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PREFACE
Tyre shreds is a potential material in geotechnical engineering. If a rubber product with 
similar properties as tyre rubber were produced especially for civil engineering 
applications it would be too expensive to use as fill material. In this sense tyre shreds 
should be regarded as an exclusive material. The properties of tyre shreds open up new 
possibilities in geotechnical engineering applications. Features, at first sight limiting the 
use, have been discovered to create new uses. Working with tyre shreds as construction 
material is multi disciplinary since it covers both technical and environmental aspects.  

This work has been granted by Svensk Däckåtervinning AB (SDAB), Ragn-Sells AB, 
NCC, The Swedish National Road Administration, Development Fund of the Swedish 
Construction Industry (SBUF) and Luleå University of Technology.

Beside my work there has been several persons involved in the process to whom I want to 
express my gratitude to: Professor Sven Knutsson who, my head supervisor, convinced me 
that PhD-studies was a better task for me than continuing my previous career. Assistant 
Professor, PhD. Bo Westerberg who besides being my co-supervisor, co-author and my 
main support in this work also performed the initial study on tyre shreds on our division 
and thus formed a basis for my research. The companions on Ecoloop AB; PhD. Josef 
Mácsik who has served as a good discussion partner, commented my work and inspired 
me, Lic. Eng. Bo Svedberg who has an open mind on environmental aspects and PhD. Erik 
Kärrman who knows the power of environmental system analysis tool. Lars Åman, SDAB 
and Ulf Håkansson, Ragn-Sells AB, whom sees the possibilities in a long-term work and 
not only in temporary investigations. Finally the staff at the Division that always have been 
helpful to assist to sort problem out and to contribute with experience.

Behind every successful man where is a successful woman. If it wasn’t for the support and 
understanding from my beloved fiancée Pia, without I probably never would had been able 
to do this work.  

Tommy Edeskär 
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ABSTRACT
End-of-life tyres are a disposal problem regarding the large volumes produced every year. 
Tyre shreds are primarily produced to reduce the transportation volumes of end-of-life 
tyres after collection. Within the European Union, there is a ban for landfilling tyre 
material in order to reduce the total landfilling volumes and to encourage recycling 
measures. Until recently the main disposal option has been energy recovery in industrial 
processes. However, legislation acts has recently been taken in the European Union to 
encourage recycling and recovery of end-of-life-tyres and re-use of tyre materials in 
construction works is listed as one disposal option. 

Tyre shreds possess interesting technical properties that could be beneficially used in civil 
engineering applications. Some characteristic properties of tyre shred materials are the low 
density, high elasticity, low stiffness, high drainage capacity and high thermal insulation 
capacity. These properties open up possibilities for utilisation of the material in an 
innovative manner.  

The overall aim of this thesis work has been to describe and evaluate tyre shreds as a civil 
engineering construction material from environmental and technical point of view. The 
thesis work has included laboratory tests and full scale field tests to investigate technical 
and environmental properties of tyre shreds and to investigate the tyre shred material 
behaviour in a real road construction. Furthermore, the state-of-the-art knowledge in the 
area has also been analysed and presented. 

In the laboratory studies technical properties focused on compaction and compression 
behaviour of tyre shreds have been investigated. In a field study of a built road, tyre shreds 
has been tested and evaluated, during four years, as lightweight fill and frost insulation 
material. Environmental properties of tyre shreds, mainly leaching characteristics, have 
been studied in laboratory tests and monitored in two full scale field tests.  

Based on the results in the laboratory studies a model is proposed for evaluation of stress-
strain properties and prediction of compression behaviour. Recommendations for 
construction works and pavement design are suggested based on the road construction field 
study results. 

Conclusions regarding the studied leaching properties of tyre shreds, based on the 
laboratory tests and the field monitoring, are that zinc and iron are the metals mainly 
released and that the release of the studied organic compounds, i.e. PAH and phenols, are 
low. From an environmental point-of-view focus should be moved from PAH-compounds 
towards other compounds that are more interesting from mobility perspective and lack of 
knowledge. It is concluded from this thesis work that PAH is not a pollution problem in the 
area of use of tyre material covered by this work. 

Applications where tyre shreds have been successfully utilised as construction material, are 
e.g. as draining layers in landfills and as material in trotting tracks and paddocks. The 
utilisation of the material in trotting tracks and paddocks is especially interesting since the 
unique elasticity of the material is utilised. The potential of utilising tyre shreds in civil 
engineering construction is big. Since the available amounts of material is limited there is a 
possibility to direct the use of tyre shreds to the most favourable applications of tyre shreds 
and still solve the disposal problem of end-of-life tyres. 
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SAMMANFATTNING
Uttjänta däck är ett avsättningsproblem avseende de stora volymerna som produceras varje 
år. Däckklipp produceras främst med avseende på att reducera transportvolymen av 
insamlade däck. Inom EU har det införts ett förbud mot att deponera däck och däckklipp 
för att dels reducera den totala volymen avfall som deponeras och dels för att uppmuntra 
återvinning av däckmaterial. Den huvudsakliga avsättningen för uttjänta däck har fram tills 
nu varit energiåtervinning, främst inom cementindustrin. 

Däckklipp har intressanta tekniska egenskaper som fördelaktigt kan utnyttjas i 
anläggningstekniska tillämpningar. Karakteristiska egenskaper för däckklipp är låg 
densitet, hög elasticitet, låg styvhet, hög dränerande och hög värmeisolerande förmåga. 
Kombinationen av dessa egenskaper möjliggör tekniskt innovativa lösningar inom 
anläggningsbyggande.

Det övergripande syftet med avhandlingen har varit att beskriva och utvärdera däckklipp 
som ett anläggningsmaterial ur både teknisk och miljömässig synvinkel. Arbetet har 
inkluderat både laboratorie- och fullskaleförsök för att utreda tekniska, miljö- och 
anläggningstekniska egenskaper. Vidare har det aktuella kunskapsläget om däckklipp som 
anläggningsmaterial utvärderats och presenterats. 

I laboratorieförsök har tekniska egenskaper med fokus mot packnings- och 
kompressionsegenskaper för däckklipp undersökts. I ett fältförsök har en vägkonstruktion 
med däckklipp som lättfyllnads- och tjälisoleringsmaterial byggts och utvärderats under 
fyra år. I laboratorieförsök har lakningsegenskaper för däckmaterial och 
miljöövervakningsprogram för tre olika konstruktioner utvärderats. 

Baserat på laboratoriestudier har en utvärderingsmodell för spännings-töjningsegenskaper 
och beräkning av kompression föreslagits. Rekommendationer för anläggningsteknik och 
vägdimensionering presenteras baserat på utvärderingen av vägkonstruktionen. 

Slutsatser baserat på lakningsstudierna i laboratoriemiljö och utvärderingen av 
miljöövervakningsprogrammen för fältkonstruktionerna är att de metaller som främst lakar 
ut är zink och järn och att lakningen av de studerade organiska föreningarna, d.v.s. PAH 
och fenoler, är låg. Från ett miljöperspektiv bör fokus flyttas från PAH mot organiska 
föreningar som har hög mobilitet och där kunskapsläget är lågt. Slutsatsen i detta arbete är 
att PAH-föreningar inte utgör ett föroreningsspridningsproblem för konstruktioner med 
däckklipp.

Tillämpningar där däckklipp framgångsrikt har använts som konstruktionsmaterial är t.ex. i 
dräneringslager i deponier, i travbanor, och i paddockar. Användningen av däckklipp i 
travbanor och paddockar är särskilt intressant eftersom belastningen på hästarnas ligament 
kan minskas. 

Potentialen att använda däckklipp som ett anläggningsmaterial är stor. Eftersom tillgången 
är begränsad finns det en möjlighet att styra användningen till de lösningar där materialet 
används optimalt, både tekniskt och miljömässigt, och ändå avsätta all tillgänglig volym 
uttjänta däck. 
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1 INTRODUCTION

1.1 Background

End-of-life tyres have become a voluminous problem. Only in Europe 2 000 000 tons of 
end-of-life tyres are generated each year and these need to be recycled or disposed, 
ETRMA (2006a). Besides the on-going generation of new end-of-life tyres there are in 
many countries historical stockpiles that need to be taken care of in order to reduce the risk 
of fire and environmental concern from leachate in stockpiles. In figure 1.1 it is shown the 
recovered end-of-life tyres, including historical stockpiles, in the EU and Japan year 2004 
and the U.S. 2003.
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Figure 1.1.  Recovered end-of-life tyres within the EU and Japan year 2004 and in the 
U.S 2003, ETRMA (2006b). 

Pehaps the easiest way of dispose tyres is by landfilling. Tyres are however not suitable for 
landfilling since the volumes are large, rubber almost non-degradable and possess a large 
energy value that aggravates landfill fires. This growing disposal problem has been noticed 
by the environmental authorities in a number of countries and legislation acts has been 
taken to encourage other disposal options than landfilling, e.g. by banning tyre material on 
landfills within the European Community, Eur-Lex (1999). The intention of the legislation 
is to encourage Best Management Practices (BMP) for the reuse of end-of life-tyres and to 
reduce the occupation of valuable deposit space in the landfills by tyre shreds. This 
strategy is also used in other parts of the world, e.g. individual states in the USA, USEPA 
(2006). Tyres as a disposal problem have also been discussed within the United Nations 
Environmental Programme (UNEP), resulting in technical guidelines for BMP of scrap 
tyres, UNEP (2002). Among the listed options in the technical guidelines is use of tyre 
shreds as construction material listed. 

Re-use of end-of-life tyres has been utilised ever since rubber tyres were invented, e.g. as 
bumpers in harbours, shoe soles in under developed countries and as swings on 
playgrounds for children. Common large-scale disposal options, besides using tyre shreds 
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or whole tyres as construction material and landfillling, are energy recovery in e.g. the 
cement industry or incineration. These options will always serve as alternatives to other 
use but are limited in incineration capacity and transportation costs. 

The use of tyre shreds in construction work has been tested since the 1980’s, mainly as a 
road insulation material, lightweight fill material and as drainage layers in landfills, e.g. 
MPCA (1990), Manion and Humphrey (1992). The experiences showed that the use of tyre 
shreds were beneficial from engineering and economical aspects and that the leaching, 
based on the studied elements and compounds, is a minor problem.  

Based on the positive experiences, mainly from the U.S.A. and Canada and the 
encouraging regulations towards alternative disposal options, tyre shreds as construction 
material could be of interest in Europe including Sweden as well. At the start of this thesis 
work in 2001 there were three minor projects in Sweden where tyre shreds had been 
utilised. Two of these were technically successful. To establish design and construction 
practices this research project was formed. There was a need to further investigate 
technical and environmental properties like stress-strain relations, stiffness and shear 
strength, the leaching properties and the environmental issues and gain more experience 
from field applications.  
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2 SCOPE AND DELIMITATIONS OF THIS THESIS 

2.1 Scope of the thesis work 

The overall aim of this thesis is to: 
Describe and evaluate tyre shreds as a civil engineering construction material. 

The main objectives of the thesis work are to: 
Describe and evaluate technical properties of tyre shreds from a civil engineering 
point of view. 
Describe and evaluate environmental properties of tyres shreds and identify 
environmental concerns regarding use of tyre shreds as construction material. 
Identify beneficial use and limitations in applications of the use of tyre shreds. 

The methodology to fulfil the objectives of the thesis work is to: 
Identify, analyse and present the state-of-the-art knowledge in the area of focus. 
Conduct laboratory and field tests to further investigate the technical and 
environmental properties. A laboratory and field compaction-compressibility study. 
Laboratory and field studies of environmental (leaching) properties.  
Investigate tyre shred as a construction material by using it as a construction layer 
in a new road construction. 

For the new road construction the aim of the work using tyre shreds as a construction layer 
is to: a) Gain experience in using the material. b) Study the functionality from a thermal 
insulation perspective. c) Study how to design the superstructure of the road in order to 
limit the implications of the elastic properties and low stiffness of the material. The 
objective with the test section is to perform measurements and evaluations of deformations 
of the tyre shred layer, temperatures and position of freezing/thawing front, the stiffness of 
the construction as well as leachate.  

The aim of the compaction-compressibility study is to: a) Study the effect of compaction 
work on the compressibility of tyre shreds, b) Evaluate the compression results by using 
compression modulus and c) Compare the laboratory results with field tests. 

The aim of the environmental studies is to a) Identify potential hazardous compounds in 
tyre shreds, b) Study the laboratory leaching properties of these compounds and c) 
Compare the laboratory leaching results with monitoring data from field tests. 

The study is focused on earth works in civil engineering applications. 

2.2 Delimitations 

The delimitations of this thesis work are to study the use of shredded tyres as fill material 
without being mixed with other materials such as soil or concrete. The economical and 
legislative aspects are not discussed in detail since it is not the focus of the study and the 
conditions are different in different countries and are in change. Tyre shreds in this thesis 
refers to fragmented tyre material in sizes ranging from 30×30 mm2 to 100×300 mm2. The 
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literature references included are limited to material published in English, Norwegian and 
Swedish language. 

2.3 Components of publications of the thesis work 

The components of this thesis work are illustrated in figure 2.1, and consists of this 
summary, one technical report , three submitted journal papers (numbered I, II, III,) and 
three published conference papers (IV, V, VI). The three journal papers (I-III) cover most 
of the contents published in three conference papers. 

Figure 2.1  Components of publications of the thesis.  

Apart from these six papers and one report, parts of the thesis work were published in a 
research report, Edeskär (2004a), and in popular scientific publications; Westerberg and 
Edeskär (2001), Edeskär and Svedberg (2004), Edeskär et al. (2005). The main reason for 
the popular publications was to increase knowledge about the material and describe how it 
can be used in different constructions. This can also be regarded as a step of implementing 
research in practise. The research results have orally been presented at international and 
national scientific seminars/conferences. After about half time in the research project the 
work was presented in a licentiate thesis, Edeskär (2004b), in Swedish language. 
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Below is given a short description of the content of the work of the listed report and the 
listed papers (I-VI). 

Report:
”Technical and Environmental Properties of Tyre Shreds Focusing on Ground 
Engineering Applications”.
A state-of-the-art literature review regarding tyre shreds as a construction material. 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. 

Paper I 
“Effect of compaction work on compressibility of tyre shreds”.
A laboratory and field investigation of the effect of compaction work on subsequent 
compressibility and stiffness of tyre shreds. In the laboratory study different proctor 
compaction energies are used for compaction of tyre shreds followed by subsequent 
confined compression tests. In the field tests the stiffness obtained after conventional 
compaction technique is investigated by static plate load tests. 

Paper II 
“Leaching properties of tyre shreds in laboratory tests and field constructions”.
Leaching properties of tyre shred material are investigated in laboratory tests and in field 
by monitoring of full scale tests. Selected target elements and compounds (metals, 
polycyclic aromatic hydrocarbons and phenols) that may have a negative effect on the 
environment are analysed in the leachate. The leaching concentrations are compared with 
water quality guidelines.

Paper III 
“Tyre shreds used in capping layer in a road construction”.
As a part of a new (re-built) road a 200 m test section with tyre shred as capping layer was 
constructed. In the project it was included to design the road construction in order to fulfil 
the stated design criteria considering allowed strains. Technical (stiffness, deformations, 
temperatures) and environmental (leaching) properties are monitored for the final 
construction. The test section is evaluated to investigate the suitability of using tyre shreds 
as light weight embankment fill and frost insulation material in a road construction. 

Paper IV 
“Tyre shreds used in a road construction as a lightweight and frost insulation material”.
An early report of the road construction project, reported later in paper III, focusing on 
design and construction aspects.

Paper V
“Leaching of phenols from tire shreds in a noise barrier”.
A large light fill noise barrier along a highway has been constructed of tyre shreds. An 
extensive field monitoring program of the noise barrier is conducted to study leaching 
properties focusing on phenols. Laboratory leaching tests results are compared with fields 
test results. 
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Paper VI 
”Gummiklipp som tjälisolering i skyddslager i en vägkonstruktion” (in Swedish). 
An early report of the road construction project, reported later in paper III, focusing on 
construction work and active design aspects in the early stages of the construction work, 
i.e. before the wearing course and base course were constructed. 

2.4 Outline of the summary 

The outline of this summary of the thesis work is illustrated in figure 2.2. The engineering 
properties are discussed on basis on own results and a supplementing summary of other 
studies. Some of the discussed engineering properties are not explicitly studied in the own 
work and are thus completely based on other studies. The environmental properties are 
primarily discussed on basis of own results. In order to cover aspects not included in the 
own work other studies are supplementary reviewed. Important references published the 
last two years, i.e. after the state-of-the-art report was finished, are also included. On the 
basis of the engineering properties, environmental properties and own experiences the Best 
Management Practise is discussed on a selection of applications. In the discussion 
economical and legislative aspects are also briefly covered. 

All figures in this summary are based on own studies and material if not otherwise stated. 

Figure 2.2.  Outline of the summary of the thesis work.  
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3 TYRE SHREDS 

Tyre shreds are fragmented end-of-life tyres, mainly from passenger cars but also from 
heavy vehicles. The fragmentation is performed by a shredder. Primarily tyres are shredded 
for volume reduction before transportation to recovery or disposal processes. The size of 
the individual shreds is controlled by sieving and re-shredding of coarse shreds. The first 
pass results in 100-300 mm large tyre shreds, the second pass results in 100-150 mm and 
finer tyre shreds are re-processed until the material passes the desired sieve size. The result 
is disc shaped tyre shreds with protruding steel cord. Smaller tyre shreds have relatively 
more protruding steel cord compared to coarser fractions, figure 3.1.  

Figure 3.1.  Different sizes of tyre shreds. 

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. In table 3.1 the suggested European 
standard nomenclature and the established standard nomenclature in the USA are given.  

Table 3.1 Designations for different sizes of processed tyres in Europe, Post-consumer tyre 
materials, CEN (2004), and in the USA, ASTM (1998). 
prEN 14243:2004 (Europe) ASTM D 6270-98 (USA) 
Designation Size Designation Size 
Fine powder <500 m Granulated 425 m–12 mm 
Powder <1 mm Ground rubber 425 m–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
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4 TECHNICAL PROPERTIES 

4.1 Introduction 

Technical properties, i.e. engineering properties, have mainly been investigated by using 
geotechnical engineering testing methods. There are some important basic differences 
between soil material and tyre shreds that must be considered. Individual tyre shreds are in 
general larger than maximum allowed sizes in standard geotechnical tests, the 
compressibility of tyre shreds is larger resulting in deformations out of range of 
standardized test methods and protruding steel cord may cause puncturing of membranes 
used in e.g. triaxial tests etc. 

The presentation and discussion in this chapter is based on the results from paper I and III, 
IV, VI and the state-of-the-art report. In order to review the most interesting technical 
properties of the tyre shreds from a civil engineering point of view, some discussed 
engineering properties are completely based on other studies. References are frequently 
given to distinguish between results obtained in this work and others work.

For the properties presented in this chapter are in general characteristic values given at a 
vertical stress of 0 kPa or/and 40 kPa. Beside stress dependence most of these basic 
properties are also affected by initial compaction work. The technical properties are thus 
also, where suitable, discussed based on if the initial compaction states are Loose Fill (LF), 
Standard Proctor compaction (SP) or Modified Standard Proctor compaction (MP). 

4.2 Density

The compact density, i.e. the grain density of the individual tyre shreds, of tyre shreds 
ranges from 1.08-1.27 t/m3, Paper I, Humphrey et al. (1993), Yang et al. (2002), and Moo-
Young et al. (2003). The difference in results reflect the different compositions of the tyres 
by the manufacturers and the origin of the tyre shred on the tyre, i.e. tread or carcass. Tyre 
shreds with high content of steel cord have higher compact density compared to those with 
higher amounts of rubber and textile fabrics. The compact density is slightly higher than 
the density of water and thus tyre shreds will sink if placed into water. 

The bulk density of the tyre shreds investigated in this thesis work ranges from 420 kg/m3

to 980 kg/m3 in the stress interval 0-400 kPa, Paper I. Results of other studies show similar 
values, 450 to 990 kg/m3 in the stress range 0-400 kPa, e.g. Humphrey et al. (1992) and 
Westerberg and Mácsik (2001). At no vertical stress the bulk density ranges from 420 
kg/m3 at loose fill to 670 kg/m3 after Modified Proctor compaction. At 40 kPa vertical 
stress the density of loose fill is 600 kg/m3 and for Modified Proctor compaction 770 
kg/m3. All results obtained from confined compression tests. The bulk density in fills of 
small tyre shreds (50-75 mm) is about 10 % higher compared to large tyre shreds (100-300 
mm), Moo-Young et al. (2003). Tyre shred fills subjected to stress will experience creep 
settlements, Humphrey et al. (1992), Heimdahl and Drescher (1998). Long-term creep has 
been observed for 400 days in both constrained and unconstrained fills subjected to static 
load. After 400 days the creep strains were about 5 %.
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The water content and the origin of tyres have minor effect on tyre shred bulk density. The 
maximum water content in tyre shreds after been submerged into water is ranging between 
1.9-5.3 %, Humphrey et al. (1992) and AB-Malek and Stevensson (1986). Considering the 
high porosity of tyre shreds and the high permeability only small amounts of remaining 
water in the voids will be retained if a tyre shred fill is under free draining conditions. 
There are small manufacturing differences of tyres, e.g. the use of steel belt or glass belt, 
which results in some difference in density of the tyre shreds. However, the small 
differences in compact density will have small or insignificant effect on the in-situ bulk 
density.

To sum up major influencing factors on the bulk density of tyre shred fill are stress, initial 
state (compaction energy), tyre shred size at low vertical stress and time (creep). Minor 
influence factors are: Tyre shred size at high vertical stresses and water content. The most 
important factor for the bulk density is the stress acting. The effect of subjected vertical 
stress on density of tyre shreds in confined compression at different compaction energies 
are given in figure 4.1, Paper I. 
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Figure 4.1.  The effect of stress on bulk density for different initial compaction energy 
levels, Loose Fill (LF), Standard Proctor (SP) and Modified Proctor (MP) under confined 
compression of 50×50 mm2 tyre shreds, Paper I. 

4.3 Porosity and void ratio 

The porosity is high for tyre shreds. Initial (at 0 kPa) porosity varied between 62 % for 
loose fill conditions and 45 % after Modified Proctor compaction, Paper I. At 40 kPa 
vertical stress the porosity is 50 % for the initial condition loose fill and 38 % for Modified 
Proctor compaction. At higher stresses (400 kPa) the porosity was 22 % for Modified 
Proctor as initial condition. Measurement show that the volume of the individual tyre shred 
aggregates are unaffected by the compression for stresses up to 400 kPa. This result 
confirms that it is possible to use confined compression data from different tyre shred sizes 
in this stress interval as an indicator of how size affects the porosity. 
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Instead of using porosity it is more convenient to use void ratio for description of changes 
in pore volume. The effect on void ratio of stress is shown in figure 4.2. The initial 
differences in void ratios are reduced as stress increases and at higher stresses, here above 
300 kPa, the void ratio is approaching to a residual value, approximately 0.28 (22 % 
porosity).
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Figure 4.2.  Stress-void ratio relationship for different compaction energies; Loose Fill 
(LF), Standard Proctor (SP) and Modified Proctor (MP) under confined compression of  
50×50 mm2 tyre shreds, Paper I. 

The influence of tyre shred size on void ratio and porosity at different stress levels is 
shown in figure 4.3 and 4.4. The void ratio and porosity in the figures are calculated based 
on data from Moo-Young et al. (2003). As seen in figure 4.3, the reduction in void ratio is 
generally higher for larger tyre shreds compared to smaller. The figure 4.4 shows that a 
minimum porosity is achieved for the tyre shred sizes ranging from 50 to 200 mm. The 
tyre shred fraction 50-100 mm has the lowest porosity for no vertical stress and tyre shreds 
ranging from 100 to 200 mm for higher stresses in the studied stress in this work. 
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Figure 4.3.  Influence of size on void ratio under confined compression after Modified 
Proctor compaction. Based on laboratory data from Moo-Young et al (2003). 
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Figure 4.4.  Influence of size on porosity under confined compression after Modified 
Proctor compaction. Based on laboratory data from Moo-Young et al (2003). 

Identified major factors that affect the porosity and void ratio are applied stresses, initial 
conditions (compaction energy level) and tyre shred size.

4.4 Permeability

The permeability, i.e. the hydraulic conductivity, for tyre shreds is high compared to soil 
materials. Independently of size and confining stress, the tyre shreds permeability is at 
least >10-2 m/s up to 400 kPa confining stress, Humphrey et al. (1992) and Bresette (1994). 
At 1 MPa confining stress, resulting in 65 % vertical strain the permeability is 10-4 m/s, 
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Reddy and Saichek (1998a). The influence of tyre shred size and of vertical stress is too 
small to take notice of for most construction purposes.  

4.5 Compression 

4.5.1 Behaviour and prediction 
Tyre shreds is a highly compressible material. Major factors affecting the compressibility 
are stress, compaction energy and reloading (permanent deformations after unloading). In 
figure 4.5 stress-strain relationships are presented for tyre shred subjected to the different 
compaction energies Loose Fill (LF), Standard Proctor (SP) and Modified Proctor (MP).  
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Figure 4.5.  Stress-strain relationship for 50×50 mm2 tyre shreds for the initial 
compaction energy levels Loose Fill (LF), Standard Proctor (SP) and Modified Proctor 
(MP), Paper I. 

The influence of compaction energy on subsequent stress-strain behaviour was described 
in paper I. In between loose fill (LF) and Modified Proctor (MP) compaction, as initial 
compaction state, the vertical compression at 40 kPa is ranging from 13 % to 30 %, a 
reduction of approximately 50 %. The highest compaction energy, here represented by 
Modified Proctor (MP), results in the smallest strains in the tests. However, most of the 
reduction of strains is achieved at the lowest compacted energy level in the study, 60% 
Standard Proctor, see paper I. Loading and unloading results in permanent strain. Similar 
results are reported in other studies, e.g. Manion and Humphrey (1992), Edil and Bosscher 
(1992), Humphrey et al. (1992), Ahmed and Lovell (1993), Humphrey and Sandford 
(1993), Cecich et al. (1996), Bosscher et al. (1997) and Moo-Young et al. (2003). These 
studies do not compare the effect of different compactions energies on subsequent static 
loading. Findings in these studies, which are not covered in Paper I, are that loading, 
unloading and reloading in the tests result in plastic strains and increased stiffness. Smaller 
tyre shreds have a stiffer initial stress-strain response compared to larger and the 
compressibility increases with increasing size of tyre shreds. 
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In paper I a technique is proposed to evaluate compression modulus and predict 
compression. By defining a limit stress L by Casagrande’s method, two different 
compression modulus are defined. At stresses < L the compression modulus is expressed 
as a linear function of stress. At stresses higher than L the compression modulus is 
evaluated as in oedometer tests for fine-grained soils, i.e. by a logarithmic linearization. 
This evaluation technique results in a prediction of the strains within the variation of the 
three individual tests for all investigated compaction energies including loose fill.  

Further studies of compression properties should focus on influence of large tyre shred size 
and creep deformations.  

4.5.2 Stiffness (tangent modulus) 
The stress-strain behaviour shows that the stiffness (tangent modulus) increases as the 
stress increases. This is valid for all the compression tests performed and presented in 
Paper I. The stiffness increases with increasing compaction work, figure 4.6, but for higher 
stresses the difference becomes small. At 40 kPa the tangent stiffness modulus ranges 
between 340 kPa, for tyre shreds at loose fill condition, to 670 kPa, for tyre shreds after 
Modified Proctor compaction. 
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Figure 4.6.  Constrained tangent stiffness modulus evaluated from large scale 
compression tests, Paper I. 

The effect of tyre shred size on stiffness is unclear. The constrained tangent modulus 
increase with increased tyre shred size (31-76) at 110 kPa stress but when recalculated by 
using the measured Poisson’s ratio in the tests to Young’s modulus the tyre shred size does 
not seem to affect the stiffness, Humphrey and Sandford 1993. Heimdahl and Drescher 
(1999) found that the stiffness modulus is dependent on loading direction in a fill. The 
stiffness moduli at vertical load were approximately three times higher compared to the 
stiffness modulus at horizontal load. 

In road constructions the stiffness can be back calculated by falling weight deflectometer 
(FWD) tests. In the evaluated road construction reported in Paper III the stiffness was 
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evaluated by FWD and the stiffness modulus were back calculated. The estimated tyre 
shred layer stiffness varied between 0.47–2.7 MPa depending on test section and location 
on the road surface. This value is in the same range as those presented in figure 4.6. 

Identified factors that affect the stiffness are the same factors that affect the stress-strain 
behaviour (compaction energy level and loading history) since the stiffness is evaluated 
from these tests. However, the influence of larger sizes of tyre shreds on stiffness is 
unclear. However, it is also not well investigated.

4.6 Poissons’s ratio 

The Poisson’s ratio has been determined in several studies using different techniques e.g. 
triaxial tests and back calculation from stress measurements in confined compression tests, 
Humphrey et al. (1992), Manion and Humphrey (1992), Newcomb and Drescher (1994), 
and Yang et al. (2002). In these studies Poissons’s ratio is ranging from 0.17-0.45. Most of 
the results, including the triaxal test are ranging from 0.27-0.30. Yang et al. (2002) found 
no correlation between Poisson’s ratio and stress within the studied stress interval (0-60 
kPa). The difference in results is due to different laboratory methodologies and the effect 
of increasing creep, decreases the Poisson’s ratio.  

4.7 Shear strength 

Shear strength has been tested and determined on tyre shreds in several studies, e.g. Benda 
(1995), Ahmed (1993), Masad et al. (1996), Wu et al. (1997), Lee et al. (1999), Yang et al. 
(2002) and Moo-Young et al. (2003). In results from direct shear tests the stress-
displacement curves are non-linear with no well defined peak stress maximum. For 
evaluation purposes the shear strength must be evaluated with a deformation criterion, e.g. 
10 % deformation. A compilation of the results given in the state-of the art-report is 
presented in figure 4.7.
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Figure 4.7.  Shear stress versus normal stress at different deformations. Data from studies 
by Humphrey and Sandford (1993), Cecich et al. (1996), Yang et al. (2002) and Edinçliler 
et al. (2004).

The Mohr-Coulomb failure criterion directly applied to the data in figure 4.7 gives the 
Mohr-Coulomb parameters cohesion (c) and friction angle (ø). These parameters are given 
in table 4.1. In general the mobilised shear stress in the material increases with increasing 
deformation. As seen in figure 4.8 the friction angle increases possibly approximately 
linearly up to 20 % of deformation and after that it remains approximately constant up to 
30 % horizontal deformation. Yang et al. (2002) observed compression during shearing for 
all test specimens, except for one, up to 16 % to 21 % followed by dilatation. At 20 % to 
30 % deformation is the void ratio close to the residual void ratio, discussed in section 4.3.
The friction angle of rubber-rubber interaction between two plane surfaces is 39 , Yang et 
al. (2002), which is approximately the value of friction angle in the deformation interval 20 
% to 30 %. Thus it is reasonable to assume that the shearing of the material results in 
compression of the voids of the material up to at approximately 20 % deformation. 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 and thus is the residual friction angle at 
deformations above approximately 20 % is higher than 39º, as seen in figure 4.8. 

Table 4.1.  Evaluation of the compiled shear strength data in figure 4.7 by Mohr-
Coulomb failure criteria. 

Failure criteria Friction angle 
[º] 

Cohesion intercept 
[kPa]

Number of data points 

10 % deformation 23.1 7 21 
15 % deformation 26.5 7 3 
20 % deformation 38.5 11 5 
30 % deformation 40.7 17 6 
Min. volume 41.7 0 6 
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Figure 4.8. Friction angle versus deformation based on the evaluated friction angles in 
table 4.1. 

Factors found to affect the shear strength are the normal stress level, and the evaluation 
criteria. Since compaction of tyre shreds have a compression effect on tyre shreds it is 
reasonable to assume that compaction increases the shear strength. Increased tyre shred 
size increases the shear strength, Moo-Young et al. (2003). Increased normal stress, at 
shearing, increases the shear strength. 

4.8 Thermal insulation properties 

The thermal conductivity of tyre shreds have been investigated in laboratory tests, Shao 
and Zarling (1995) and Humphrey et al. (1997a), and has been back calculated from the 
field tests based on temperature data and frost front measurements, Paper III Humphrey et 
al. (1997a), Lawrence et al. (1999). In the state-of-the-art report is the specific heat 
capacity for dry tyre shreds is estimated to be 1470 kJ/kg,K based on the tyre shred 
composition of rubber and steel cord.  

In laboratory studies the obtained thermal conductivity ranges from 0.19-0.32 W/m,K, 
Shao and Zarling (1995) and Humphrey et al. (1997a). The thermal conductivity decreases 
as the stress increases, probably due to less heat transfer by convection in the voids, figure 
4.9. The increase in thermal conductivity caused by moisture (wetted tyre shreds under free 
draining conditions) was at average 6 %. Frozen samples have about 10 % higher thermal 
conductivity compared to not frozen. The water content, stress and tyre shred size have a 
minor influence on the thermal conductivity. The low influence of water content is due to 
the high draining capacity. 
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Figure 4.9. The influence of stress and size on thermal conductivity of tyre shreds. After 
Humphrey et al. (1997a). 

In the field study of the road construction the thermal conductivity has been calculated to 
0.15-0.19 W/m,K based on three years monitoring of temperature and frost penetration, 
Paper III. Similar results are reported by Lawrence et al. (1999) and Humphrey et al. 
(1997a).

4.9 Lateral stress 

The lateral stress, i.e. the earth pressure, has been investigated theoretically by Cecich et al. 
(1996), in laboratory tests by Tweedie et al. (1998) and in full-scale field test by Humphrey 
et al. (1997b). Applying classical earth pressure theory on tyre shreds, results in low 
theoretical earth pressure at at-rest and at active conditions compared to soil material due 
to the low bulk density and high friction angle. Measurements of lateral stress under at 
rest-condition show that the coefficient of lateral pressure, K0, is decreasing by depth, 
Tweedie et al. (1998), thus indicating an increasing friction angle with depth. For a 
granular fill the coefficient is approximately constant. Loading and unloading upon a tyre 
shred fill (here 40 kPa) did not increase/or decrease the lateral stress. In the analysis it was 
concluded that true active conditions, i.e. full mobilised shear strength in the tyre shred fill, 
were not accomplished within reasonable deformation of the retaining structure. Thus is 
the lateral stress conditions within the tyre shred fill in between at-rest conditions and 
active conditions. Tweedie et al. (1998) concludes that the earth pressure coefficient for 
tyre shreds is decreasing as the deformation increases. This is supported by the presented 
results of the shear strength in section 4.7. The friction angle increases by increasing stress, 
here by applied vertical load and by increasing depth, and by increasing deformation up, to 
20 % deformation, which will result in decreasing earth pressure coefficients. For design 
purposes Tweedie et al (1998) recommends the empirical coefficient for active pressure 
Ka=0.25 for maximum 4 m thick tyre shred fills if classical earth pressure theory is 
adapted. This corresponds to a friction angle of 36.9º. This is equal to the friction angle of 
20 to 30 % deformation.  
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The lateral stress distribution in the test and estimated lateral stress from a granular soil fill 
(ø´=38º and =2.2 t/m3) at active and at rest conditions are shown in figure 4.10. The 
active conditions is equivalent to 10 % horizontal deformation.  
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Figure 4.10.  Example of experimental lateral stress distribution in a tyre shred fill at 40 
kPa load compared with the theoretical lateral stress of a granular soil under at-rest and 
active conditions. After Tweedie et al. (1998).

4.10 Compaction properties 

Effect of laboratory and field compaction on tyre shreds have been reported in Paper I. 
Compaction increases the density, stiffness and reduces the compressibility of tyre shreds. 
In section 4.7 it is concluded that the increased stress, and thus the compression and 
density, increases the shear strength. Thus will also compaction have an increasing effect 
on the shear strength.

The effect of compaction energy level and tyre shred size on density is shown in figure 
4.11. Most of the effect on bulk density is achieved at low compaction energy (SP). High 
compaction work (MP) results in slightly higher density compared to low compaction work 
(SP).
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Figure 4.11. Effect on density of compaction energy level on tyre shred for Loose Fill 
(LF), Standard Proctor (SP) and Modified Proctor (MP).

Non-vibratory compaction methods, such as Proctor compaction, are more appropriate for 
compacting tyre shreds than vibratory though the difference in achieved density increase is 
small, Ahmed and Lovell (1993). Field test observations reported in Paper I and III show 
that the additional effect of using vibratory compaction compared to static compaction is 
insignificant. Water content has low effect on the compaction result in Proctor tests and is 
from an engineering point of view insignificant, Manion and Humphrey (1992). The effect 
of tyre shred size on bulk density in compaction tests is lower compared to used 
compaction energy, Moo-Yang et al. (2002). The optimum size of the tested tyre shreds for 
obtaining maximum density is 75 mm. 

To sum up major factors affecting the compaction properties are tyre shred size and 
compaction energy. Minor factor is water content. There are no significant difference in 
increase of bulk density of a tyre shred fill by static (Proctor) or vibratory compaction. 

4.11 Durability and degradation 

Tyres are designed to be persistent in abrasive environments in a large temperature span. 
Factors that are known to affect tyre rubber are oxidation, degradation caused by ultra 
violet (UV) radiation and heat, Bhowmick and White (2002). In the manufacturing process 
antioxidising agents and stabilisators are added to the rubber matrix as protection. The 
temperaure is not to be considered as a degradation problem for tyre shreds. The technical 
temperature service interval of tyres on vehicles covers the ambient temperature interval 
for tyre shreds in civil engineering applications.

AB-Malek and Stevensson (1986) studied the physical conditions of vulcanised natural 
rubber submerged in 24 m of seawater for a period of 42 years. The in-situ conditions 
could be described as slightly alkaline and oxidising. The conclusion of the investigation 
was that no serious deterioration of the rubber had occurred. After 42 years of submersion, 
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the maximum amount of water absorbed was 4.7 %. No adverse effects on strength 
properties of the tyres and inner tubes were detected. No visible or chemical indications of 
biodegradation of the material were found. 

Reddy and Saichek (1998a) performed the ASTM Test Method for Insoluble Residue in 
Carbobnate Aggregates D 3042 in order to assess chemical changes that would take place 
under extreme acidic conditions in landfill applications. In the test program five different 
granular soils were also studied, in order to have comparison between the obtained results. 
The tyre shreds had a insoluble residue of 96.4 %, 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 degradation of tyre rubber was studied by Huynh and Raghavan (1998) under highly 
alkaline environments, pH > 10, for 4 months. The durability was measured by observing 
the changes in mass, swelling, tensile strength and microstructure. Minor loss in mass of 
the rubber was measured but the swelling, strength and microstructure of the rubber was 
unaffected in relation to neutral pH conditions. 

Besides studies of tyre material, general experiences from the use of geosynthetics can also 
be used to assess the effect of the ambient conditions on tyre shreds. Leclerq et al. (1990) 
concludes that the surrounding environment below the ground surface in general is 
favourable for geosynthetics from a degradable perspective because of relatively stable 
environmental conditions. Compared to use above the ground level, the temperature is low, 
the materials are protected from UV-radiation and the pH in groundwater is in general not 
extreme (pH 4-5).  

There have been attempts to use biotechnology for material recovery purposes on tyre 
materials. The research shows that micro organisms hardly can utilise tyre rubber material 
despite efforts to serve the micro organisms with favourable life conditions. Thus it is not 
likely that tyre shreds would be biological degraded if used as construction material. 

Tyre shreds are combustible in temperatures above 322 ºC. Self ignition has been observed 
in large tyre shred fills being more than 6 m thick. Suspected reasons are oxidation of steel 
cord in combination with limited heat transfer caused by the low thermal conductivity. The 
ASTM standard for the use of tyre shreds in civil engineering works, ASTM (1998), 
recommends fills to be in maximum 3 m thick, limiting the amount of protruding steel 
cord, access of air and water, presence of organic and inorganic nutrients for 
microbiological activity. Further it is recommended to use as large tyre shreds as possible 
to limit protruding steel cord. Fire analysis for storage of tyre shreds in stacks in Sweden 
has limited the fills to be in maximum 4 m, Hansson (2003). 

Based upon the above, it can be concluded, that tyre shreds have high durability under 
normal foundation engineering conditions. The protruding steel cord is expected to corrode 
under oxidising conditions but the rubber seems to be structurally intact. Evaluation of 
durability may be investigated before use under extreme conditions such as landfills with 
high alkaline leachate or oxidizing properties. 
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4.12 Interaction with geosynthetic materials 

Tyre shreds have high porosity and if used together with soils, geotextiles must be used as 
separation layer to prevent migration of soil particles into the tyre shred fill. The 
protruding steel cord can damage the geotextile material and heavier qualities are 
preferable to lighter. Typical interaction friction angles between tyre shreds and geotextiles 
are for smooth surfaces 20º and for rough surfaced geotextiles 32º, Tatlosiz et al. (1998), 
Reddy and Saichek (1998b). 

4.13 Concluding remarks 

In table 4.2 factors that affect the reviewed technical properties are identified. Stress and 
size of the tyre shreds is of major importance of engineering properties. Minor factors, but 
still of importance, is reloading and compaction which both increase density, reduce 
compression and increase stiffness of tyre shreds. Mohr-Coulomb parameters cohesion (c)
and friction angle (ø) for shear strength evaluation are strongly affected by the used 
deformation critera. Reloading has a similar effect on tyre shreds as compaction.  

Table 4.2. Factors influencing basic engineering properties up to 40 kPa vertical stress. 
(++) high influence, (+) some influence, (0) no influence, (?) unclear influence and (/) not 
applicable. 
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Bulk density ++ + + ++ + 0 0 
Porosity/void ratio ++ + 0 ++ + 0 0 
Permeability 0 0 0 0 0 0 0 
Compressibility ++ + 0 + + 0 0 
Stiffness modulus(2) ++ + 0 + + 0 0 
Poisson’s ratio + 0 0 0 0 + 0 
Shear strength (ø, c) + + ? + + ++ 0 
Coefficient of lateral stress  + 0 0 0 0 + 0 
Thermal conductivity + + + 0 0 0 + 
Compaction  / ++ + ++ / / 0 

(1) Reloading after unloading, compared to first time loading. 
(2) Elastic modulus evaluated from different test designs and evaluation techniques. 

In the studies reported in Paper I, III, IV, and VI, as well as in other reviewed publications 
the results of evaluated technical properties of tyre shreds is similar. 
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4.14 Design aspects 

As seen in table 4.2 the most important factors affecting technical properties are stress, size 
and compaction energy. The compressibility and friction angle of tyre shreds need to be 
considered in the construction phase. Creep in tyre shred fills will continue for at least 2 
years and is expected to amount to 5-10 % strain as reported in Paper III. To limit the 
creep, the fills should be compacted. The results in Paper I show that it is motivated to use 
high compaction effort to reduce the compression for use at low stress intervals, up to 
approximately 50 kPa, but at high stress levels the difference in high compaction effort and 
low compaction effort is small. The maximum shear stress is reached at large deformations 
of tyre shreds fills. Thus deformation is a limiting factor in design. The lateral stress within 
a tyre shred fill is constant by depth and does not increase if load is put upon, Tweedie et 
al. 1998. The shear strength of the tyre shred-geotextile interface is lower than the shear 
strength in the tyre material and is thus limiting in design of e.g. slopes, Cosgrove (1995). 
Saturated conditions result in slightly lower shear strength between tyre shreds and 
geotextiles.
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5 ENVIRONMENTAL CONCERNS 

5.1 Introduction 

Environmental considerations must be addressed as well as technical functionality. There 
are different ways of performing environmental impact analyses. In this section the use of 
tyre shreds in civil engineering applications will be discussed on the following aspects:  

Chemical and physical composition. 
Leaching properties. 
Life cycle assessment (LCA). 

The chemical and physical composition of the tyre shreds have historically been used for 
identification of compounds of interest from an environmental point of view. The leaching 
properties serves as a guide of potential compounds that may be transported by percolating 
water through a tyre shred fill and thus is available outside the tyre shred construction for 
mainly aquatic organisms. All the above mentioned aspects form a basis for a site specific 
environmental impact evaluation. Life Cycle Assessment (LCA) studies are useful in 
evaluating the overall environmental impact, comparing different option of use. LCA is 
discussed further in section 7.2.

Beside the material specific properties and toxicity of individual compounds the exposure 
paths of the suspected pollutants are important for the actual environmental influence. In 
general exposure paths from constructions is presented in figure 5.1. Considering the use 
of the tyre shreds, size and durability discussed in section 4.11, particle transport from a 
construction is not considered to be pollution path from tyre shreds. Gaseous release has 
been concluded to be insignificant, Ulfvarsson et al. (1998). For use of tyre shreds covered 
in this work identified exposure pathways consist of fine particles, i.e. dust, into air during 
the construction time and water and as aqueous solution to water. Release of elements and 
organic compounds by leaching from tyre shreds have been investigated in Paper II, III, V 
and VI. 

Figure 5.1. Discussed exposure pathways from tyre shreds used as construction material.  
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The release of particles in the air during shredding and handling of tyre shreds has been 
investigated by Ulfvarsson et al. (1998) and found to not require any precautions for the 
workers in ventilated areas. In Gas as transportation medium is considered to be 
insignificant for tyre shreds and handling of tyre shreds does not require any precautions 
for worker in ventilated areas. Dust from steel cord rust was observed during handling in 
Paper III.

5.2 Chemical and physical composition 

Tyres are produced by different manufacturers and produced to work under different 
conditions and it is also under continuous development. Therefore, there is no exact 
composition of the end-of-life tyre stock, the raw material for tyre shred production. 
However, by dividing the physical and chemical content into different groups, tyre 
materials can be classified on functional and chemical content.  

The difference in composition between new tyres and tyre shreds is primarily the 10 % loss 
in the tread, i.e. the rubber component, during the service time of the tyres. Thus the 
composition of new tyres may serve as good approximation of the content in shreds. This 
is shown in figure 5.2. 

83

12 5

Rubber
Steel cord
Textile fabrics

Figure 5.2. Composition by mass of the physical components rubber, steel cord and textile 
fabrics of an average European car tyre. After BLIC (2001). 

The physical rubber component consists mainly of synthetic rubber and natural rubber. 
About 80 % of the synthetic rubber is styrene-butadiene rubber. In the rubber matrix 
additives are used for manufacturing processes, e.g. zincoxide for vulcanisation, and 
antidegradants. The steel cord is often bronze coated. The textile fabrics are rayon, 
polyamide (nylon) and polyester, BLIC (2001). 
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5.2.1 Compounds in focus 
The compounds in focus have been selected based on content and potential environmental 
impact based on established effects on aquatic organisms, Paper II. The target compounds 
and general content in tyres are given in table 5.1. 

Table 5.1. Content of compounds in focus from analysis results presented in Paper II and 
references based on tyre manufacturing information. 
Compound Paper II 

[mg/kg DS] 
Content

[mg/kg DS] 
References

Iron 452 12800-14700 BLIC 2001 
Zinc  174 12454-126961 BLIC 2001 
PAH-compounds 62 11.2-932 CSTEE 2003, BLIC 2001 
Antidegradants - 15000-16000 BLIC 2001 

1)ZnO expressed as Zn 
2)Adjusted from rubber content to tyre content 

Iron is present mainly in the steel cord. Due to the use of tyre shreds the protruding steel 
cord will corrode. The solubility of iron is dependent on the current Eh-pH situation. If 
precipitated as ironhydroxide the iron will absorb other ions or charged complexes. If the 
hydroxides are dissolved the previously absorbed ions will be released. Iron is not 
considered to be an environmental problem but precipitation of iron outside constructions 
could cause aesthetic concerns. Zincoxide is used in the vulcanisation process. Zinc is not 
in general considered as a toxic metal but the concentrations are relatively high in tyre 
rubber material and thus there is a potential to leach high total amounts, see Paper II. 

Mineral oils are used as plasticizer in tyre manufacturing. Some of these are classified as 
HA-rich oils and contains polycyclic aromatic hydrocarbons (PAH). PAH is a large group 
of hydrocarbons of over hundred compounds and the effect of the majority is not well 
investigated, but some of them are considered to be carcinogenic. 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 acenaphtene and flourene, Connell (1997). It is impractical to consider 
all individual PAH compounds in evaluation. The U.S. EPA has selected 16 PAH 
compounds based on common use or known carcinogenic effects. These 16 EPA-PAH 
compounds are listed in figure 5.3. Benz(a)pyrene (BaP) is one of the most known 
carcinogenic PAH compounds and is commonly used as indicator for carcinogenic PAH 
contents in environmental studies. CSTEE (2003) points out that there is a strong 
correlation between BaP in tyre material and the content of carcinogenic PAH compounds. 
The PAH content in tyre depends on the used mineral oil composition. The content of PAH 
in the rubber component of a tyre is ranging from 13.5 to 112 mg/kg DS, CSTEE (2003). 
The trend within the EU is decreasing amounts of carcinogenic PAH compounds in tyres. 
From the year 2010 are carcinogenic PAH banned in new tyres put on the EU market, Eur-
Lex (2005).
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Figure 5.3. The 16 EPA-PAH compounds divided into the sub-groups carcinogenic and 
other PAH-compounds. 

Antidegradants are added to the rubber for protection against oxidising by UV-radiation, 
high temperatures, oxygene and ozone. Aromatic amines, e.g. aniline, are added to prevent 
ozone degradation. Phenolic based compounds are also used as antioxidising agents. 
Phenols are released in the protection process and have in general high solubility in water. 
Typical individual antidegradant compounds in tyre rubber are 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). 

The Swedish Construction Federation (BI) has established environmental property criteria 
for construction materials in general based on the Swedish Chemical Inspectorates 
regulations and goals for priority hazardous substances called BASTA, BASTA (2006). 
The criteria are based on the labelling classification of chemical content in risk categories, 
e.g. carcinogenic and mutagenic and the properties of the compound in the environment. In 
figure 5.4 the content and properties of known compounds in tyre materials from stat-of-
the art report and Paper II compared with the criteria established in BASTA. As seen, the 
content of PAH and toxic metals would be accepted on content basis. The antidegradants 
and accelerators are accepted by the guidelines regarding labelling requirements and the 
persistency in the environment, bioaccumulation and degradation properties.  
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Figure 5.4.  The Swedish Construction Federation Critera’s (BASTA) for content of 
substances with labelled effects on the environment, BASTA (2006). Note the logarithmic 
scale for concentrations. 

5.3 Leaching properties 

Laboratory leaching tests has been performed and are reported in Paper II. The laboratory 
leaching study was performed to identify target leaching compounds and to some extent to 
predict the leaching of different compounds. The study includes both tyre granulates (pure 
tyre rubber material) and tyre shreds. Identified factors influencing the leaching properties 
are size (i.e. the specific surface of the individual aggregates), and leaching agent. The 
difference in concentrations in the leachate of PAHs was 10-1000 times higher for tyre 
granulates compared to tyre shreds. It shows that the surface area is of importance for the 
leaching properties. 

In general the concentrations of elements and organic compounds in the leachate were low, 
<10 μg/l, for tyre shreds at L/S 10 in neutral conditions, except for iron at 750 μg/l and 
zinc at 160 μg/l. In order to evaluate the effect of the leaching results the Canadian 
Guidelines for the Protection of Aquatic life in fresh water, (CWQG), NGSO (1999) has 
been used as selection basis for identifying the target compounds. These guidelines are 
based on toxicity for the most sensitive species within a recipient. Considering dilution 
effects of leachate in a field situation the selection criteria is conservative in the opinion of 
the author. Identified target elements, exceeding the CWQG in the leaching tests, were 
cadmium, copper, iron, lead and zinc. For the organic compounds were phenol, anthracene, 
benzo(b)fluoranthene and Benzo(a)pyrene (BaP), figure 5.5.  
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Figure 5.5.  Elements and compounds exceeding the CWQG in the tyre shred leaching 
tests, Paper II. The CWQG limits are lower than the detection limits for anthracene, 
benzo(b)fluoranthene and Benzo(a)pyrene. Note the logarithmic scale for concentrations. 

The target elements cadmium, copper, and lead were found in trace levels <10 μg/l. 
Considering the conservative chosen guidelines, based on effect concentrations in a 
recipient, and dilution effects it is unlikely that leachate would influence a recipient. Iron 
and zinc concentrations are considerably higher than the other analysed elements and 
compounds in the tests. The higher concentrations may affect the overall concentration in a 
restricted small recipient. The phenol release is of concern and must be evaluated in an 
environmental assessment of a tyre shreds project. The detection limit for the PAH 
compounds anthracene, benzo(b)fluoranthene and Benzo(a)pyrene (BaP) was lower (0.02 
μg/l) than the CWQG limits for these compounds (0.012-0.15 μg/l) and is thus not possible 
to analyse further. Considering the small difference between the higher detection limit in 
the analysis and the CWQG levels for these compounds it is reasonable to conclude that 
the possible effects of these compounds are limited.  

The influence of pH on the leaching of zinc and PAH is presented in figure 5.6 and 5.7 by 
compiling the laboratory leaching results on tyre shreds presented in Paper II with results 
from MPCA (1990) and Downs et al. (1996), that are using similar leaching methodology. 
As seen in the figures 5.6 and 5.7 low pH increases the leaching of zinc and decreases the 
leaching of PAH compounds. Alkali conditions increases the PAH compound leachate and 
decrease the zinc leachate. An exception of these leaching patterns is seen for zinc which 
has minimum leaching at neutral conditions and increased leaching at both low and high 
pH conditions.  
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Figure 5.6.  Leaching of zinc on tyre shreds from Paper II combined with results from 
MPCA (1990) and Downs et al. (1996). 
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5.4 Field monitoring results 

The field monitoring data reported in Paper II origins from three different construction 
sites being studied during this work, i.e. the noise barrier in Huggenes (Norway), road 686 
outside Boden and the driving range Länna in Stockholm. Paper V focuses on phenol 
compounds in the leachate from Huggenes specifically. All three monitored constructions 
show that the identified target compounds in the laboratory work in the study of Paper II, 
i.e. cadmium, copper, iron, lead, zinc, phenols and PAH compounds, are found in lower 
concentrations in collected leachate from the tyre shreds in the field constructions than in 
the laboratory leaching part of the study reported in Paper II.  

Of elements studied beneath the tyre shred fills at the three monitoring objects, zinc is the 
only element exceeding the CWQG at all sites and at all monitoring occasions. However, 
looking at the reference monitoring stations, it is clear that there are other sources to zinc a 
well. This is the case in both the constructions at road 686 and in the surroundings of 
Huggenes.

Other monitored elements that occasionally exceeded the CWQG in the leachate from tyre 
shreds were at Huggenes copper and lead, and at road 686 iron, aluminium, arsenic, 
cadmium, copper and lead. In the Länna case arsenic, lead, iron, cadmium and copper are 
of concern. Except for occasionally higher concentrations these elements were generally 
monitored to be well below the CWQG.

The PAH compounds were found at trace levels at all three monitored sites. At Huggenes 
the only detected PAH compound in one sample beneath the tyre shred fill were 
acenaphtylene (<0.25 μg/l), acenaphtene (<0.02μg/l), fluorene (0.02 μg/l), fluoranthene 
(0.03 μg/l) and naphthalene (< 0.06 μg/l). Similar or higher concentrations were found at 
the reference monitoring stations indicating other PAH sources than from the tyre shreds.

Beneath the tyre shred fill in Huggenes most of the samples the monitored phenol and the 
corresponding ethoxylates were below detection limits. Bisphenol A were found in three 
samples 0.05 to 0.21 μg/l and 4-t-octylphenol also in three samples 0.04 to 0.05 μg/l. 
Higher concentrations were found in the reference monitoring stations. 4-nonylphenol and 
4-tertoctylphenol were found in similar concentrations, 0.134 and 0.129 μg/l, in the 
lysimeters beneath the tyre shreds at road 686 as well.

The monitoring of road 686 indicated that the monitored elements and compounds 
decreased by time and that the leachate generations are very low in a paved construction 
where the tyre shreds is placed above the ground water table and protected from surface 
water by ditches and a pavement. The estimated time to achieve the L/S-quotient tested in 
the leaching tests is estimated to take a very long time, for road 686 36 years to reach L/S 2 
and 180 years to reach L/S 10 in a worst case scenario.  

5.5 Concluding remarks 

Among the metals it is primarily iron and zinc that is of concern due to the high 
concentrations found in the leaching studies. Iron hydroxides could be an aesthetic 
problem if precipitated outside a construction and will affect the release of other charged 
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ions which may be accumulated absorbed on iron hydroxides or released if the hydroxides 
are dissolved. For zinc to be toxic high concentrations are needed. If the recipient is 
sensitive to additional zinc sources the use of tyre shreds from large constructions to small 
recipients should be considered. In most cases the zinc release are acceptable in terms of 
ecological effect levels in a potential recipient. Leaching of PAH compounds is 
insignificant. This is supported by the conclusions by e.g. CSTEE (2003). Tyre shreds 
leaches phenols. In evaluation of the effects natural sources and sinks, i.e. biological 
degradation, must be considered. Aerobic conditions in the recipient should be sufficient to 
biodegrade the obtained phenol concentrations in the leachate. The other studied elements 
are not considered to be of environmental concern.
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6 TYRE SHREDS USED IN CONSTRUCTIONS 

6.1 Introduction 

Based on beneficial technical use and acceptable environmental impact a selection of best 
management practice has been performed. Based on the tyre shred material properties the 
following applications have been identified as potential interesting. In all applications the 
environmental point of view must be considered.  

6.2 Lightweight fill 

Lightweight fills are used to reduce stress on the underlying soil in order to reduce 
consolidation settlements or to increase global stability of constructions by reducing load. 
The low bulk density of tyre shreds, compared to soil materials, makes the material 
suitable as lightweight fill material. The high porosity and drainage capability limits the 
presence of water in the fill and the low maximum water content in individual tyre shreds 
preserves the low bulk density over time. 

In design the initial compression, creep, maximum in-situ density and thickness must be 
considered. The initial compression depends on the stress from overlaying layers. If the fill 
is subjected to load, creep will occur under a long period. The creep at the test road site 
presented in Paper III was at average 5 % during 2 years. It results in slightly increased 
density and should be encountered for in design of lightweight fill applications. To limit 
the potential leaching effects, the fills should be placed above the ground- or surface water 
table and ensure the surface run-off beneath the tyre shred fill, indicated in figure 6.1. 

In large fills the fire risks should be considered. ASTM (1998) recommends maximum fill 
height of tyre shred fills to 3 m. In a large noise barrier fill, NPRA (2004), 1 m thick 
vertical clay layers every 70-80 m have been used as fire barriers in order to reduce the risk 
of horizontal fire spreading in the fills. 

Figure 6.1.  Example of lightweight fill of tyre shreds in a noise barrier.  

There are several experiences of utilisation of tyre shreds as lightweight fill, Heimdahl and 
Drescher (1998), in road embankments, Paper III, Humphrey and Nickels (1997,) and in 
noise barriers NPRA (2004). In general the experiences of fills less than 4 m thick are 
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positive in terms of functionality. In road embankments the road superstructure must be 
thick enough to limit the strains in the pavement caused by the high compressibility of the 
tyre shreds which is described in Paper III (Road), Humphrey and Nickels (1997), 
Bosscher et al. (1997) among others. 

6.3 Thermal insulation 

Frost penetration combined with accessibility of water causes frost heave in especially fine 
grained soils. Thawing and corresponding bearing capacity loss due to low draining 
capacity in the partly frozen soils is also common. Thermal insulation materials are used to 
reduce frost penetration. The low thermal conductivity in tyre shreds makes the material 
suitable for thermal insulation material. Combined with the high permeability the material 
could decrease the frost heave by acting as capillarity breaking layer and increase bearing 
capacity at thawing by draining of excessive water.

Tyre shreds as thermal insulation layer was tested in the field test described in Papers III, 
IV and VI. Evaluation of the in-situ thermal conductivity was 0.20 W/m,K. The low 
specific heat capacity of the tyre shreds in combination with the low water content, result 
in low freezing resistance. Thus the layer of tyre shred itself is at freezing condition, i.e. < 
0ºC, even at low freezing index, but effectively insulate the layer below. The insulation 
effect is acting on the underlying soil and reduces the heat transfer. A frost susceptible soil 
is fine grained, it is recommended to use geotextiles to reduce the migration of the fine 
grained soil into the tyre shred layer. This will preserve the thermal insulation properties 
and drainage capability of the material. 

Figure 6.2.  Tyre shreds used as thermal insulation in road constructions.

The limitations of the use of the material as thermal insulation layer have been discovered 
to be the demands of the protected structure. In road constructions the resulting strain in 
the pavement is a limitation factor. During the construction phase of the field test, Papers 
III and VI, it was noticed that the tyre shreds does not a high bearing capacity in frozen 
conditions like geological materials have. Using tyre shreds as thermal insulation layer will 
result in lower bearing capacity of the road during the frozen period compared to when 
granular soils are used. Tyre shred does not undergo the stiffness increase when pore water 
freezes to ice. This effect was notified at the construction phase of road 686 during the first 
winter. Another effect which was notified was that the deflection of the road surface 
prevented an ice cover to be formed which was the case on the rest of the road. The high 
permeability of the tyre material will mitigate the bearing capacity loss due to excess water 
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during thaw. This effect is not quantified. In order to have a road structure stiff enough the 
the ASTM (1998) recommendation is at least 900 mm of superstructure material above the 
tyre shred layer.

Thermal insulation has also been studied by Humphrey and Eaton (1995), Lawrence et al. 
(1999) among others. The back calculated thermal conductivity in three studies were 0.20 
W/m,K which is corresponding to the other reported results.

6.4 Drainage layer 

In landfill construction, drainage layers are used in the bottom construction and in the top 
cover to protect the sealing layers to have water pressures being built up. The bottom 
drainage layer is a part of the leachate collection system used for transportation of leachate 
for treatment or release. Normally a gas drainage system is installed in landfills. The gas 
drainage system collects landfill gas. The gas has a high greenhouse effect potential due 
the high content of methane and it also increases the risk for landfill fires. In figure 6.3 the 
different drainage systems in a landfill are illustrated.  

The high permeability makes tyre shreds interesting to use as drainage material. In 
addition, the durability, resistance against chemicals, low bulk density and thermal 
insulation properties can be utilised in addition to the drainage capability.

Figure 6.3.  Examples of use of tyre shreds as drainage layer in top cover, as gas drainage 
layer and as bottom drainage layer. 

There are several studies of utilising tyre shreds as drainage material. Main focus has been 
on the use of tyre shreds as bottom drainage layer, since it includes most of the design 
issues. The suitability of tyre shreds used as bottom drainage layer has been investigated in 
several studies, Reddy and Saichek (1998a), Warith et al. (1997). Tyre shreds have high 
permeability even at high vertical stress. At a vertical stress of  1 GPa and 65 % 
compression the permeability was approximately 10-4 m/s. Reddy et al. (2005) shows that 
tyre shreds resists clogging even at high intrusion of fine soil material. The resistance 



Use of tyre shreds in civil engineering applications 

38

against leachate degradation has been tested on different leachates, e.g. acidic, and has 
proven to be persistent.

Despite the high compressibility of tyre shreds the permeability is still high. The 
compressibility must be considered to maintain enough thickness of the drainage layer in a 
long term perspective. To preserve the permeability, geotextile material should be used to 
protect the tyre shreds from clogging. This is recommended even though laboratory tests 
suggest high resistance against clogging. Stability and mobilised shear strength in the tyre 
shred layer and in the tyre shred/geotextile interface in a long term perspective must be 
considered. In studies, e.g. Cosgrove (1995), it has been concluded that a shear plane in 
between the tyre shred/geotextile interface is the limiting factor. Cosgrove (1995) 
recommends maximum slope angles between 10-16º for smooth surfaced geotextiles and 
textured surfaced geotextiles 21-28º in order to achieve a safety factor of to 1.3 and 1.5 
respectively. Tyre shreds can not be placed directly on geosynthetic liners for the risk of 
puncturing. A protective layer of 100-200 mm of e.g. sand is recommended by several 
authors, e.g. Duffy (1996), and Reddy and Saichek (1998a). 

An important design factor of the top cover constructions in cold regions is frost 
penetration. Freezing may affect the sealing layer negatively. By combining the utilisation 
of tyre shreds as drainage material with thermal insulation a lighter top cover may be used 
which is beneficial for the top sealing layer. It will thus reduce the total settlements. This 
shown in figure 6.4 where a construction using tyre shreds as thermal insulation layer is 
compared with a conventional construction. 
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Figure 6.4.  The effect on load of using tyre shreds as insulation layer in a landfill top 
sealing construction compared to a conventional top cover. The graph refers to the 
constructions presented above. 

As pointed out in the previous section 4.11 there are no indications of that tyre shreds 
would degrade in a very long time perspective, here more than 1000 years, in such a way 
that the performance of the drainage layer would be affected. Chemical effects on different 
types of landfills must be carefully investigated, but so far, at least for municipality solid 
waste fills tyre shreds are resilient. The effect of a fire on a tyre shred layer are severe. The 
tyre shreds are placed beneath a thick top soil cover and a limitation of the drainage layer 
thickness to maximum 3 m this is regarded as no problem.  

There are several landfills that utilises tyre shreds as bottom and top cover material. In 
Sweden only one top cover utilising tyre shreds as drainage layer has been constructed so 
far. It is located in Timrå municipality. 
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6.5 Backfill material 

Tyre shreds reduce earth pressure on constructions when used as backfill material, 
Tweedie et al. (1998) and Humphrey et al. (1997b). The use as backfill material is both 
technical and economical motivated, Cosgrove (1996). In addition to low earth pressure the 
material will serve as drainage layer and as thermal insulation.  

6.6 Elastic layer 

In construction of trotting tracks and paddocks the combination of the prevention of 
rutting, draining and soft surface is normally hard to achieve. A stiff surface based on 
coarse unbound aggregates results in a stiff surface that acts hard on the ligaments of the 
horse. On the other hand fine grained soils results in rutting and drainage problems. The 
high compressibility of tyre shreds and the soft stress-strain response, and high drainage 
capability can be utilised to create soft surfaces suitable for trotting tracks and paddocks. 
Here the applications trotting tracks and paddocks will be described A basis for the 
presentation is figure 6.5. 

Fig 6.5 Trotting track construction in Nannestad Norway and paddock. 

Trotting tracks demand a combination of soft surface and surface persistent against rutting. 
If the soil cover is too thin, the elastic response from the horse hoofs result in accumulated 
looser degree of compaction, which results in progressive rutting. In laboratory tests of 
simulated hoof response on different constructions it is concluded that a minimum of 400 
mm soil cover above the tyre shreds is necessary to preserve the degree of compaction of 
the top soil, Ekdahl (2003). One trotting track is constructed in Nannestad outside Oslo in 
Norway. So far the experiences are good. 

A paddock should have a soft surface that absorbs the shock from the carriage and horse. 
Critical design aspects for paddocks using tyre sheds as elastic layer are material 
separation between the tyre shreds and superstructure material. The protection for the horse 
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hoofs against protruding steel cord must also be considered. Empirical design of paddocks 
has suggested a design of a superstructure consisting of a layer of rock flour and sand. 
Paddocks based on tyre shreds is commercialised in Sweden. 

6.7 Limitations in use 

The technical limitations of use of tyre shreds is related to the high compressibility and 
deformation properties. The high compressibility and creep deformation limits the use in 
foundation engineering design. Differential and long term settlements can cause concrete 
structures built upon tyre shreds to damage. Shear stress causes large deformations before 
failure in tyre shreds compared to that in granular soils. In road constructions tyre shreds 
requires a relatively thick superstructure to achieve required bearing capacity.

Tyre shreds have an ignition temperature of about 350 ºC. Spontaneous fires have been 
registered in large and thick tyre shred fills. The reason for self ignition is not completely 
understood, but heat generation by oxidation of free steel cord by microorganisms, 
presence of organic soils in combination with the low heat transportation out of the fills are 
suspected to be main factors. In the ASTM standard D 62070-98, ASTM (1998), the use is 
limited to 3 m thick fills of tyre shreds. It is however pointed out that no fills below 4 m 
thickness has been observed to self ignite. Fire assessments for tyre shred processing 
recommends temporary fills to be maximum 4 m, Hansson (2003).  

Since tyre shreds contains potential hazardous compounds, e.g. PAH and antidegradants, 
some prevention acts is appropriate. Even if only low concentration of target compounds, 
except for iron and zinc is found in the leachate the use of tyre shred should be aimed to 
limit the potential leaching. From an environmental point of view tyre shreds should be 
placed above the ground or surface water table combined with good drainage conditions. 
From a leaching point of view neutral pH is ideally considering both element and organic 
compound leaching.  

6.8 Construction practises 

Handling tyre shreds at construction sites does not require special equipment or working 
operations. It is beneficial to use equipment with caterpillar treads instead of wheels for 
machinery that overdrives the tyre shreds to reduce the risk of puncturing the tyres. 

Compaction is important for reduction of initial compression and later creep. Conventional 
static compaction is recommended since there are no evidence that vibratory compaction is 
increasing the compaction results. Most of total density increase due to compaction is 
reached at low compaction work (60% SP) but to limit the compression using higher 
compaction energy is recommended.  

There are only a few studies which include compaction experiences from field tests. The 
common opinion is that compaction results are not improved by using different compaction 
technique than static loading, e.g. Humphrey and Nickels (1997), Edil and Bosscher 1992). 
There is no difference of tyre shreds compaction in between using smooth drum, tamping 
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foot vibratory rollers or static load from a track mounted bulldozer. The effect of 
compaction on compressibility or stiffness in the structures has not been quantified. The 
conclusions from laboratory tests, i.e. most of the compaction effects is achieved by 
applying low compaction work, has resulted in generally recommendations to compact tyre 
shreds by three or four passes of compaction equipment regardless construction and load of 
equipment, e.g. Hoppe (1994), Humphrey and Eaton (1993) and Upton and Machan 
(1993). However, the laboratory results presented in Paper I shows that upon loading more 
compaction work is recommended for increasing stiffness and reduce the compressibility 
upon loading. 

To prevent migration of soil materials into the tyre shred layer geosynthetic materials is 
needed as separation layers between the tyre shreds and surrounding materials. Protruding 
steel cord may damage the geotextile material. The interaction between the different 
geosynthetic materials has been investigated by Cosgrove (1995), Bernal et al. (1997), 
Reddy and Saichek (1998b) and Tatloisoz et al. (1998). If the results from the studies are 
compared an estimation of the interaction friction angle is 20º for smooth surface and 32º 
for geosynthetics used for material separation. It is however recommended to test the 
interaction in between tyre shreds and the specific geosynthetic material in design if sliding 
failure in between the tyre shreds and geosynthetic material is expected or becomes 
limiting design factor in the individual case. 
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7 DISCUSSION 

7.1 Technical suitability 

Compared to soil materials, tyre shreds show low bulk density, high permeability, low 
thermal conductivity and high friction angle. These properties are useful in construction 
works to solve problems associated with e.g. settlements of soft soils, frost penetration and 
heave, and drainage. Tyre shreds may be used as an alternative to other industrial products. 
There are some aspects of the tyre material that need to be mastered in order to fully 
benefit the useful properties. Examples of these are the high compressibility, creep and low 
stiffness.

The laboratory study of the effect of compaction energy on compressibility showed that, in 
spite of results in previous studies, high compaction energy is useful to reduce the 
compressibility at low stress intervals. At higher stresses a limit void ratio is reached 
independently of initial applied compaction energy.

The experiences of design with tyre shreds in civil engineering constructions, show that 
most concepts used for design of soil materials works satisfactory, e.g. compression 
prediction as presented in paper I. There is, however, some properties that needs to be 
especially considered. The long-term creep could cause deformation problems. The shear 
strength criterion may be based on the limitations in acceptable deformation in interaction 
with the overall construction and construction materials. Empirical guidelines is 
recommended to use for bearing capacity in road constructions since the experience of 
choosing a resilient modulus in the pavement design models is still limited. Empirical 
stiffness modulus works, but has limited physical meaning and there are uncertainties of 
the valid stress intervals for these parameters.  

There are several examples of successful use of tyre shreds in construction works, e.g. frost 
insulation in roads, drainage layer in landfills and trotting tracks. In general the same 
construction methods used for conventional materials such as soil and crushed rock is 
applicable on tyre shreds which is beneficial in a practical and economical point of view. 
The field trial experiences in handling and compacting the material are good as pointed out 
in Papers III and VI. Additional concern during the construction phase is to avoid 
flattening of tyre on construction vehicles, preferable solved by using caterpillar treads on 
the machinery equipment. Logistics have to be considered concerning distributing the 
material and create drivable surface for wheel tracked construction equipment during the 
handling phase. This is important for a rational and economic success. 

Frozen conditions are known to affect soil materials and results generally in increased 
stiffness. Considering the nature of the material and field observations during the field tests 
the material properties, e.g. compression behaviour and stiffness, is not expected to be 
affected in an extent that needs to be specially considered. In a conventional road the 
bearing capacity during the frozen season increases temporarily. This effect is reduced if 
tyre shreds is used as capping layer. On the other hand, during thaw the bearing capacity of 
a road with a layer of tyre shreds is possibly not decreased as much as in a conventional 
road structures. The reason is that tyre shreds function well as drainage material due to its 
high porosity which improves drainage during thaw. 
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For all new materials durability is a key question. Used as construction material, tyre 
shreds is protected against key degradable factors such as UV-radiation and oxidation due 
to its placement in the construction. Investigations on old rubber show that the material 
remains intact even after long periods in oxidising environments. Biodegradation has been 
proven in laboratory environment to be limited and old tyre material shows no signs of 
biodegradation. If the measured affected layer on 40 year old tyre material from an 
oxidising environment is used as a measurement and by assuming the degradation rate to 
be constant, the chemical degradation rate is equivalent to 1.25 μm/yr. This is equivalent to 
1 mm degradation of the surface in 4000 years, which would be sufficient even for long 
term constructions such as drainage systems in landfill constructions. 

Since tyre shreds is combustible, the risk for fire needs to be considered. By limiting the 
size of the fills, and use fire demarcations to reduce the risk of fire to spread, the problem 
can be eliminated. 

7.2 Environmental suitability 

The environmental suitability of tyre shreds may be discussed on basis of content, release 
of compounds and in a life cycle analysis perspective. 

On basis of content the main focus historically has been the content of PAH compounds 
and zinc. The content of PAH compounds in tyres are low compared to the current 
guidelines provided by the Swedish Construction Federation which are based on the 
Swedish National Chemistry Inspectorate (KEMI) goals for reduction of priority 
pollutants. In the EU the overall concentration in the end-of-life tyre stock will decrease 
due to the ban of carcinogenic PAH compounds in HA-oils in tyres 2010. In tyre shreds 
there will still be PAH containing tyres in the end-of-life tyre bulk for a long period but 
after approximately five years the major content of PAH in tyre shreds will have declined. 
This study shows that the PAH release from tyre shreds is insignificant. Tyre rubber 
contains relatively high concentrations of zinc. Zinc is a commonly used metal for 
corrosion protection and the environmental concerns are addressed to the overall diffusive 
release in the society. Steel cord is after rubber the second largest physical component in 
tyre shreds. Minor phenol release, probably from antidegradants, are identified. 

Leaching properties of metals and PAH is well investigated regarding water as leaching 
agent at different pH-levels. The overall leaching of metals and PAH compounds are low. 
In general the highest concentrations of metals are found at acidic conditions and highest 
organic compound release found at alkali conditions. Minimum leaching occurs at neutral 
conditions for all investigated compounds. Zinc is a metal that leaches in highest 
concentrations at both acidic and alkali conditions. The size of the shreds in the tested 
material is important. Tyre granulates leached higher amounts of elements and compounds 
related to rubber, such as zinc and PAH, compared to tyre shreds. The detected PAH 
compounds in the leachate reflects the water solubility of the individual compound rather 
than the content of the compound in the material. There is a lack of knowledge regarding 
the leaching properties of tyre shreds as function of Eh-pH conditions. Iron is known to be 
Eh-pH-sensitive in leaching and would be affected and it is reasonable to assume that the 
antidegradants would be affected as well. This and other studies, e.g. CSTEE (2003), show 
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that the PAH release from tyre shreds during the studied conditions are small. Of potential 
interest are zinc, phenol compounds and other possible antidegradant compounds. The 
phenol release is comparable to the release of natural sources, Johnsson et al. (2005). 
Toxicity tests shows that tyre leachate does have and adverse effect on specific aquatic 
organisms, e.g. Day et al. (1993), Evans (1997), Galbraith and Burns (1997) (rubber), and 
Wik and Dave (2005). In field investigations no observed negative effects of organism 
growing on or living close to constructions of tyre shreds have been found or reported, e.g. 
Walker et al. (2002), Godoy et al. (2002), and Collins et al. (2002). The difference in 
toxicity tests and field observations may be explained by a combination of the low release 
of toxic compounds, dilution and degradation of released compounds in the recipient.

Tyre shreds have been used in civil engineering construction works for at least 20 years. 
During this period of time, no other environmental effects than release of iron, manganese, 
zinc and minor release of organic compounds such as phenol and PAH compounds by 
leaching has been observed. This low release is due to the vulcanisation process of the 
rubber material which effectively binds the organic compounds and retards the release 
effectively. The low releasing velocity enables biological and chemical degradation to 
neutralise the ecological effect. Tyre shred leachate is neutral to slightly alkali pH which is 
contributing to stabilise metals, e.g. iron hydroxides, and reduces the metal release to a 
minimum.  

In a life cycle perspective the environmental impact quantified and different disposal, 
recycling or utilisation of tyre shreds scenarios are compared. Environmental costs in 
disposal options for end-of-life tyres are included in the analysis. Environmental 
production costs for the production and transportation of conventional construction 
materials are also included in the analysis. The results from a LCA analysis are dependent 
on stated boundaries in the analysis and the weighing of environmental aspects. The 
overall conclusion in a life cycle assessment performed by the Swedish Environmental 
Research Institute (IVL), Hallberg et al. (2006), is that utilisation of tyre shreds are 
beneficial compared to use conventional materials from an environmental point-of-view. 
Emissions of lead, nickel, chromium and cadmium to the environment are less by the use 
of tyre shreds in construction works (lightweight fill and drainage layer in landfill closures) 
compared to conventional materials. The total emissions of copper, zinc, iron, mercury and 
PAH were equal to conventional alternatives.  

7.3 Tyre shreds in applications 

Examples of beneficial use of tyre shreds in construction are lightweight fill applications, 
frost heave prevention, drainage layer in landfills and in horse sport constructions.

In road constructions the deflection in the pavement surface of a road construction has 
been the overall problem to solve. The previous recommendation of minimum 0.9 m of 
superstructure above the tyre shreds is reasonable based on the results of the constructed 
test road, Papers III and VI. If steel net reinforcement is used it should be placed high up, 
close to the pavement. It will reduce the deflections of the road surface as discussed in 
Paper III. The best effect and use of the material is probably not in minor roads, as studied 
in this and other studies, but in large roads with a thick superstructure. A thin layer of tyre 
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shreds above the sub-grade in combination with a thick superstructure will both reduce the 
frost penetration and drain excess water away during thaw. 

7.4 Regulations and economy 

As previously discussed, there are a number of beneficial uses of tyre shreds without 
environmental implications, if localised and designed properly.

The economical aspects of the use of recycled materials are more complex than for 
common construction materials. Instead of only a production cost, a disposal cost must be 
included into the analysis if the material is not used in construction. The accessibility of 
material is independent of the potential market of tyre shreds and the volumes are limited 
to the exchange of the tyres on the car stock. In a developed country the end-of-life tyres 
arise geographically distributed, reflecting the population density. From an economical 
point of view smaller projects are thus favourable since the construction material need can 
be provided with minimum transportation costs. 

Regulations have already in e.g. the European Union encouraged recycling of tyre material 
by banning tyres from landfilling. In some countries, e.g. Sweden and Finland, a fee is 
connected to the price of new tyres to finance the recycling actions. Bans or substitution of 
hazardous compounds in the manufacturing of new tyres will decrease current issues of 
environmental impact, e.g. ban of PAH within the European Union from 2010, Eur-Lex 
(2005). One regulation aspect that moderated the use of tyre shreds is the definition of end-
of-life tyres as waste which is used in the EU. It adds limitations regarding the use of tyre 
shreds as construction materials not put on virgin materials and products independently of 
the environmental properties. Extensive requirements of environmental precautions and 
monitoring activities which, if asked for by the environmental authorities, make tyre shreds 
uncompetitive compared to other construction materials. To the opinion of the author, this 
must be regarded as a big waste of a good construction material with a number of unique 
properties.
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8 CONCLUSIONS

Tyre shreds is an interesting construction material for civil engineering purposes. Tyre 
shreds has with success been used as construction material in e.g. roads and landfills. 

The engineering properties of tyre shreds is well investigated with test methods developed 
primarily for soils and unbound aggregates. Problems associated with these test methods 
are the large size, the protruding steel-cord, and the high compressibility of the tyre shreds. 
Today, data exists describing the technical properties. However, some of these properties 
need to be further investigated and better described, e.g. the shear strength and stiffness 
modulus in order to use the material in advanced design. 

The laboratory investigation of compression behaviour and the field study of the road 
construction show that in elementary design it is possible to use similar test methods and 
prediction tools as for traditional soil materials. However, if a construction will serve in a 
broad stress range, it is necessary to take into account for e.g. the non-linear stress-strain 
relationship. In advanced design it is necessary to specify and validate a proper material 
model for the tyre shreds.

The design methods used today for road constructions are not directly applicable to the 
non-linear elastic (and plastic) stress-strain behaviour of tyre shreds.

The leaching tests show that tyre shreds leaches small amounts of elements and 
compounds. Some of these compounds and elements are potentially hazardous to the 
environment, such as PAH-compounds, phenols and zinc. The monitoring data from the 
field tests shows that zinc is the only element and compound that has the potential to reach 
ecological effect concentrations in recipients. In order to prevent accumulation of released 
elements and compounds the use of tyre shreds is recommended to be limited above the 
groundwater table.

The risk for fire needs to be considered. The problem can be eliminated by limiting the size 
of the fills, and use fire demarcations. 

In road constructions the material is useful as lightweight embankment fill, frost insulation 
layer and drainage layer. The disadvantage with the material is the high compressibility. 
To compensate for the compressibility a thick superstructure is needed. Reinforcement, 
such as steel net, can be used to reduce road surface deflections.  

In landfill design tyre shred material is well aimed as drainage material. In final covers the 
combination of the high drainage capability, low density and thermal insulation gives 
lighter covers. It will protect the liner from frost penetration and will reduce settlements. 
The high permeability, even at high load, and chemical resistance to municipal leachate, 
makes tyre shreds suitable as bottom drainage material.  

In sport tracks the elastic and stiffness properties are useful. Tyre shreds have been 
successfully used in horse race tracks. The high elasticity and low stiffness is here utilised.  
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9 OUTLOOK

Legislation in several developed countries acts both progressive for utilisation of tyre 
shreds and repressive by introducing new target compounds on guidelines lists. The tyre 
industry is gradually replacing harmful substances, e.g. PAH in Europe after 2010.

In order to establish tyre shreds as a conventional construction material accepted test and 
design principles needs to be established.

Considering the leaching properties the effect of pH and Eh-potential would be of interest 
to study. Metals such as iron are known to be affected by Eh-pH and will affect the release 
of ions by absorption or release by precipitation or dissolving of hydroxides. It is not 
investigated if the Eh potential will affect the leaching of organic compound. It is however 
likely that at least the antioxidising agents would be activated in oxidising environments.  

Fire hazardous in large (thick) tyre shred fills needs to be further investigated. Design 
principles for reduction of fire risk and minimising the effect of a worst case scenario 
could contribute to use of bigger tyre shred fills. 
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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, = 500-900 kg/m3 depending on compaction and overlaying 
pressure. The low thermal conductivity, = 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  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 ' =15–36º at 20 % 
strain, and low at smaller strains, c' = 0-12 kPa and ' = 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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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 m Granulated 425 m – 12 mm 
Powder < 1 mm Ground rubber 425 m – 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. 



11

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, s, 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
     [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      [-] (Equation 3.2) 

The designation is often used instead of the compact density s, 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, , 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      [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. 
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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
V

n 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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wg
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v

V
VV

V
Ve      [-] Equation (3.5) 

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. 

e
en

1
     [%] (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 
 [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      [t/m3] (Equation 3.9) 

c = Compacted density [t/m3]
 = 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 c is the compacted density of concern,  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) explain 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 

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 
Deflectometer 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), 

1
)21)(1( cM

E      [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 
[-] 

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 3, 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 3

2
33 0191.02.13E      [Pa] (Equation 3.10) 

Figure 3.7. Yang et al. (2002) proposes following relationship for Young’s modulus as a 
function of confining pressure, 3, 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). r 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 ( ) divided by the resilient 
axial strain ( r) under the last loading cycle: 
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r
rM      [Pa] (Equation 3.11) 

The resilient modulus can be estimated by using the relationship in equation 3.12, where 
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      [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, 

[-] 

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      [-] (Equation 3.13) 

 = Poisson’s ratio [-] 
h = Horizontal strain (= h/h)
v =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 0      [-] (Equation 3.14) 

K0 =Coefficient of earth pressure at rest [-] 
h = horizontal stress [kPa] 
v = vertical stress [kPa] 

0

0

1 K
K

     [-] (Equation 3.15) 

 = Poisson’s ratio [-] 
K0 =Coefficient of earth pressure at rest [-] 



36

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 =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  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, 

[ ]
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 '=26-36
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, =25  and c=8.6 kPa, compared with the larger fractions, maximum 76 mm, =21
and c=7.7 kPa respectively =19  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 1 stress 
paths. The internal friction angle determined of the five tyre chip products tested was in 
excess of 40 . The interparticle friction angle f 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 

[°] 

Interparticle 
friction

f

[°] 
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 was 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      [-] (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 =2.023 t/m3 and friction angle =38 , using the 
expression K0=1-sin  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 0.124 Thawed samples 
Wetted 5 0.149 0.164 

Non-Wetted 2 0.138 0.142 Frozen 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 
[W/m K] 

Relative thickness coefficient 

Foam plastic 0.035 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 n
i WL

PC      [-] (Equation 3.20) 

and for cohesive backfill as 

)tan(2 cWL
PC

n
i      [-] (Equation 3.21) 

where
P = measured pullout force 
L = embedded length of reinforcement in soil 
W = widht of the geosynthetic specimen 

n = applied normal stress 
 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-tyre 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 (  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 
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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. 
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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 g/l and the carcinogenic amount of PAH 0.03 g/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 g/l and the carcinogenic 
amount of PAH less than 0.02 g/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 
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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 
g/l 

pH pH 7 pH 6.9 pH 13.6  
Compound [ g/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 g/l, 1,1-dichloroethane and 4-methyl-2-
pentanone present at trace levels < 5 g/l at one occasion. Semi-volatile compounds were 
3&4 metylphenol 100 g/l, benzoic acid 25 g/l, phenol 74 g/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 g/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 g/l 8.49  901    
As g/l 2.27 1 1.69 40 60 80 
Ba g/l 10.6  8.08    
Cd g/l 0.078 0.52 0.12 5 10 15 
Co g/l 5.33 5 5.81    
Cr g/l 2.95 < 5 5.96 20 30 40 
Cu g/l 5.77 6.2 383 40 60 150 
Hg g/l < 0.02  0.0386 1 2 3 
Mn g/l 56.4 74.8 5.57    
Ni g/l 4.31 < 5 1.37    
Pb g/l 8.44 <10 48.8 40 60 150 
Zn g/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 g/l cadmium, 9 g/l copper, 2 g/l lead, 0.17 g/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 g/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 g/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 

[ g/l] 
Very high 

[ g/l] 
Extremely low 

[ g/l] 
Very high 

[ g/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 g/l in Westerberg and 
Mácsik (2001) test, would be classified as very high, in both groundwater and watercourse. 
The copper concentration 5.77 g/l just exceeds the “extremely low”-level for 
watercourses. The lead, 8.44 g/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 g/l, copper 14-22 g/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 kg/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, '=19-38° 10 % displacement 

— ||  — c'=0–82 kPa, '=15–36.5° 20 % displacement 
— ||  — c'=0 kPa, '=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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I

APPENDIX 1 – TECHNICAL 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

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 46 Humphrey et al. (1997) 
9 38 39 —  ||  — 

18 38 36 —  ||  — 
0 51 46 - 53 —  ||  — 
9 51 41 – 47 —  ||  — 

18 51 38 – 43 —  ||  — 
0 76 49 – 50 —  ||  — 
9 76 41 – 43 —  ||  — 

18 76 36 - 38 —  ||  — 

NA = Not Avaliable 

Permeability

Table A4. Reported values of permeability on tyre shreds. 
Size
[mm] 

Density 
 [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) 



III

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 



IV

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) 



V

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] [ ]

c
[kPa] [ ]

c
[kPa] [ ]

c
[kPa] [ ]

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 



VII

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 



VIII

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 



IX

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 



X

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)anthracene* 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 m filtration 0.6-0.8 m 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 
[mg/l] 

Barium 
[mg/l] 

Chromium 
[mg/l] 

Lead
[mg/l] 

Mercury 
[mg/l] 

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 
[mg/l] 

Chromium 
[mg/l] 

Lead
[mg/l] 

Mercury 
[mg/l] 

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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Abstract

The aim of this study was to investigate the effect of compaction work on compressibility 
of tyre shreds and to evaluate the compression results by using stiffness modulus obtained 
from laboratory and field tests. The laboratory results were compared with the field study. 
In the laboratory study was loose fill and Proctor compaction equal to 60% standard 
Proctor, Standard Proctor and Modified Proctor energy tested in confined compression 
tests in an up-scaled apparatus for stresses up to 400 kPa. Proctor compaction increased the 
density from 420 kg/m3 for loose fill to 670 kg/m3 for Modified Proctor. Compaction of the 
tyre shreds effectively reduced the compression of the tyre shreds though out the whole 
studied stress interval. Measurements of the porosity showed that it is a reasonable 
assumption that all vertical strain occurs by reducing the void volume in the studied stress 
interval 0-400 kPa. The stress-strain behaviour can be predicted by using two different 
approaches of compression modulus separated by a limit stress. The field tests showed no 
difference in results in static and vibratory compaction. The compaction in the field tests 
reduces compression by about 40 % compared to no compaction.  

CE Database Subject Headings: Recycling, Tires, Construction materials, (axial) 
Compression, Compaction, Laboratory tests, Field tests. 
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Introduction

Only in Europe 2 700 000 tons of end-of-life tyres are generated each year that needs to be 
recycled or disposed (ETRA 2006). This problem has been noticed by the environmental 
authorities in a number of countries and legislation acts has been taken to encourage other 
disposal options than landfilling, e.g. by banning tyre material on landfills within the 
European Community (Euro-lex 1999). The intention of the legislation is to encourage 
Best Management Practices (BMP) for the reuse of end-of life-tyres. This strategy is also 
used in other parts of the world, e.g. individual states in the USA (USEPA 2006). Tyres as 
a disposal problem have also been discussed within the United Nations Environmental 
Programme (UNEP), resulting in technical guidelines for BMP of scrap tyres (UNEP 
2002). One of the listed options in those technical guidelines is re-using of tyre material in 
construction works.

Re-use of end-of-life tyres has been utilised ever since rubber tyres were invented, e.g. as 
bumpers in harbours and as swings on playgrounds for children. As the amount of end-of-
life tyres has increased, industrial processes for reclaiming of rubber material has 
developed such as shredding and granulating techniques. Tyre shredding is primarily a 
process for reducing transport volumes of scrap tyres or as pre-treatment for recycling or 
combustion and granulating for recycling or re-use of tyre rubber (ETRA 2006).

Tyre shreds have been investigated as a construction material in several studies (Humphrey 
and Manion 1992; Heimdahl and Drescher 1999; Yang et al 2002; Westerberg and Mácsik 
2001; Edeskär and Westerberg 2003), and have been found to be useful primarily as 
lightweight fill, thermal insulation and drainage material in civil engineering works. One of 
the primary difficulty of using tyre shreds as construction material compared to 
conventional material is due to its high compressibility and low elastic modulus. 

One key question in the utilisation of tyre shreds in civil engineering works is to predict the 
compressibility accurately including the effect of work operations such as compaction and 
applied load from superstructures above the tyre shreds. In previous studies it has been 
concluded that laboratory compaction has a positive effect on compressibility of tyre 
shreds but the difference in effect on compressibility of different compaction work is not 
investigated. In this study is the effect of standard laboratory compaction methodology on 
compressibility at four different compaction energies studied and the results are compared 
with a field study.

Background 

The compressibility of tyre shreds has been evaluated in several studies in confined 
compression tests ( Manion and Humphrey 1992; Edil and Boscher 1992; Humphrey et al. 
1992; Ahmed and Lovell 1993; Humphrey and Sandford 1993; Cecich et al. 1996; 
Bosscher et al 1997; Moo-Young et al. 2003). These studies conclude that tyre shreds are a 
highly compressible material with a non-linear stress-strain relationship. Compression has 
also indirectly been tested in triaxial tests focusing on shear strength properties (Wu et al 
1997; Yang et al. 2002). These tests are performed on smaller fractions and on aggregates 
with reduced amount of steel cord and are thus excluded from further discussion in this 
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study. Unloading and reloading in the tests results in plastic strains and increased stiffness 
(Humphrey et al. 1992). Smaller tyre shreds have a stiffer initial stress-strain response 
compared to larger, figure 1. Proctor compaction on tyre shreds in the laboratory studies 
increases the initial stiffness for all tyre shred sizes (Humphrey et al 1992; Moo-young et 
al. 2003). Non-vibratory compaction methods, such as Proctor compaction, are more 
appropriate than vibratory for compacting tyre shreds (Ahmed and Lovell 1993). Water 
content has low effect on the compaction result in Proctor tests and is in an engineering 
point of view insignificant (Manion and Humphrey 1992). The compressibility increases 
by increasing size of tyre shreds (Moo-Young et al. 2003). In figure 1 is the 
compressibility plotted for four different tyre shred fractions after Modified Proctor 
compaction. 
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Fig. 1. Vertical stress vs. vertical strain for four different sizes of tyre shreds under 
confined conditions after Modified Proctor compaction (Moo-Young et al. 2003). 

There are only a few studies which include compaction experiences from field tests. The 
common opinion is that compaction results are not improved by using other compaction 
technique than static load (Humphrey and Nickels 1997; Edil and Bosscher 1992). There is 
no difference of tyre shreds compaction in between using smooth drum, tamping foot 
vibratory rollers or static load from a track mounted bulldozer. The effect of compaction 
on compressibility or stiffness in the structures has not been quantified. The conclusions 
from laboratory tests, i.e. most of the compaction effects is achieved by applying low 
compaction work, has resulted in general recommendations to compact tyre shreds by three 
or four passes of compaction equipment regardless construction and load of equipment 
(Hoppe 1994; Humphrey and Eaton 1993; Upton and Machan 1993).
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Methods

Laboratory tests 

Introduction
The aim of the study is to investigate the influence of compaction work on the subsequent 
stress strain-response on tyre shreds. Based on result from previous studies Proctor 
compaction is used as method for applying compaction work. Proctor compaction is a 
standard method for investigation of the relation between maximum dry density and water 
content on soils and is named and described after its inventor (Proctor 1933). By a falling 
head compaction energy is transferred to the test specimen. In this study four different 
compaction energies is studied. 

In a large scale compression apparatus (Viklander and Knutsson 1998) the stress-strain 
response of the tyre shreds was investigated in the compaction steel cylinder. The strain is 
measured at predefined load steps. Based on the stress-strain data the density and change in 
porosity can be calculated. In one test series is the porosity measured to control the 
influence by compression of the individual tyre shreds. 

The investigated tyre shreds were processed by the manufacturer and sieved by a 50×50 
mm2 steel net. The tyre shreds are tested under dry conditions except for the test series 
where the porosity of the tyre shreds has been determined.  

Experimental set-up 
In the standard Modified Proctor test the maximum grain size are limited to 20 mm 
according to Swedish Standard SS 027109 (SIS 1989) which is principally in accordance 
with ASTM standard D1557. Due to the large tyre shred size an up-scaled apparatus used 
designed to effectively compact fractions up to 63 mm and to use the same amount of 
compaction energy as the Modified Proctor test procedure achieve, figure 2. 
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Fig. 2. The used up-scaled Proctor compaction equipment. 

Table 1. Comparison between the used up-scaled equipment and the standardised 
Modified Proctor equipment (Viklander and Knutsson 1993).  
 Parameter Up-scaled apparatus Modified Proctor 
Test apparatus   
 Stamp weight [kg] 21.60 4.54 
 Stamp diameter [mm] 150 50 
 Falling head [mm] 450 450 
 Cylinder diameter[mm] 313 101 
 Cylinder height [mm] 316 118 
 Cylinder volume [dm3] 24.31 0.943 
Test Procedure   
 Number of layers 5 5 
 Blows per layer 134 25 
 Compaction energy [MJ/m3] 2.63 2.66 

After compaction of the tyre shreds in the compaction cylinder a confined compression test 
were performed in the cylinder. The load was applied by a hydraulic piston controlled by a 
compressor. The accuracy of the applied load was ±0.15 kN which corresponds to ±2.1 
kPa. Above the tyre shreds in the compaction cylinder were placed a load disc, made of 13 
mm thick cast iron, with close fit to the inner wall of the cylinder. Friction between the 
disc and the inner wall of the cylinder were minimised by using lubricant. Between the 
load disc and hydraulic piston were put a bearing and distance discs to ensure vertical load 
transfer on the tyre shreds and enough stroke length for the piston. 
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Test program 
The effect of compaction at four different compaction energies were studied; Loose Fill 
(LF), 60% Standard Proctor energy (60% SP), Standard Proctor energy (SP) and Modified 
Proctor energy (MP). The tyre shreds are poured into a cylinder and compacted in 
specified layers and number of blows in an up-scaled Modified Proctor apparatus. The time 
interval of the blows were extended to insure that the tyre shred material were at rest 
before the hammer were risen before the next blow. Otherwise would not all the potential 
energy in the hammer be transferred to the tyre shreds in the cylinder. After the Proctor 
compaction the cylinder with the compacted tyre shreds were carefully moved to a load 
frame were the stress-strain behaviour under constrained conditions were studied. The tests 
were performed in two test series. In series 1 three replicates on each compaction energy 
were tested. In series 2 the porosity was determined by one single test for each compaction 
energy. The experimental set up is shown in table 2. 

Table 2. Specification for the used compaction energies and test series. 
Method Energy 

[MJ/m3]
Number 
of layer 

Blows per 
layer

Number of tests 

    Series 1 Series 2 
Modified Proctor (MP) 2.63 5 134 3 1 
Standard Proctor (SP) 0.59 3 50 3 1 
60% Standard Proctor (60% SP) 0.35 3 30 3 1 
Loose Fill (LF) 0 1 0 3 1 

Compaction tests 
The sidewalls of the compaction cylinder were lubricated by petrolatum (vaseline) to 
reduce the friction between the cylinder and the tyre shreds. The tyre shreds were poured 
into the compaction cylinder and compacted with the predetermined compaction energy. 
The weight of the tyre shred specimen was obtained by the procedure of weighing the 
cylinder before and after the tyre shreds were put in the cylinder. The height of the tyre 
shred fill in the cylinder were obtained by applying a thin paper disc on top of the tyre 
shred fill surface and measure the height at three points and use the mean value of these 
measurements as the height of the tyre shred fill. The specimen were compacted by the up-
scaled Proctor apparatus to 60% SP-, SP- and MP energy work or tested as loose fill 
without compaction work at all, see table 2. 

Compression tests – Series 1 
After the compaction work in the up-scaled Proctor apparatus, or the loose fill, the cylinder 
with the compacted tyre shred specimen were put into a load frame for the confined 
compression test, figure 3. The four first load steps (0.94, 3, 6 and 10 kPa) were applied by 
adding the load disc and distance discs to the hydraulic piston load cell. The remaining 
load steps were obtained by using a hydraulic load cell. The applied load was registered by 
a load cell connected to the hydraulic piston. Each load step was held constant for 1 minute 
before the deformation was registered. The deformation was recorded by measuring the 
height from the top of cylinder to the top of the load disc using the same procedure as for 
the paper disc and corrected for the thickness of the load disc. The load was gradually 
increased up to 400 kPa.
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Fig. 3. Cylinder prepared for compression test. 

Compression tests with porosity measurements – Series 2 
After compaction or loose fill in the cylinder the load disc were put on top of the tyre 
shreds resulting in a stress level at 0.94 kPa. Water was added to the cylinder until the 
surface reached the edge of the cylinder. A rubber hammer was used to hammer carefully 
on the cylinder to release trapped air within the tyre shreds. It was assumed that complete 
water saturation was fulfilled and that the volume of the individual tyre shreds did not 
change during the compression of the tyre shred fill. The tests were then proceeded as the 
compression tests in series 1. The water could freely pass between the edge of the load disc 
and the inner surface of the cylinder and the change of the water surface and the tyre shred 
surface were monitored. The pore volume was obtained by subtraction of the volume 
added water at the beginning of test from the specimen volume decrease after each load 
step. The data from the compression tests with porosity measurements were used primarily 
to determine the porosity for each studied compaction energy level and at all load steps. 

Field tests 

Introduction
The aim of the field tests was to study the compaction effect on tyre shreds, by static and 
vibrating compaction by conventional equipment, on the subsequent compressibility. The 
compressibility was studied both by static loading from a superstructure made of crushed 
rock and by static plate load test upon the surface of the crushed rock.



8

Experimental set-up 
The test site was a paved surface where two 10 m long and 1 m high concrete walls were 
placed parallel to each other with a distance of 6 m in between as sidewall support for the 
test fills. The tests were performed in between of these concrete walls with open ends. The 
tyre shreds were handled out with a 17.5 ton wheel loader in two separate lifts. The final 
aimed height of the tyre shred layer was 400 mm. The lifts where either not compacted 
(loose fill) or compacted individually by a drum 7 ton drum roller with a line load of 24 
kN/m. At vibration compaction was the frequency 25 Hz and amplitude 1.6 mm used. A 
non-woven geotextile were placed on the tyre shred surface and a pipe settlement probe 
was installed. Both the surface and pipe settlement probe were levelled. Crushed rock, 0-63 
mm, where handled out and compacted in two lifts to a total height of 600mm crushed 
rock. Each lift was compacted individually. As reference construction were a 3 lift 
construction of entirely crushed rock of total height of 900 mm without any underlying tyre 
shred where vibratory compaction were used on each lift. All compacted layers, of tyre 
shreds and crushed rock, were levelled. 

Levelling and a pipe settlement probe were used to monitor the compression of the tyre 
shred layer due to compaction and loading of the superstructure of crushed rock. The pipe 
settlement probe consists of a 50 mm diameter PE hose. The hose were placed on the 
geotextile surface. After construction of each lift of superstructure the hose were levelled 
by inserting a pipe settlement probe in the hose. The surface was monitored at 5 spots in 
the centre in between the retaining walls at specified coordinates, figure 4. To get a 
representative levelling point was a 300×300 mm2 aluminium plate placed on the levelling 
surface.

Fig. 4. Levelling points in the construction.

The compression modulus of the construction was evaluated by static plate load test on the 
final crushed rock surface. The static plate load tests were carried out according to DIN 
18134. A circular disc of steel, with diameter of 300 mm, was used to transmit load to the 
surface layer in two sets with unloading in between the sets. The load was applied through 
a system comprising a hydraulic jack, a reaction beam, and a loading platform, and 
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measured using a calibrated load cell. Four dial gages with divisions of 0.01 mm and 50 
mm travel were used for settlement measurements. The gages were fixed to a reference 
beam and supported by external rods. The loads were applied in pre-programmed 
increments and consist of a load, unload and reload cycle. The applied load increments 
were 0.08, 0.16, 0.24, 0.32, 0.40, 0.45 and 0.50 MPa. The reloading is registered in three 
steps; 0.25, 0.12 and 0 MPa. The reloading was identical as set 1 except for ending at 0.45 
MPa. The criterion between the load steps were zero settlement in one minute. Registered 
load-deformation data were used to produce a stress-deformation plot where relationship 
between settlement and applied stress is approximated by the method of least squares 
according s=a0+a1 0+a2 0

2.

The deformation modulus was calculated as: 

max121

15.1
aa

rEv   Equation 1 

where r is the load plate radius, a1 and a2 are the constants a1 and a2 from the least square 
approximation of the stress-settlement plot and 1max the maximum mean stress at the first 
loading. The deformation for a load test can be separated into a plastic and an elastic part. 
The elastic part is used to determine the deformation modulus Ev of the structure. The 
quotient between the deformation modulus from the both loading cycles, Ev1/Ev2, is a 
relative measurement (bearing capacity quotient) of the efficiency of the performed 
compaction work. Ideally the quotient Ev1/Ev2 is equal to 1 if the fill is ideally compacted. 

Test program 
The tyre shreds and superstructure were handled out and compacted according to the test 
program in table 3. After completing the test structures the deformation was studied by 
using the static plate load equipment on the surface of the constructions in one point. A 
single deformation test was also performed on the paved surface on the test site. A sample 
of the crushed rock was tested in a Modified Proctor test to determine the maximum 
density at the water content used in the tests. 

Table 3. Test series of field compaction. 
Material layer Test 1 Test 2 Test 3 Test 4 
Tyre shreds Loose fill Static Vibratory - 
Crushed rock lift 1 Static Static Test ended Vibratory 
Crushed rock lift 2 Vibratory Vibratory - Vibratory 
Crushed rock lift 3 - - - Vibratory 
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Fig. 5. Compaction of tyre shreds in the field tests. 

The bulk density of the used crushed rock were determined in Proctor tests after the field 
study. The achieved density at the corresponding Proctor energy was used in the evaluation 
of the experimental data.  

Results

Laboratory experiments 

Compaction tests 
The bulk density results obtained after compaction for all the tested compaction energies 
and for loose fill as comparison, before and after the compression tests, are given in figure 
6. The results are based on 3 tests for each compaction energy and the average density and 
the standard deviation is shown in the figure. As seen in figure 6 an increase in compaction 
energy increases the bulk density in the tyre shreds, from 420 kg/m3 at LF to 670 kg/m3 at 
MP. Only a small density change is obtained between using 60% SP (595 kg/m3) and SP 
(610 kg/m3). The bulk density increases approximately 180 kg/m3 by applying 60% SP- or 
SP energy and approximately 250 kg/m3 by using MP energy. The standard deviation of 
the resulting bulk density of the four different compaction energies are approximately 
equal, 14-17 kg/m3, except for the test series with SP compaction where the standard 
deviation were much lower, about 7 kg/m3. The standard deviation is < 5 % of the average 
bulk density of each test. 
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Fig. 6. Bulk density at Loose Fill (LF), 60% Standard Proctor compaction (60% SP), 
Standard Proctor compaction (SP) and Modified Proctor compaction (MP) before and after 
the compression tests.  

After the loading cycle up to 400 kPa vertical stress, except for LF to 160 kPa, and the 
following unloading to 0 kPa the permanent deformation were measured and the density 
increase calculated. The increase in density caused by the permanent deformations is 
shown in figure 6. LF increased 78 kg/m3, 60% SP 59 kg/m3, SP 30 kg/m3 and MP 36 
kg/m3. These density values of the tyre shreds equals the state of a vertical load of 
approximately 10 kPa for LF and 60% SP, 2 kPa for SP and 5 kPa for MP for first time 
loading in the compression tests. 

The hammer bounced on the tyre shred surface during the compaction work which is not 
the case for compaction tests on soils. The time interval of the blows was extended to 
ensure that the tyre shred material were at rest before the hammer was raised before the 
next blow. It was observed that some material at the impact location of the hammer moved.  

Compression tests – series 1 
The stress-strain results for all test series are given in figure 7. The figure shows the 
average results and standard deviation based on the three tests for each compaction energy. 
The difference in stress-strain response is small between 60% SP and SP and thus is the 
60% SP excluded from the plots hereafter. The compression tests for LF were stopped at 
160 kPa because the total compression exceeded the apparatus capacity. Higher initial 
compaction energy results in smaller vertical strain in the whole studied stress interval. For 
the studied compaction energies the highest reduction in vertical strains is achieved by 
applying only low compaction energy, 60% SP, compared to no compaction, LF. At low 
stresses, 0-40 kPa, between 40-50 % of the total compression of the whole studied stress 
interval is achieved for the compacted tyre shreds. At 40 kPa the total strain for MP is 13 
%, 60% SP and SP 17 % and for LF 30 %. The Proctor compaction reduces the strain by 
approximately 50 % by compaction of the tyre shreds compared to loose fill. At 80 kPa 
load the vertical strain obtained is about 15 % smaller for 60% SP compared to LF. The 
difference in vertical strain between LF and 60% SP increases with increasing stress. The 
difference in vertical strain in the whole studied stress interval is less than the standard 
deviation for 60% SP and SP compaction energy. Considering the standard deviation of the 
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laboratory test results there is no clear effect on the stress-strain behaviour of the two 
compaction energies. MP compaction results in the smallest strains. The difference in 
obtained vertical strain between SP and MP is approximately constant at 5 % in the stress 
interval 80-400 kPa. The standard deviation of the vertical strain is less than 3 % at all 
measuring stress levels in all the tested compaction energies, which implies that the test 
results are repeatable in the experimental set-up. 
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Fig. 7. Compression results from all tests. In the figure is the average strain based on three 
tests and the standard deviation plotted. 

The stress-strain curves show that the stiffness (tangent modulus) increases as the stress 
increases in all the compression tests. The stiffness increases with increasing compaction 
work, but for higher stresses the difference become small. 

Compression modulus 
The compression modulus M is here used to interpret the stress-strain response of the tyre 
shreds. In general the stress-strain compression modulus M is expressed as Equation 2. 

M
d
d   Equation 2. 

The total strain is thus calculated by using equation 3 
0

0
)(

1 d
M

  Equation 3 

The compression modulus M was evaluated by applying equation 2 on the experimental 
data set from the compression tests in each measuring point. The resulting compression 
modulus pattern, i.e. compression modulus versus vertical stress, was similar for all tested 
compaction energies. In figure 8 is the obtained compression modulus for MP given.



13

0
5

10
15
20
25
30
35
40
45

0 100 200 300 400 500

Vertical stress [kPa]

C
om

pr
es

sio
n 

m
od

ul
us

 [k
Pa

] MP1
MP2
MP3

Fig. 8. Compression modulus M evaluated from experimental data of the three 
compression tests after Modified Proctor compaction (MP). 

The obtained step-wise tangential compression modulus M from the experimental data may 
as a first attempt directly be used to find a model for prediction of compression. Applying 
the experimental derived modulus directly for the corresponding stress level results in the 
prediction presented in figure 9. The predicted strain is within the variation of the 
experimental results at low stress levels (< 30 kPa). However, with increasing stresses the 
prediction first underestimates the compression from about 30 kPa to 200 kPa and then 
overestimates the compression in the interval from about 200 to 400 kPa. 
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Fig. 9. Prediction based on evaluated experimental step-wise tangential compression 
modulus compared to experimental data. 

As a second attempt, based on the experimental compression modulus M presented in 
figure 8 two different functions of stress for M. The breaking stress point for these 
functions is here defined as L. Different attempts have been tested to identify L and 
Casagrande’s geometrical method were preferred as established evaluation technique, e.g. 
described in the Swedish Standard SS 027129 (SIS 1992). In figure 10 is the identification 
of L for test series MP1 presented.
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Fig. 10. Evaluation of L by using Casagrande’s geometrical method on the test series MP1 
data set. 

Thus, it is reasonable based on the experimental obtained compression modulus to define 
two different approaches of compression modulus, M1 below the stress level L and M2 for 
stresses above L. M1 is obtained by using best linear approximation of the experimental 
compression modulus within the stress interval. The stress-strain response above the L is
by inspection found similar as for fine-grained soils. An attempt, commonly for fine-
grained soils, to model the compression modulus above L is showed in equation 4: 

1

2
r

rmM   Equation 4 

Solving Equation 3 including M2 results in the following equation for the stress-strain 
relationship equation 5 for =0 and equation 6 for 0:

0

ln1
m

   Equation 5 

r

L

r

z

m
1  Equation 6 

The constant m is the compression modulus number,  exponent of stress and r reference 
stress, here chosen to 100 kPa. The constant m in equation 5 is evaluated in a log -
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diagram as the tangent coefficient of the linear approximation of the stress-strain curve in 
the interval ´r to 2.7 ´r.  is used as curve fitting exponent, often equal to 0. Using 
equation 4 for the compression modulus M2 and 0 combined with a linear approximation 
of the compression modulus M1 results in the prediction of compression given in figure 11. 
The prediction curve based on the compression modulus M1 and M2 estimates the 
compressibility within the variation of the test results. The same results were obtained for 
all other tested compaction energies. The use of the curve fitting exponent 0 does not 
improve the prediction model for compression of tyre shreds on the experimental data. 
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Fig. 11. Prediction of compression based on using the compression modulus M1 for lower 
stresses (< 27 kPa) and M2 for higher stresses (> 27 kPa). 

Density
The change of density as a function of stress is reflected in the stress-strain curves in figure 
7. The average density at the stress levels 0, 10, 40, 160 and 400 kPa is given in table 4. 

Table 4. Average density at vertical stress levels for different compaction energies. 
Stress [kPa] 0 10 40 160 400 
LF [kg/m3] 420 500 600 765 - 
60% SP [kg/m3] 595 650 720 840 960 
SP [kg/m3] 610 670 730 845 960 
MP [kg/m3] 670 720 770 950 975 

At the final state of the compression, at 400 kPa vertical stress, the density was 960-975 
kg/m3 and the porosity 22-23 %. The difference in density between the different 
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compaction energies decreases with increasing stress levels. At 400 kPa the difference in 
density between the compacted tyre shreds is less than 2 %. 

Void ratio 
Instead of using porosity it is more convenient to use void ratio for description of changes 
in pore volume. The effect on void ratio of stress is shown in figure 12. The initial 
difference in void ratios, which is significant, is reduced as stress increases and at higher 
stresses, here above 320 kPa, the void ratio is closing to a residual value, approximately 
0.28 (22 % porosity).
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Fig. 12. Stress-void ratio relationship for different compaction energies for 50×50 mm2

tyre shreds; Loose Fill (LF), Standard Proctor (SP) and Modified Proctor (MP) under 
confined compression. 

Compression test - Series 2 
Based on the relationship between porosity n, dry density d and compact density s, n=1-

d/ s, the compact density was determined for the initial conditions (beginning of the 
compression test) for all compaction energies to 1.26 t/m3 as average, ranging from 1.25 to 
1.26 t/m3, by assuming the bulk density to be equal to the dry density. The difference in 
measured (based on water changes) and estimated (based on n=1- d/ s) porosity is 
insignificant for all tested compaction energies, MP presented in figure 13. At 400 kPa the 
difference is approximately 1 %. 
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Fig. 13. Changes in porosity for tyre shreds for MP compaction energy. Estimated change 
is calculated by assuming all strain is a result of decrease in pore volume. 

Field test results 

Compressibility
Using static or vibratory compaction resulted in approximately 10 % vertical strain in the 
400 mm thick layer of tyre shreds. Since the measured effect were equal only the static 
load compacted tyre shred were further investigated by completion of the superstructure 
and the following measurements of compression and static plate load test. 

In figure 14 presents the measured vertical strain resulted by load from 2 lifts of crushed 
rock, both compacted by static load. The compaction of the tyre shreds decreases the 
compression of the tyre shred layer by approximately 40 %. 
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Fig. 14. Compression of the initially 400 mm thick tyre shred layer, one with Loose Fill 
and the other static compacted, caused by filling and compacting two lifts respectively of 
crushed rock upon the tyre shred layer. 
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The compressibility data from the static plate load tests are given in figure 15. As seen in 
the figure the compressibility is much higher in the LF fill compared to the static 
compaction (SC) fill and the reference fill. The compressibility measurements show that 
permanent (plastic) deformation occurs in the fills. The permanent deformations after the 
static plate load test were reduced by about 50 % by SC of the tyre shreds compared to LF. 

The maximum bulk density of the crushed rock was 2.44 t/m3 at 5.8 % water quotient and 
after standard Proctor energy. 
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Fig. 15. Deformation results from the static plate load test for the constructions with Loose 
Fill of tyre shreds (LF), static compacted tyre shreds (SC) and the reference section of only 
crushed rock. SB1 and SB2 represent the monitoring positions.  

Deformation modulus 
The deformation modulus was evaluated at two specified locations of the constructions, 
SB1 and SB2, located 1 m from the centre of the construction along the length axis, see 
figure 4. The achieved deformation modulus from static plate load tests includes the whole 
structure including the underground and should here be considered as a relative 
measurement of deformation modulus between the structures. There were three evaluated 
constructions, one with tyre shreds of loose fill, and one with static compacted tyre shreds, 
and the reference construction of entirely crushed rock. The vibratory compacted tyre 
shred fill was not evaluated because the achieved compressibility from compaction was 
equal to the static compaction. 
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Table 5. Evaluated surface deformation modulus and bearing capacity ratio of the two 
constructions of tyre shreds and crushed rock and the reference section entirely built up 
with crushed rock. 
 Loose fill Static compaction Reference construction 
Evaluated deformation 
modulus

SB1 SB2 SB1 SB2 SB1 SB2 

Ev1 [MPa] 4.3 4.4 10.1 6.4 17.5 26.7 
Ev2 [MPa] 22.2 13.7 37.0 24.4 62.9 111.4 
Ev1/Ev2 [MPa] 5.19 3.13 3.67 3.81 3.59 4.17 

The quotient (bearing capacity ratio), Ev1/Ev2, indicates that the static plate loading 
procedure increases the stiffness, i.e. the constructions are not properly compacted, due to 
the compression of the test. This is the case for all tested constructions including the 
reference construction. As expected the loose fill tyre shreds have the lowest deformation 
modulus. The increase in deformation modulus, i.e. the Ev1/Ev2-quotient, is not clearly 
higher for loose fill tyre shreds compared to the compacted tyre shreds in the test. The 
crushed rock above the tyre shreds should have been compacted by more compaction 
energy in order to obtain stiffness values more representatives of the properties of the tyre 
shreds.

Observations during the field tests 
The tyre shreds were in general easy to handle during the construction work. One problem 
was associated with adjusting the surface because of clogging of tyre shreds caused by the 
protruding steel cord. There is a risk for puncturing the tyres of the construction machines 
because of the protruding steel cord. Using puncture free tyres on the machines is expected 
to be efficient protection against puncturing and by using caterpillar tracks the risk of 
puncturing is eliminated.  

Discussion

Proctor compaction clearly affected the initial density of the tyre shreds. Most significant 
effect, as compared to loose fill, was achieved by applying low compaction energy, here 
60% standard Proctor energy. Higher compaction energies increased the density slightly 
more. These results are similar to other studies (e.g. Humphrey and Manion 1992). After 
unloading permanent (plastic) deformations of the tyre shreds were obtained. At the 
evaluation of secant and tangent modulus there is a clear increase in stiffness caused by 
increased compaction energy. 
Step-wise tangential compression modulus is possible to use for prediction of compression 
if the increments are small enough in the whole stress range of interest. This is however 
impractical, since the results is hard to incorporate into design models. In this study is 
suggested two different mathematical expressions for prediction of compression modulus 
depending on stress ranges analogues to the evaluation concept of fine-grained soils in 
oedometer tests. At stresses lower than the limit stress L the predicted compression is 
based on compression modulus varying linearly with stress and at stresses higher than L
the compression is predicted by a natural logarithm function of stress. The prediction of the 
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compressibility by using this model is within the variation of the test results in the whole 
studied stress interval, 0-400 kPa. Thus is the proposed evaluation technique useful for 
prediction of compressibility of tyre shreds. 

The trend in void ratio at high stress levels, here over 300 kPa, is closing up to an 
asymptotic value of void ratio independently of the initial compaction energies, except for 
loose fill which was not studied at these stress levels. This study indicates the asymptotic 
void ratio to be approximately 0.28 at 400 kPa. This indicates that the decrease in volume 
in the voids is limited at higher stresses. If so this limit stress is not quite reached in this 
study.

In several studies the estimation of porosity is based on the assumption that all vertical 
strain is entirely related to decrease in pore volume. In this study this assumption was 
tested by measuring the porosity in four compression tests. The difference between the 
measured and estimated porosity were at maximum approximately 1 %. This difference is 
insignificant for engineering purposes and proves that compression within the fill of the 
voids and not in the individual tyre shred aggregates.  

The field compaction tests resulted in 10 % permanent plastic deformation of the 400 mm 
thick tyre shred layer. This permanent deformation is significant lower compared to the 
compression achieved in the laboratory part of the study, e.g. results 60% SP in 40 % 
permanent deformation compared to LF. The differences in results between field and 
laboratory tests are due to differences in geometry, scale effects and boundary conditions. 
The actual compaction work is difficult to control in the field tests since handling 
operations of the tyre shreds and the superstructure material add compactive work to the 
tyre shreds. This effect is beneficial in construction works since it reduces compression and 
increases stiffness. The field compression tests showed that static compaction of tyre 
shreds resulted in lower compressibility, 12 % compared to 25 % for the loose fill tyre 
shreds. For the static plate load tests the first loading-unloading cycle resulted in 20 % 
permanent (plastic) strain in the loose filled tyre shreds compared to 9 % for the static 
compacted tyre shreds and it indicates that compaction is needed if tyre shreds should be 
constructed upon. It was observed at the field compaction tests that the tyre shreds 
effectively dampen the generated vibrations of the tamp roller. This will probably affect 
the compaction result negatively where vibrating compaction is expected to increase the 
compaction effect on superstructures above tyre shred fills

Conclusions

The laboratory study and field study show that compaction decreases the compressibility 
and increases the stiffness upon subsequent loading of tyre shreds. At 40 kPa vertical stress 
is the vertical strain reduced from 30 % to 13 % by using Modified Proctor (MP) 
compaction compared to Loose Fill (LF) of tyre shreds.  

Of the studied compaction energies most significant achieved effect on the studied 
parameters (compressibility, porosity and stiffness) is obtained by 60 % Standard Proctor 
(60% SP) energy compared to LF. Further increase of compaction energy to MP 
marginally decreases the compressibility and porosity and marginally increases the 
stiffness. However, for constructions were stiffness is critical high compaction energy is 



22

recommended since tyre shreds is a highly elastic material. The differences in the studied 
properties are too small to distinguish a clear effect between 60% SP and SP. 

The compression behaviour of tyre shreds has here been successfully predicted by using 
similar evaluation techniques and models as for fine-grained soils. The compression 
modulus varies linearly with stress to a limit stress level L. At stresses higher than L the 
compression is modelled by a logarithmic function.  

The non-linear compression behaviour of tyre shreds implies that it is important to choose 
an appropriate stiffness modulus related to actual stress state in design.

It has been confirmed for vertical stresses up to at least 400 kPa that the straining process 
(volume change) entirely occurs through decrease in void volume in the tyre shred fill.

Field tests shows that moderate compaction work reduces the compression of the tyre 
shred layer by about 40 % compared to LF. The permanent deformations after the static 
plate load test were reduced by about 50 % by compaction of the tyre shreds compared to 
LF.

Further research 

Compared to conventional material in construction work, i.e. soil materials, the number of 
studies of the tyre shreds are limited. More research is needed to confirm or turn down 
results from previous studies. Some aspects of compressibility of tyre shreds that needs to 
be further investigated is the influence of tyre shred size, mixes of tyre shred sizes and 
prediction of creep.  
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Notation

The following symbols are used in this paper: 

a0, a1,a2 = Taylor approximation coefficients for static plate load test;

Ev = Compression modulus from static plate load test;

Ev1, Ev2 = Compression modulus from the first and second static plate load test; 

M = Compression modulus; 

M1, M2 = Compression modulus in defined stress intervals; 

m = Compression modulus number; 

n = Porosity; 

r = Plate radius in static plate load test; 

s = Settlement due to compression in static plate load test; 

 = Exponent of stress for evaluation of compression modulus; 

 = Strain; 

http://www.epa.gov/epaoswer/non-hw/24muncpl/tires/laws.htm
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 = Bulk density; 

d = Dry density; 

s = Compact density; 

 = Stress; 

0 = Applied stress in static plate load test; 

1max = Maximum stress at the first loading cycle in static plate load test; 

L = Limit stress for compression modulus evaluation; 

r = Reference stress for evaluation of compression modulus; 
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ABSTRACT

Leaching properties of tyre shreds has been investigated in laboratory and field tests in 
order to identify potential hazardous elements and compounds from use in civil 
engineering constructions. Target elements and compounds were metals, polycyclic 
aromatic hydrocarbons and phenols. In the laboratory leaching studies are primary the 
metals zinc, copper and lead and of the organic compounds naphthalene and nonyl-phenol 
identified as potential pollutants. The results of the laboratory tests shows that the leaching 
of PAH compounds reflects the solubility and not the content in the tyre shreds. The field 
tests show that PAH and phenols are a minor problem for the environment based on 
monitored concentrations in the leachate. Zinc is enriched in the leachate, but reaching 
effect concentrations in recipients is unlikely. However, zinc is still recommended to be 
considered in an environmental assessment evaluation of a tyre shred construction.

CE Database subject headings: Recycling. Tires, Tyres, Field tests, Construction 
materials, Environmental engineering, Leaching 
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INTRODUCTION

In Europe 2 000 000 tons of end-of-life tyres are generated each year that needs to be 
recycled or disposed (BLIC 2006). This has been regarded as a problem by the 
environmental authorities in a number of countries and legislation acts has been taken to 
encourage other disposal options than landfilling, e.g. by banning tyre material on landfills 
within the European Community (Eur-Lex 1999). The intention of the legislation is to 
encourage recycling and recovery of end-of-life-tyres. This strategy is also used in other 
parts of the world, e.g. individual states in the USA (USEPA 2006a). 

Tyre shreds have been investigated as a construction material in several studies (Humphrey 
and Manion 1992; Heimdahl and Drescher 1999; Edil and Bosscher 1994; Yang et al. 
2002), and have been found to be useful primarily as lightweight fill, thermal insulation 
and drainage material. Because many of the chemicals used in tyre manufacturing are 
potentially hazardous for the health and the environment, concerns of potential leaching of 
these chemicals have been raised among authorities (MPCA 1990; SCA 2003; Nilsson et 
al. 2005). Different countries have focused on different elements and compounds related to 
tyre materials. Within the European Community focus has been on polycyclic aromatic 
hydrocarbons (PAH) (SCA 2003) and zinc in the leachate. The concern of the chemical 
content has resulted in regulations against PAH in tyres within the European Common 
market; from year 2010 PAH-compounds are not allowed to be added into extender oil 
(Eur-Lex 2005). Toxicological studies show that tyre leachate have an adverse effect on 
aquatic organisms, inhibit growth and/or increase the mortality for a number of different 
organisms (Day et al. 1993; Evans 1997; Galbraith and Burns 1997; Wik and Dave 2005). 
However, other studies on e.g. artificial reefs where tyres have been used as biological 
bearing material shows no negative effect on the habitat organisms (Walker et al. 2002; 
Godoy et al. 2002; Collins et al. 2002).

Available leaching data on tyre shreds as construction material are still limited. No 
common opinion of selection of target compounds within e.g. the EU or USA, for 
environmental assessment is accepted. The leaching study presented in this paper focuses 
on metals, PAH and phenols and the corresponding ethoxylates. A comparison between 
content of PAH compounds in the rubber and the detected PAH compounds in leaching 
studies is performed to investigate if the content reflects the release to the leachate. 
Leaching laboratory results are compared with the monitoring results on leachate from 
three different field tests.

PREVIOUS INVESTIGATIONS 

Laboratory studies 

A limited number of published leaching studies on tyre material have been found. The 
objectives of the studies has been different but may be divided into two main categories; 
waste characterisation ( Zelibor 1991; Downs et al. 1998) and environmental impact 
assessment of potential use of tyre materials ( MPCA 1990; Downs et al. 1998; 
O’Shaugnessy and Garga 2000; Moo-Yang et al. 2003).
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The Toxicity Characterization Leaching Procedure (TCLP) (USEPA 2006b) according to 
U.S. EPAs guidelines for waste characterisation showed that leachate from tyre materials 
did not exceed U.S. regulatory limits for leachates from hazardous wastes and that most of 
the detected compounds in the leachate were found in trace levels (Zelibor 1991; Downs et 
al. 1998).

Minnesota Pollution Control Agency studied the influence of different pH conditions and 
age of tyre material in a laboratory study (MPCA 1990). The major conclusions of the 
leaching behaviour in the study was that metals leach in highest concentrations under acid 
conditions and polycyclic aromatic hydrocarbons (PAHs) leach in highest concentrations 
under alkali conditions. The leaching is higher for Dissolved Organic Carbon (DOC) and 
PAH-compounds in all new tyre samples. Sulphur and zinc leach more from old tyre 
material samples in the tests. Based on the test results suggested target compounds for 
environmental monitoring in field surveys are cadmium, chromium, lead, selenium and 
zinc and 16 EPA-PAH. 

A long term reactor test were conducted where tyre shreds, water and different soil types 
were mixed and after 10 months analysed on pollutants in the water and soil fractions 
(Downs et al. 1998). Enrichment of metals from the tyre shreds and soil were found in 
water fraction. In the reactor with clay were manganese enriched, in the till reactor copper 
and zinc, and in the peat reactor barium, chromium, copper, lead, iron, manganese and 
lead. The resulting concentrations of metals were below regulated drinking water 
standards. Low concentrations of semi-volatile compounds were detected in the leachate.  

In column laboratory tests leaching through mixes of tyre shreds with quartz sand or kaolin 
clay were studied under acidic, neutral and alkaline conditions (O’Shaugnessy and Garga 
2000). In the mixes with quartz sand evidence of enrichments in aluminium, iron, zinc, and 
manganese, this, with exception of zinc, exceeded their respective Canadian drinking 
standards. The authors concluded that the increase of aluminium, iron, and manganese was 
attributed to the exposed steel cord in the tyre shreds. All target elements were below 
detection limits or background levels for tyre shreds embedded in kaolin clay. The leaching 
tests indicated a decreasing release of organic compounds by time. Decreasing leaching 
amounts of organic compounds by time has also been confirmed in other studies (Moo-
Yang et al. 2003). Figure 1 shows the effluent concentration of total organic carbons in a 
column test on tyre shreds leached by rainwater.  
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Fig. 1. Total Organic Carbon (TOC) concentration of effluent rain water in a column test 
with tyre shreds (Moo-Young et al. 2003).  

Based on the laboratory studies tyre shreds are not to be considered as hazardous waste 
based on U.S EPA leaching requirements. However do leaching results show that tyre 
shreds have the potential to have an adverse effect on groundwater and water recipients.  

Field surveys 

Environmental field monitoring of tyre shred constructions has been reported in a limited 
number of studies (e.g. Eldin and Senouci 1992; Humphrey and Katz 2000; Downs et al. 
1996; Smura and Uotinen 2000; Shalaby and Khan 2002). The methodology in the 
reviewed studies is collection of leachate from the complete structure collected beneath the 
tyre shred layer in the construction.

A road construction were monitored by installed lysimeters beneath 5 ft ( 1.75 m) tyre 
shreds and 1 ft ( 0.35 m) soil cap in two different sections, where 4 inch or 2 inch pure 
tyre shreds were used respectively (Eldin and Senouci 1992). The collected leachate were 
analysed on metals, sodium, chloride, sulphate, pH, alkalinity, hardness BOD and COD 
every month in 6 months and compared with Winsconsins Prevention Action Limits 
(PAL). The chemical analysis of leachate showed little or no likelihood of detrimental 
effects on ground water in the tested environment. One conclusion was that tyre shreds 
placed in an environment similar to the test road should have no excessive undesirable 
effects on groundwater quality. 

Leachate from a paved road construction with tyre shreds as embankment material has 
been analysed on chrome, copper, zinc, lead, manganese, iron, sulphate, pH, electric 
conductivity, redox-potential and PAH-compounds for twice per year during 2½ years 
(Smura and Uotinen 2000). The conclusion is that there are no hazardous amounts of 
metals or PAH compounds that have been dissolved in the leachate during the sampling 
period.
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The effect on the water quality of tire shreds placed below the ground water level has been 
investigated in a small scale test (Humphrey and Katz 2001). 1.4 tons of tyre material was 
placed below the ground water level at three different sits of different soil types; marine 
clay, glacial till and peat. Sampling occurred during 4 years upstream in and 0.6 to 3 m 
downgradient the test sites. Elevated levels of metals detected downgradient the test fills 
were iron, manganese and zinc were found within the fills but had declined to almost 
background levels downgradient the fills. Organic pollutants, volatile and semi-volatile, 
were detected within the tyre material fill but were below detection levels downgradient 
the fills. The authors conclude that tyre shreds placed below the groundwater table has 
negligible off-site effect on the ground water quality.

A lightweight tyre shred road embankment consisting of a 1500 mm shredded tyre fill 
underneath a 450 mm gravel cover were monitored (Shalaby and Khan 2002). The leachate 
were analysed at two times during the construction phase on the inorganic elements 
aluminium, barium, calcium, chromium, iron, magnesium, manganese, sodium and zinc 
and for organic compounds; total extractable and purgeable hydrocarbons including 
benzene, toluene, ethyl benzene and xylene. The analysed organics were below detection 
limits. The inorganic elements were compared to the Canadian CCME Quality Guidelines 
(NGSO 1999). Elements exceeding the quality guidelines were aluminium, iron and 
manganese at the first sampling occasion of two performed analysis occasions. 

ELEMENTS AND COMPOUNDS IN FOCUS 

Compounds and elements in focus in this study are based on the results from the reviewed 
previous studies, the toxicological based Canadian Guidelines for the protection of the 
aquatic life (CWQG) in freshwater (NGSO 1999) and the EC directive for the landfill on 
waste classification criteria (Eur-Lex 2003). The CWQG is based on toxicity data for the 
most sensitive species within the recipient and is thus conservative considering dilution 
effects in a field application case. 

Of the organic compounds are polycyclic aromatic (PAH) and phenol compounds selected. 
These compounds are present in tyre material and have potential to cause adverse effect on 
the environment based on toxicity studies. Basic chemical properties and Predicted No 
Ecological Effect (PNEC) values, if available, are presented in table 1. 
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Table 1. Basic properties of investigated organic compounds. (CAS Chemical abstract 
service Number) (NCBI 2006). Predicted No Ecological Effect (PNEC) concentrations are 
based on long-term exposure. 
Compound CAS No. Molecule 

weight
Water 
solubility

Log Kow PNEC

 [mg/mol] [mg/l] [-] [μg/l] 

16 EPA-PAH      
 Naphthalene 91-20-3 128.2 31 3.3 2.4 b

 Acenaphthylene 208-96-8 152.2 16.1 3.94 0.64 b

 Acenaphthene 83-32-9 154.2 3.9 3.92 3.8 b

Fluorene 86-73-7 166.2 1.69 4.18 2.5 b

 Phenanthrene 85-01-8 178.2 1.15 4.46 1.3 b

 Anthracene 120-12-7 178.2 0.0434 4.45 0.12 b

 Fluoranthene 206-44-0 202.3 0.26 5.16 0.12 a

 Pyrene 129-00-0 202.3 0.135 4.88 0.023 a

 Benz(a)anthracene a 56-55-3 228.3 0.0094 5.76 0.018 b

 Chrysene a 218-01-9 228.3 0.002 5.81 0.014 d

 Benzo(a)pyrene a 50-32-8 252.3 0.00162 6.13 0.015 c

 Benzo(b)fluoranthene a 205-99-2 252.3 0.0015 5.78 0.015 c

 Benzo(k)fluoranthene a 207-08-9 252.3 8.0E-04 6.11 N.A. 
 1,12-Benzoperylene 191-24-2 276.3 2.6E-04 6.63 N.A. 
 Indeno(1,2,3-cd)pyrene a 193-39-5 276.3 1.9E-04 6.7 N.A. 
 1,2:5,6-Dibenzanthracene a 53-70-3 278.35 0.00249 6.75 N.A. 
Phenols      
 Bisphenol A 80-05-7 228.3 120 3.32 1.6 
 Bisphenol F 54208-63-8 312 - 3.26 - 
 Nonylphenol 84852-15-3 / 

25154-52-3
94.11a 6.35 4.48.b 0.33 b

 Octylphenol 67554-50-1 206.3 19 4.12 0.122 b

 Iso-Nonylphenol 11066-49-2 220.35 8.28E4 5.436 0.33 b

a Carcinogenic PAH compound 
b ECB 2003 
c NGSO 1999 
d Frost et al. 2001 

PAH is a large group of compounds, including more than hundred of individual 
compounds consisting of two or more benzene rings of six carbon atoms and for some 
compounds additional rings of five carbon atoms (Connell 1997). Some of these PAH 
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compounds are known to be carcinogenic, mutagenic and toxic for the environment. Of 
practical reasons and lack of knowledge about many of the individual compounds a 
selection of PAH compounds as indicator compounds representing the whole group is 
needed. The term PAH refers to the sixteen priority pollutant PAHs selected by the U.S 
EPA as representatives of the large PAH chemical class. The selection of the EPA is based 
on toxicity, availability of chemical standards, frequency of environmental occurrence, and 
chemical production data. The 16 EPA-PAH are divided into two subgroups, carcinogenic 
PAH compounds and non-carcinogenic PAH compounds, see table 1 . Another used 
qualitative marker in comparative studies for carcinogenetic of PAH compounds is 
benzo(a)pyrene BaP (CSTEE 2003) because the compound is persistent and probably the 
most carcinogenic PAH compound. 

Bisphenol A and Bisphenol F are related to elastomer production. Bisphenol A is toxic in 
low concentration and is easily degradable in aerobic environments, ECB 2003. Reported 
NOEC concentrations for Bisphenol A vary from 1-16 μg/l, depending on species. 
Suggested PNEC concentration is 1.6μg/l due to limitations in analysis techniques.  

Phenol compounds and the related nonyl-ethoxylates are present in tyre material as 
synthetic constituents and as degradation protection. Nonylphenol and its ethoxylates show 
estrogenic effect on fish (ECB 2002). The substance is very dangerous for organisms that 
live in water, and can cause undesirable long-term effects in the water environment. In a 
natural aerobic environment nonylphenolethoxylates rapidly break down to nonylphenol. 
Based on available data, nonylphenol is biodegradable and the speed of degradation is 
influenced by the adaptation of microorganisms. It has been demonstrated that nonylphenol 
can be degraded by photochemical processes in 10 to 15 hrs (half-life) in bright summer 
sun when nonylphenol is near the water surface. Nonylphenol is considered to potentially 
be bioaccumulated by aquatic organisms if not decomposed or absorbed onto particles and 
accumulated into sediments.  

LABORATORY TEST 

The aim of the laboratory tests was to identify target elements and organic compounds that 
may have a negative effect on the environment from tyre shreds used as construction 
material. Material analysis has been performed on tyre rubber material to identify elements 
and compounds and as reference to the laboratory leaching tests. Laboratory leaching tests 
were performed on tyre rubber material (granulates) at neutral and alkaline conditions with 
distilled water as leaching agent. Tyre shreds, 50×50 mm2, were investigated by laboratory 
leaching tests with distilled water as leaching agent.  

Leaching tests 

A sample of 10 g of tyre granulates from end-of-life tyre car tyres were analysed on 
elements, mostly metals, and 16 EPA-PAH compounds. The element analysis were 
performed on a 10 g sample digested by HCL/HNO3 (ratio 3:1) and analysed by induced 
coupled plasma – atomic mass spectrometry (ICP-AES). 16 EPA-PAH was extracted by 
acetone and hexane in cycles. The extract were dissolved in methanol and analysed with 
high performance liquid chromatography (HPLC) on 16 EPA-PAH. Dry solids (DS) was 
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determined by drying the sample at 105 ºC in 24 hours. All analysis in this study was 
conducted on an accredited laboratory.  

Laboratory leaching tests were performed according to EN 12457-3 for tyre granulates and 
EN 12457-1 for tyre shreds at liquid/solid quotient (L/S) 2 and 10. In addition was a 
laboratory leaching test according to EN 12457-3 with 1 M NaOH and a Soxhlet extraction 
by hexan performed on tyre rubber material.  

Laboratory leaching according to EN 12457-1 and EN 12457-3 are batch leaching tests for 
different sizes of tested materials. De-ionised distilled water is added to the dry tyre 
material in glass containers. The leaching procedure was carried out at a shaking table, 150 
laps per minute, during 24 h. After centrifugation and filtering through a 0.45 μm filter the 
samples were analysed. Element analyses were performed by induced coupled plasma – 
atomic mass spectrometry (ICP-AES). Organic compounds in the laboratory leaching tests 
on tyre rubber material were analysed by high performance liquid chromatography 
(HPLC). In the laboratory leaching tests of tyre shreds were PAH and phenols and their 
corresponding ethoxylates analysed on unfiltered samples extracted by toluene and 
analysed by gas chromatography – mass spectrometer (GC-MS). For tyre granulates was 
also a single laboratory leaching test performed as described above but with 1 M NaOH as 
leaching agent. 

A Soxhlet extraction with 200 ml n-hexane as leaching agent were carried out on tyre 
granulate and a blank (without tyre granulate) as reference. The laboratory leaching 
procedures were carried out during 24 h with about 14 extraction cycles per hour. 19.97 g 
granulates were leached with 200 ml n-hexane as leaching agent, L/S-quotient 
approximately to 10. The Soxhlet extraction were used to extract organic compounds 
(PAH) from the tyre granulate, size ranging 2-3 mm. 200 ml n-hexane were vaporised in a 
flask, condensed in a condenser and dripped over the approximately 20 g tyre granulate 
placed in a cellulose thimble. The condensate is automatically returned into the flask at 
about 14 cycles per hour. The PAH content were analysed with high performance liquid 
chromatography (HPLC). 

Performed chemical analysis on the filtrated collected leachate from the performed 
laboratory leaching tests is given in table 2 for tyre rubber material and for tyre shreds in 
table 3.

Table 2. Summary of organic analysis on the leachate on tyre rubber materials. 
Analysed organic compounds Distilled water Alkaline water 

(1M NaOH) 
Soxhlet extraction
(n-hexane) 

16 EPA-PAH X X X 
Total hydrocarbons X X  
Chlorobenzene X X  
Total PCB X X  
Total PAH X X  
Total phenol X X  
Nonylphenol   X 
4-tert-Octylphenol   X 
Other organic compounds X X  
DOC X X  
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Table 3. Analysis scheme for the five leaching batches on tyre shreds in test 1 and the two 
batches in test 2.
 Test 1 Test 2 
Batch
Type of analysis 

1 2 3 4 5 6 & 7 

Elements X X X X X X 
Sulphate      X 
pH X X X X X X 
Conductivity X X X X X X 
DOC X X X X X X 
4-tert-Octylphenol X X X    
4-n-Nonylphenol X X X    
Iso-nonylphenol (technical) X X X    
Bisphenol F X X X    
Bisphenol A X X X    
Octylphenol ethoxylate (1-8) X X X    
Nonylphenol ethoxylate (1-10) X X X    
Total phenol      X 
16 EPA-PAH    X   

Basic laboratory leaching properties are given in table 4. 

Table 4. Basic laboratory leaching properties for all batches of tyre shreds. 
Batch nr 1 2 3 4 5 6 7 
L/S 2 10 10 10 10 10 10 
Sample quantity 
(DS) [g] 

160.28 160.8 150.3 150.1 149.9 150.3 150.3 

Volume leaching 
agent [ml] 

295 1264 1500 1500 1500 1500 1500 

Temperature   22 22 22 22 22 
pH (at analysis of 
leachate)

6.7 6.2 6.7 6.9 6.8 6.9 7.1 

Conductivity
[mS/m] 

6.42 1.37 1.13 1.33 1.37 1.46 1.88 

LABORATORY RESULTS 

The element analysis result is presented in table 5 and the organic analysis in table 6. All 
the results are normalised to the dry solid content (98.6 %). The analysed elements 
constitute only of 0.12 % of the total weight of the analysed rubber sample. This was in 
accordance with what was expected since tyre rubber mainly consists of organic material, 
i.e. carbon, oxygen and hydrogen. The elements calcium, copper, iron, manganese and zinc 
were found in the highest concentrations. Of these elements is zinc directly associated to 
rubber manufacturing as vulcanization agent as zincsulfide. The total content of 16 EPA-
PAH are 62 mg/kg DS. This is 0.062 ‰ of the dry solid of the tyre rubber material. Of 
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these are 24 mg/kg DS classified as carcinogenic and 38 mg/kg DS as other (non-
carcinogenic) PAH compounds. 

Table 5. Result of element analysis of elements in tyre granulate. 
Element [mg/kg DS] Element [mg/kg DS] Element [mg/kg DS] 
Al < 23.9 a Cr <1.99 a Ni <1.99 a

As <9.95 a Cu 32.1 P <5.97 a

B 1.14 Fe 452 Pb <9.95 a

Ba 1.61 K <99.5 a Sn <4.97 a

Be <0.0995 a Li <0.398 a Sr 0.430 a

Ca 304 Mg <15.9 a V <1.99 a

Cd <1.99 a Mn 3.51 Zn 174 
Co <1.99 Mo <1.99 a   
a “<” ahead of an element concentration is showing the actual detection limit for the 
element in the particular analysis. 

Table 6. Analysis result of 16 EPA-PAH compounds in tyre granulates. The dry solid 
content is 98.6 %. Total sum 16-EPA is 62 mg/kg DS. 
Carcinogenic PAH [mg/kg DS] Non-Carcinogenic PAH [mg/kg DS] 
Benz(a)anthracene 8.5 Naphtalene 0.55 
Chrysene 6.0 Acenaphthylene 5.6 
Benzo(b)fluoranthene 3.3 Acenaphthene 0.30 
Benzo(k)fluoranthene 2.5 Fluorene <0.15 a

Benzo(a)pyrene 3.0 Phenanthrene 4.3 
1,2:5,6-Dibenzanthracene <0.47 a Anthracene 0.83 
Indeno(1,2,3-cd)pyrene 0.21 Fluoranthene 4.3 
Sum Carcinogenic-PAH 24 Pyrene 17 
  1,12-Benzoperylene 6.0 
  Sum other PAH 38 
a “<” ahead of an element concentration is showing the actual detection limit for the 
element in the particular analysis. 

The laboratory leaching results on tyre rubber material are given in table 7, 8 and 9. The 
analysed elements included in the EC landfill directives leaching guidelines and iron in 
table 3.7 shows that the two major leaching elements are zinc (1310 μg/l) and iron (284 
μg/l) at neutral conditions. At alkaline conditions the laboratory leaching increases for 
most of the studied elements. The major elements found in the alkaline leachate are zinc 
(7050μg/l), iron (462 μg/l) copper (383 μg/l) and lead (48.8 μg/l). The results from the16 
EPA-PAH analysis in table 3.8. shows that PAH compounds found in the leachate above 
the detection limits at neutral conditions were naphthalene (11 μg/l), phenantrene (0.1 μg/l) 
and benz(a)anthracene (0.03 μg/l) and at alkali conditions acenaphthylene (0.46 μg/l), 
fluorene (2.8 μg/l) and fluoranthene (0.09 μg/l). The soxhlet extraction resulted in much 
higher concentrations of most compounds of the 16 EPA-PAH compounds. Compounds 
that not occurred in concentrations above the detection limits of the analysis were fluorene, 
chrysene and 1,2:5,6-dibenzanthracene. In table 3.6 is the organic analysis except for the 
16 EPA-PAH analysis given for laboratory leaching on tyre rubber material and 
corresponding blank samples (laboratory leaching without tyre granulates). Of the analysed 
summarizing parameters is dissolved organic carbons (DOC) above the detection limits for 
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both neutral and alkali conditions. The content in the leachate is higher for total 
hydrocarbons in the alkali leachate compared to the neutral conditions. The opposite case 
is for the DOC where the highest concentrations are found at alkali conditions. The 
detection limits for the analysis is higher in the analysis of the leachate from tyre granulate 
compared to the blank samples for the total phenol analysis for both neutral and alkali 
conditions.

Table 7. Laboratory leaching results for summarize parameters for tyre granulates at L/S 
10 where distilled water (neutral conditions) and 1 M NaOH (alkali conditions) has been 
used as leaching agent.  
Leaching agent Distilled water 1 M NaOH 
Test Tyre granulates Blank Tyre granulates Blank 
Compounds [μg/l] [mg/kg DS] [μg/l] [μg/l] [mg/kg DS] [μg/l] 
Total hydrocarbons 5800 58 110 3400 34 75 
Chlorobenzene <1 a - <1 a <1 a - <1 a

Total PCB <1 a - <1 a <1 a - <1 a

Total phenol <4 a - <2 a <10 a - <2 a

Total PAH <3 a - <3 a <3 a - <3 a

Other organic 
compounds 

N.D. - N.D. N.D. - N.D. 

DOC 19000 190 <10000 a 67000 670 15000 
a “<” ahead of an element concentration is showing the actual detection limit for the 
element in the particular analysis 

Table 8. Analysis result for elements on leachate at L/S 10 for tyre granulates.
 Distilled water 1 MNaOH 
Compounds [μg/l] [μg/l] 
As 2.27 1.69 
Ba 10.6 8.08 
Cd 0.078 0.12 
Cr 2.95 5.96 
Cu 5.77 383 
Fe 284 462 
Hg <0.02 a 0.0386 
Ni 4.31 1.37 
Pb 8.44 48.8 
Zn 1310 7050 
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Table 9. 16 EPA-PAH results for tyre granulate.  
 Leaching agent Distilled water 1 M NaOH Hexan 
  [μg/l] [μg/l] [μg/l] 
Compound    
 Naphtalene 11 <0.29 a 160 
 Acenaphthylene <0.14 a 0.46 3500 
 Acenaphthene <0.5 a <0.5 a 90 
 Fluorene <0.2 a 2.8 <300 a

 Phenanthrene 0.1 <0.05 a 3200 
 Anthracene <0.01 a <0.01 a 380 
 Fluoranthene <0.01 a 0.09 4000 
 Pyrene <0.05 a <0.06 a 11000 

Benz(a)anthracene* 0.03 <0.01 a 1100 
Chrysene* <0.01 a <0.01 a <2280 a

Benzo(b)fluoranthene* <0.01 a <0.04 a 840 
Benzo(k)fluoranthene* <0.01 a <0.01 a 570 
Benzo(a)pyrene* <0.01 a <0.02 a 5300 
1,2:5,6-Dibenzanthracene* <0.01 a <0.01 a <4800 a

 1,12-Benzoperylene <0.05 a <0.06 a 15000 
Indeno(1,2,3-cd)pyrene* <0.01 a <0.01 a 2500 

Sum. parameter    
 Sum carcinogenic PAH 0.03 <0.05 a 10000 
 Sum other PAH 11 3.4 37000 
 Sum 16 EPA-PAH 11 3.4 47000 
a “<” ahead of an element concentration is showing the actual detection limit for the 
element in the particular analysis 

The results from the laboratory leaching tests on tyre shreds are summarised in table 10 
and 11. In table 10 is the mean concentration of the analysed elements and standard 
deviation of the results given when the element was included in at least three of the batches 
analysis for L/S 10. Elements found in higher concentrations at L/S 2 were barium, copper, 
molybdenum, antimony and selenium. The elements found in the highest concentrations 
were iron (705 μg/l) and zinc (159 μg/l) at L/S 10. The standard deviation in the laboratory 
leaching tests is high (> 10 %) for chromium, copper, lead zinc and iron.  
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Table 10. Laboratory leaching results on tyre shreds at L/S 2 and 10. The result for L/S 2 
is based on one batch and L/S 10 on 1 to 6 batches depending on element. Average values 
and standard deviation is given together with the number batches the results are based 
upon.
 L/S 2 L/S 10  
Compounds  Average Std. Number of batches 
 [μg/l] [μg/l] [μg/l] 6 
As <1 a 1 b 0 b 6
Ba 21.2 7.30 - 1 
Cd <0.05 a 0.52 b 0.045 b 6
Cr <0.5 a 4.27 1.78 6 
Cu 7.13 5.35 3.18 6 
Fe - 705.20 323.86 5 
Hg <0.02 a <0.02 a - 1 
Mo 1.47 <0.5 a - 1 
Ni 3.06 5.00 b 0 b 6
Pb 3.9 8.45 3.80 6 
Sb 4.45 1.28 - 1 
Se 0.228 0.03 - 1 
Zn 37.7 159.40 78.28 6 
a “<” ahead of an element concentration is showing the actual detection limit for the 
element in the particular analysis. 
 b The average value and standard deviation is partly based on the detection limit of the 
analysis. 

16 EPA-PAH has been analysed on one batch with tyre shreds at L/S 10. All 16 EPA-PAH 
were reported at the detection level 0.002 μg/l and the summarizing parameters 
carcinogenic PAH compounds is 0.02 μg/l and other PAH compounds to 0.03 μg/l.  

Organic compound analysis except for 16 EPA-PAH is given in table 3.11. DOC is 
analysed on the remaining organic substance in the filter after filtration with 0.45 μm filter 
and is included in DOC. Nonylphenol etoxhylate 1 (NP 1 EO) and 2 (NP 2 EO) occurred in 
higher concentrations, at average 4.02 μg/l and 3.45 μg/l respectively, compared to the 
other nonylphenol etoxhylate which is seen in the high standard deviation.
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Table 11. Laboratory leaching results on tyre shreds for organic compounds. Average 
values and standard deviation is given together with the number batches the results are 
based upon. 
 L/S 2 L/S 10 
Compounds  Average Std. Number of batches 
DOC 34000 5933 2115 7 
Phenol index 87 65 - 1 
4-tert-Octylphenol - 3,22 1.34 3 
4-n-Nonylphenol - 0.01 0.013 3 
Iso-Nonylphenol (technical) - 0.54 0.12 3 
Bisphenol F - 2.62 0.49 3 
Bisphenol A - 12.82 6.65 3 
Octylphenol etohxylate 1-7 - 0.323 0.362 3 
Nonylphenol etohxylate 1-8 - 1.50 1.50 3 

FIELD TEST 

Test sites

The results of the environmental field monitoring programmes of three field test sites in 
Scandinavia is here reviewed. The field tests consist of three different applications of tyre 
shreds; lightweight fill in a noise barrier, in a capping layer in a road construction and in an 
embankment fill material in a driving range. The location of the field tests is given in 
figure 2. 

Fig 2. Location of the three field monitoring sites. 

All the test sites are equipped with lysimeters for collection of leachate beneath the tyre 
shred layer. The analysis results are discussed upon the toxicity based Canadian water 
quality guidelines for the protection of aquatic life (CWQG) (NGSO 1999). 
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Noise barrier – Huggenes, Norway 

Construction and monitoring programme 
As a part of the Norwegian National Road Administrations Recycled Materials R&D 
Program, a large lightweight fill noise barrier has been constructed along highway E6 
outside Huggenes in Rygge municipality in the year 2002. 10 000 tons of tyre shreds were 
used, equal to 25% of all tires collected in Norway in 2002. The noise barrier is 450 m long 
and consists of a 3 m high light-weight fill core of tyre shreds, size 100×300 mm2,
constructed in six sections. Each section is 70-80 m long and divided by a 1 m wide soil 
section of clay to reduce the risk of fire spreading along the barrier. The core is covered by 
a bentonite liner to prevent percolation of rainwater, and a 30-40 cm thick layer of soil 
cover. One section is designed for environmental field monitoring on leachate from tyre 
shreds allowing rain water to percolate through the tyre shred core and to be collected, 
figure 3. The collecting area of the lysimeter for leachate collection is 3×3 m2. At four 
monitoring stations, samples are collected ; leaching from the tyre shreds (K1), road 
surface (K4), general road drainage ditch and at a local recipient (K3) and surface water 
from a 5 cm deep small pond along the road side, figure 4. The field monitoring program 
included the elements arsenic, cadmium, cobolt, chromium, copper, nickel, lead and zinc. 
Organic compounds included in the field monitoring programme were 16 EPA-PAH, 
bisphenol A, bisphenol F, iso-nonylphenol, 4-n-nonylphenol, 4-t- octylphenol, 
nonylphenol ethoxylates and octylphenol etoxhylates.

Fig 3. Principle design of the Huggenes noise barrier fill.
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Fig. 4. Overview of the noise barrier and the field monitoring stations.  

The analysis results from the field monitoring programme from October 2003, one year 
after construction, to may 2005 are for the leachate collected from the tyre shreds is given 
in table 4.1 for metals and organic analysis in table 12. 

Table 12. Analysis results on metals in water from the field monitoring programme at 
Huggenes noise barrier. 
Sampling date pH As Cd Cr Cu Ni Pb Zn 
 [-] [μg/l] [μg/l] [μg/l] [μg/l] [μg/l] [μg/l] [μg/l]

10.02.2003 7.5 <2 <0.5 <5 <5 <5 <10 <5 
19.05.2003 - - <0.01 <0.05 2.3 1.8 0.22 78 
02.09.2003 - - 0.1 0.12 5.8 10 0.28 940 
16.10.2003 7.3 - 0.01 0.54 0.96 5.8 0.18 81 
22.04.2004 7.3 - 0.04 1.7 5.3 3.5 1.2 53 
29.04.2004 7.2 - 0.04 0.12 8.9 6 0.8 170 
05.01.2005 - - 0.12 1.6 9.2 3.6 6.2 290 

Results
Arsenic was not present above detection limits at the first sampling occasion at the tyre 
shred fill, section K1, and was excluded based on experience from previous studies. All the 
remaining monitored metals, except for zinc, were found at relatively low concentrations 
(i.e. close to the detection limits). The average concentration and standard deviation for 
these metals in table 4.1 were; cadmium 0.07 μg/l (std 0.04 μg/l), chromium 1.51 μg/l (std 
1.85 μg/l), copper 7.07 μg/l (std 5.34 μg/l), nickel 6.24 μg/l (std 3.96 μg/l) and lead 3.84 
μg/l (std 6.6 μg/l). These levels of the metal concentrations where found at all field 
monitoring stations included in the field monitoring programme.  

In general the highest concentrations of zinc were found in the lysimeter beneath the tyre 
shred fill, section K1. Comparable concentrations of zinc was also found at the road 
surface, field monitoring site E6. The zinc concentration found in the leachate was 
approximately 10 times higher compared to the concentration found in the stream (B1) 
used as background concentration. At the stormwater basin (K3), including drainage water 
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from the road surface and ditches, the concentrations were approximately equal or lower 
compared to the background levels in the stream (B1).  

Elements exceeding the CWQG are zinc and lead. In figure 5 are the monitored zinc 
concentrations from all field monitoring sites, compared to the CWQG. The average zinc 
concentration from the undiluted leachate from the tyre shred fill is 241 μg/l at section K1. 
The zinc concentration monitored the 02.09.2003 is considerable higher than the others, 
940 μg/l, and may be polluted at the sampling occasion. If this measurement is excluded 
the average concentration is about half as high, 124.5 μg/l. Except for one monitoring 
occasion at the stormwater basin 13072004 are all monitored zinc concentration below the 
CWQG.  
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Fig. 5. Monitored zinc concentrations at Huggenes at section K1 compared to the CWQG 
(NGSO 1999).

Lead and copper exceeds the CWQG at one sampling occasion each at section K1, the 
leachate collected from the tyre shreds, lead at 02.09.2003 (18 μg/l) and copper at 
10.02.2003 (17 μg/l). Chromium is below the CWQG in the leachate from the tyre shreds 
at section K1 but exceeds the CWQG in the ditch, monitoring site 10.02.2003, which 
separated from the tyre shreds. 

In table 13 is the field monitoring data for the PAH compounds presented. None of the 
detected PAH-compounds exceeds the CWQG. Some PAH compounds were found above 
the detection limits at occasional analyses. These PAH compounds and concentrations are 
presented in figure 6. 
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Fig 6. Detected PAH compounds and concentrations from the tyre shred leachate (K1). 

Table 14. Analysis results on phenol compounds in water from the field monitoring 
programme at Huggenes noise barrier. 
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  [-] [μg/l] [μg/l] [μg/l] [μg/l] [μg/l] [μg/l] [μg/l] 
10.02.2003 7.5 <0.02 <0.02 <0.2 <0.02 0.0207 <0.2 <0.02 
19.05.2003  1.59 0.107 0.533   3.06 - - 
02.09.2003  0.058 <0.02 <0.2 <0.02 <0.02 - - 
16.10.2003 7.3 0.181 0.071 <0.2 <0.2 0.135 - - 
22.04.2004 7.3 0.208 <0.02 <0.02 <0.02 0.196 - - 
29.04.2004 7.2 1.91 0.064 <0.2 <0.02 0.203 - - 
10.09.2004  <0.02 <0.02 <0.2 <0.02 <0.02 - - 
05.01.2005  0.185 <0.02 <0.2 <0.02 0.142 - - 

In table 14 is the phenol analysis results presented. Detected phenol related compounds in 
the leachate are given in figure 7. Most abundant phenol compounds in the leachate are 
bisphenol A and 4-t-octylphenol. There are no specific concentration specified in the 
CWQG for these specific compounds but the total concentration of phenols limit is 4 μg/l 
and all monitored concentrations are below this limit. 
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Fig 7. Detected phenol related compounds and concentrations from the tyre shred leachate. 

Frost insulation layer, Road 686, Sweden 

Construction and monitoring programme 
The test section of the road, a part of local road number 686, is located 10 km outside the 
city of Boden in the northern part of Sweden, figure 5.1. The road construction is a flexible 
pavement design, figure 8. The subgrade is a frost susceptible silty till. Above the subgrade 
a 600 mm thick layer of 50  50 mm2 tyre shreds is placed as capping layer. The tyre 
shreds are used primarily as a frost insulating and capillary breaking layer. The tyre shreds 
are capped with a non-woven geotextile. The sub-base consists of a 750 mm layer of 0-100 
mm crushed rock. Steel net reinforcement is placed at two different levels within the sub-
base layer in two different sections of the test road, called P1 and P2. The 80 mm base 
course is made of crushed rock and the 45 mm wearing course of soft asphalt.
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Fig 8. Construction of the road embankment with tyre shreds as capping layer at the test 
site. P1 and P2 refers to two different test sections.

Lysimeters were installed at the bottom of the tyre shred layer at two sections, in P1 and 
P2, and in a reference section without tyre shreds. An installation consists of one lysimeter 
in the centre of the road and one 2.5 metres towards the edge at one side of the road, figure 
9. The lysimeters, 540×355×200 mm3, are made of polyethylene and filled with washed 
granular material to give mechanical strability, figure 9. The lysimeters collects water 
(liquids) infiltrating the road embankment. During the first year, until the road was paved, 
precipitation could infiltrate freely through the construction. Leachate was planned to be 
collected for at least five years in the spring after the snow melting period and in the 
autumn for at least five years. 

Fig 9. Installation of lysimeters placed under the tyre shred layer. 
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Sampling were planned to be performed at least once per year and analysis including 
elements, PAH and from 2004 including phenols. The leachate production has after the 
road was paved been too small to fulfil the sampling plan. Enough leachate to perform all 
analysis were only achieved in P2 during 2004 and no leachate were collected in the 
lysimeters during 2005.  

Results
The analysis results from road 686 are presented in table 15 for elements in water and in 
table 16 for PAH in water. 

Table 15. Analysis results on PAH-compounds in water from the field monitoring 
programme at road 686. 
Monitoring date  30.06.2003 21.10.2004 
Station  P1 P2 REF P1 P2 REF 
Ca [mg/l] 45.6 3560 76.1 235 443 506 
Fe [mg/l] 0.943 0.876 0.109 <0.004 16.2 0.0409 
K [mg/l] 6.58 2540 48.9 31.4 627 11.7 
Mg [mg/l] 11.3 71.9 129 47 97.6 16.9 
Na [mg/l] 83.1 1250 509 142 311 34.7 
S [mg/l] 29.8 5800 343 1220 215 101 
Al [μg/l] 181 200 22.2 6.91 1120 6.61 
As [μg/l] 4.25 10 2 <18 8.26 <13 
Ba [μg/l] 6.46 815 57.4 50.6 31.5 27.8 
Cd [μg/l] 0.229 2.06 0.13 0.079 1.76 0.117 
Co [μg/l] 3.73 21.3 3.15 0.601 75.6 3.91 
Cr [μg/l] 0.9 9 11.7 <0.5 0.554 <0.5 
Cu [μg/l] 19.8 2380 8.92 5.43 13.4 8.08 
Hg [μg/l] 0.0406 0.276 0.02 <0.02 <0.02 <0.02 
Mn [μg/l] 226 4420 157 12.4 15400 561 
Ni [μg/l] 7.39 18.7 6.69 3.29 54.2 4.45 
Pb [μg/l] 3.13 42.5 0.6 0.602 2.62 <0.2 
Zn [μg/l] 25.5 272 7.66 11.1 1460 65.6 
pH [-]  5.3  7.6  6.8 

Elements exceeding the CWQG in the leachate from the reference section without contact 
with tyre shreds are aluminium, cadmium, chromium, copper and zinc. The elements 
exceeding the CWQG are presented in figure 10. At the first sampling occasion 
(30.06.2003) the road is unpaved and the superstructure above P2 consists of air blast 
furnace slag.  
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Fig. 10. Elements exceeding the Canadian water quality guidelines for the protection of 
aquatic life (CWQG) (NGSO 1999) for the leachate collected in the lysimeters. At the first 
sampling occasion air blast furnace slag is the material in the superstructure above the tyre 
shred fill. REF is the lysimeter in the reference section, P1 and P2 is lysimeter located in 
the test sections P1 and P2 with tyre shreds.

Highest element concentrations are found in P2 at the first sampling occasion. This is 
expected since the superstructure consists of air blast furnace slag disparate to the 
reference section and P1 were crushed rock is used as superstructure material. At the 
second sampling occasion the road has been paved for one year. The element 
concentrations in the reference sections are lower compared to the test sections P1 and P2. 
Except for iron at the first sampling occasion is the element concentrations higher in P2 
compared to P1 for the target elements at both occasions. This is probably caused by the 
air blast furnace slag, the whole construction at the first sampling occasion and due to 
residue fine material attached to the geotextile at the second sampling occasion.  
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Table 16. Analysis results on PAH-compounds in water from the field monitoring 
programme at road 686. 
Monitoring date 30.06.2003 21.10.2004 
Station P1 P2 P1 P2 REF 
Compound [μg/l] [μg/l] [μg/l] [μg/l] [μg/l] 
Naphtalene 17 12 <0.10 <0.10 <0.05 
Acenaphthylene <0.25 <0.25 <0.13 <0.13 <0.08 
Acenaphthene 0.3 0.24 <0.05 <0.05 <0.05 
Fluorene 0.074 0.076 <0.05 <0.05 <0.05 
Phenanthrene 0.041 0.057 <0.01 <0.04 <0.02 
Anthracene <0.013 <0.013 <0.01 0.02 <0.01 
Fluoranthene <0.030 <0.030 <0.01 0.02 <0.01 
Pyrene <0.037 <0.037 <0.01 0.02 <0.01 
Benz(a)anthracene <0.0070 <0.0070 <0.01 0.02 <0.01 
Chrysene <0.016 <0.016 <0.01 0.02 <0.01 
Benzo(b)fluoranthene <0.027 <0.027 <0.02 0.04 <0.02 
Benzo(k)fluoranthene <0.0050 <0.0050 <0.01 0.03 <0.01 
Benzo(a)pyrene <0.026 <0.026 <0.01 0.05 <0.01 
1,2:5,6-Dibenzanthracene <0.012 <0.012 <0.01 0.05 <0.01 
1,12-Benzo-perylene <0.0040 <0.0040 <0.02 0.07 <0.02 
Indeno(1,2,3-cd)pyrene <0.0060 <0.0060 <0.02 0.07 <0.02 
Sum 16 EPA-PAH 17 13 <0.24 0.41 <0.20 
Sum 16 Carcinogenic-PAH <0.050 <0.050 <0.05 0.28 <0.05 
Other PAH 17 13 <0.20 0.13 <0.15 

Enough collected leachate for PAH analysis was collected in the lysimeters P1 and P2 but 
not in the reference section. The difference in concentrations of PAH compounds were low 
between P1 and P2. Thus is the mean value of the 16 EPA-PAH concentrations above the 
detection limits presented in figure 11. The total content of PAH is higher at the first 
sampling occasion, 15 μg/l, and is considerable lower at the second occasion, 0,41 μg/l. At 
the first sampling occasion the main PAH compound in the leachate is naphthalene. At the 
second sampling occasion the naphthalene concentration is below the detection limit but 
low concentrations close to the detection limits of most compounds of the 16 EPA-PAH 
group is detected.
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Fig. 11. Average concentration of the PAH concentration in lysimeters P1 and P2 beneath 
the tyre shred layer for compounds over detection limits and Canadian water quality 
guidelines for the protection of aquatic life (CWQG) (NGSO 1999).

Sufficient water for phenol analysis were collected in the lysimeter in section P2 at date 
21.10.2004. The analysis results were 4-nonylphenol 134 ng/l, 4 tert octylphenol 129 ng/l 
and phenol index < 0,010 mg/l. All values are below the CWQG. 
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Fill material, Länna, Sweden 

Construction and monitoring programme 
A driving range for heavy trucks was constructed during 2001 at a recycling centre Länna 
in the outside Stockholm in the central part of Sweden. The driving range was constructed 
on a fill of 300-1000 mm thick layer of tyre shreds. The superstructure, above the tyre 
shred fill consists of 700 mm sub-base of crushed rock, 200 mm base course of crushed 
rock and crushed concrete and uppermost of asphalt as wearing course, figure 12. A two 
year field monitoring program on the effluent leachate collected in the outgoing 
stormwater system of the construction was performed as a demand from the environmental 
authorities.

Fig. 12. Construction of driving range at Länna. 

Field monitoring of the leachate from the construction was performed during spring and 
autumn for a period of two years. A control measurement was performed four years after 
the construction was completed. The analysis of the effluent leachate were performed on 
pH, alkalinity, conductivity, sulphate, redox-potential, carcinogenic and the other PAH 
compounds included in the 16 EPA-PAH, extractable gas-chromotographable organic 
material (EGOM), and elements including target elements as zinc, lead, mercury, copper, 
chromium, and sulphur.  
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Results
The analysis results from the field monitoring programme are presented in table 17. 

Table 17. Analysis results on effluent water from the storm water collection system at 
Länna.
Monitoring date 

Parameter  19
.1

0.
20

01

15
.0

6.
20

02

02
.1

0.
20

02

30
.0

6.
20

03

11
.0

2.
20

05

pH [-] 6.8     
Alkalinity [mmol/l] 1.62 1.47 2.13 0.29 0.77 
Conductivity [mS/m] 58 69 69 43 68 
Sulphate [mg/l]   240 140 290 
Redox [mV]     249 
PAH Carcinogenic [μg/l] <0.05 <0.05 <0.05 <0.05 <0.20 
Other PAH [μg/l] <0.4 1.8 <0.4 0.17 0.44 
EGOM [μg/l] 370   <50 46 
Al  [mg/l] 3.2 2.3 1.4 0.63 1.7 
As [μg/l] 2.3 1.5 1.6 0.58 2.7 
Ba [μg/l] 46 50 37 25 39 
Pb [μg/l] 6.2 8.5 9 0.023 2 
Fe [mg/l]  1.9 23 3.72 30 
Hg [μg/l]  0.0024 <0.002 <0.002  
Cd [μg/l] 0.3 0.65 0.34 0.06 <0.1 
Cu [μg/l] 20 25 14 1.1 7.8 
Cr [μg/l] 11 3.3 3.6 0.08 <1 
Ni [μg/l] 63 156 85 119 150 
Mn [μg/l]    1 1.9 
S [μg/l]    47 98 
Zn [μg/l] 190 489 127 141 150 

Compounds were at least one sample were above the CWQG are shown in figure 13. 
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Fig. 13. Elements exceeding the CWQG (NGSO 1999) at at least one sampling occasion. 
At the last sampling occasion the cadmium concentration were below the detection limit 
(<0.1 μg/l). 

The leachate were analysed on the sum parameters carcinogenic PAH and other PAH-
compounds based on the 16 EPA-PAH compounds. No carcinogenic compounds were 
found above the detection limits, ranging from 0.05 to 0.20 μg/l. The group of other PAH 
compounds were detected in three of the samples at 1.8, 0.17 and 0.44 μg/l. 

DISCUSSION 

As reference to the concentrations obtained in the leachate from laboratory leaching studies 
and the field monitoring programmes the Canadian water quality guidelines for the 
protection of aquatic life (CWQG) for freshwater (NGSO 1999) is used. These guidelines 
are based on toxicity data for the most sensitive species in fresh water habitats in Canada. 
The Canadian environmental conditions are comparable in ecology and climate with the 
conditions of the locations of the monitored field sites.  

In figure 14 and 15 are metals and semi-metals concentrations in the leachate compared to 
the CWQG (NGSO 1999) for tyre granulates (tyre rubber) and tyre shreds presented.
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Fig. 14. The laboratory leaching concentrations compared with the CWQG (NGSO 1999) 
from leaching test with distilled water (neutral pH). In the case the elements were below 
the detection limit in the analysis the detection limit is used.  
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Fig. 15. The laboratory leaching concentrations compared with CWQG (NGSO 1999) 
from leaching test with distilled water (neutral pH). In the case the compounds were below 
the detection limit in the analysis the detection limit is used.  
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The elements exceeding the CWQG are Cd, Cu, Fe, Pb and Zn. Of these elements are Cu, 
Fe and Pb close to the guideline limits. Cd is exceeding the guidelines by approximately a 
factor 30 and Zn with a factor 5. Of the organic compounds is phenol, nonylphenol and its 
etoxhylates, naphthalene (tyre granulates), pyrene (tyre granulates), benzo(b)fluoranthene 
and benzo(a)pyrene exceeding the guidelines. Of these compounds is benzo(b)fluoranthene 
and benzo(a)pyrene below the detection limits which is above the guideline limit and 
naphthalene and pyrene only exceeding the limits in the tyre granulates. The phenols are 
exceeding the guideline limit by a factor of 15-20 and nonylphenol and its etohxylates by a 
factor of 2. Except for the phenol and iron the laboratory leaching concentrations for the 
granulates are higher for all elements and compounds in figure 5.1 and 5.2. This indicates 
that individual particle size has an significant influence on the leaching concentrations. The 
phenol concentration was lower for granulates compared to tyre shreds and the iron 
concentration were approximately the same as for the tyre shreds.  

The EC landfill directive (Eur-Lex 1999) classifies waste into three different categories 
based on the potential impact on the environment; inert, non-hazardous and hazardous 
waste, based on the laboratory leaching properties. In figure 16 the laboratory leaching 
results are compared to the European Community’s classification of landfill wastes (Eur-
Lex 2003). There analysis parameters total dissolved solids (TDS) is missing but 
considering tyres being used found to be intact after 40 years submerged into water, (AB-
Malek and Stevensson 1986) tyre material are not dissolved in water and would thus be 
classified as inert waste considering the leaching criteria.  
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Fig. 16. The leachate results from tyre shreds (TS) compared with the laboratory leaching 
criteria for L/S 2 and L/S 10 in the landfill directive (Eur-Lex 2003). 

Because the chlorobenzene and PCB compounds were below the detection limits in the 
laboratory leaching tests with tyre granulates under neutral and alkaline conditions the 
conclusion is that exposure of the compound groups can be neglected from environmental 
assessment from tyre material fills unless the tyre material is polluted.  

If the three detected PAH-compounds in the analysed leachate of distillated water are 
compared with the analysed content in the material and the theoretical solubility, see figure 
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17, the laboratory leaching results with water rather reflects the water solubility of the 
compounds than the content of PAH-compounds. This is supported by the laboratory 
leaching results from n-hexane as leaching agent were the relative amounts of individual 
PAH-compounds in the rubber is reflected in the leachate.  
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Fig. 17. The detected PAH-compounds in the leachate (destillated water as leaching agent) 
from granulate compared with the analysed content of the material and the theoretical 
solubility.

By comparing the amounts of elements and compounds found in the leachate for the tested 
granulates a measurement of the mobilisation is derived. At L/S 10 0.06 % of the iron, 0.8 
% of the zinc, 0.02 % of copper and 0.02 % of the total content of 16 EPA-PAH are 
mobilised. If the detection limits for the analysis are used the mobilisation for the elements 
in figure 5.1 are < 1 % except for mercury which were not included in the analysis of the 
rubber content. Of the individual PAH compounds were 2 % of naphthalene, 2.3 ‰ of 
phenanthrene and 0.35 ‰ of Benz(a)anthracene were mobilised based on data above the 
detection limits in the analysis. If detection limits are used for the 13 remaining studied 
PAH compounds the mobilisation are < 1 %. 

In the soxhlet extraction of tyre granulates 470 mg/kg DS of 16 EPA-PAH compounds 
were extracted, from which 100 mg/kg DS were classified as carcinogenic PAH 
compounds and 370 mg/kg DS are classified as other PAH compounds. The leached 
amount of PAH compounds is much higher than the analysed content 62 mg/kg DS in the 
tyre rubber material. The big difference in results could be due to not representative 
samples (small sample amounts) or lack of effectiveness in the extraction of PAH 
compounds by acetone in the acetone/hexane extraction cycle before the HPLC analysis.

Of elements studied beneath the tyre shred fills at the three field monitoring objects, zinc is 
the only element that is exceeding the quality guidelines at all sites and monitoring 
occasions. The quality guideline for zinc is 30 μg/l. The average monitored concentrations 
at the three sites were Huggenes 241 μg/l, at road 686 442 μg/l and at Lanna 220 μg/l. The 
considerable higher average concentration at road 686 is due to one sample with the 
concentration of 1460 μg/l. It is possible that the sample has been polluted from the air 
blast furnace slag. If this value is excluded the average zinc concentration falls from 442 
μg/l to 103 μg/l. Similar results as presented in this study is supported by other studies. 
Eldin and Senouici 1992 report the average zinc concentration to be 134 μg/l and Smura 
and Uotinen 2000 140 μg/l. However, looking at the reference field monitoring stations it 
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is clear that there are other sources to zinc as well in both the constructions at road 686 and 
in the surroundings of Huggenes. At road 686 the average zinc concentration below the 
reference section is 37 μg/l and at Huggenes the background concentrations in the brook is 
at average about 24 μg/l and half as high concentrations as beneath the tyre shred fill is 
monitored in the ditches of the road.

The pH and redox potential will affect the metal release. Iron precipitation will absorb 
metals and other charged ions in the water and act as an retention mechanism. If the iron 
hydroxides would dissolve due to changed pH conditions these absorbed elements and 
compounds will be released and available for further release. 

Other field monitored elements that occasionally exceeded the CWQG in the leachate from 
tyre shreds were at Huggenes copper and lead, at road 686 iron, aluminium, arsenic, 
cadmium, copper and lead and at Lanna arsenic, lead, iron, cadmium and copper. Except 
for occasionally high concentrations these elements were generally monitored below the 
CWQG. Since these elements, except for arsenic, exceeded the CWQG in the laboratory 
leaching tests these elements are recommended to be included into environmental monitor 
programmes for tyre shred constructions, until more studies has shown whether these may 
impact on a freshwater recipient or not. In addition to the elements origin from tyres, some 
contribution of elements to the collected leachate is expected from other parts of the 
monitored construction with tyre shreds. Especially at road 686 where the air blast furnace 
slag where used in the beginning of the road construction period.

The PAH compounds were found at trace levels at all three monitored field sites. At 
Huggenes the detected PAH compounds in one sample beneath the tyre shred fill were 
acenaphtylene (<0.25 μg/l), acenaphtene (<0.02μg/l), fluorene (0.02 μg/l), fluoranthene 
(0.03 μg/l) and naphthalene (< 0.06 μg/l). Similar or higher concentrations were found at 
the reference monitoring stations indicating higher pollution sources than the tyre shreds, 
e.g. exhausts from vehicles. At road 686 all 16 EPA-PAH compounds were detected close 
to the detection limits. Naphtalene were found at the relatively high concentrations, <17 
μg/l. At Lanna the sum of carcinogenic PAH were below detection limits in all analysis 
and the other PAH compounds of the 16 EPA-PAH were at average 0.8 μg/l. Other studies 
has analysed on other parameters. Smura and Uotinen 2000 used BaP as qualitative marker 
for PAH and all analysis was below the detection limits for BaP. Based on the monitored 
data in this study and Smura and Uotinen 2000 it seems that the contribution of 
carcinogenic compounds of the 16 EPA-PAH is close or below the detection limits of the 
analysis (here 0.02 μg/l) and that other sources than tyre shreds seems to contribute to 
higher amounts of carcinogenic PAH compounds. Naphtalene is the PAH compound found 
in highest concentrations in the field studies at road 686. Naphtalene was the individual 
PAH compound found in the highest concentrations in the laboratory leaching test on tyre 
granulate as well. Naphtalene has the highest solubility in water of the 16 EPA-PAH. The 
monitored PAH concentrations were corresponding to the tyre shred leachate test results. 
Based on these field monitoring results the mobility of PAH-compounds is low from the 
monitored constructions. The difficulty with performing analysis at these levels are the 
influence in the analysis of other organic compounds present in the leachate and 
contamination of the samples of other PAH sources, especially at monitoring in field tests. 
All organic compounds that may be found in tyre shred leachate are not included or studied 
in this study and are not listed in the CWQG. 
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Of the monitored phenol and the corresponding ethoxylates, beneath the tyre shred fill in 
Huggenes most of the samples were below detection limits of the analysis. Bisphenol A 
were found in three samples 0.05 to 0.21 μg/l and 4-t-octylphenol also in three samples 
0.04 to 0.05 μg/l. Higher concentrations were found in the reference monitoring stations. 4-
nonylphenol and 4-tertoctylphenol were found in similar concentrations, 0.134 and 0.129 
μg/l, in the lysimeters beneath the tyre shreds at road 686. Phenol index were however 
below detection limit. Phenols and the ethoxylates are detected in low concentrations well 
below the CWQG limit guidelines. The concentrations are lower than expected considering 
the obtained concentrations of other target elements and compound concentrations in the 
laboratory leaching tests. It is an indication of either declining generation of phenol 
compounds by time due to that the surface layer on the tyre shreds is oxidized or 
decomposition processes in the effluent water. 

The field monitoring of road 686 in Sweden showed that the monitored elements and 
compounds decreased by time and that the leachate generations are very low in a paved 
construction where the tyre shreds are placed above the ground water table and protected 
from surface water by ditches. The estimated time to achieve the L/S-quotient tested in the 
laboratory leaching tests is estimated to about 180 years in a worst case scenario. The field 
monitoring of the noise barrier in Huggenes, showed that the run-off water from the road 
system often contained higher concentrations of metals, PAH and phenols than the leachate 
only origining from the tyre shred fill within the noise barrier.

Tyre shreds have been used in civil engineering construction works in at least 20 years. 
During this period of time no other principle environmental effects than release of iron, 
manganese and zinc by leaching has been observed. Iron is a pH-redox sensitive element 
and will be controlled by these conditions. If precipitated as iron hydroxides the iron will 
absorb other elements and act as retention mechanism for effluent metals. Zinc is mobile as 
ion and will be transported out from the construction if not absorbed by e.g. organic matter 
or iron hydroxides.The vulcanisation process of the rubber material effectively binds the 
organic compounds and retards the release effectively. The low release velocity enables 
biological and chemical degradation of released organic compounds. The pH of tyre shred 
leachate is neutral to slightly alkali which contributes to stabilise metals, e.g. iron 
hydroxides, and reduces the metal release to minimum.  

Considering the guidelines to be valid for concentrations found within a freshwater 
recipient dilution effects would effectively. If the leachate from tyre shreds would infiltrate 
into soil absorptions mechanisms are likely to reduce the concentrations.  

CONCLUSIONS

In this paper laboratory leaching test results of tyre shreds and tyre rubber are compared 
with field monitoring data focusing on metals, PAH, and phenol compounds. As reference 
to the results is the Canadian Quality Guidelines for the Protection of the Aquatic life 
(CWQG) for fresh water organisms used (NGSO 1999). 

The laboratory leaching results at neutral pH-conditions on elements showed that tyre 
shreds leaches elements in low concentrations. At L/S 10 for tyre shreds the average 
concentrations of elements in the leachate were low, below 10 μg/l for all studied elements 
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except for Fe (750 μg/l) and Zn (160 μg/l). Phenols were detected well over the detection 
limits and 4-ter-octylphenol, 4-n-nonylphenol, iso-nonylphenol (technical), bisphenol F 
and bisphenol A were detected at low concentrations. All 16 EPA-PAH were equal or 
below the detection limit in these tests for the analysis. In general the concentrations were 
slightly higher in leachate from tyre shreds at L/S 2 compared to L/S 10. Tyre granulates 
generates much higher PAH and metal concentrations than tyre shreds which implies that 
the specific surface is important for the leaching potential. The laboratory leaching results 
show that the individual solubility of PAH-compounds reflects the effluent concentrations 
from the tyre material rather than the content in the rubber. The DOC concentrations shows 
that there are other organic compounds present in the leachate than just phenols and PAH. 

The field monitoring programmes from three different field sites show an average increase 
in the leachate of Zn, Fe, Al, As, Cd, Cu, and Pb. PAH and phenol were detected in the 
leachate from the tyre shred fills at lower concentrations than monitored in the reference 
monitoring stations which is indicating other contributing sources to these compounds in 
the surrounding environment. Naphtalene is the PAH compound found in highest 
concentrations in the leachate at the monitored sites. Phenols and the ethoxylates were 
detected in low concentrations well below the CWQG limit guidelines. The studied 
elements and compounds are found in concentrations well below the concentrations 
obtained in the laboratory leaching tests in this study. 

The studied concentrations from both the laboratory leaching tests and the field monitoring 
sites of especially PAH compounds in the leachate are very low. The CWQG are slightly 
lower than the used detection limit in the analyses in this study for the PAH compounds 
anthracene, benz(a)anthracene, benzo(b)fluoranthene and benzo(a)pyrene. In order to 
conduct correct comparisons between the CWQG and these compounds analyses with 
lower detection limits needs to be used.  

The normalised leakage from tyre shreds is low compared to the waste classification 
system within the EU. Tyre shreds are classified as inert waste by the EC landfill directive 
landfill requirements based on laboratory leaching properties. It is unlikely that freshwater 
recipients could be measurably influenced by a tyre shred construction because of the low 
concentrations of toxic elements and organic compounds included in this study. Most of 
the identified elements in the leachate, listed in the CWQG, with the exception for zinc and 
iron which are found in higher concentrations, are present in concentrations around trace 
level limits. The analysis of tyre material shows that the source of these elements is limited 
in the tyre material. The PAH release is low. PAH has low solubility in water and 
dissolved PAH will easily absorb on soil or other particle surfaces which will limit the 
concentrations in water. Compared to other sources in the surroundings of the studied 
applications, e.g. exhausts from vehicles or other combustion, the PAH release from tyre 
shreds caused by leaching is insignificant. At Huggenes field test the monitoring 
programme shows that the leachate from the tyre shreds at most sampling occasions and 
for most analysed elements and organic compounds is below the level of reference waters 
outside the tyre shred fill. 

Of the studied PAH compounds, those with the lowest solubility are among the compounds 
which are considered as carcinogenic. The leaching tests and field monitoring results 
shows that those PAH compounds are not dispersed out from the tyre shreds into the 
aqueous phase. This is due to low solubility values.
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The specific leaching for all elements except for iron and zinc are low and the chemical 
content of the elements and compounds in the tyre material is limited. This study and other 
studies imply that the leaching concentrations will decrease by time. Minor precautions as 
maximise the size of the end-of-life tyre shreds and limiting the contact time with water 
within a tyre shred fill will further reduce the risk for affecting organisms within a 
recipient. Based on toxicity based CWQG and the results from the laboratory leaching tests 
and field monitoring results a monitoring programme is recommended to include zinc, and 
phenols.

FURTHER RESEARCH 

The influence of pH-redox conditions is still not properly investigated. Redox conditions 
may affect the release of phenol compounds since one source of phenols in tyre material 
origins from the oxidation protection of the vulcanisation sulphur bridges within the 
rubber. Phenol leakage is still not properly investigated. Since phenols are generated by 
prohibiting oxidation of the rubber material it would be interesting to monitor long-term 
leaching of the material. Well monitored long term evaluation of tyre shred fills is not 
available.
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ABSTRACT

A new road construction, with a test section constructed with tyre shreds in the capping layer, 
has been evaluated in a 200 m test section of a regional road in sub-arctic climate. In the test 
section the thermal conductivity of the tyre shred layer was evaluated to 0.15-0.19 W/(m•K), 
the in-situ bulk density of the tyre shred layer to 0.6 t/m3, and the bearing capacity of the 
section approximately to160 MPa. The back calculated stiffness modulus for the tyre shred 
layer, 1.5-2.0 MPa, is suggested to be used as empirical stiffness modulus for linear-elastic 
pavement design models for tyre shreds in road constructions. The monitoring shows that the 
leachate production is small and minor concentrations of metals, mainly zinc, and organic 
compounds, lighter PAH and phenols, leaches from the construction. Three years after 
finishing the construction work the test section with tyre shreds shows much better results in 
terms of surface cracking and frost heave reduction compared to the conventional road 
sections.

CE Database subject headings: Recycling. Tires, Tyres, Field tests, Construction materials, 
Highway design, Thermal properties, Flexible pavements. 
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INTRODUCTION

End-of-life tyres is a volume disposal problem. Only in Europe 2 000 000 tons of end-of-life 
tyres are generated each year that needs to be recycled or disposed (ETRMA 2006a). In figure 
1 is the recovered used tyres, including historical stockpiles, in the EU and Japan year 2004 
and the U.S. 2003 presented.
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Fig. 1. Recovered used tyres within the EU and Japan year 2004 and in the U.S 2003 
(ETRMA 2006b). 

The easiest conventional way of dispose tyres is by landfilling. Tyres are however not suitable 
for landfilling since the volumes are large, the rubber almost non-degradable and possess a 
high energy value that aggravates landfill fires. This growing disposal problem has been 
noticed by the environmental authorities in a number of countries and legislation acts has 
been taken to encourage other disposal options than landfilling, e.g. by banning tyre material 
on landfills within the European Community (Eur-Lex 1999). 

The use of tyre shreds in construction work has been tested since the 1980’s, mainly as road 
insulation material, lightweight fill material and in drainage layers in landfills (MPCA 1990; 
Manion and Humphrey 1992). The experiences showed that the use of tyre shreds were 
beneficial from both engineering and economical aspects and that the leaching in general is a 
minor problem based on the studied elements and compounds. The results has resulted in 
empirical based design principles published in the ASTM-standard D 6270-98 (ASTM 1998). 

Based on the positive experiences, mainly from the U.S.A. and Canada and the encouraging 
regulations towards alternative disposal options, tyre shreds could be of interest in Europe 
including Sweden as well. At the start of this work in 2001 there were three minor road 
construction projects in Sweden where tyre shreds had been utilised. Two were technically 
successful. To establish a basis for design and construction practices a PhD research project 
was formed and the road construction in this paper is part of the research project. Still there 
are areas not completely covered in previous studies of tyre shreds, in e.g. road constructions, 
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that need to be further investigated such as stress-strain relations, stiffness and shear strength, 
the environmental issues and experience from field applications.  

TYRE SHREDS 

Tyre shreds are fragmented used tyres, mainly from passenger cars but also from heavy 
vehicles. The fragmentation is performed by a shredder. Primarily is the shredding of tyres a 
volume reduction act for transportation of tyres for material recovery or disposal processes. 
The size of the individual shreds is controlled by sieving. The first shredding results in 
approximately 100-300 mm large tyre shreds, two passes results in approximately 100-150 
mm and finer material are re-processed until the material passes the specific sieve. The result 
is disc shaped tyre shreds with protruding steel cord. Smaller tyre shreds increases the amount 
of protruding steel cord.

The used tyre shreds for the capping layer in the road construction presented in this paper 
were approximately 50×50 mm2, figure 2.

Fig. 2. Tyre shreds used in the capping layer in the road construction.

PREVIOUS STUDIES 

Tyre shreds as capping layer for frost insulation purposes and as lightweight material in road 
embankments has been tested in several studies, (Edil and Bosscher 1992; Eldin and Senouci 
1992; Humphrey and Nickels 1997, Bosscher et al. 1997). The results from these studies were 
compiled by the Rubber Manufacturers association (RMA) in the USA in general guidelines 
(ASTM 1998). In this guideline the recommended superstructures are material consuming, 
minimum 0.8 m soil cover (superstructure) for light traffic and 1-2 m for heavy traffic for 
paved roads to compensate for the high compressibility in the tyre shred layer. However the 
number of pilot studies is still limited and there is a potential to revise the guidelines based on 
later years experiences.

Both gravel roads and paved roads have been built and evaluated in pilot studies. Since 
superstructure design and allowed traffic load is dependent on regional guidelines and 
regulations there are implications in comparing the performance.  
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Different combinations of constructions were tested of both tyre shred soil-mixtures and pure 
tyre shred layers in a gravel road test project (Eldin and Senouci 1992). The test sections, 
comparable to use of pure tyre shreds as capping layer, were combinations of approximately 
1500 mm tyre shred layer covered by 300 mm superstructure material, and approximately 900 
mm tyre shreds covered by 900 mm superstructure. Three different tyre shred sizes were 
tested, approximately 50 mm, 100 mm and 200 mm, in these combinations and two different 
superstructures deigns were tested, approximately 600 mm loam and 300 mm crushed stone 
base course, and approximately 300 mm crushed stone base course respectively. The test road 
required periodic surface maintenance during the first three test moths. In the study the test 
sections with soil-tyre shred mix performed better than test sections with pure tyre shreds. No 
observed differences in performance of the different combinations using pure tyre shreds were 
reported.

Bosscher et al. (1997) performed a test program for road design on tyre chips as embankment 
material including laboratory work, theoretical pavement analysis and field tests on unpaved 
and paved roads. Two principal designs were tested; a multilayered construction with sand 
layers and tyre shred layers mixed and a pure tyre shred embankment covered by a 
superstructure. The pure tyre shred embankment consisted of approximately 910 mm thick 
tyre shred embankment, 610 mm subbase of sand, 300 mm of sub base/base course and 63.5 
mm asphalt. The major findings in this study was that 1 m thick soil cover is necessary to 
limit the compressibility of tyre shreds, there is a period of initial differential compressions in 
the tyre shred fill and final surface cover should be finished after this period, multilayered 
elastic theory are applicable on tyre shreds if an appropriate resilient modulus is used. 

Humphrey and Nickels (1997) studied different configurations of superstructures above a 610 
mm thick tyre shred layer. The result showed that the compressibility of tyre shreds results in 
higher surface deflections compared to conventional constructions with no tyre shred layers. 
However, the deflection basin was flatter, i.e. the deflection angle lower, compared to the 
conventional road construction which results in smaller strains beneath the pavement layer 
compared to such a high deflection on a conventional road. One conclusion of the study is 
that based on tensile strains beneath the pavement layer it is theoretically enough to have a 
superstructure of 127 mm pavement and 610 mm soil cover above the tyre shreds to fulfil the 
design criterion used in the study.

Vallila and Uotinen (2000) evaluated two different sizes of tyre shred, 340-1400 mm thick 
layer of tyre shreds, 800 mm subbase of crushed rock, 300 mm basecourse of crushed rock 
and 60 mm PAB asphalt as pavement on a soft clay. The bearing capacity of the road was 
satisfactory and increased about 50 %, from at average 120 MPa to 160 MPa after two years. 
This phenomenon is not clearly explained but was suspected to be related to compaction 
effects and creep within the tyre shred material layer.  

Difference of using large or small tyre chips were tested in 600 mm layers beneath a 
superstructure of 600 mm subbase and 300 mm base course of crushed rock with 90 mm 
bituminous pavement, Tanska et al. (2000). The large tyre shreds (300*100 mm2) structure 
resulted in higher initial deformation compared to the small tyre chips (50*50 mm2). The 
bearing capacity was evaluated in static plate load tests and falling weight deflectometer 
(FWD) and the elastic modulus was found to be 1.5-2 MPa in the tyre shred layer. 
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The frost insulation properties have been evaluated by Humphrey et al. (1997) and Lawrence 
et al. (1999). The in-situ estimated thermal conductivity has at average been determined to be 
0.16 to 20 W/(m•K) in these studies. These results corresponds to laboratory measurements 
where the thermal conductivity has been found to range between approximately 0.20 to 0.28 
W/(m•K) (Humphrey et al. 1997; Shao and Zarling 1995). The thermal insulation in field tests 
has also been tested by Humphrey and Eaton (1993), and Shalaby and Khan (2002). These 
studies concludes that tyre shreds acts as a good thermal insulator but the low water content in 
the tyre shreds results in low freezing resistance. After the freezing front has penetrated the 
tyre shred layer the frost penetrations is decreasing in the subgrade compared to the reference 
sections.

For tyre shreds in civil engineering work it is important to separate initial compression caused 
by loading the tyre shreds and long time compressions (creep). The initial compressions need 
to be compensated for in the construction phase to achieve correct layer thicknesses. The 
initial compression in the tyre shred layer are ranging from 8 to 15 % under approximately 1 
m thick superstructures (Tanska et al. 2000; Vallila and Uotinen 2000) for 50*50 mm2 tyre 
shreds. Larger tyre shreds, 300*100 mm2 results in higher initial compression, 12-18 % 
(Tanska et al. 2000).

Leachate from the road constructions with tyre shreds has been collected and analysed several 
studies (Tanska et al. 2000; Shalaby and Khan 2000; Humphrey and Katz 2000). As reference 
concentration most studies have compared the concentrations in the leachate with national 
drinking water standards for inorganic compounds. In addition most studies include PAH-
compounds and other organic compounds such as phenols. Tanska et al (2000) identified 
copper, zinc, Manganese, iron, sulphate and PAH to be potential contaminants. Shalaby and 
Khan (2000) compared inorganic compounds with the Canadian Environmental Guidelines 
for the Protection of Aquatic Life (NGSO 1999), and analysed on hydrocarbons including 
benzene, toluene, ethyl benzene, and xylene (BTEX). Of inorganic compounds were 
aluminium, iron and manganese identified as potential pollutants and no of the investigated 
hydrocarbons were found above the detection limit in the leachate. Humphrey and Katz 
(2000) monitored a road construction for five years. Identified inorganic elements identified 
in the other reviewed studies were also covered in this study. Except for manganese no 
evidence for enrichment of inorganic compounds were found in the groundwater. Negligible 
levels of organics, including PAH and phenol compounds, were found in the groundwater. 
The opinion in all the reviewed studies is that tyre shreds used above the groundwater level 
will not have an adverse effect on water quality outside the construction. 

ROAD CONSTRUCTION 

Aim

For the road construction the aim of the work using tyre shreds as a construction layer is to: a) 
Gain experience in using the material. b) Study the functionality from a thermal insulation 
perspective. c) Study how to design the superstructure of the road in order to limit the 
implications of the elastic properties and low stiffness of the material. The objective with the 
test section is to perform measurements and evaluations of deformations of the tyre shred 
layer, temperatures and position of freezing/thawing front, the stiffness of the construction as 
well as leachate. 
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Background and site description 

The test road, a part of local road number 686, is located 10 km outside the city of Boden in 
the northern part of Sweden, figure 3. The current road suffered to low bearing capacity, 
especially during the thawing season and the overall goal of the road construction project was 
to rehabilitate the road to fulfil the Swedish Road Administrations (SRA) requirements for 
bearing class 1; gross weight of vehicles up to 60 tonnes. As a part of the road project a test 
site of utilisation of tyre shreds as capping layer were provided by the SRA. The traffic load 
on this road is generally low but during the thawing period, when the majority of the minor 
roads in the region have bearing capacity problems, the road will be used to supply a sawmill 
with timber transportation. The ground under the road construction consists of a saturated 
silty till. The design air freezing index according to the SRA requirements is approximately 
1300 ºK-days and the average precipitation 490 mm/yr (Bergström 1993). 

Fig. 3. Location of test site; road 686 in northern Sweden. 

Road construction and pavement design 

The design of the road was made by using the Swedish National Road Administration’s 
program PMS Object 2000 (SRA 2000). The program is based on a linear-elastic material 
model assuming homogenous and isotropic materials. The design criteria are maximum 
allowed tensile strain at the lower part of the wearing course and maximum allowed 
compression strain at the upper part of the subgrade. The PMS-program computes the 
deflection and critical strain values for the wearing course surface and the subgrade surface. 
The service time is based on both fatigue cracking of the defined asphalt layer and subgrade 
deformation distress is determined by cumulative damage concepts. The program also 
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computes the estimated frost heave and compares it with the largest acceptable heave in order 
to avoid damage of the pavement.  
The choices of design parameters, given in table 1, are primarily based on in-situ evaluation 
of tyre shreds in other studies since the evaluation techniques primary are used for pavement 
design evaluation. The elastic modulus of tyre shreds in road constructions has been evaluated 
by Tanska et al. (2000) and the thermal conductivity from laboratory testing and field 
estimations by Humphrey et al. (1997). 

Table 1. Used design parameters for design of the capping layer with tyre shreds. 
Parameter Used value Parameter Used value 
Elastic Modulus 2.0 MPa Thermal conductivity 0.25 W/(m•K) 
Water content 2 % Degree of saturation 0.1 % 
Porosity 50 % Air freezing index 1300 ºK•d 

The road construction is a flexible pavement design, figure 4. The subgrade is a frost 
susceptible silty till. Above the subgrade a 600 mm thick layer of 50  50 mm2 tyre shreds is 
placed as capping layer.  

The tyre shreds are used primarily as a frost insulating and capillary breaking layer. The tyre 
shreds are capped with a non-woven geotextile in order to avoid intrusion of silt from the 
subgrade and aggregates from the subbase. The subbase consists of a 750 mm layer of 0-100 
mm crushed rock. The 80 mm base course is made of crushed rock and the 45 mm wearing 
course of soft asphalt pavement.  

Fig 4. Test road design to the left and reference section to the right. P1 and P2 refers to two 
different test sections where steel net reinforcement is used at different levels in the subbase 
layer.
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During the construction phase two different subbase materials were evaluated; 500 mm 
crushed rock in test section P1 and 500 mm air blast furnace slag in test section P2. A 
distance of 50 metres of the test road with air blast furnace slag and 50 metres of crushed rock 
were planned to be reinforced with steel net in the subbase layer. However, due to 
circumstances out of control of this research project the pavement had to be postponed until 
the following year and the heavy trucks where allowed to drive upon the subbase of air blast 
furnace slag during the winter. The mechanical degradation of the air blast surface slag was 
severe and the design was changed to a superstructure with crushed rock as subbase material 
and with steel net reinforcement as a stiffness increasing factor, described in figure 4.

The road construction in the reference section are identical to the test sections except for no 
capping layer of tyre shreds and no steel net reinforcement, figure 4. Between the subgrade 
and the subbase are a geotextile used to prevent fine subgrade particles to migrate up in the 
subbase layer. 

Monitoring programme 

The full-scale test was performed to evaluate if tyre shreds could be used as embankment fill 
and frost insulation material and fulfil the requirements of the SRA requirements. Bearing 
capacity has been evaluated using Falling Weigth Deflectometer (FWD) and the stiffness 
modulus of the tyre shred layer has been evaluated by using the deflection data from these 
measurements. The deformation has been measured by level gauges to monitor the 
compression and creep deformations in the tyre shred fill. The frost insulation capability has 
been evaluated by measuring the freezing front and temperature distribution in the road 
construction and the surface layer of the subgrade. Leachate from the tyre shred fill has been 
monitored for evaluation of release of primarily metals and PAH compounds. The monitoring 
installations and measurements were performed in mid-section (MS), the centre of the road, 
and at side-section (SS), in the middle of the traffic lane. An overview of the test site and 
installation of the monitoring equipment is given in figure 5.  
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Fig. 5. Overview of the test site and location of the monitoring equipment. 

The Falling weight Deflectometer (FWD) measurements are performed with 5 m in between 
the measuring points, first in the centre of the road and then in the middle of the traffic lane in 
the forward direction. The measuring procedure are conducted with first one control load 
followed by 50 kN, 38 kN and 26 kN target loads. The deflection is measured in six points 
with the following distance (radius) from the impact centre: 0, 200, 300, 450, 600, 900 and 
1200 mm. 

Based on the response data from the FWD-measurements the surface modulus E0, the average 
modulus Er and the subgrade modulus Esg are evaluated. The surface modulus E0 measures the 
stiffness of the whole construction assuming the whole construction beneath the deflection 
centre to be a homogenous, isotropic and linear elastic layer and is also the measurement of 
the bearing capacity of the construction. The average modulus Er is a measurement of the 
stiffness of the construction at the equivalent distance r from the deflection centre. The 
subgrade modulus Esg is a measurement of the bearing capacity of the subgrade bearing 
capacity. The magnitudes of this bearing capacity strongly affect E0.

The settlement gauges are 200×200 mm2 and installed above and beneath the tyre shred layer 
at two sections in the centre of the road and in the centre of the traffic lane, 3 m (MS) and 1.5 
m (SS) respectively from the edge of the paved surface, figure 6. Tubes for hydrostatic 
profiling were installed on the subgrade surface and on the tyre shred fill as back-up for the 
level gauges, figure 6. The tubes are made of polyethylene and with an inner diameter of 50 
mm.
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Fig. 6. Installation of settlement gauges and tubes for hydrostatic profiling on the tyre shred 
layer and on the subgrade surface, the bottom of the tyre shred layer. 

The freezing and thawing front is measured with temperature sonds and gandahl sonds. The 
gandahl sonds are 1350 mm long plastic pipes filled with destillated water with 0.1 % 
methylen-blue added and are installed vertically to reach down to 1775 mm below the road 
surface, i.e. measuring down to 300 mm below the bottom part of the tyre shred layer and thus 
penetrates into the silty till. 

Fig. 7. Gandahl sonds and temperature gauge positions, MS and SS, in the test sections of the 
road construction and the thermocouples vertical position relative to the road surface. 

The vertical temperature profile is measured with cupper-constantan thermocouples at the 
levels 125, 625, 875, 1025, 1175, 1325, 1475, 1575 and 1775 mm below the paved surface, 
i.e. down to 300 mm below the tyre shred layer in the subgrade of silty till. Lysimeters for 
collection of leachate are installed beneath the tyre shred layer in the subgrade. An installation 
consists of one lysimeter in the centre of the road and one 2.5 metres from the centre towards 
the edge of the road. The lysimeters, 540×355 mm2 and 200 mm high, are made of 
polyethylene and filled with washed seastones. The lysimeters catches water (liquids) 
infiltrating the road embankment. Until the road is paved precipitation will easily infiltrate. 
Leachate were originally planned to be collected in the spring after the snowmelting period 
and in the autumn for at least five years. 

Construction work 

The construction work was carried out in two phases. In phase one, during autumn 2002, was 
the subgrade, tyre shred layer and a 500 mm subbase finished for both the test sections and 
reference section. At test section P1 were crushed rock used and at test section P2 air blast 
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furnace slag used as subbase material. In phase 2 in autumn 2003 was the construction work 
finished by replacing the air blast furnace slag in test section P2 with crushed rock, increase 
the subbase layer to 750 mm crushed rock in both P1 and P2 and add steel-net reinforcement 
within this layer at different levels in P1 and P2 and finally add the base course and pavement 
layers. The subbase of the reference section were also increased to 750 mm and completed at 
the same time. 

The subgrade was compacted and geotextile lengths were put out across the length direction 
of the road. The tyre shreds were handled out by using wheel loaders in two 400 mm lifts with 
individual compaction of both layers. The compaction where carried out by an 11.5 ton drum 
roller with 4 passes. The geotextile lengths were folded over the tyre shreds to cover the 
material all around. The subbase material was handled out in two lifts and each lift compacted 
separately. The final aimed thickness of the tyre shred fill where 600 mm and subbase 
material was 500 mm. After one year the construction work was completed by replacing the 
air blast furnace slag by crushed rock, adjust the subbase layer thickness and add steel net 
reinforcement at different levels in P1 and P2. Finally the road was paved. The completed 
road is shown in figure 8. 

Fig 8. Finished road construction after the first winter with wearing course.

RESULTS

Design model 

The design model sanctioned by the SRA is based on comparing estimated number of 
equivalent standard axles (10 ton axles). This measure is based on prediction of effects of 
accumulated vertical strain in the subgrade and accumulated horizontal strain beneath the 
pavement layer. The results from the design are given in table 2. The effect of using steel-net 
reinforcement is not included in the analysis. 
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Table 2. Results from pavement and subgrade degradation analysis. 
  Equivalent number of standard axles 
 Unit Estimated Demand 
Pavement layer [-] 317 768  152 424 
Subgrade [-] 1.4·1011  304 848 

As seen in table 2 the construction fulfils the SRA requirements. As expected the pavement 
criteria is the limiting design criteria since the relatively thick construction above the 
subgrade is distributing the traffic loads resulting in long predicted service time in the 
subgrade. Estimated frost heave was maximum 63 mm (design criteria < 120 mm) and the 
estimated frost depth in the construction 1475 mm, equivalent down to the subgrade surface.

Construction and construction work 

The test site consumed 1203 tons of tyre shreds, equivalent to approximately 156 200 tyres. 
The tyre initial compressibility of the tyre shreds was slightly overestimated. After one year 
of creep settlements and adjusting the subbase layer to the final height and completing the 
road by paving the tyre shreds final compressibility was approximately as estimated.  

The construction experiences were positive by the contractors. Only conventional equipment 
was used. The use of tyre shreds did not result in extra sub-operations such as retaining fills, 
figure 9. The use of tyre shreds restricted the possibility for tyre tracked equipment to drive 
upon the tyre shred fill until it was covered by the first lift of subbase material because of the 
puncturing risk. Unloading and handling of tyre released steel cord dust from the tyre shreds. 
Compaction was performed by a 11.5 ton static load drum roller with operational static load 
29.1 kg/cm. The compaction work was performed at approximately 3 km/h and 4 passes per 
lift. Vibratory compaction was tested but no additional effect by of densification of the tyre 
shred layer was observed compared to static compaction. Adjusting tyre shred layers after 
compaction was slightly harder compared to unbound aggregates because the tyre shreds 
clogged. The first lift of subbase material was compacted with extra compaction effort in 
order to compensate for the weak underlying tyre shred layer.



13

Fig 9. No side support construction was needed during construction with tyre shreds up to the 
final height of the capping layer. 

Bearing capacity 

The bearing capacity has been evaluated at two occasions by using Falling Weigth 
Deflectometer (FWD). The first measuring series was performed after the first winter directly 
on the subbase layer of 500 mm crushed rock and air blast furnace slag respectively in the test 
sections and the reference section. The second measuring series was performed on the 
completed construction in July 2004.  

The FWD measurements on the 500 mm thick subbase materials on test sections P1 and P2 
resulted in very low bearing capacity and low stiffness modulus for the tyre shred layer. The 
bearing capacity was approximately 25 MPa and the evaluated stiffness for the tyre shreds 
layer was approximately 0.3 MPa at 50 kN applied load. No significant difference in stiffness 
in between the two subbase materials were measured. By ocular inspection when heavy traffic 
were driving on the road the two different test sections showed that the air-blast furnace slag 
test section was significant weaker because the deflection of the surface was clearly visible. 
At the back calculation of the stiffness modulus for the tyre shred layer the test section with 
air-blast furnace slag as the superstructure material achieves slightly higher stiffness values. 
This is an effect of the lower stiffness value for the air-blast furnace slag compared to the 
crushed rock in the iteration process. As seen in figure 10 the actual deflections for P1 and P2 
are approximately equal. The deflection basin for the tests showed a wave occurring at radius 
400 mm from the deflection centre. The large deflections in test section surface upon heavy 
traffic resulted in that an ice crust on road surface did not establish as it did on the reference 
sections due to cracking of the ice. The large deflections also contributed to the deterioration 
of the air blast furnace slag layer. 
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As seen in figure 11, and in the deflection curves in figure 10, the bearing capacity on the 500 
mm subbase layer in the test sections with tyre shreds as capping layer were low compared to 
the reference section. On the paved road construction the bearing capacity in the mid sections 
(MS) of the road is higher compared to the side sections (SS). This indicates that the side 
support of the road embankment is too low. But at the test site no signs of low side support, 
e.g. cracks in the pavement or rutting, are observed. At average the used elastic modulus in 
the design work, 2 MPa, was representative for the mid-sections of the road. For the paved 
construction the bearing capacity in the centre of the test section are almost equal to the 
bearing capacity of the reference section. In the paved structure section P1 with the steel net 
reinforcement placed higher up in the subbase layer a higher bearing capacity is obtained 
compared to P2 where the steel net reinforcement is placed lower in the subbase layer.

0

0,5

1

1,5

2

2,5

3

50 kN 38 kN 26 kN 50 kN 38 kN 26 kN

500 mm Subbase Paved structure

St
iff

ne
ss

 m
od

ul
us

 [M
Pa

]

P1 (MS)
P1 (SS)
P2 (MS)
P2 (SS)

Fig. 12. The back calculated stiffness modulus for the tyre shred layer from the FWD 
measurements on the 500 mm subbase layer and on the final construction at mid section (MS) 
and side section (SS) on the test site at the target loads 26, 38 and 50 kN. 

The stiffness within the tyre shred layer was calculated by using iteration of the measured 
surface deflections in the FWD-test in the program Everstress (WSDOT 1999), by assuming a 
multilayered model of linear elastic layers. The results of the stiffness are presented in figure 
12. The evaluated stiffness moduli in the tyre shred layer under the 500 mm subbase layer are 
low, ranging from 3-300 kPa. The registered deflections in this test series were measuring 
were close to, or out of range, of the deflection sensors. The results from the 26 kN target load 
on the FWD is unrealistically low and is probably due to measurement problems of the 
deflections. The trend is that higher target load results in higher elastic modulus for the tyre 
shred layer when testing on the 500 mm subbase. The evaluated stiffness modulus for the tyre 
shred layer in the paved construction show small variations in evaluated stiffness modulus for 
the tyre shred layer within the target loads on the road. There are however a difference in 
evaluated stiffness depending on the location of the road. The tyre shred layer is stiffer in test 
section P1 compared to test section P2 and within the test sections the stiffness in the mid 
section of the road is higher compared to the side sections (SS). 
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Frost insulation 

The freezing front and temperature distribution has been monitored primarily at maximum 
frost depths after the first year. Maximum frost depth at this location occurred in March, see 
figure 14. The temperature sonds in the section with tyre shred layer, located 100 and 300 mm 
below the subgrade surface, did not measure temperatures below 0 C. The temperature sond 
installed at the surface recorded at lowest temperatures at 0.1 C. The Gandahl sonds recorded 
the freezing front to be maximum 10 mm to 50 mm below the subgrade surface during 2002 
to 2006. The high water content in the silty till implies a high freezing resistance and this in 
combination with the thick thermal insulation layer of the tyre shreds results in small or zero 
frost heave. In the reference section, without a tyre shred layer, the frost penetrated the 
subgrade every winter season, e.g. as shown in figure 13 for year 2004.

Fig. 13. Temperature distribution in the road construction at maximum registered frost depth 
the first winter with paved surface in March 2004. 

The length of the winter season, defined as when the daily average temperature is below 0 ºC, 
is approximately 180 days in the area of the road. The winter season may be divided into two 
freezing cycles. The first cycle occurs in October/November and is followed by a short 
warmer period. The second freezing cycle, approximately from December to March, is used 
for the back calculation of the thermal conductivity.  

The semiempirical solution the modified Berggren solution by Aldrich and Paynter (1966) for 
non-uniform layered systems is here used for back calculating the thermal conductivity based 
on the thermal properties of the individual layers and local temperature data. The modified 
Berggren equation considers the effect of the volumetric heat of layers and latent heat of 
fusion of water as frost penetrates into the ground. The layer model used for the back 
calculation of the thermal conductivity is presented in table 3. The air freezing index during 
the monitoring period and the back calculated thermal conductivity values are summarised in 
table 4.
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Table 3. Layer properties (SRA 2001 and Edeskär 2004) used in back calculation of the 
thermal conductivity for the tyre shred capping layer. 
Layer Thickness Dry 

density
Water 

content
Porosity Thermal 

conductivity
(frozen)

Latent heat of 
fusion

 [mm] [t/m3] [%[ [%] [W/(m•K)] MJ/m3

Wearingcourse 45 2.2 1 17 2 1.87 
Basecourse 80 2 3 25 1.02 1.79 
Subbase 750 2 9 25 1.9 2.02 
Tyre shreds 600 0.7 5 30 X 1.10 
Subgrade - 1.7 25 36 2.5 2.28 

Table 4. Summary of temperature data and back calculated thermal conductivity of the tyre 
shred layer. 
Freezing cycle 2002-2003 2003-2004 2004-2005 2005-2006 
Air freezing index [K•d] 1114 1196 855 902 
Thermal conductivity [W/(m•K)] - 0.15 0.17 0.19 

Based on ocular inspection the pavement of the test sections and the reference section has 
been unaffected during the monitoring period. The connecting road sections to the test site 
show signs of damage such as cracking in the pavement due to reduced bearing capacity 
during the thawing period and frost heave. 

Compression and creep 

Achieved thickness of the tyre shred layer in the construction phase in autumn 2003 were 
about 640 mm in P1 and about 660 mm in P2, and subbase layer thickness 450 mm in P1 and 
400 mm in P2. After creep settlements and completion of the construction the aimed thickness 
of 600 mm were approximately obtained and the thickness of the subbase layer increased and 
adjusted to 750 mm. 

The vertical strain of the tyre shred layer for the monitored sections is given in figure 14. The 
initial compression, second measurement 2002, was slightly underestimated. Initial 
compression in section P1 was in average 10 % caused by the load from the 500 mm 
compacted subbase of crushed rock. In P2 were the strain in the tyre shred layer about 3 % in 
P1 and about 2 % in P2. The finishing of the construction work, by adding steel 
reinforcement, increasing the subbase layer to totally 750 mm and pave the road, resulted in 
the additional compression in the tyre shred layer by 1 % relative to the initial fill thickness. 
During two years after the completion of the construction the total strain has increased at 
average with 3.5 % relative the initial tyre shred thickness.
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Fig. 14. Monitored vertical strain in the tyre shred layer with level gauges at mid-sections 
(MS) and side-sections (SS) for the two test sections during the study. In August year 2003 
was the superstructure completed.  

The density of the tyre shred layer after compaction (before placing the subbase layer) ranged 
from 0.60 to 0.67 t/m3 and at present, 2006, 0.72 to 0.78 t/m3.

Leachate results 

Sampling were planned to be performed at least once per year and analysis including 
elements, PAH and from 2004 phenols. However the leachate production has after the road 
was paved been too small to fulfil the required volumes for analysis according to sampling 
plan. Enough leachate to perform all analysis were after finished the construction only 
achieved in the test sections P1 and P2 during 2003 and 2004 and no leachate were collected 
in the lysimeters during 2005 and 2006. The analysis results from road 686 are presented in 
table 5 for elements in water and in table 6 for PAH in water. 
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Table 5. Analysis results on elements collected in the lysimeters. 
Monitoring date  30.06.2003 21.10.2004 
Station  P1 P2 REF P1 P2 REF 
Ca [mg/l] 45.6 3560 76.1 235 443 506 
Fe [mg/l] 0.943 0.876 0.109 <0.004 16.2 0.0409 
K [mg/l] 6.58 2540 48.9 31.4 627 11.7 
Mg [mg/l] 11.3 71.9 129 47 97.6 16.9 
Na [mg/l] 83.1 1250 509 142 311 34.7 
S [mg/l] 29.8 5800 343 1220 215 101 
Al [μg/l] 181 200 22.2 6.91 1120 6.61 
As [μg/l] 4.25 10 2 <18 8.26 <13 
Ba [μg/l] 6.46 815 57.4 50.6 31.5 27.8 
Cd [μg/l] 0.229 2.06 0.13 0.079 1.76 0.117 
Co [μg/l] 3.73 21.3 3.15 0.601 75.6 3.91 
Cr [μg/l] 0.9 9 11.7 <0.5 0.554 <0.5 
Cu [μg/l] 19.8 2380 8.92 5.43 13.4 8.08 
Hg [μg/l] 0.0406 0.276 0.02 <0.02 <0.02 <0.02 
Mn [μg/l] 226 4420 157 12.4 15400 561 
Ni [μg/l] 7.39 18.7 6.69 3.29 54.2 4.45 
Pb [μg/l] 3.13 42.5 0.6 0.602 2.62 <0.2 
Zn [μg/l] 25.5 272 7.66 11.1 1460 65.6 
pH [-]  5.3  7.6  6.8 

Table 6. Analysis results on PAH-compounds collected in the lysimeters. 
Monitoring date 30.06.2003 21.10.2004 
Station P1 P2 P1 P2 REF 
Compound [μg/l] [μg/l] [μg/l] [μg/l] [μg/l] 
Naphtalene 17 12 <0.10 <0.10 <0.05 
Acenaphthylene <0.25 <0.25 <0.13 <0.13 <0.08 
Acenaphthene 0.3 0.24 <0.05 <0.05 <0.05 
Fluorene 0.074 0.076 <0.05 <0.05 <0.05 
Phenanthrene 0.041 0.057 <0.01 <0.04 <0.02 
Anthracene <0.013 <0.013 <0.01 0.02 <0.01 
Fluoranthene <0.030 <0.030 <0.01 0.02 <0.01 
Pyrene <0.037 <0.037 <0.01 0.02 <0.01 
Benz(a)anthracene <0.0070 <0.0070 <0.01 0.02 <0.01 
Chrysene <0.016 <0.016 <0.01 0.02 <0.01 
Benzo(b)fluoranthene <0.027 <0.027 <0.02 0.04 <0.02 
Benzo(k)fluoranthene <0.0050 <0.0050 <0.01 0.03 <0.01 
Benzo(a)pyrene <0.026 <0.026 <0.01 0.05 <0.01 
1,2:5,6-Dibenzanthracene <0.012 <0.012 <0.01 0.05 <0.01 
1,12-Benzo-perylene <0.0040 <0.0040 <0.02 0.07 <0.02 
Indeno(1,2,3-cd)pyrene <0.0060 <0.0060 <0.02 0.07 <0.02 
Sum 16 EPA-PAH 17 13 <0.24 0.41 <0.20 
Sum 16 Carcenogenic-PAH <0.050 <0.050 <0.05 0.28 <0.05 
Other PAH 17 13 <0.20 0.13 <0.15 



20

As reference for comparison of the concentrations in the collected leachate is the Canadian 
Guidelines for the protection aquatic life in fresh water (CWQG) (NGSO 1999). These 
guidelines are toxicity based and are reflecting the lowest concentrations in the water without 
effects on the most sensitive species. These guidelines are conservative chosen. Of the studied 
elements exceeding the CWQG in the leachate from the reference section without contact 
with tyre shreds are aluminium, cadmium chromium, copper and zinc. The elements 
exceeding the CWQG is presented in figure 15. At the first sampling occasion (30.06.2003) 
the road is unpaved and the superstructure above P2 consists of air blast furnace slag.
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Fig.15. Elements exceeding the Canadian water quality guidelines for the protection of 
aquatic life (CWQG) (NGSO 1999) for the leachate collected in the lysimeters. At the first 
sampling occasion (2003) air blast furnace slag is the material in the superstructure above the 
tyre shred fill. REF is the lysimeter in the reference section without tyre shreds, P1 and P2 is 
lysimeter located in the test sections P1 and P2 with tyre shreds. Note logratimic scale on the 
concentration axis. 

Highest element concentrations are found in P2 at the first sampling occasion. This is 
expected since the superstructure consists of air blast furnace slag disparate to the reference 
section and P1 were crushed rock is used as superstructure material. At the second sampling 
occasion the road has been paved for one year. The element concentrations in the reference 
sections are lower compared to the test sections P1 and P2. Except for iron at the first 
sampling occasion is the element concentrations higher in P2 compared to P1 for the target 
elements at both occasions. This is probably caused by the air blast furnace slag, the whole 
construction at the first sampling occasion and due to residue fine material attached to the 
geotextile at the second sampling occasion.  

Enough leachate for PAH analysis were collected in the lysimeters P1 and P2 but not in the 
reference section at the sampling occasion 2004. The difference in concentrations of PAH 
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compounds were low between P1 and P2. Therefore is the mean values of the 16 EPA-PAH 
concentrations above the detection limits presented in figure 16. The total content of PAH is 
higher at the first sampling occasion, 15 μg/l, and is considerable lower at the second 
occasion, 0,41 μg/l. At the first sampling occasion the main PAH compound in the leachate is 
naphthalene. At the second sampling occasion the naphthalene concentration is below the 
detection limit and low concentrations close to the detection limits of most compounds of the 
16 EPA-PAH group is detected.
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Figure 16. Average concentration of the PAH concentration in lysimeters P1 and P2 beneath 
the tyre shred layer for compounds over detection limits and Canadian water quality 
guidelines for the protection of aquatic life (CWQG) (NGSO 1999).

Sufficient collected water for phenol analysis were collected in the lysimeter in section P2 at 
date 21.10.2004. The analysis results were 4-nonylphenol 134 ng/l, 4 tert octylphenol 129 ng/l 
and phenol index < 0,010 mg/l. All values are below the CWQG for the protection of aquatic 
life (NGSO1999). 

DISCUSSION 

Based on the experience of the constructed test road, handling, spreading and compacting tyre 
shreds is easy with conventional machinery. The tyre shreds could be filled up and compacted 
in the two lifts to full height without sidewall support. However, at the construction site tyre 
shreds requires special consideration compared using conventional material since it is 
necessary to minimise the amount of traffic directly on uncovered tyre shreds, due to risk of 
punctures. It is also some difficulties in predicting final layer thickness after compaction and 
construction of the upper layers due to the low stiffness of tyre shreds. Unloading tyre shreds 
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on the construction site from vehicles results in minor rust dust release. The dust release could 
easily be prevented by wettening the tyre shreds or use fresh tyre shreds, i.e. not stored, before 
the protruding steel cord begins to corrode. Quality control of the tyre shreds is important, 
because depending on used shredders during the cutting process the sizes, shapes and amount 
of free steel cords varies.  

It is important to choose an appropriate stiffness modulus adapted to fit the design model and 
adapted to the dynamic stress interval caused by the traffic load. In the initial design for the 
road in this paper a stiffness modulus evaluated by static plate load tests on a similar 
construction was used. In this study the stiffness was evaluated by falling weight 
deflectometer. The back calculated stiffness modulus from these two methods is considerable 
higher than the stiffness modulus evaluated in confined compression tests (Humphrey et al. 
1992). Since the evaluated stiffness modulus in field tests corresponds to the pavement design 
model it is preferable to use the field evaluation results in road design. The used stiffness 
modulus of the tyre shreds in the design of the road, 2.0 MPa, was reasonable according to the 
following up FWD-results in the centre of the road but too high at the side sections. So far has 
no indication of lower bearing capacity at the side sections of the tyre shred test sections been 
observed such as cracks in the pavement.  

The FWD-results show that in general the mid sections in test sections have higher bearing 
capacity compared to the side sections. Based on the differences in bearing capacity between 
P1 and P2 steel reinforcement placement seems to be more favourable to be placed high in the 
subbase layer in the construction compared to low. The measured bearing capacity for the 
completed test section by FWD is comparable with others results (Vallila and Uotinen 2000; 
Tanska et al. 2000). The evaluated stiffness modulus from FWD test results are considerable 
higher than those evaluated in confined compression tests, but is approximately similar to the 
back calculated stiffness modulus by similar methods and models (Tanska et al. 2000). The 
used evaluation techniques are developed and based on the experience of soil materials. The 
higher evaluated stiffness modulus from FWD tests may be an effect of the non-linear stress-
strain response in the tyre shreds upon loading and the interaction in between the soil 
material-tyre shred layer in the multi-layered elastic evaluation models. The evaluated 
stiffness modulus of the tyre shred layer in this study and the modulus chosen in the design 
model (Tanska et al. 2000) for the road are similar. Those results show that 1.5-2.0 MPa are 
empirical values of the stiffness modulus that fits the design models in this test.

The test site was a minor part of a larger construction work. If the performance of the test road 
is compared with the connected road in the overall construction project the test site road 
performs better. The connected road is affected by frost heave and differential settlements. At 
some parts cracks at the edge of the pavement indicates low bearing capacity. In this sense the 
test site seems to have higher bearing capacity even if the FWD-measurements do not show 
this. It should be considered that the steel net also influences the stiffness. The performance of 
the test site shows that the superstructure probably could be thinner than the used. However 
this possible thickness reduction is difficult to validate analytically in linear elastic pavement 
design models, such as the SRA PMS Object model in this test. Empirical tests are still 
needed to find the most economical, i.e. thinnest acceptable superstructure, design. 

Air-blast furnace slag was tested and compared with crushed rock as subbase aggregate. Air-
blast furnace slag has lower bulk density compared to crushed rock. The ASTM D6270-98 
recommends a minimum thickness of the soil cover above the tyre shreds in order to 
compensate for the high compressibility of tyre shreds for protection of the pavement against 
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cracking. The comparison between the subbase materials air-blast furnace slag and the 
crushed rock above the tyre shreds showed a significant difference in bearing capacity at 
equal thicknesses. It is showed in compression tests that tyre shreds increases in stiffness as 
the vertical stress increases also at lower stresses, e.g. Edeskär and Westerberg 2006. If the 
superstructure above a tyre shred capping layer contains of lighter materials such as air blast 
furnace slag there is a need to compensate in thickness for the lost in weight. It has still to be 
investigated if the use of a heavier subbase material would result in a thinner minimum soil 
cover recommendation. Since the subbase also distribute load due to its thickness this may not 
be the case. Road construction guidelines should be revised to state two criteria for the soil 
cover above the tyre shred layer; a minimum thickness and a minimum surcharge of this soil 
cover.

Initial compression caused by the load of the finished construction and creep deformations is 
of the same magnitude as previous studies shows (Tanska et al. 2000; Vallila and Uotinen 
(2000). In this study it is not possible to clearly separate the total initial compression from 
creep deformations since the construction was performed in two phases with one year in 
between the construction phases. The tendency the last 2 years of the monitoring series after 
the construction was completed is declining creep deformations in the tyre shred layer. Initial 
compression and creep may thus cause problems like cracking of pavement of the road. 
Therefore it is recommended to not pave road until the major parts of the deformations have 
taken place.  

From the temperature distributions and the registration of the freezing front it is showed that 
the tyre shreds has a good thermal insulation performance. The high drainage capability of 
tyre shreds may contribute to increased bearing capacity in thawing periods by draining the 
superstructure and subgrade surface from excess water. The back calculated thermal 
conductivity in this test were ranging from 0.17 to 0.19 W/(m•K). These results are similar to 
other field tests (Lawrence et al. 1999; Humphrey et al. 1997). Considering this to be a field 
test the recommended thermal conductivity for design is recommended to be 0.20 W/(m•K). 

The low leachate production beneath the paved road is negative from analysis point-of-view 
but is favourable from an environmental impact point-of-view. Low leachate generation limits 
the potential transportation of pollutants. The PAH content in the initial leachate were higher 
than expected compared to leaching studies and field data from similar projects. However, the 
concentrations of analysed elements and organic compounds are low. The air-blast slag 
contributed to enriched elements in the the leachate in addition to the tyre shreds. The element 
release is comparable with other studies (Tanska et al. 2000; Shalaby and Khan 2000; 
Humphrey and Katz 2000) and element of concern is zinc due to the relatively high content in 
the tyre shreds. Napthtalene were the individual PAH compound found in the highest 
concentrations. It is the PAH compound of the 16-EPA PAH compounds with highest water 
solubility and is not considered to be carcinogenic. The phenol concentrations found in the 
leachate were well below the CWQG levels. Considering dilution effects the impact on the 
surrounding environment of using tyre shreds in this application is insignificant regarding the 
monitored pollutants. At the first sampling occasion a very low pH value were found in the 
leachate. Based on knowledge about the geology in are, the results from monitoring and the 
other reviewed studies this is probably due to oxidation of sulphide rich clay or silt sourcing 
from the subgrade material that probably during the construction phase has been able to 
influence the leachate collecting system.  
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Leaching tests are commonly used to estimate release of elements and compounds from 
materials for environmental characterisation purposes. The liquid-solid quotient (L/S) is used 
to normalise the water in contact with the studied material. Standard L/S-quotients used in 
environmental characterisations are L/S 2 and L/S 10. Estimation, based on average 
precipitation and evaporation balance in the local area (Bergström 1993), L/S 2 is reached in 
36 years and L/S 10 in 180 years for an unpaved road without snowploughing. Consider the 
road to be paved and ploughed the time to reach these L/S quotients are considerable longer. 

When using tyre shreds in road constructions large amounts of tyres are consumed. One cubic 
metre of compacted tyre fill consists of approximately 100 used tyres. To supply a major road 
building project with tyre shreds some logistic effort needs to be done since the available 
amount of tyres is limited and the tyres must be properly processed. For example, in Sweden, 
the available amount of used tyres is about 60 000 tons per year. This corresponds to about 
75 000-85 000 m3 of the tyre shreds used in road applications as in this study. This is enough 
to build 16 to 19 km of a road, if constructed as in this project. Therefore the collection chain 
of end-of-life tyres and distribution of tyre shreds is important when planning a construction 
project. Due to potential supply problems tyre shreds are probably more suitable in minor 
projects or well planned larger projects.

Tyre shreds has a potential as road construction material. However, there are two major 
concerns that need to be further investigated before it can be used as a conventional road 
building material, namely design properties and environmental aspects. Beside these issues 
the accessibility of material for tyre shreds as construction material since the available 
amounts of tyre shreds is limited. The available volumes of material are ultimately controlled 
by the renewing of tyres within the vehicle population.

CONCLUSIONS

By ocular inspection and in comparison with the parts of the conventionally constructed road 
the section with tyre shreds show much better results in terms of surface cracking and frost 
heave reduction. However, falling weight deflectometer (FWD) measurements of the tyre 
shred test section show lower bearing capacity compared to the reference section and to what 
is expected from the rest of the conventional constructed road.

Based on the FWD test results the back calculated stiffness modulus of the tyre shred layer is 
1.5-2.0 MPa. These values of stiffness modulus are recommended to be used in linear-elastic 
pavement design models. 

In order to obtain sufficient stiffness of a road construction it is recommended that road 
construction guidelines/standards state a minimum acceptable load (pressure) from the 
superstructure on a tyre shred layer in addition to the required minimum thickness of the 
superstructure. For the road constructed in this study there was a need to increase the 
thickness of the superstructure, compared to previous recommendations, in order to increase 
the stress on and decrease the compressibility of the tyre shred layer. If the superstructure 
above a tyre shred capping layer consists of lighter materials, such as the air blast furnace slag 
in this study, there is a need to increase the thickness of the superstructure. 
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If steel-net reinforcement is needed to obtain sufficient stiffness of a road construction it is 
favourable from a bearing capacity point of view to place it relatively high in the subbase 
layer.

It is necessary to have wearing tough construction material above a tyre shred layer in a road 
construction since wearing of the aggregates are higher compared to conventional 
constructions.

Due to creep deformations of the tyre shred layer adjustments of the subbase layer might be 
needed after some time and paving should therefore be performed as late as possible after the 
superstructure has been constructed.

The back calculated thermal conductivity were ranging from 0.15 to 0.19 W/(m•K). For 
design purposes are 0.20 W/(m•K) recommended. 

The monitoring shows that the leachate production is small and minor concentrations of 
metals, mainly zinc, and organic compounds, lighter PAH and phenols, leaches from the 
construction. Considering the concentrations and dilution effects the tyre shreds in the 
construction will have an insignificant effect on the surrounding environment. 

From an operational point-of-view the use of tyre shreds is time effective due to no need of 
side-wall support, special working operations or construction equipment.  
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NOTATIONS 

CWQG = Canadian water quality guidelines for the protection of aquatic life 
E0 = Surface stiffness modulus, bearing capacity 
Esg = Subgrade stiffness modulus 
FWD  Falling Weight Deflectometer 
PAH = Polycyclic Aromatic Hydrocarbons 
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Abstract
The European Council Directive 1999/31/EC of 26 April 1999 on the Landfill of 
Waste, stipulates that used whole tyres will not be allowed to be deposited in landfills
after 2003. Used tyres shreds are allowed for landfilling until 2006. Therefore there is 
a need to find other dispose options. Tyres have e.g. interesting properties to be used 
in geotechnical engineering applications as a construction material.

Constructing roads on week soil often requires the use of soil-reinforcement to avoid 
unwanted settlements. In regions with cold climate, frost penetration and heave need 
to be considered especially when building on fine-grained soils. These problems
might be solved by use of tyre shreds, which have properties like high thermal
insulation capacity, low density, and very low capillarity. 

In this study, a part of a reconstructed road has been constructed with a layer of tyre 
shreds below the sub-base. The studied road is located outside the city of Boden, just 
below the polar circle in Sweden, and serves the inhabitants and the forest industry. 
The underlying ground consists of silt. The road has the last years been closed during 
the thawing period due to bearing capacity problems. This problem is supposed to be 
solved by constructing a road with tyre shreds. From the autumn 2002 until summer
2003 the road is reconstructed.

Three different design solutions were studied according to the client’s guidelines;
using tyre shreds or air blast furnace slag as lightweight and insulation material in the
construction, or using fragmented rock in the whole construction. The design work 
showed that the alternative with tyre shreds gave the lightest and cheapest road 
construction. The tension strains in the lower end of the paving were comparable 
using tyre shreds than using air blast furnace slag which is beneficial for avoiding
cracks at the surface, something that has been a problem in some projects in the USA
and Canada. 

In this study, the tyres are shredded in fraction 50 50 mm2. The technical and 
environmental properties of the tyre shreds have previously been investigated in 
laboratory studies and based on this the material should be suitable as a lightweight 
and frost insulation material. The experiences and the evaluations of the project this 
far will be presented in the paper. 
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1   Introduction 
Tyre shreds has been used as a construction material in many road constructions, 
mainly in the USA. The overall recommendation from these projects has been that it 
is necessary to use at least 900 mm, i.e. 3 ft, unbound material above tyre shreds to 
avoid too large strains in the pavement material due to the flexible nature of tyre 
shreds. The thicker the cover above the tyre shreds is the heavier and more expensive 
the construction becomes. Therefore it is desirable to minimise the overlaying cover. 
Humphrey & Nickels (1997) investigated the effects on the pavement performance in 
a field study and by numerical simulations. The numerical simulations showed that 
theoretically a 457 mm cover over a 610 mm thick tyre shred layer should be enough 
to limit the tensile strains in the 127 mm thick pavement. However, the authors states 
that all constructions with thinner cover than 762 mm will be experimental.

Since the 1970’s projects and research are reported about tyre shreds as constructing 
material. In Europe the interest for tyre shreds in road applications has been low until 
recently. The main reason for the growing interest is the European Council Directive 
1999/31/EC of 26 April 1999 on the Landfill of Waste that implies new disposal 
means than landfilling. In Europe tyre shreds has been used in road constructions in a 
few test projects in Finland and Sweden.

In the USA there is an existing standard for nomenclature and determination of some
technical properties and in Europe the work with establishing a common standard is 
proceeding. These two standards differ to some extent in nomenclature and
procedures to determine properties. The American Society of Standard Methods, 
ASTM, has established the Standard Practise for Use of Scrap Tyres in Civil
Engineering Applications, D 6270-98, ASTM (1998). The scope 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. The ASTM guidelines are applicable to tyre 
fills less than 3 m thick. In Europe the European Tyre Recycling Association (ETRA) 
has agreed in an unofficial standard, CEN Workshop Agreement (CWA 14243), for 
the recycling industry. ETRA decided during the autumn of 2002 to start the work to 
convert, and upgrade, the CWA to an official CEN-standard. The CWA is divided 
into two parts. Part 1 concerns the production of post-consumer tyre materials and 
part 2 is a guidance manual containing more detailed information about the processed 
materials and applications.

Focus of this field project is to study frost penetration, temperatures, settlements,
bearing capacity and environmental effects of a road constructed with tyre shreds. 
Since tyre shreds has a low bulk density, about 700-800 kg/m3 in a field application, it 
is suitable for lightweight fill applications. In this project the ground is not expected 
to result in large settlements. However, by constructing a light road embankment and 
evaluate its performance this application is to some extent studied. In addition the 
effect of using steel net reinforcement, placed in the base course, will be studied. 

Constructing a road with tyre shreds, as lightweight and frost insulation material, is 
the first of its kind in Sweden. Based on experience of similar projects in the USA and 
Canada it is believed that the project will be successful.
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2   Technical properties of tyre shreds 
Technical properties of tyre shreds has been studied by a number of authors since the 
early 1990’s. An overview of typical values for tyre shreds is presented in table 1.

Table 1.   Reported typical values of technical properties of tyre shreds. 
Property Values Comments Reference

Compact density 
[t/m3]

1.08-1.27
1.16

Interval
Average

Humphrey et al (1993), 
Wei et al (1997) 

Bulk density 
[kg/m3]

450-600
600-800

Loose compaction
Dense compaction

Humphrey et al (1997) 

Elastic modulus
[MPa]

0.77-1.13
1.5-2.0

Laboratory tests 
Field construction 

Humphrey et al (1993) 
Länsivaara et al (2000) 

Friction angle
[ ]

19-26
45-60

Direct shear test 
Triaxial test 

Humphrey et al (1993) 
Wei et al (1997) 

Porosity
[%]

55 at 40 kPa vertical 
pressure

Huhmarkangas & Lindell 
(2000)

Permeability
[cm/s]

0.5-60 Ahmed & Lovell (1993), 
Bresette (1994), 
Westerberg & Mácsik (2001)

Water absorption
[%]

2.0-4.3 Humphrey et al (1992) 

Thermal conductivity 
[W/m,K]

0.12-0.32 Humphrey et al (1997), 
Shao et al (1997) 

The compact density ranges between 1.08-1.27 t/m3, depending on content of glass 
belted or steel belted tyre shreds and supplier. Since tyre shreds are very compressible
the bulk density is strongly dependent on the confining pressure. The individual tyre 
shreds are slightly heavier than water and tyre shreds in fills have low bulk density. 
Compared to conventional road construction material and granular soils the E-
modulus for tyre shreds are low. The difference in results between the used 
methodologies for determining the shear strength (frictions angles) implies that more
research needs to be done to investigate the shear strength properties of tyre shreds. 
Despite the fact that tyre shreds are very compressible, the porosity is high even at 
higher pressures. The reported values of permeability are very high and comparable
with values for gravel. The absorption capacity of water of tyre shreds is low which is 
beneficial from a frost insulation and drainage perspective. The low thermal
conductivity of rubber material as well as of air in the voids between tyre shreds 
suggest that tyre shreds have a potential to be a good insulation material to limit the 
depth of frost penetration beneath roads. According to Shao et al (1997) the amount of 
absorbed water seems to have low effect on the thermal conductivity. 

3   Environmental aspects of tyre shreds
There have been concerns of possible environmental impact from tyre shreds, 
regarding the content of metals and organic substances that may be harmful for the 
environment depending on the concentrations and appearing form. Main focus has 
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been on the content of the metals cupper, lead and zinc, and organic compounds as 
polyaromatic hydrocompounds (PAH), and additives in the rubber, since these 
compounds could be toxic or carcinogenic. According to the laboratory study by 
Westerberg & Mácsik (2001), the content of these metals and organic compounds in 
the rubber doesn’t exceed the Swedish Environmental guidelines for Maximum
Contaminant Level (MCL) for less sensitive land use. In this study the steel cord was 
excluded.

Leaching studies has been performed by Engstrom (1994) and Westerberg & Mácsik 
(2001) among others. The general conclusion from these studies is that under normal
conditions, i.e. neutral pH-conditions and with water as leaching liquid, the leachate
content of metals and organic constituents are below the limit for drinking water 
standards in Sweden and the USA. During acidic conditions the amount metal
increases and during alkaline conditions the amount of organic compounds increases.

Humphrey & Katz (2000) performed a five-year study of the water quality effect of 
tyre shreds placed above the groundwater table in a road construction. Of the studied 
metals there was an enrichment of iron in the leachate that exceeded both the primary
and the secondary drinking water standard. There was no evidence of enrichment of 
organic pollutants in the leachate. It was concluded that most of the inorganic
substances that can potentially leach from tyres are present at low levels in the 
groundwater. They found no evidences that tyre shreds increased the concentration of 
substances having primary drinking standards (i.e. barium, cadmium, chromium,
copper, lead, and selenium).

Based on the known experiences from laboratory tests and field experiments waste 
tyres may be used under unsaturated conditions without environmental concerns in 
non-sensitive areas if the material is protected against high percolation of water. 

4   Test road 
The test road, a part of local road number 686, is located 10 km outside the city of 
Boden in the northern part of Sweden. The traffic load is generally low but during the 
thawing period, when other roads in the area have bearing capacity problems, the road 
will be used to supply a sawmill with timber transportation. The road should be able 
to carry a load of maximum 11.5 tons for a single axle, 20 tons for a boogie axle and 
24 tons on a triple axle according to the Swedish National Road Administrations
requirements. The ground under the road construction consists of a saturated silty till.

The road construction is a flexible pavement design, figure 1. The subgrade is a frost 
susceptible silty till. Above the subgrade a 600 mm thick layer of 50  50 mm2 tyre 
shreds is placed as capping layer. The tyre shreds are used primarily as a frost 
insulating and capillary breaking layer. The tyre shreds are capped with a non-woven 
geotextile in order to avoid intrusion of silt from the subgrade and aggregates from the 
sub-base. The sub-base consists of a 500 mm layer of 0-100 mm crushed rock 
alternatively of 0-200 mm air blast furnace slag. The 80 mm base course is made of 
crushed rock and the 45 mm wearing course of soft asphalt. A distance of 50 metres
of the test road with air blast furnace slag and 50 metres of crushed rock will be 
reinforced with steel net in the base course.
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Figure 1.   Construction of the road embankment at the test site. The sub-base consists 
either of air blast furnace slag or crushed rock, depending on test section. 

The part of the road which is used as test site is 250 metres, where 200 metres are 
built with tyre shreds as capping layer, figure 2. Of these 200 metres half of the 
distance consists of air blast furnace slag and the other half of crushed rock as sub-
base. The remaining 50 metres at one end of the test site is used as a reference section
built only with crushed rock beneath the pavement.

Figure 2.   Overview of the test site and used instrumentation, where the upper figure 
shows the five different test sections and the lower figure shows schematically the 
installed instrumentation.

The capping layer of tyre shreds and the sub-base of air blast furnace slag and crushed
rock were built during October and November 2002. The remaining base course and
wearing course, with and without steel reinforcement, will be constructed during 
spring and summer 2003 after the thawing period. The placement of the 
instrumentation is schematically shown in figure 2.
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The freezing and thawing front is measured with temperature sonds and gandahl
sonds. The gandahl sonds are 135 cm long and are installed vertically to reach down 
to 152 cm below the road surface, measuring down to 40 cm below the tyre shreds
and thus penetrates into the silty till. 

The temperature is measured with cupper-constantan thermocouples at the levels 12, 
37, 62, 77, 92, 107, 122 and 152 cm below the future paved surface, i.e. down to 400 
mm below the tyre shreds which is in the silty till. By studying both the results of the 
gandahl-sonds and the temperature measurements the freezing front can be more
accurately followed. The air temperature is measured every 15 minutes.

Settlements are studied with three different types of equipment and methods, by 
levelling the road surface, installed level gauges on the top of the subgrade and the 
tyre shreds and by pipe settlement equipment. The gauges are placed in the centre of 
the road and 2.5 metres from the center towards the edge at one side. The pipe 
settlement sonds consists of 50 mm polyethylene pipes, which are installed in all test 
sections and the reference section, placed on the subgrade and on the tyre shred layer.

Figure 3.   Level gauges. The lower is placed on the subgrade and the upper on the 
geotextile above the tyre shred layer. 

Lysimeters are installed beneath the tyre shred layer. An installation consists of one 
lysimeter in the center of the road and one 2.5 metres towards the edge at one side of 
the road. The lysimeters are made of polyethylene and filled with washed seastones.
The lysimeters catches water (liquids) infiltrating the road embankment. Until the 
road is paved precipitation will easily infiltrate. Leachate will be collected in the 
spring after the snowmelting period and in the autumn for at least five years.
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Figure 4.   Installation of lysimeters placed under the tyre shred layer. 

The stiffness of the road will frequently and every year be measured by heavyweight
deflectometer after the road is paved. The surface will be examined according to the
Swedish National Road Administration guidelines for determination of possible 
surface deterioration. 

5   Design of test road 
The design of the road was made by using the Swedish National Road 
Administration’s program PMS Object 2000. The program is based on a linear-elastic 
material model. The design criteria are maximum allowed tensile strain at the lower 
part of the wearing course and maximum allowed compression strain at the upper part 
of the subgrade. The design is based on the AASHO-surveys for estimating
degradation due to traffic load. The program also computes the estimated frost heave 
and compares it with the largest acceptable heave in order to avoid damage of the 
pavement.

The used design parameters for the tyre shreds in this field project are presented in 
table 2. Reported values from other investigations vary a lot. The used design 
parameters are chosen to be representative in the midrange of the reported results. All 
design parameters, except the water content and degree of saturation, are planned to 
be verified by field measurements.

Table 2.   Used design parameter for the tyre shreds for the test road. 
Parameter Used value Parameter Used value 
Elastic Modulus 1.0 MPa Thermal conductivity 0.25 W/m K 
Water content 2 % Degree of saturation 0.1 % 
Porosity 50 %

The main problem by using tyre shreds in a road construction is the significant elastic
response of loading causing strains in the wearing layer. The strains might cause 
fatigue and cracks of the pavement material. The results presented in table 3, from the 
design, show that the thickness of the layer between the tyre shreds and the wearing 
course is sufficient to prohibit too large deflection. In these calculations the positive 
effect of the steel net reinforcement used in two test sections has not been included. 
The estimated maximum frost heave lift is small enough not to cause damage of the 
construction.
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Table 3.   The expected life time of the wearing course, expressed in equivalent 10 
tons standard axles, and estimated frost heave of the construction. The required 
number of standard axles is 34 164 and maximum acceptable frost heave 120 mm for 
the road which is reconstructed. 
Protection layer 
(600 mm thick) 

Sub-base
(500 mm thick) 

Estimated number of 
standard axles 

Maximum frost
heave lift [mm] 

Tyre shreds Slag 44 713 13
Tyre shreds Crushed rock 334 864 57

The construction design with airblast furnace slag as sub-base is based on the future 
traffic load. Using the same thickness of crushed rock gives a theoretically stiffer
structure than necessary in this case.

6   Results
The calculated average density of the tyre shreds is 877 kg/m3 in the whole 
construction. This corresponds well to measured densities during the construction 
phase, which ranged between 820 to 960 kg/m3. The achieved density is a little higher
than expected.

The used dimension of tyre shreds were 50  50 mm2. The material was surprisingly 
easy to handle during the construction work. The tyre shreds were placed in two 
approximately 300 mm layers with a frontloader. The compaction work was done 
with a 14 ton drum roller with static compaction effort. The construction vehicles 
could drive at the edge of the 600 mm fill without failure in the edges of fill.

When the tyre shreds were unloaded rust dust was spreading from the corroded steel 
cords. This could be a problem in urban areas. To avoid this amount of dust the tyre 
shreds should be newly processed or sprayed with water.

In this project only wheel vehicles were used. The result was two punctured tyres 
caused by free steel cord in the tyre shreds. A thicker type of steel cord, used in the 
carcass of the tyres, seems to be separated in small amounts from the tyre shreds 
during processing. To avoid the separated steel cord, separation by sieving or 
magnetic separation can be done. The used front loader managed to avoid puncturing 
but it was necessary to pull out separated steel cord and tyre shreds with protruding 
steel cord several times a day with a tong.

During construction there was a notable elastic vertical movement of the surface when 
the trucks were driving on the sub-base. This occurred both on the air blast furnace 
slag and the stiffer crushed rock. 

The gandahl sonds and temperature gauges were installed by inserting the sonds into 
vertical steel-pipes which was removed after finishing the sub-base layer. This 
method worked very well. It was hard to achieve representative compaction of tyre 
shreds around the settlement gauges. The polyethylene pipes were easy to handle with 
and it will be interesting to compare the settlements obtained from settlements gauges 
and pipe settlement sonds. 
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7   Discussion and conclusions 
Tyre shreds have a potential as road construction material. However, there are three
major concerns that needs to be further investigated before it can be used as a 
conventional road building material, namely design properties, environmental aspects 
and accessibility of material.

To be able to make a satisfying design of a road construction there is a need both for 
methods for accurate determination of material properties and for better theoretical
models to predict the behaviour of the construction. Methods used to determine
technical properties of tyre shreds origins from geotechnical testing methods. The 
main problems in using these methods for tyre shreds are the large particle sizes, 
protruding steel cord and the high elasticity of the material. Reported values of 
properties like shear strength and elastic modulus ranges by a factor of 1.5 to 2 
depending on used method. This indicates that there is a need to develop more 
specific testing methods, and perhaps new criteria for example for definition of 
failure. The non-linear elastic (and possibly plastic) behaviour of tyre shreds implies
the need for appropriate constitutive models to be used in design. There is also a lack 
of knowledge about the interaction between tyre shreds and other materials in layered 
constructions like a road construction.

Because of the content of potential hazardous compounds it is necessary to take 
precautions when using tyre shreds, even if there has not yet been reported negative
environmental effects due to use of tyre shreds in road constructions. In sensitive 
environments and where aesthetic values are important tyre shreds should not be used 
due to rust precipitation.

When using tyre shreds in road constructions large amounts of tyres are consumed.
One cubic metre of compacted tyre fill consists of approximately 100 used tyres. To 
supply a major road building project with tyre shreds some logistic effort needs to be 
done since the available amount of tyres is limited and the tyres must be properly 
processed. For example, in Sweden, the available amount of used tyres is about 60 
000 tons per year. This corresponds to about 75 000-85 000 m3 in road applications.
This is enough to build 16 to 19 km of a road, if constructed as in this project. 
Therefore the collecting chain of used tyres is important when planning a construction 
project. Due to potential supply problems tyre shreds are probably more suitable in 
minor projects.

Today there exist data describing the technical properties of tyre shreds. However, 
some of these properties need to be further investigated, e.g. the shear strength. The 
design methods used today are not directly applicable on the non-linear elastic (and 
plastic) behaviour that tyre shreds shows. Therefore the results from the design 
conducted in this study must be considered with caution.

Based on the experience of the constructed test road, handling, spreading and 
compacting tyre shreds is easy with conventional machinery. However, tyre shreds in 
the field requires special care compared using conventional material since it is 
necessary to minimise the amount of traffic directly on uncovered tyre shreds, due to 
risk of punctures. It is also some difficulties in predicting final density after 
compaction and construction of the upper layers due to the elastic behaviour of tyre 
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shreds. Quality control of the tyre shreds is very important. Depending on used 
shredders during the cutting process the sizes, shapes and amount of free steel cords 
varies.
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ABSTRACT. As part of the Norwegian Roads Recycled Materials R&D Program 
(www.gjenbruksprosjektet.net), a large light fill noise barrier has been constructed along 
highway E6. The structure utilized 25% of all tyres that were collected in Norway in 
2002. Four monitoring stations are used to sample leachate from drainage that enter local 
recipient.

The leaching of anti-oxidizing compounds from tyre shreds is of concern for Norwegian 
environmental authorities. In national pilot projects where tyre shreds are used as a light 
fill material special precaution is taken not to harm the surface water recipients. 

A five-year monitoring program will document relative effect from different sources and 
the risk of environmental harm will be evaluated. Ongoing pilot projects indicate that 
leaching of nonyl-, octyl- or bisphenol from tyre shreds induces no environmental risk if 
applied under given design conditions. The way of application of recycled material will 
have an impact on long-term risk and the possibility of reuse or recycling of tyre shreds.  
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INTRODUCTION 

The Norwegian Government has identified undesirable properties of chemicals in two 
white papers from the Storting, (the Norwegian Parliament [1, 2]). The Norwegian 
Pollution Control Authority has further refined the list of undesirable properties and 
determined quantitative values (cut-off values) for the various properties [3]. Low 
biodegradability and a high bioaccumulation potential are considered to be particularly 
important. Other undesirable properties include toxicity to reproduction, mutagenicity, 
chronic toxicity, carcinogenic and sensitising properties and ozone-depleting potential. 
General limit values are set for bioaccumulation, degradability, and acute and chronic 
toxicity.

Environmental risk characterisation is based on a hazard and an exposure assessment. 
Conclusions from the assessments vary depending on whether national-, regional- or site-
specific considerations are applied. The reasons for this are the different types of 
scenarios applied for products, emissions and exposure. Emission of phenols from 
everyday use of tyres is not considered to be a particularly large environmental risk.  

An “endocrine disruptor” is a naturally occurring chemical or industrial chemical that can 
bind to a receptor and prevent normal response, interfere with or act like hormones in 
animals or people. Such interference may have negative effects on fertility, be mutagenic 
or have other negative chronic effects on recipient life. As part of several chemicals that 
are suspected to have such effects Norwegain authorities have focused on nonyl-, 
octylphenol, their ethoxylates and bisphenol-A [4]. Car tyres (and shredded car tyres) 
contain phenols for anti-aging purpose.

BACKGROUND 

Norwegian Roads Recycled Materials R&D Program [5] is set out to test different 
possible sustainable applications for shredded tyres. The program focuses on suitable 
technical application, efficient production line and long-term environmental effects. 
Shredded tyres have been used as a light fill material in a 450 m long noise barrier along 
highway E6 in the south Eastern part of Norway. Planning and building the barrier 
involved no major surprises compared to experiences from other projects [6-8]. The 
structure contains about 10 000 tons of tyre shreds and due to environmental concerns for 
a nearby lake the tyres are covered with a membrane. The long-term environmental 
effects are evaluated in the R&D program. The program also includes three other 
Norwegian pilot projects containing shredded tyres. This paper focuses on the ongoing 
monitoring program, environmental authorities’ concern for phenol compounds and 
summarises facts about their eco-toxicological properties and about antioxidants in tyre 
rubber. Results from three years of monitoring natural leaching from tyre shreds are 
compared with analysis from water sampled along highway E6, in a storm water basin 
along E6 and in its surface water recipient flowing from the nearby lake Vansjø.  



LIGHT FILL NOISE BARRIER 

“Huggenesvollen” noise barrier is situated along E6 highway in Rygge municipality 
South-Eastern Norway (Figure 1). The soil in the area mainly consists of marine clay and 
some fine sand. The ground under the 450 m long barrier consists of 2-3 m sand over a 
10-15 m wide deposit of soft marine clay. The natural drainage is towards the sensitive 
recipient lake Vansjø. To protect this recipient, run-off from the tyre shreds was drained 
away form the lake.   

Figure 1. Samples are taken from the monitoring stations K1-3 and B1 over a five-year period 
starting 2003. The surface water samples are analysed for phenols, PAHs and metals. These stations 
document variations in runoff from shredded tyres, drainage and recipient not affected by surface 
water from the road. K4 has been used to sample runoff from the paved road. Arrows indicate the 
different directions of water flow. All of the water will mix with water from B1 in the end.  

Run-off from surface water is gathered in the road drainage system, and is lead to a storm 
water basin that flows out into a small stream (B1, Figure 1). The core of the noise barrier 
is up to 5 m thick, and the barrier is built in several sections divided by 1-meter wide 
vertical layers of clay. The utilised fractions of shredded tyres are generally 5 – 30 cm, 
and the structure contains about 1 million tyres. In the construction process it was 
assumed that that shredded tyres can be compressed up to 15 %. The compression was 
performed by bulldozers and wheeled loaders.  

Figure 2 shows a cross section at monitoring station K1 (section 3).  In accordance with 
the demand from environmental authorities a needle punched bentonite membrane 
(Bentofix) was chosen to enclose the tyre shreds. This type of membrane was selected 
due to its physical properties (durability and self repairing properties) and easy 
installation. A 0.5 m thick layer of local soil was placed on top of the membrane (slope 
1:1.5). Monitoring of surface water from four stations gives a five-year time line of 
chemical variations in water quality from shredded tyres (K1), from road water drain 



(K2), from mixing at storm water basin (K3) and in water coming from the lake Vansjø 
(B1). Water from road pavement is periodically monitored at station K4.  

Figure 2. A cross section that shows light fill core of shredded tyres, collection of infiltrated water 
and tubes for monitoring temperature and setting. Infiltrated water is collected in 5 litre glass 
bottles.  

ENVIRONMENT AND ANTIOXIDICING PHENOLS FROM TYRES 

Antiaging agents include antioxidants and other antidegrading agents. Antioxidants are 
added to the rubber mixture in order to protect the rubber from degradation from oxygen, 
heat, UV-radiation and chemical oxidation from other chemicals, for example metals. No 
single antioxidant compound is effective against all of these degradation processes [9]. 
The primary antioxidants within the tyre materials consist mainly of secondary amines 
and substituted phenols. Most commonly used secondary amines is the p-phenylene 
diamines (PPD), because they also have other functions in the rubber matrix. The 
phenoloic antioxidants are usually used in non-black compounds where the amine 
oxidants cannot be used because of discolourating reaction products. The most effective 
antioxidants are the hindered bisphenols [10]. 

Antidegradants are used as additives in the car tyre production with a mass contribution 
of respectively 1,5 % of the total car tyre. The most widely used antidegradant is N-(1,3 
dimethylbutyl)-N -phenyl-p-phenylene diamine (6-PPD) [11]. The antioxidant phenol is 
included in the mentioned 1,5% of the tyre weight but the average proportion between 
PPD and phenols has not been found.  

K1 



Studies on phenols in tyre leachate have been performed by several authors through 
leaching tests in laboratories and in in situ monitoring programs from various engineering 
applications.  

Håøya 2002 studied leaching of phenols according to CEN/TC 292 under neutral 
conditions. Table 1 shows leached amount at L/S 10 and the measured concentration in 
the eluate (tyre shred 5x5 cm).  

Table 1. Phenols and total organic carbon (TOC) from leachate test at neutral pH at L/S 10 
(CEN/TC292) from tyre shreds [12] (tyre shred 5x5 cm). Three parallel samples are tested 

Compound Range [mg/kg TS] L/S10 Range [μ/l ]1

4-tert-Octylphenol 0.002 – 0.05  2 – 5 
Octylphenoletoxilates (1-10) 0.01 – 0.03  1.5 – 2.4 
4-n-Nonylphenol 1.001 10-5  – 0.003  0.01 – 0.03 
iso-nonylphenol (technical) 0.005 –0.007 0.5 
Nonylphenoletoxilates (1-10) 0.14 – 0.18 13.8 – 16.5 
Bisphenol-F 0.007 - 0.03 2.2 - 2.5 
Bisphenol-A 0.02 - 0.06 5.6 - 14.3 
TOC 53 - 61 2900 - 6100 

Table 2. Predicted no effect concentrations (PNEC) for fresh water, sediment and soil. Acceptable 
upper limit for 4 and 1 day average (once every 3 year on average) are listed for nonylphenol in 
freshwater and seawater. 

Criteria/unit Nonyl-
phenol 

Ref. Octyl-
phenol 

Ref. Bisphenol 
A

Ref.

PNECf.water  μg/l 0.33 [15] 0.122 [13] 1.6** [16]
PNECsedimen μg/kg 
wet weight 

300 [15] 6.5 [13] 26 [16]

PNECsoil  mg/kg 0.039 [15] 5.9 [13] 23 [16]
4 day average * 
f.water  μg/l  

<5.9 [14]     

1 hour average * 
f.water  μg/l  

<27.9 [14]     

4 day average * 
saltwater  μg/l  

<1.4 [14]     

1 hour average * 
saltwater  μg/l  

<6.7 [14]     

       
* Once every 3 year on average 
** Based on effects on the population as reproduction and mortality 

Table 2 shows the predicted no effect concentrations (PNEC) for the selected phenols 
[13-16]. The values are collected from draft reports and are the best available knowledge 
for a safe environmental acceptance criterion. Compounds of phenol combine in the 



natural environment until the particles are decomposed (half-life <1 year). Increased 
concentrations of the examined phenols in surface water (recipient) are not detected. 

Bisphenol A is a solid at room temperature and will normally appear as flakes or powder. 
The substance is soluble in water with 300 mg/l at 20 C, and log KOW = 3.4. This value 
indicates a low to moderate potential for bioaccumulation in aquatic species, and a 
moderate adsorption in soil. Bisphenol A has low biodegradability combined with high 
acute toxicity. Aquatic toxic data are reported for fresh water and salt-water fish, 
invertebrates and algae. These data cover conventional consequences as reproduction and 
mortality, but also endocrine disrupting effects [16]. Investigations indicate that 
Bisphenol A acts as the hormone estrogen on fish. Acute aquatic toxicity range from 1-10 
mg/l, and algae is the most sensitive specie.  

The endocrine effects on aquatic invertebrates that are exposed for bisphenol A are for 
the time being not well understood [16]. It seems like endocrine-disrupting effects might 
be the most sensitive consequence. Still the PNEC values for bisphenol A are based on 
effects on the population, as for example reproduction and mortality. Recipients where 
sensitive species live should not have concentrations that exceed these PNEC values over 
longer periods of time. 

Nonylphenol is a pale, very viscous liquid that has a weak phenolic smell and Log KOW
= 3.8 – 4.77. The substance is very dangerous for organisms that live in water, and can 
cause undesirable long-term effects in the water environment. Sediments or mud will 
easily adsorb it. Nonylphenol is bioaccumulated in organisms and can enter the aquatic 
environment directly as nonylphenol or as nonylphenolethoxilates. In the natural 
environment nonylphenolethoxilates rapidly break down to nonylphenol. Based on 
available data, nonylphenol is biodegradable and the speed of degradation is influenced 
by the adaptation of microorganisms. It has been demonstrated [14] that nonylphenol can 
be degraded by photochemical processes in 10 to 15 hrs (half-life) in bright summer sun 
when nonylphenol is near the water surface 

Nonylphenol and its ethoxilates show estrogenic effect on fish. Most tests indicate that 
this effect will start at ca. 10 – 20 μg/l [15]. Nonylphenol is considered an endocrine 
disruptor chemical and induces production of vitellogenin in male rainbow trout. This is a 
process normally occurring in female fish in response to estrogenic hormones during the 
reproductive cycle. It also induces precocious development of ovaries and an intersex 
condition in some fish species [14]. 

Calculation of PNEC values has been based on both short term and long-term studies of 
nonylphenol and fish, aquatic invertebrates and algae. Nonylphenol is expected to adsorb 
easily by soil and sediments. Recipients where sensitive species live should not have 
concentrations that exceed these PNEC values over longer periods of time.  

The US EPA water quality criteria for nonylphenol (draft) [14] state an upper limit for 
concentration that should not have unacceptable effects on fresh- or seawater organisms. 



“1 and 4 day average more than once every three years on the average” values are listed 
in Table 2. 

Octylphenol is a solid that is soluble in water with 19 mg/l at 22 C, and its log KOW = 
4.12. This log KOW value indicates a moderate potential for bioaccumulation in aquatic 
flora and fauna. Available data indicate that octylphenol has a low solubility in water but 
will be absorbed by organic matter in soil, sediments and mud. Octylphenol seems to be 
degradable, even though the microorganisms might need some time to adapt. Both nonyl- 
and octylphenol are primarily found in sediments. Organisms that live in the sediments 
and organisms that live of these are vulnerable groups considering exposure to 
octylphenol.  
Octylphenol is regarded acute toxic for aquatic organisms, and can cause long-term 
effects in the aquatic environment. It is also reported to have estrogenic effects. The 
safety factor that is used for octylphenol is 50 due to uncertainties concerning the 
sensitivity some invertebrates have shown. The safety factor for nonylphenol is 10. 
Recipients were sensitive species live should not have concentrations that over longer 
periods exceed these PNEC values. 

ENVIRONMENTAL MONITORING – PHENOLS 

Environmental monitoring of structures containing tyre shreds in Norway has been going 
on since 2001. The oldest structure that is part of this project is from 1991. Monitoring at 
“Huggenesvollen” started before the construction in 2002 and is now part of a five-year 
monitoring program [17]. Figure 3 summarises the results from the first series of 
sampling. Suggested environmental acceptance criteria (PNEC from Table 2) are for 
comparison shown by the first bar from the right, for all except for “other nonylphenols”. 
The first bar from the left shows concentration in water that infiltrated tyre shreds (K1, 
Figure 1 and Figure 2). Here 4-t-octylphenol slightly exceeds PNEC values. Along the 
highway, while snow was melting on icy ground and salty road, surface water was 
collected in the dyke at the side of the road (K4). Although there was only one water 
sample, these concentrations show the highest measured values for all monitored phenol 
compounds. Water quality in the storm water basin (K3) reflects the general runoff from 
the highway. Here no values exceed the PNEC values. Water coming from the lake 
Vansjo (B1) does not exceed PNEC, but both octhyl- and bisphenol A were detected. 
Surrounding land is used for agricultural purposes..  

Three years of leaching from tyre shreds is documented at the Solgard project (Figure 4) 
[18]. The water at Solgard was collected directly under the tyre shreds. Figure 4 shows 
that 4-n-nonyl-, 4-t-octyl- and bisphenol-A are comparable or below PNEC values 
(Figure 3). Increased concentration of octyl- and nonylphenol may be due to 
decomposing etoxilates. 
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Figure 3. Phenol concentrations (log-scale) from monitoring stations (μg/l) at “Huggenesvollen” 
along highway E6. Values represent leaching the first 6-month period. Predicted no effect 
concentrations (PNEC) are here suggested as environmental acceptance criteria. Detection limits are 
overlaying in grey. “Other nonylphenols” may use PNEC for 4-n-nonylphenol. Collection system 
consists of HDPE-membrane, PE-tube and glass bottle. 

Figure 4. Monitoring station at Solgard production area Moss municipality. Concentration 
represents variations in the period 2001-03. Samples represent water that has infiltrated crushed 
rock (1m) and shredded tyre (1.5 meter). Water is collected in lysimeter 5x5 meter similar to Figure 2 
[18]. Analyses below detection limit are left out (total of 7 samples). The collection system consists of 
PVC-membrane, PE-tube and glass bottle.  
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DISCUSSION

Norwegian Roads Recycled Materials R&D Program is in a dialog with Norwegian 
Pollution Control Authority to find a sustainable solution for application of tyre shreds in 
light fill road structures. The R&D Program has adapted the European standard for 
characterisation of waste and the Norwegian guidelines for environmental risk 
assessment [19] to a method for evaluating long term environmental risks from recycled 
materials in a road structure [20].  

Leaching tests have been performed by Zelibor 1991 [21], O’Shaughnessy 2000 [22] and 
Håøya 2002 [12] among others. Zelibor and O’Shaughnessy state that concentration of 
phenols in leachate ranges from <1-50 g/l.  Results from Table 1 are in the same range, 
but field samples are generally <1 μg/l (Figure 3 and Figure 4). 

Table 3. Generalised phenol and etoxilate concentrations in laboratory L/S10 eluate and field 
leachate 

Compound L/S10 Range [μ/l ] Field leach. [μ/l ] PNEC -f.water [μg/l] 
4-tert-Octylphenol  1  0.1 0.12 
Octylphenoletoxilates (1-10)  1  0.01 - 
4-n-Nonylphenol  0.01 < 0.01 0.33 - 6 
iso-nonylphenol (other)  1  1 (0.33 – 6) 
Nonylphenoletoxilates (1-10)  10 < 0.01 - 
Bisphenol-A  10  0.1 1.6 

Table 3 summarises temporary findings from laboratory and field measurements in the 
ongoing monitoring program. Field concentrations are by approximately 10 – 100 times 
smaller than laboratory concentrations. No change is found in the case of nonylphenols. 
Field concentrations are in a range that is acceptable when comparing to a conservative 
predicted no effect concentration.   

CONCLUSION 
The ongoing monitoring program and R&D on the application of shredded tyres indicate 
that leaching of mentioned phenols are at its max during the first year and are then 
reduced to levels that, when applied in a properly designed road structure, will be 
acceptable for sensitive recipients. Ongoing pilot projects indicate that leaching of nonyl, 
octyl- or bisphenol from tyre shreds induces no environmental risk if applied under given 
design conditions.  
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I samband med ombyggnation, under 2002-2003, av väg 686 utanför Boden har
gummiklipp lagts in som skyddslager i en 175 m lång teststräcka. Vägbygget av-
bröts i november 2002, då skyddslager och förstärkningslager hade lagts ut, och
färdigställdes i oktober 2003. Under denna tid tilläts trafiken att köra direkt på
förstärkningslagret som bestod av bergkross respektive hyttsten. Artikeln omfattar
huvudsakligen resultat och erfarenheter från byggstart fram till tiden före bärlager
och slitlager påfördes.

Med gummiklipp avses sönderklippta däck. Genomförda laboratoriestudier av
gummiklipps tekniska och miljömässiga egenskaper har visat på goda möjligheter
att kunna använda gummiklipp som konstruktionsmaterial i markbyggande. Gum-
miklipp har bl.a. låg densitet, hög permeabilitet, liten kapillaritet och låg värme-
ledningsförmåga.

I den byggda vägen har gummiklipp med dimensionen 50x50 mm2 använts i ett 600
mm tjockt skyddslager. Teststräckan har delats in i 2 delsträckor där bergkross re-
spektive hyttsten använts. I artikeln redovisas erfarenheter från byggandet med
gummiklipp och den slutliga utformningen av vägen. Vidare presenteras och dis-
kuteras resultat av mätningar av temperaturer, tjälgräns, deformationer, styvhet
och lakvatten under det första året. Mätningar i fält visar att gummiklippets tjäl-
isolerande egenskaper är goda. För att kunna bedöma materialets allmänna lämp-
lighet som skyddslager i den slutliga vägkonstruktionen kommer mätningar och
analyser av tekniska och miljömässiga egenskaper att utföras under kommande år.

1 INLEDNING
I Sverige samlas det in ca. 60 000 ton uttjänta däck årligen som behöver tas om-
hand. I och med EG:s avfallsdirektiv från 1999, Eurolex (2003), är det förbjudet
från och med 2003 att deponera hela däck och från och med 2006 är det även för-
bjudet att deponera fragmenterade däck. Detta innebär ett ökat behov för återvin-
ningsindustrin att finna andra lösningar för omhändertagande av bildäck.

mailto:edeskar@ce.luth.se
mailto:westerberg@ce.luth.se


2

I främst USA har man studerat och använt gummiklipp i anläggningstekniska till-
lämpningar, bl.a. i vägbyggnadssammanhang. Provsträckan med gummiklipp pre-
senterad i denna artikel baseras på studier av erfarenheter från främst USA. I USA
rekommenderas att överbyggnaden mellan gummiklipp och slitlager minst är drygt
90 cm (3 ft), ASTM (1998). Humphrey & Nickels (1997) genomförde en fältstudie
av en väg som följdes av numeriska simuleringar för studera hur tunn en över-
byggnad ovan ett 60 cm tjockt lager gummiklipp kan göras för att få acceptabla
dragtöjningar i underkant slitlager. De numeriska simuleringarna visade att en 46
cm tjock överbyggnad mellan gummiklipp och slitlager var gränsen för acceptabla
dragtöjningar i underkant av en 13 cm tjock bunden beläggning. Fältstudier har
hittills visat att överbyggnader bör överstiga 76 cm mellan gummiklipp och slitla-
ger.

Provsträckan i detta forskningsprojekt baseras till stor del på erfarenheter från
Humphrey & Nickels (1997). Hösten 2002 påbörjades bygget av en provsträcka
där gummiklipp användes som ett 600 mm tjockt skyddslager i en väg. Två typer
av material i förstärkningslager provades, 500 mm hyttsten och 500 mm bergkross.
Arbetet avbröts i november 2002 på grund av tjäle och beläggningen av vägen
sköts upp till hösten 2003. Under sommaren 2003 utvärderades bärförmågan på
konstruktionen, med mätningar direkt på förstärkningslagret, vilket resulterade i att
förstärkningslagret justerades upp till 750 mm och att hyttstenen byttes ut mot
bergkross i september 2003. Vägen färdigställdes i oktober 2003 genom att 80 mm
bärlager av bergkross lades på följt av 45 mm MJOG 16 som beläggning. Artikeln
behandlar de erfarenheter som erhölls mellan oktober 2002 och oktober 2003.

2 TEKNISKA EGENSKAPER HOS GUMMIKLIPP
Typiska värden på materialparametrar för gummiklipp av storleken 50×50 mm2

presenteras i tabell 1. Gummiklipp har lägre densitet jämfört med konventionella
anläggningsmaterial som bergkross och friktionsjord. Kompaktdensiteten är något
högre än densiteten för vatten vilket innebär att materialet sjunker om det placeras i
vatten. Gummiklipp är relativt kompressibelt vilket medför att skrymdensitet, po-
rositet, tvärkontraktionstal, styvhet och skjuvhållfasthet beror på det överlagrande
trycket. Permeabiliteten är mycket hög och därmed svårbestämd för materialet. Vid
400 kPa vertikal belastning är permeabiliteten av storleksordningen 10-2 m/s.

Beständighet av gummimaterial är studerat av bl.a. AB-Malek & Stevensson
(1996). De undersökte tekniska egenskaper och kemisk förändring på däck som le-
gat 42 år på havsbotten. De tekniska egenskaperna och den kemiska strukturen var
likvärdiga med nyproducerat gummimaterial. Ingen biologisk nedbrytning konsta-
terades. Enligt Bhowmick & White (2002) påverkas gummi negativt av UV-
strålning och i 60-80°C värme. I anläggningstekniska applikationer där gummi-
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klipp inte utsätts för direkt solljus eller hög värme finns det inga studier som visar
på att beständighet utgör ett problem.

Tabell 1 Typiska värden på tekniska egenskaper för gummiklipp 50×50 mm2.
Teknisk egenskap Värde Kommentar
Kompaktdensitet 1,08-1,27 t/m3 Beror på om stål- eller glaskord samt mängd kord
Skrymdensitet 0,45-0,99 t/m3 Från lös fyllning till 400 kPa vertikal belastning
Porositet 37-80 % Från 42 kPa vertikal belastning till lös ifyllning.
Permeabilitet 3-8·10-2 m/s Vid 400 kPa vertikal belastning och 40 % kompression
Elasticitetsmodul 0,7-2 MPa 10-110 kPa vertikal belastning
Tvärkontraktionstal 0,27-0,45 9-280 kPa vertikal belastning
Skjuvhållfasthet c'=0-12 kPa

φ'=19-38°
Direkt skjuvförsök vid 10 % töjning

— ||  — c'=0-82 kPa,
φ'=15-37°

Direkt skjuvförsök vid 20 % töjning

— ||  — c'=0 kPa
φ'=45-60°

Triaxialförsök maximivärde

Värmelednings-
förmåga

0.12-0,25 W/mK Från lös ifyllning till skrymdensitet 0,690 t/m3

Utifrån de tekniska egenskaperna är lättfyllnings- dränerings-, motfyllnads och
tjälisoleringsapplikationer speciellt intressanta. Det bör dock beaktas att materialet
är relativt kompressibelt och elastiskt.

3 MILJÖMÄSSIGA EGENSKAPER HOS GUMMIKLIPP
Det har genomförts ett flertal studier om innehåll och lakningsegenskaper hos
gummiklipp. Grovt kan gummiklipp konstateras bestå av 40 % gummi, drygt 25 %
kimrök, knappt 15 % stål, 5 % textila material och återstående 15 % av andra ke-
miska föreningar. PAH är den grupp ämnen som har hamnat i fokus när det gäller
däck. Ungefär 5-7 % av däckets vikt utgörs av aromatiska oljor, BLIC (2001). Ut-
lakningsförsök vid sura, neutrala och basiska förhållanden finns tillgängliga. Gene-
rellt gäller att organiska föreningar lakar mest vid neutrala och basiska förhållan-
den medan metaller lakar mest vid sura förhållanden, Engstrom & Lamb (1994)
och Westerberg & Mácsik (2001). Av organiska föreningar är det främst naftalen
(PAH) och fenoler som lakar ut, dock i låga koncentrationer, Håøya (2002). Av
metaller är det huvudsakligen järn, zink, koppar och bly som lakar ut. En uppfölj-
ningsstudie i USA av Humphrey & Katz (2000) där gummiklipp använts som lätt-
fyllnadsmaterial visar att det främst är fenoler som lakar ut, men att koncentratio-
nerna är låga, samt att järn och mangan anrikas i markvatten under
vägkonstruktionen.

Arbete med gummiklipp ur arbetsmiljösynpunkt har studerats av Ulfvarson et al.
(1998). Förutsatt att hanteringen inte sker i slutna utrymmen utgör hanteringen av
gummiklipp inget arbetsmiljöproblem avseende damm och PAH. I slutna utrym-
men rekommenderas andningsskydd p.g.a. damm.
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4 PROVSTRÄCKA
Provsträckan med gummiklipp i skyddslagret är belägen längs väg 686 mellan
Skogså-Ubbyn i Bodens kommun i norra Sverige. Provsträckan byggdes i samband
med att vägen åtgärdades från bärighetsklass 3 till 1. Trafiken är låg men andelen
tung trafik hög. Uppgraderingen av vägen är delvis till för att tillgodose den lokala
sågverksindustrin med tillgång till timmer under tjällossningsperioden.

Undergrunden består av siltig morän som är tjälfarlig. Gummiklippen används här
som tjälisoleringsmaterial men tanken är att även studera materialet som lättfyll-
ning i överbyggnaden eftersom ett relativt tjockt lager gummiklipp används. Totalt
användes på 175 m teststräcka 1203 ton gummiklipp av främst dimensionen 50×50
mm2. En kortare sträcka byggdes även med fraktionen 100×300 mm2 på grund av
en felleverans.

Indelning av provsträckan och installerad instrumentering ges i figur 1. Instru-
menteringen består av peglar, mätslang, tjälgränsmätare (gandahlsonder), tempe-
ratursonder och lysimetrar. Peglar och slangsättningsmätning används för att stude-
ra vertikala deformationer. De är placerade i terrassnivå och ovanför
gummiklippslagret. Tjälgränsmätare och temperatursonder används för att följa
upp värmeisoleringsförmågan för gummiklippslagret. Lysimetrarna samlar upp
lakvatten för kemisk analys för att studera vilka ämnen som kan tänkas spridas från
konstruktionen.

Figur 1 Indelning av provsträckor och referenssträcka samt placering av mätut-
rustning. I provsträcka 1 (P1) är stålnätsarmering placerad 500 mm un-
der vägytan i förstärkningslagret och i provsträcka 2 (P2) är armeringen
placerad 700 mm under vägytan i förstärkningslagret.
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Provsträckorna bestod fram till september 2003 av 500 mm bergkross ovanför 600
mm gummiklipp i P1 och 500 mm hyttsten ovanför 600 mm gummiklipp i P2. Ef-
ter det att den icke färdigställda vägen utvärderats under sommaren 2003 ändrades
provsträckorna genom att allt förstärkningslager justerades upp till 750 mm berg-
kross över hela provsträckan (hyttsten togs bort) och att stålarmering lades in på
500 mm djup relativt vägytan i P1 och på 700 mm djup i P2. Stålarmering används
eftersom mycket tung trafik förväntas längs vägen. Referenssträckan saknar
skyddslager och har 700 mm bergkross som förstärkningslager. Temperatursonden
som används som temperaturreferens placerades emellertid i en närliggande sek-
tion med 700 mm hyttsten.

5 UTFORMNING AV VÄGKONSTRUKTIONEN
Dimensionering av vägen har i möjligaste mån följt ATB VÄG 2002, Vägverket
(2001). Ingående materialparametrar för terrassmaterial, förstärkningslager och
bärlager är hämtat från programmet PMS OBJEKT, vilket är framtaget av Vägver-
ket för dimensionering enligt ATB VÄG. För slitlagret, MJOG 16, har värdet på
materialparametrarna diskuterats fram tillsammans med Vägverket Region Norr då
dessa inte finns tillgängliga i ATB VÄG 2002. Det samband som används i ATB
VÄG 2002 för beräkning av utmattning av slitlagret är baserat på en annan typ av
asfalt än den som används på aktuell provsträcka. Detta samband har dock använts
i brist på bättre samband.

Töjningsberäkningar genomfördes för att studera drag- och trycktöjningar mellan
materiallagren. Beräkningarna genomfördes med programmet ELSYM 5, vilket
bygger på en linjärelastisk materialmodell vilket även PMS OBJEKT gör. Använda
materialparametrar för gummiklipp redovisas i tabell 2. E-modulen valdes till 2
MPa när vägen dimensionerades. Passningsräkning av uppmätta töjningar tyder på
att den istället är 4 MPa. Beräkningar har även genomförts där gummiklipp be-
traktats som terrass för att kontrollera att de vertikala töjningarna inte blir för stora
för förstärkningslagret.

Tabell 2 Valda dimensioneringsparametrar för gummiklipp till vägen i program-
men PMS OBJEKT och ELSYM 5.

Parameter Värde Parameter Värde
E-modul 2 MPa Vattenkvot 2 %
Tvärkontraktionstal 0,45 Vattenmättnadsgrad 0,1 %
Porositet 0,5 Värmeledningstal 0,25 W/m,K

Vägen är dimensionerad för att beläggningen ska klara 152424 standardaxlar under
20 år. Trafikmängden är låg men andelen tung trafik hög, 5,8 %, och antalet stan-
dardaxlar är 3 per tungt fordon. Den höga andelen tung trafik är orsaken till att ar-
mering placeras i förstärkningslagret, vilket dock inte tillgodoräknats i dimensione-
ringen. Eftersom gummiklipp är mjukare än terrassen har maximal trycktöjning
mellan gummiklipp och förstärkningslager varit dimensionerande istället för ter-
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rassen. I figur 2 redovisas maximal beräknad trycktöjning i terrass och i överkant
gummiklipp jämfört med kravet i ATB VÄG 2002 för klimatzon 5.
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Figur 2 Maximal trycktöjning i terrass och överkant gummiklipp. Enligt ATB VÄG
2002 får inte trycktöjningar i terrass för klimatzon 5 överstiga 0,0021.
Den maximala trycktöjningen ligger ungefär 10 gånger lägre än detta
värde. Dimensionerande trycktöjning för denna konstruktion är överkant
gummiklipp.

Uppbyggnaden av den konstruktion som färdigställdes i oktober 2003 redovisas i
figur 3. Skyddslagret består av 600 mm gummiklipp inkapslat i en materialavskil-
jande geotextil i bruksklass 3. Förstärkningslagret består av 750 mm bergkross 0-
100 mm. I provsträcka 1 är stålarmering VSP 500 =5 C/C 100 mm, placerad på
djupet 500 mm relativt vägytan och i provsträcka 2 på djupet 700 mm relativt väg-
ytan. Placeringen av armeringen i konstruktionen beror på att avsikten är att redu-
cera kompressionen i gummiklippslagret. Bärlagret är obundet och består av berg-
kross. Slitlagret är en mjuk kallasfalt, MJOG 16, som är töjningstålig.

Figur 3. Genomskärning av vägkonstruktion. I provsträcka P1 är armeringen pla-
cerad i förstärkningslagret på nivån 500 mm relativt vägytan och i prov-
sträcka P2 på nivån 700 mm relativt vägytan.
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6 RESULTAT

6.1 Byggskedet
Gummiklipp är lätthanterat och kräver inga speciella försiktighetsåtgärder.
Dammande rost från korroderad stålkord kan utgöra ett problem om gummiklipp
används i dammkänsliga miljöer. Utplacering och packning genomfördes med
konventionell utrustning. En del lös stålkord fick dras ut ur däcken på anlägg-
ningsmaskinerna men detta problem bör kunna elimineras om denna fraktion sållas
bort. Eftersom gummiklipp är mycket kompressibelt vid låga belastningar var det
svårare att bedöma hur tjockt förstärkningslager som lades ut eftersom gummiklip-
pet trycktes ihop. Detta innebar att tjockleken på förstärkningslagret blev något
tunnare än avsett, speciellt för den lättare hyttstenen jämfört med det tyngre berg-
krosset. Jämfört med många andra obundna tjälisolerings- och lättfyllnadsmaterial
är materialet mer lätthanterat enligt entreprenören. Det var inga problem att senare
byta ut hyttstenen, som nedkrossats ovanpå gummiklippet, mot bergkross. Den
materialavskiljande geotextilen var intakt trots den utstickande stålkorden från
gummiklippen och rörelserna i gummiklippslagret från trafik som passerat.

6.2 Tjälisolering
Provsträckan är belägen i klimatzon 5, enligt ATB VÄG 2002, och antalet negativa
graddagar är cirka 150. Under byggtiden hösten 2002 frös terrassen. Det innebär
att tjälisoleringsförmågan hos skyddslagret inte har kunnat studeras som planerat
under första året eftersom terrassen utarmats på latent värme.

0

500

1000

1500

-15 -10 -5 0 5 10
Temperatur [oC]

D
ju

p 
[m

m
]

Vägmitt

Vägkant

Referens

Tjälgräns
hyttsten
Tjälgräns
bergkross

Förstärkningslager

Gummiklipp
Terrass

Terrass
ProvsträckorReferensträcka

Figur 4 Temperaturfördelning och tjälgränsen enligt Gandahlsonderna i vägban-
ken 2002-12-19. Temperaturprofilen gäller sektionen med bergkross i
förstärkningslagret. Även temperaturprofilen för referenssträckan med
hyttsten redovisas. Terrassen är belägen 700 mm ned i referenssträckan.

Mätningar av temperaturfördelningen i vägkroppen samt tjälgränsmätarna visade
dock att terrassen tinade upp av jordvärmen och att ytterligare tjälnedträngning
förhindrades i terrassen. I hyttstenssträckan där terrassen utsattes för mest kyla för-
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flyttades tjälgränsen upp till precis under terrassens ovanyta. I figur 4 visas tempe-
raturfördelningen i provsträckan med bergkross i förstärkningslagret samt tjälgrän-
sen i hyttsten respektive bergkrossträckorna den 19 december 2002, cirka en må-
nad efter det att gummiklipp och förstärkningslager kommit på plats. I figur 4
redovisas även temperaturfördelningen i en närliggande vägprofil med 700 mm
hyttsten som förstärkningslager.

Tjälisoleringsförmågan hos gummiklippet bedöms vara mycket god. Materialet har
en hög porositet vilket innebär att det även fungerar som kapillärbrytande och drä-
nerande skikt.

6.3 Deformationer
Sättningarna har under första året endast studerats med de installerade peglarna.
Kompressionen av gummiklippet var cirka 30 % vid pålastning av 500 mm berg-
kross vilket motsvarar cirka 10 kPa överlagringstryck medan den var 20 % efter
pålastning av 500 mm hyttsten motsvarande cirka 7 kPa. Långtidskompressionen
under första året uppgick till i genomsnitt 2,5 %.

Hyttstenssträckan är svår att utvärdera eftersom materialet inte stod emot nötning-
en som orsakades av trafiken. På 1 år minskade materiallagrets tjocklek med cirka
10 %. Den låga nötningsbeständigheten bidrog till att hyttstenen byttes ut mot
bergkross i förstärkningslagret innan bärlager och beläggning påfördes i septem-
ber-oktober 2003.

6.4 Bärförmåga
Fallviktsmätningar utfördes direkt på förstärkningslagret den 23 juli 2003. Tre oli-
ka slaghöjder användes; 50 kN, 38 kN och 26 kN. Mätningarna utfördes på vägmitt
respektive 1,5 m från vägmitt. Mätresultaten från 50 kN slaghöjd underkändes då
deflektionen överskred töjningsgivarnas mätområden. Resultaten från de övriga två
slaghöjderna visade god överensstämmelse. I figur 5 visas beräknade styvhetsmo-
duler för 600 respektive 900 mm djup, vilket ungefär motsvarar överkant respekti-
ve mitten av gummiklippslagret, från 38 kN slaghöjd. Resultaten visar att styv-
hetsmodulen är högre än den som användes vid dimensioneringen samt att det inte
tycks finnas någon skillnad mellan hyttsten och bergkross i förstärkningslagret. Vi-
suella observationer av nedböjning av ytan på förstärkningslagret då tunga fordon
körde över provsträckorna visade att ytan deformerades mer på hyttstenssträckan
än för bergkrossträckan. Baserat på detta kan antas att bärförmågan i hyttsten är
lägre än för bergkross vilket gör att tillförlitligheten hos fallviktsmätning som ut-
värderingsmetod direkt på förstärkningslagret i detta fall kan ifrågasättas. Den läg-
re bärförmågan för hyttstenen beror sannolikt på att överlagringstrycket på gum-
miklippet blir lägre med den lättare hyttstenen men delvis också på att omlagring i
materialet sker i större utsträckning för den rundare hyttstenen jämfört med det fli-
sigare bergkrosset vid fordonspassager. De uppmätta töjningarna från fallviktsre-
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sultaten användes senare till kalibrering av trycktöjningsberäkningar som komple-
ment till dimensioneringen enligt ATB VÄG 2002.

0

2

4

6

8

10

Bergkross
vägmitt

Bergkross
vägkant

Hyttsten
vägmitt

Hyttsten
vägkant

St
yv

he
ts

m
od

ul
 [M

Pa
]

Överkant gummiklipp
Mitt i gummiklipp

Figur 5 Fallviktsresultat för 38 kN slaghöjd. Mätningarna är utförda direkt på för-
stärkningslagret, 500 mm bergkross eller 500 mm hyttsten, underlagrat
av 600 mm gummiklipp.

6.5 Lakvatten
Lakvatten samlades in och analyserades i juni 2003, dvs innan vägen var belagd.
Vatten har under tiden fritt fått perkolera genom förstärknings- och gummiklipps-
lagret. Lakvattnet är analyserat med avseende på grundämnen och PAH. Lysimet-
rarna i referenssträckan gav inte tillräckligt med lakvatten för en PAH-analys.

Resultatet av grundämnesanalysen och pH på lakvattnet redovisas i tabell 3. An-
rikningsfaktorn, normerade värden m.a.p. referenssträckans analysvärden, redovi-
sas även i tabellen. Av resultaten är det tydligt att koncentrationerna av de flesta
grundämnena är betydligt högre i P2 där hyttsten överlagrar gummiklippet jämfört
med P1 som överlagras av samma bergkross som referenssträckan. De uppmätta
pH-värdena är ungefär lika mellan referenssträckan och P1. I lakvattnet från P1 är
det framförallt järn och aluminium som anrikats även om koncentrationerna är
låga. Koncentrationen av övriga metaller anrikas med en faktor som understiger
2,5 undantaget bly och zink där koncentrationen ökar med en faktor 5 respektive 3.
Enligt Naturvårdsverkets bedömningsgrunder för grundvatten kan halterna av
kadmium, zink och arsenik klassas som måttliga samt bly som hög för P1, SNV
(1999a). Koncentrationerna av de flesta grundämnen i analysen är betydligt högre i
lakvattnet från P2 som överlagras av hyttsten. Halterna av svavel, kalcium och ka-
lium och det låga pH-värdet i lakvattnet tyder på att hyttstens kemiska åldringspro-
cesser ännu inte klingat av, Tossavainen (2000). Barium, koppar, bly och zink
halterna är högre i P2. Gummiklippet förväntas i viss mån bidra till koncentra-
tionshöjningen av zink, bly och koppar men största delen härrör från hyttstenen.
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Tabell 3 Grundämnesanalys och pH-värde på lakvatten från juni 2003. Av utrym-
messkäl redovisas endast de ämnen där halterna är högre i provsträck-
orna jämfört med referenssträckan.

Ämne Enhet Referens P1 P2 Anrikningsfaktor
Bergkross Hyttsten P1 P2

Ca mg/l 506 45,6 3560 0,09 7,04
Fe mg/l 0,109 0,943 0,876 8,65 8,04
K mg/l 48,9 6,58 2540 0,13 51,94
Mg mg/l 129 11,3 71,9 0,09 0,56
Na mg/l 509 83,1 1250 0,16 2,46
S mg/l 343 29,8 5800 0,09 16,91
Al μg/l 22,2 181 <200 8,15 9,01*

As μg/l <2 4,25 <10 2,13* 5,00*

Ba μg/l 57,4 6,46 815 0,11 14,20
Cd μg/l <0,13 0,229 2,06 1,76* 15,85*

Co μg/l 3,15 3,73 21,3 1,18 6,76
Cr μg/l 11,7 <0,9 <9 0,08* 0,77*

Cu μg/l 8,92 19,8 2380 2,22 266,82
Hg μg/l <0,02 0,0406 0,276 2,03* 13,80*

Mn μg/l 157 226 4420 1,44 28,15
Ni μg/l 6,69 7,39 18,7 1,10 2,80
Pb μg/l <0,6 3,13 42,5 5,22* 70,83*

Zn μg/l 7,66 25,5 272 3,33 35,51
pH - 5,68 5,71 4,71
* Kvoten baseras på analysvärde under detektionsgräns i analysen

Tabell 4 PAH-innehåll i lakvatten från provsträckorna från juni 2003. Av platsskäl
redovisas endast detekterade PAH-föreningar. Bedömning enligt Natur-
vårdsverkets tillståndsklassning för förorenade bensinstationer, SNV
(1999b).

Förening Enhet P1 (Bergkross) P2 (Hyttsten) Tillståndsklassning grundvatten
naftalen μg/l 17 12
acenaften μg/l 0,3 0,24
fluoren μg/l 0,074 0,076
fenantren μg/l 0,041 0,057
summa 16 EPA-PAH μg/l 17 13
PAH cancerogena μg/l <0,050 <0,050 Mindre allvarligt (< 0,2μg/l)
PAH övriga μg/l 17 13 Måttligt allvarligt (10-30 μg/l)

PAH-innehållet i lakvattnet analyserades för provsträckorna och redovisas i tabell
4. Dominerande PAH-förening i lakvattnet är naftalen. Endast låga koncentrationer
av acenaften, fluoren och fenantren detekterades. Inga PAH som klassas som can-
cerogena detekterades men totalinnehållet av PAH klassas som ”måttligt allvarligt”
enligt Naturvårdsverkets tillståndsklassning för förorenade bensinstationer, SNV
(1999b). Halten PAH är något högre i P1 än P2. Det kan bero på det lägre pH-
värdet orsakat av hyttstenen.
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7 DISKUSSION OCH SLUTSATSER
Erfarenheter från flera amerikanska studier betonar vikten av tillräcklig tjocklek på
de mellanliggande lagren mellan gummiklipp och slitlager för att undvika upp-
sprickning av beläggningen, det vill säga att det är lastspridningen som är avgöran-
de. Erfarenheterna från föreliggande provsträcka visar att det snarare handlar om
att det är överliggande belastningen som är kritisk. Tjockleken på förstärkningslag-
ret var densamma för provsträckan med hyttsten respektive bergkross. Trots detta
var skillnaden i bärförmåga stor, i mening att större deflektion erhölls vid belast-
ning av sträckan med hyttsten. Detta beror till största delen på den lägre densiteten
hos hyttsten som resulterar i en lägre belastning på gummiklippet vilket innebär
mindre kompression och lägre styvhet. Materialomlagring hos hyttstenen kan även
tänkas påverka den observerade deflektionen.

I konstruktioner med gummiklipp som utsätts för dynamisk belastning måste nöt-
ningsbeständigheten i material som överlagrar gummiklippet i konstruktionen be-
aktas. Hyttstenen i den ofullbordade konstruktionen, d.v.s. när endast förstärk-
ningslagret hade påförts, nöttes kraftigt under 9 månaders trafikbelastning.

Tjälisoleringsfunktionen har inte gått att studera som det var tänkt under det första
året eftersom temperaturen föll till mellan -10°C och -20°C under byggtiden, vilket
resulterade i viss tjälnedträngning i terrassen. I princip all tjäle hade dock tinat un-
der gummiklippet efter en månad. Ingen ytterligare tjälnedträngning i terrassen
konstaterades vilket betyder att tjälisoleringsegenskaperna har varit goda.

Gummiklippet har enbart överlagrats av förstärkningslagret och legat ”oskyddat”
och utsatts för genomströmning av regnvatten. Analysresultaten visar att gummi-
klippen under bergkross höjer koncentrationerna av metallerna zink, bly och kad-
mium samt naftalen i lakvattnet relativt referenssträckan. I hyttstenssträckan är pH-
värdet lägre jämfört med referens- och bergkrossträckan och koncentrationerna av
de flesta analyserade grundämnen högre. Sammansättningen på lakvattnet från
hyttstenen tyder på att kemiska åldringsprocesser pågår i materialet. Koncentratio-
nen av naftalen var lägre jämfört med bergkrossträckan vilket kan bero på det lägre
pH-värdet. Lakvattenanalyserna visar att det är önskvärt att minska perkolationen
genom gummiklippen och att gummiklipp inte bör användas i känsliga miljöer.

För att kunna bedöma materialets allmänna lämplighet som skyddslager i den slut-
liga vägkonstruktionen kommer mätningar och analyser av tekniska- och miljö-
mässiga egenskaper att utföras under kommande år.

FINANSIERING OCH STÖD
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