts as a sorption material to organic compounds like xylene and toulene. Tyre
shreds have also been used as support medium for bacteria in wastewater treatment
processes. This shows that tyre shreds also, in some cases, may improve the surrounding
environment. There are examples of waste tyres used as an artificial habitat for organisms.
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In the sea whole tyres have successfully been used as artificial reefs to increase the
biological productivity.
Based on the known experiences from laboratory experiments and field surveys waste tyres
can be used under unsaturated conditions, if the material is protected against high
percolation of water, without environmental concerns in most areas. The leaching tests
indicates that the available leaching surface on the tyre material is an important leaching
factor, especially for zinc and PAH. Decreasing the available surface by using larger
fractions of tyre shreds is favourable in an environmental point of view.
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5 DISCUSSION

5.1 Introduction

The technical properties of tyre shreds have benefits and disadvantages depending on the
actual application. In this chapter the technical and environmental properties will be
discussed from an application point of view. The chapter begins with compiling the
primarily technical properties in foundation engineering design. The knowledge of the
environmental properties is briefly discussed. Based on the technical and environmental
properties possible applications are pointed out. The chapter ends with a brief discussion of
further research on tyre shreds to improve the possibilities of using tyre shreds in
foundation engineering applications.

5.2 Compiled technical properties

In table 5.1 a short review of representative values of the most important technical
properties of tyre shreds used in general design in foundation engineering is given.

Table 5.1 Representative values of technical properties of tyre shreds discussed in chapter
3.

Technical property Value Comment
Compact density 1.16 t/m3

Bulk density 450 – 990 t/m3 Very loose fill to 400 kPa vertical applied load
Porosity 50 % Depends on size and applied load

Permeability 5 cm/s
Elastic modulus 1 MPa Approximately value
Poisson’s ratio 0.3 Recommended value by most authors
Shear strength c'=0–11.5 kPa, φ'=19-38° 10 % displacement

—  ||  — c'=0–82 kPa, φ'=15–36.5° 20 % displacement
—  ||  — c'=0 kPa, φ'=45-60° Peak value

Thermal conductivity 0.15-0.30 W/mK

The properties are more or less affected by the elastic nature of the tyre shreds.

5.3 Environmental aspects

There are several studies done focusing on the possible impact of tyre shreds on the human
health and the environment. The main focus has been on the metal and PAH content and
these compounds leaching behaviour. In the surveys studied leaching under neutral
conditions is low. Of concern is zinc and phenols. Phenols have only been studied by a few
authors but seem to be of more concern than the potential PAH leaching. There is a lack of
knowledge of the total available amounts of metals and organic compounds. Based on
studied studies phenols from tyre shreds should be in focus in further investigations. The
advantages and disadvantages of using tyre shreds in foundation engineering applications
from an environmental point of view are listed in table 5.2.
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Table 5.2 Advantages and disadvantages of using tyre shreds in foundation engineering
applications from an environmental point of view.

Advantage Disadvantage
Knowledge about metals and PAH leaching Leaching of zinc and phenols

Positive field experiences Content of PAH
Replaces virgin materials Few studies on phenols

Lack of depleting studies

In Sweden the chemical content of tyres has been in focus for several years. This is due to
the fact that tyres are one of the largest potential sources of aromatic oils in the
community. The chemical composition of tyres varies with the producer and type of tyre.
For example do mud and snow tyres in general have lower content of PAH than regular
tyres. Tyres contain chemical compounds like for example aromatic oils and metals that
may be toxic for organisms in too high concentrations. There are tendencies that the
composition of tyres is changing towards a more environmental friendly content of
chemicals. Many producers do offer tyres with low or no aromatic oil in the tread to the
market. The Swedish Government is also preparing legislation against aromatic oils in
tyres and will try to implement this legislation into the European Union. These progresses
towards more environmentally friendly content of tyres are favourable for the use of tyre
shreds in civil engineering applications.

The toxic properties of these compounds are negative in a foundation engineering
application if these are available to other organisms. It is likely that the high resistance
against biological degradation is a positive side-effect of the hazardous chemical content.

In order whether to decide if tyre shreds are suitable or not in an application at least
following aspects needs to be considered beside the laboratory leaching results:

− The surrounding environment affecting the tyre shreds.
− Spreading patterns.
− Possible recipients.
− Public acceptant.

The surrounding environment for the tyre shreds controls the possible spreading patterns.
In a dry application leachate are not very likely to be a problem but in a saturated
application it must be considered. The recipient is the factor that decides if it is good
practise or not of using tyre shreds. Public acceptant is perhaps of greatest importance. The
”Not in my back yard”-syndrome is very strong and could only be challenged with a
proper environmental assessment. Some locations should be avoided, i.e. water protection
areas, if there are not extraordinary reasons to use tyre shreds.

5.4 Applications

Focus in this study is the technical and environmental properties of tyre shreds. However,
without applications these properties are of minor interest. From the standpoint of ground
construction, the most important properties of shredded tyre chips are weight by volume,
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strength and deformation properties, water permeability and thermal properties. The
material must also meet environmental standards.

The discussion of the suggested applications in this section is based on the technical
properties given in table 5.1. In the discussion the superstructure is only slightly touch
upon. The superstructure designs above a tyre-shred fill may require different design
solutions than if constructed on soil. Superstructure design is outside the limitations of this
report.

5.4.1 Light weight material

The low bulk density of tyre shreds gives the material potential to serve as a light weight
material. The compact density is slightly heavier than the density of water making the tyre
shreds to sink if placed in water. Buoyancy is a problem for some other lightweight
materials like expanded clay. Because shredded tyre chips absorb nearly no water, the
material remains lightweight even though it is permanently submerged under water.
However, it is not recommended based on the current state to use tyre shreds permanently
in water without a careful environmental assessment. An example of a lightweight
application is shown in figure 5.1. The tyre shreds are used to reduce the weight of the road
embankment in order to reduce settlements in the subgrade.

Figure 5.1 Example of road construction with tyre shreds used as lightweight material.

Advantages and disadvantages of using tyre shreds as lightweight material are listed in
table 5.3. The main technical concern is the effect of the compressibility of the tyre shreds
on the superstructure. Since most lightweight materials are industry products there is a
potential of economical benefits if replacing these materials by tyre shreds.

Table 5.3 Advantages and disadvantages of using tyre shreds as a lightweight material.
Advantage Disadvantage

Low density Density depending on confining pressure
Sink when placed in water Difficult to predict density (compaction)

Cheap Needs stiff superstructure
Replaces virgin materials Environmental limitations

5.4.2 Backfill for retaining structures

The use of tyre shreds as a backfill material is well investigated. Using tyre shreds as a
backfill material is to reduce the lateral pressure on the wall and to use the lightweight
properties to reduce the stress in the surrounding soil to reduce settlements or increase the
overall stability. Other beneficial properties if used as backfill material, tyre shreds also
serve as draining and insulation material. If used as a draining material around structure
precipitation of iron- and manganese oxides must be considered in the draining system.
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The thermal properties are useful to limit the heat-flow between the structure and the
surrounding soil. Advantages and disadvantages of using tyre shreds as a backfill material
are listed in table 5.4.

Table 5.4 Advantages and disadvantages of using tyre shreds as a backfill material.
Advantage Disadvantage

Low lateral earth pressure Precipitation of oxides
High permeability Environmental limitations

Low density
Low thermal conductivity

Cheap
Replaces virgin materials

5.4.3 Draining layer

The draining properties of tyre shreds are very good and the material can more or less be
considered as free draining. But there are a few aspects to consider in draining
applications. If the tyre shreds are placed in water the leaching properties must be
considered. Under neutral pH conditions zinc and phenols need to be considered. In for
example landfill applications the pH value may vary. Low pH tends to increase the
leaching of metals and alkaline condition results in increased leaching of organic
compounds. In most landfills application these increased pollutants would be insignificant.
Since tyre shreds consists of large amounts of iron and manganese precipitation must be
considered. The precipitation may cause clogging in the draining system or aesthetic
problems in the recipient. Examples of a design where tyre shreds are used as a bottom
draining layer in a landfill are given in figure 5.2.

Figure 5.2 Tyre shreds used as a bottom-draining layer in a coal ash landfill. After
Huhmarkangas and Lindell (2000).
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The compressibility of tyre shreds must also be considered. The compression results in
smaller voids and thus decreased draining capacity. For tyre shreds it seems that the
draining capacity still is comparable with conventional draining materials even at high
compression. Settlements should also be considered for the superstructure. Advantages and
disadvantages of using tyre shreds as draining layer are given in table 5.5.

Table 5.5. Advantages and disadvantages of using tyre shreds as draining layer.
Advantage Disadvantage

High permeability Compressible
Low density Direct contact with leaching medium

Sink when placed in water Risk for iron precipitation
Cheap Density depending on confining pressure

Difficult to predict density (compaction)

5.4.4 Thermal insulation material

The low thermal conductivity gives tyre shreds a potential as a thermal insulation material.
Since tyre shreds have the potential to burn insulation applications should be in a low
temperature interval. Suitable applications are limiting the heat flow between structures
and the surrounding ground and limiting frost heave problems. Frost heave problems are
caused by a combination of coldness and accessible water that expands when it freezes.
The draining capability together with the low thermal conductivity makes tyre shreds
suitable to limit the frost heave above the tyre shred layer by cut off the support of water
and below the tyre shred layer by limiting the heat loss. The advantages and disadvantages
by using tyre shreds as a thermal insulation layer are given in table 5.6.

Table 5.6. Advantages and disadvantages of using tyre shreds as insulation layer.
Advantage Disadvantage

Low thermal conductivity Compressible
Draining material Requires stiffer superstructure than conventional insulation materials

Cheap

5.5 Further investigations

Critical for using tyre shreds in advanced engineering applications is to establish practise
of how to determine material properties and how to use these results in the design work.
An example is how to handle the non-linear stress-strain relationship in pavement design.
Even more important is to review experiences from field trials since a large number of
objects are available and practical know-how is important for successful practice. Since
tyre shreds is a material where it is unlikely that the tyre manufacturers adapt their
products (the raw material) to foundation engineering applications it is important to follow
the development if changes in the tyres may affect the material properties. An example is
changes in chemical content that may affect the durability. More testing should be
performed to investigate the use of different shredded tyre sizes.
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The environmental effect of using tyre shreds needs to be considered. Even if most
experiences shows that the risk for environmental implication is low if the design is
adapted to the on-site conditions and the most sensitive areas is avoided. Tyres have, at
least in Sweden, a bad reputation in the public discussion, mainly due to the chemical
content. It is critical to have public acceptant to use tyre shreds and therefore a
conservative use is preferred until more experience shows that the use can be more general.
Based on today’s knowledge the use of tyre shreds should be limited above the ground-
water table and, if high percolation is expected, to non-sensitive recipients where the
potential accumulation of pollutants may not be a problem. Since tyre shreds consists of a
large number of chemical compounds ecotoxicological tests are better to indicate
environmental effects than just focusing on authorities target compounds, i.e. 16-EPA
PAH, to evaluate environmental response. However, known compounds that needs
investigations are especially the environmental effects of zinc and phenols since zinc leach
in high amounts and phenols are less investigated.
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APPENDIX 1 – TECNICAL PROPERTIES

Appendix 1 contains reported values of technical properties reviewed in the report.

Compact density

Table A1. Reported values of compact density for tyre shreds from glass belted, steel
belted tyres and mixes of glass and steel belted.

Specific gravity
[-]

Type Reference

1.14 Glass belted Humphrey et al (1993)
1.27 Mixed —  ||  —
1.24 Mixed —  ||  —
1.11 Mixed Wei et al (1997)
1.08 Mixed —  ||  —
1.18 Mixed —  ||  —
1.12 Mixed —  ||  —
1.15 Steel belted? Bergado and Youwai (2002)
1.14 Steel belted? Karmokar et al. (2002)
1.15 Steel belted? Yang et al. (2002)
1.15 NA Bergado and Youwai (2002)

NA = Not Avaliable

Bulk density

Table A2. Bulk densities at given surcharges and tyre shred sizes.
Vertical pressure

[kPa]
Bulk density

[kg/m3]
Size Reference

0 440 – 450 50×50 mm2 Westerberg and Mácsik (2001)
30 – 50 500 - 700 50×50 mm2 —  ||  —

400 810 - 990 50×50 mm2 —  ||  —
0 505 - 600 ≤ 38 mm Wei et al (1997)
0 620 38 Humphrey et al. (1997)
9 690 38 —  ||  —

18 730 38 —  ||  —
0 580 - 630 51 —  ||  —
9 660 - 690 51 —  ||  —

18 700 - 730 51 —  ||  —
0 630 - 640 76 —  ||  —
9 720 - 730 76 —  ||  —

18 780 - 790 76 —  ||  —



II

Porosity and Void ratio

Table A3. Porosity at given surcharge than avaliable and tyre shred size.
Vertical Pressure [kPa] Size [mm] Porosity [%] Reference

41.7 50×50 52.3 Huhmarkangas and Lindell (2000)
42.7 50×50 55.3 —  ||  —
NA 300 79 Drescher and Newcomb (1994)
NA 20 – 46 55 – 60 —  ||  —
NA 20 – 76 53 Humphrey et al. (1996)
NA 20 – 76 37 —  ||  —
0 38 0.85 Humphrey et al. (1997)
9 38 0.64 —  ||  —

18 38 0.56 —  ||  —
0 51 0,85 - 1,13 —  ||  —
9 51 0,69 - 0,87 —  ||  —

18 51 0,6 - 0,76 —  ||  —
0 76 0,97 - 0,998 —  ||  —
9 76 0,7 - 0,76 —  ||  —

18 76 0,56 - 0,63 —  ||  —

NA = Not Avaliable

Permeability

Table A4. Reported values of permeability on tyre shreds.
Size

[mm]
Density

ρ [kg/m3]
Permeability

k [cm/s]
Reference

25 – 64 469 5.3 – 23.5 Bresette (1994)
25 – 64 608 2.9 - 10.9 —  ||  —
5 – 51 470 4.9 - 59.3 —  ||  —
5 – 51 610 3.8 – 22 —  ||  —
5 – 51 644 7.7 Humphrey et al (1992)
5 – 51 833 2.1 —  ||  —

20 – 76 601 15.4 —  ||  —
20 – 76 803 4.8 —  ||  —
10 – 38 622 6.9 —  ||  —
10 – 38 808 1.5 —  ||  —
10 – 38 - 0.58 Ahmed (1993)

38 - 1.4 – 2.6 Humphrey (1996)
19 - 0.8 – 2.6 —  ||  —
25 - 0.54 – 0.65 Ahmed and Lovell (1993)
38 - 2.07 —  ||  —
19 - 1.93 —  ||  —

0.8 – 10 562 – 598 0.033 – 0.034 Cecich et al (1996)
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Water content

Table A5.Reported values of maximum water content in tyre shreds, Humphrey et al.
(1992).

Supplier Maximum size
[mm]

Number of samples Average content
[%]

Range of content
[%]

Pine State Recycling 40 2 2.0 2.0 – 2.1
Palmer Shredding 76 2 2.0 1.9 - 2.0
F&B Enterprises 38 2 3.8 3.8 – 3.9

Sawyer Environmental
Recovery

38 4 4.3 3.4 – 5.3
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Compaction results

Table A6. Compiled results of achieved dry densities using different laboratory
compaction methods on tyre chips and tyre shreds. In the references were the authors also
determined the dry density in a loose fill during the test series these results are also
included. The results are sorted by used method.
Maximum size

[mm]
Obtained dry density

[kg/m3]
Method Reference

7.62 341 Loose fill Humphrey and Sandford
(1993)

50.8 482 Loose fill —  ||  —
25.4 495 Loose fill —  ||  —
50.8 408 Loose fill Manion and Humphrey (1992)
50.8 466 Loose fill Ahmed and Lovell (1993)
2.54 488 Loose fill —  ||  —
2.54 496 Vibration —  ||  —
12.7 472 Vibration —  ||  —
25.4 613 50 % Standard Proctor —  ||  —
14.7 640 50 % Standard Proctor Ahmed and Lovell (1993)
76.2 620 60 % Standard Proctor Humphrey and Sandford

(1993)
50.8 642 60 % Standard Proctor —  ||  —
25.4 618 60 % Standard Proctor —  ||  —
50.8 624 60 % Standard Proctor Manion and Humphrey (1992)
50.8 639 Standard Proctor —  ||  —
50.8 634 Standard Proctor Ahmed and Lovell (1993)
3.81 644 Standard Proctor —  ||  —
25.4 652 Standard Proctor —  ||  —
12.7 632 Standard Proctor —  ||  —
76.2 594 Standard Proctor Edil and Bosscher (1992)
76.2 559 Standard Proctor —  ||  —
50.8 660 Modified Proctor Manion and Humphrey (1992)
50.8 668 Modified Proctor Ahmed and Lovell (1993)
25.4 684 Modified Proctor —  ||  —

0.8-10 562-598 Modified Proctor Cecich et al. (1996)
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Shear strength

Direct shear test

Table A7. Direct shear test results. After Yang et al. (2002) and complemented by more
studies.
Maximum size

[mm]
Density
[kg/m3]

Normal Stress
[kPa]

Cohesion
Intercept

[kPa]

Friction angle
[°]

Criterion of
Failure Stress

Reference

51 630 17-68 7.7 21 Peak or at 10 %
displacement

Humphrey et
al. (1993)

76 608 17-63 11.5 19 —  ||  —
38 606 17-62 8.6 25 —  ||  —

50, 100, 150 N.A. 1-76 3 30 Peak or at 9 %
displacement

Foose et al.
(1996)

1400 N.A. 5.5-28 0 38 10 %
displacement

Gebhardt
(1997)

10 573 0-83 0 32 10 %
displacement

Yang et al.
(2002)

12 N.A. 20-400 0 19.5-33.6 Peak Westerberg and
Mácsik (2000)

0.1 - 4.75 N.A. 70 6 10 Masad et al
(1996)

—  ||  — N.A. 71 11 15 —  ||  —
—  ||  — N.A. 82 15 20 —  ||  —

N.A. = Not Available



VI

Triaxial testing

Table A8. Triaxial testing results. After Yang et al. (2002) and complemented by more
studies.

Failure criterion and shear strength Reference
10 Strain 20 % Strain Maximum Not avaliable

Maxi.
size

[mm]

Density
[kg/m3]

Confining
Pressure

[kPa] c
[kPa]

φ
[°]

c
[kPa]

φ
[°]

c
[kPa]

φ
[°]

c
[kPa]

φ
[°]

38 589 35-55 0 21.1 0 35.5 Benda (1995)
19 562 35-55 0 21.4 0 34.1 —  ||  —
9.5 495 35-55 00 17.2 0 31.2 —  ||  —
9.5 588 35-55 0 20.6 0 32.1 —  ||  —
2 523 35-55 0 25.8 0 36 —  ||  —

13 619 36-199 22.7 11.2 35.8 20.5 Ahmed
(1993)

25 632 31-199 25.4 12.6 37.3 22.7 —  ||  —
25 642 32-307 22.1 14.6 33.2 25.3 —  ||  —
25 675 32-199 24.6 14.3 39.2 24.7 —  ||  —

4.75 624 150-350 70 6 82 15 Masad et al.
(1996]

38 589 35-55 0 57 Wu et al.
(1997)

19 562 35-55 0 54 —  ||  —
9.5 495 35-55 0 60 —  ||  —
9.5 588 35-55 0 47 —  ||  —
2 523 35-55 0 45 —  ||  —

51 598 NA 25.9 21 Bresette
(1994)

51 596 NA 31.6 14 Lee et al.
(1999)

30 630 28-193 7.6 21 —  ||  —
10 573 23.4-84.1 21.6 11.0 37.7 18.8 Yang et al.

(2002)s

NA = Not Avaliable
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Poisson’s ratio

Table A9. Reported avlues of Poisson’s ratio.
Sizes [mm] Confining Pressure Poisson’s ratio Reference
2-10 mm 20 0.29 Yang et al (2002)

28 0.27 —  ||  —
40 0.28 —  ||  —
60 0.28 —  ||  —

280 0.45 Newcomb et al (1994)
≈ 9 0.27 Edil and Bosscher (1992)

≈ 12 0.3 —  ||  —
≈ 18 0.17 —  ||  —

Thermal conductivity

Table A10. Reported values of thermal conductivity.
Method Tyre

shred
Thermal

Conductivity
[W/m,K]

Comment Reference

Field trial 0.16-0.18 Back calculated Lawrence et al (1999)
Laboratory study 38 0,207 at 0 kPa surcharge Humphrey et al. (1997)

—  ||  — 38 0.195 at 9 kPa surcharge —  ||  —
—  ||  — 38 0.197 at 18 kPa surcharge —  ||  —
—  ||  — 51 0.251 – 0.318 at 0 kPa surcharge —  ||  —
—  ||  — 51 0.225 – 0.256 at 9 kPa surcharge —  ||  —
—  ||  — 51 0.232 – 0.27 at 18 kPa surcharge —  ||  —
—  ||  — 76 0.273 – 0.275 at 0 kPa surcharge —  ||  —
—  ||  — 76 0.206 – 0.24 at 9 kPa surcharge —  ||  —
—  ||  — 76 0.197 – 0.216 at 18 kPa surcharge —  ||  —
—  ||  — 25 0.123-0.124 Thawed samples. non-wetted Shao and Zarling (1995)
—  ||  — 25 0.149-0.164 Thawed samples, wetted —  ||  —
—  ||  — 25 0.138-0.142 Frozen samples, non-wetted —  ||  —
—  ||  — 25 0.163-0.171 Frozen samples, wetted —  ||  —

Field trial = Backcalculated value from measurments in fiels trials
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Estimation of specific heat capacity.

Assumptions: The tyre shreds consists of only steel cord and rubber. Rubber includes every
substance that not is steel cord. The shredding process does not change the relationship
between rubber and steel. Based on these assumptions tyre shreds consists of 11.5 % steel
and 88.5 % rubber by mass, BLIC (2001)

Table A11. Used values of heat capacity for steel and rubber for estimating the heat
capacity of tyre shreds

Heat capacity
[J/kg K]

Amount in tyre shreds
[%]

Steel 460 11.5
Rubber 1600 88.5

Tyre shreds 1470

Interaction with Geo-synthetics

Table A12. Reported values of interaction coefficients between tyre shreds and
geosynthetics.

Geosynthetic Normal stress
[kPa]

Shear strength
[kPa]

Pull-Out
Force

[kN/m]

Interaction Coefficient
(Ci)
[-]

Reference

Geotextile 8 4.6 14 1.51 Tatlisoz et al. (1998)
Geotextile 29 16.7 45 1.67 —  ||  —
Geotextile 50 28.9 66 1.27 —  ||  —

Miragrid 5 T 8 4.6 17 1.95 —  ||  —
Miragrid 5 T 29 16.7 31 0.99 —  ||  —
Miragrid 5 T 50 28.8 40 0.72* —  ||  —

Miragrid 12 XT 29 16.7 35 1.05 Bernal et al. (1997)
*Geogrid broke
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APPENDIX 2 – ENVIRONMENTAL DATA

Compiled environmental data as background to chapter 4.

Composition of tyre shreds

The composition of shredded tyres are calculated from the Blic (2001) average
composition of an European car tyre with carbon black (CB) tread and Silica based tread
(Si). Tyres looses 10-20% of the tread during the service time on the vehicle due to wear.
This estimation of the composition is based on the assumption that all weight loss
originates from the tread, the average loss is 10 % and that the compounds in the tread are
uniformly distributed in the tread. The results are related to field application densities.

Table A13. Representative recipe for two average summers rated European car tyres with a
carbon black (CB) tread and silica based tread (Si). After Blic (2001)

Carcass Tread CB Tread Si Car tyre CB St.D Car tyre Si St.D
Raw material % weight % weight % weight % weight % % weight %

Synthetic Rubber 15.78 44.24 41.67 24.83 2.1 24.17 1.1
Natural Rubber 24.56 0.48 3.53 16.91 2.8 18.21 1.3
Carbon Black 23.40 34.44 9.54 26.91 1.7 19.00 3.0

Synthetic Silica 0.80 0.08 28.07 0.57 1.5 9.65 2.8
Sulphur 1.60 0.81 0.80 1.35 0.2 1.28 0.3

ZnO 1.83 0.95 0.91 1.55 0.4 1.58 0.3
Aromatic Oils 4.02 15.95 10.64 7.81 1.8 6.12 1.2
Stearic Acid 0.87 0.64 1.47 0.79 0.1 0.96 0.3
Accelerators 0.89 0.85 1.32 0.88 0.1 1.01 0.2

Antidegradants 1.48 1.57 1.99 1.51 0.4 1.47 0.6
Recycled Rubber 0.60 0.00 0.05 0.41 0.9 0.50 0.9

Coated wires 17.2 0.0 0.0 11.7 1.7 11.4 1.3
Textile fabric 7.0 0.0 0.0 4.7 0.7 4.7 0.7

Total % 100.0 100.0 100.0 100.0
Weight (kg) 5.88 2.74 2.92 8.62 0.22 8.80 0.38
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Table A14. The amount of constitutents in shredded tyres for carbon black tread (CB) tyres
and silica based tread tyres (Si) related to bulk densities.

Density [t/m3] 500 600 700 800 900
Tread CB Si CB Si CB Si CB Si CB Si

Raw material [kg] [kg] [kg] [kg] [kg] [kg] [kg] [kg] [kg] [kg]
Synthetic Rubber 113,3 112,2 136,0 134,7 158,6 157,1 181,3 179,6 204,0 202,0
Natural Rubber 93,6 95,7 112,4 114,8 131,1 134,0 149,8 153,1 168,5 172,3
Carbon Black 130,3 99,1 156,4 119,0 182,5 138,8 208,5 158,6 234,6 178,4

Synthetic Silica 3,1 39,1 3,8 46,9 4,4 54,8 5,0 62,6 5,6 70,4
Sulphur 7,0 7,0 8,5 8,4 9,9 9,8 11,3 11,1 12,7 12,5

ZnO 8,1 8,0 9,7 9,6 11,3 11,1 12,9 12,7 14,5 14,3
Aromatic Oils 34,5 28,6 41,4 34,3 48,3 40,1 55,2 45,8 62,2 51,5
Stearic Acid 4,1 5,1 4,9 6,1 5,7 7,2 6,5 8,2 7,3 9,2
Accelerators 4,4 5,0 5,3 6,0 6,2 7,0 7,0 8,0 7,9 9,0

Antidegradants 7,5 8,1 9,0 9,7 10,5 11,3 12,0 12,9 13,5 14,5
Recycled Rubber 2,3 2,3 2,7 2,7 3,2 3,2 3,6 3,7 4,1 4,1

Coated wires 65,2 63,8 78,2 76,6 91,2 89,4 104,3 102,1 117,3 114,9
Textile fabric 26,5 26,0 31,8 31,2 37,1 36,4 42,4 41,6 47,7 46,8
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Properties of PAH compounds

Table A15. Chemical data for the listed compounds on U.S. EPA priority list. After
Perhans (2003).
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Naphthalene C10H8 128.2 91-20-3 218 10.9 4.83·10-4 31 3.36
Acenaphtylene C12H8 152.2 208-96-8 270 N.A. N.A. 3.9 3.74

Acenaphten C12H10 154.2 83-32-9 279 0.596 1.55·10-4 4.24 3.92
Fluorene C13H10 166.2 86-73-7 295 8.86·10-2 6.36·10-5 2.0 4.21

Phenanthrene C14H10 178.2 1985-01-
08

340 1.8·10-2 N.A. 1.3 4.46 G, H

Anthracene C14H10 178.2 120-12-7 342 7.5·10-4 6.50·10-5 4.34·10-2 4.55 G
Flouranthene C16H10 202.3 206-44-0 384 0.254 1.6·10-5 0.21 5.12 G,H

Pyrene C16H10 202.3 129-00-0 404 8.86·10-4 1.10·10-5 0.14 5.11 G,H
Benzo(a)anthracene* C18H12 228.3 56-55-3 438 7.30·10-6 3.35·10-6 9.4·10-3 5.7 E, G,

H
Chrysene* C18H12 228.3 218.01-9 448 5.70·10-7 9.46 10-5 1.6 10-3 5.7 G, H

Benzo(b)flouranthene
*

C20H12 252.3 205-99-2 N.A. N.A. 1.11·10-4 1.5·10-3 5.2 E

Benzo(k)flouranthene
*

C20H12 252.3 207-08-9 N.A. N.A. 8.29·10-7 8.0·10-4 5.2

Benzo(a)pyrene* C20H12 252.3 50-32-8 495 8.4·10-7 1.62·10-3 1.6·10-3 6.11 D, E,
F, G,

H
Dibenz(a,h)anthracen

e*
C22H14 278.35 53-70-3 524 1.33·10-8 1.47·10-8 2.5·10-3 6.7

Benzo(g,h,i)perylene C22H14 276.3 191-24-2 N.A 1.6·10-8 2·10-7 2.6·10-4 7.23
Indeno(1,2,3-
c,d)pyrene*

C22H14 276.3 193-39-5 N.A. N.A. 1.60·10-6 2.2·10-5 6.65

Risc for human health:
D = reproduction
E = carcinogenic
f = mutanogenic
Risc for the environment
G= Bioaccumulative
H = Acute toxic for water organisms.
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Leaching results on tyre shreds under neutral conditions

The results in table A16 and A17 origins from an environmental assesment study on tyre
shreds for the Norwegian National Road Administration. The used leaching method is
CEN/TC292, using distilled water as leaching agent under 24 h in batches. The results are
divided into metals and organic compounds.

Table A 16. Leaching results on tyre shreds (< 40 mm) according to CEN/TC292 for
metals. After Håøya (2002).

Test 1 Test 2 Test 3 Test 4 Test 5
Parameter µg/l mg/kg TS µg/l mg/kg TS µg/l mg/kg TS µg/l mg/kg TS µg/l mg/kg TS

Cd 0.5 <0.005 0.6 0.006 0.5 <0.005 0.5 <0.005 0.5 0.005
Co 5 <0.05 5 <0.05 5 <0.05 5 <0.05 5 <0.05
Cr 5 <0.05 5 <0.05 5 <0.05 5 <0.05 5 <0.05
Cu 5 <0.05 5 <0.05 5 <0.05 5 <0.05 11 0.1
Fe 732 7.3 603 6 444 4.4 497 5 1250 12.5
Mn 61 0.61 71 0.7 84 0.8 73 0.73 85 0.8
Ni 5 <0.05 5 <0.05 5 <0.05 5 <0.05 5 <0.05
Pb 10 <0.10 10 <0.10 10 0.1 10 <0.10 10 <0.10
Zn 134 1.4 212 2.1 196 2 172 1.7 228 2.3
As 1 <0.001 1 <0.001 1 <0.01 1 <0.01 1 <0.01
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Table A17. Leaching results on tyre shreds (< 40 mm) according to CEN/TC292 for organic compounds.
After Håøya (2002).

Test 1 Test 2 Test 3 Test 4
Parameter µg/l mg/kg TS µg/l mg/kg TS µg/l mg/kg TS µg/l mg/kg TS

TOC 5900 58.9 6100 61 5300 53 5900 58.9
4-tertOctylphenol 4.69 0.05 2.07 0.002 2.89 0.03
4-n-Nonylphenol 0.0014 0.0001 0.027 0.0003 0.001 1.001·10-5

Iso-Nonylphenol
(technical)

0.478 0.005 0.467 0.005 0.678 0.007

Bisphenol F 2.52 0.03 2.19 0.02 3.15 0.003
Bisphenol A 5.55 0.06 14.3 0.14 18.6 0.19
Naphthalene 0.02 0.0002

Naphthalene -C1 0.02 <0.0002
Naphthalene -C2 0.02 <0.0002
Naphthalene -C3 0.02 <0.0002

Phenanthrene 0.02 <0.0002
Phenanthrene -C1 0.02 <0.0002
Phenanthrene C2 0.02 <0.0002
Phenanthrene -C3 0.02 <0.0002
Dibenzothiopen 0.02 <0.0002

Dibenzothiophene -C1 0.02 <0.0002
Dibenzothiophene-C2 0.02 <0.0002
Dibenzothiophene -C3 0.02 <0.0002

Benzo(a)anthracene 0.02 <0.0002
Chrysene 0.02 <0.0002

Benzo(b,k)flouranthene 0.02 <0.0002
Benzo(a)pyrene 0.02 <0.0002

Indeno(1,2,3-c,d)pyrene 0.02 <0.0002
Dibenz(a,h)anthracene 0.02 <0.0002

Sum Carcenogenic PAH 0.02 <0.0002
Naphthalene 0.02 0.0002

Acenaphtylene 0.02 0.0002
Fluorene 0.02 0.0002

Acenaphten 0.02 <0.0002
Fenantren 0.02 <0.0002

Anthracene 0.02 <0.0002
Flouranthene 0.02 0.0002

Pyrene 0.02 0.0002
Benzo(g,h,i)perylene 0.02 <0.0002
Sum Remaining PAH 0.3 <0.003
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Leaching results on tyre chips under acidic conditions

Following results origins from studies by the Rubber Manufactures Association (RMA),
Zelibor (1991). The U.S EPA Toxicity Characterisation Leaching Procedure (TCLP) and
.the Extraction Toxicity Procedure (EP TOX) are used on tyre chips (< 1cm). A
comparison and a brief review of the methods are given in table A18. Results from Zelibor
(1991) are given in tables A19 to 22.

Table A18. Method description and comparison between the TCLP procedure and EP
TOX. After Zelibor (1991).

Item EP TOX TCLP
Contaminant type 14 total metals, pesticides, herbicides 35-67 total metals, volatile organics,

semivolatile organics, pesticides,
herbicides, dioxines

Leaching media Distilled deionised water 0.5 N acetic
acid added to leaching solution

(1) Acetat buffer solution, pH 4.93 or
(2) acetic acid solution pH 2.88. An
initial test on the waste determines
which extraction fluid to be used.

Liquid/solid separation 0.45 µm filtration 0.6-0.8 µm glass fiber filter filtration
Monolithic

material/particle size
Structural Integrity Procedure (SIP) or

grinding reduction and milling
Grinding or milling only

Extraction vessels Unspecified design Zero headspace vessels (ZHE) for
volatiles. Bottles used for non-
volatiles. Blade stirrer not used.

Agitation Blade/stirrer vessel acceptable or
rotary and-over-end

Rotary agitation only in an end-over-
end at 30 ±2 rpm

Extraction time 24 h 18 h
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Table A19. Metals – TCLP-method on tyre chips (<1 cm). After Zelibor (1991).
Sample ID Arsenic

[mg/l]
Barium
[mg/l]

Chromium
[mg/l

Lead
[mg/l

Mercury
[mg/l

Cured tyre samples
1 0.083 0.048 * 0.0002
2 0.065 0.026 0.016 *
3 0.150 0.012 0.009 *
4 * 0.035 0.014 *
5 0.570 0.037 0.002 0.0004
6 0.590 0.025 0.002 *
7 0.021 0.047 0.016 *

Cured and uncured samples
3a * 0.150 0.012 0.009 *
3b * 0.072 0.023 0.008 *
5a * 0.570 * * 0.0004
5b 0.002 0.036 0.025 0.005 *

Regulated limit 5.0 100.0 5.0 5.0 0.20
Minimum detection limit 0.001 0.01 0.01 0.002 0.0002

* Under detection limit

Table A20. Volatile and semi-volatile organics – TCLP-method on tyre chips (<1 cm).
After Zelibor (1991).

Sample I.D Carbondisulfide
[mg/l]

Methyl Ethyl Ketone
[mg/l]

Toulene
[mg/l]

Phenol
[mg/l]

Cured tyre products
1 0.034 * 0.011 0.013
2 0.035 * 0.007 0.010
3 0.067 0.021 0.050 *
4 0.017 * 0.010 0.022
5 * * 0.190 0.046
6 * * * 0.045
7 * * 0.020 *

Cured and uncured tyre products
3a 0.067 0.021 0.050 *
3b 0.012 * 0.017 *
5a * * 0.190 0.046
5b * * 0.120 0.050

Regulatory limits 14.4 7.2 14.4 14.4
Minimum detection limits 0.005 0.1 0.005 0.001

* Under detection limit
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Table A21. Cured and uncured tyre products- Semi-volatiles and metals – TCLP-method
on tyre chips (<1 cm). After Zelibor (1991).

Sample I.D. Phenol Barium Chromium Lead Mercury
3a * 0.150 0.012 0.009 *
3b 0.040 0.0140 * 0.010 *
5a 0.046 0.570 0.037 * 0.004
5b 0.050 0.020 * * *

Regulatory limits 14.4 100 5.0 5.0 0.20
Minimum detection limits 0.01 0.01 0.01 0.002 0.0002

* Under detection limit

Table A22. Cured and uncured tyre samples TCPL and EP TOX-methods on tyre chips (<1
cm). After Zelibor (1991).

Sample I.D. Barium Chromium Lead Mercury
3a 0.150 0.012 0.009 *
3d 0.073 * 0.016 *
3e 0.041 * 0.03 *
5a 0.570 0.037 0.002 0.0004
5d * * 0.005 *
5e * * 0.004 *

Regulatory limits 100 5.0 5.0 0.20
Minimum detection limits 0.01 0.01 0.02 0.0002

* Under detection limit
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