Warm Mix Asphalt for Cold Weather Paving

Olof Kristjansdottir

A thesis submitted in partial fulfilment of the requirements for the degfree

Master of Science in Civil Engineering

University of Washington

2006

Program Authorized to Offer Degree:
Civil and Environmental Engineering



1. REPORT NO. 2. GOVERNMENT ACCESSION NO. 3. RECIPIENT'S CATALO®.

WA-RD 650.1
4. TITLE AND SUBTITLE 5. REPORT DATE
Warm Mix Asphalt for Cold Weather Paving 2006
6. PERFORMING ORGANIZATION CODE
7. AUTHOR(S) 8. PERFORMING ORGANIZATION REPORT NO.

Olof Kristjansdottir

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. WORK UNIT NO.

University of Washington

11. CONTRACT OR GRANT NO.

Civil and Environmental Engineering
Seattle, WA 98109

12. SPONSORING AGENCY NAME AND ADDRESS 13. TYPE OF REPORT AND PERIOD COVERED
Washington State Department of Transportation Final Report

Research Office

Olympia, Washington 98504-7372 14 SPONSORING AGENCY CODE

15. SUPPLEMENTARY NOTES

16. ABSTRACT

Increased environmental awareness and stricter emissions regutavened to a development of warm mix
asphalt (WMA) to reduce the high mixing temperatures of regular hot mix agidivid). Its benefits are
reduction in energy consumption during production and reduced emissions during prodwtitacament.
The three most tested methods are; WAM Foam, Aspha-min zeolite andt 3asolill three methods reduce
the viscosity of the binder at a certain temperature range, allowingghegate to be fully coated at lower
temperatures than in HMA production.

Previous research has not focused much on how WMA functions in cold weather paisrgper investigate
WMA's potential in cold weather conditions and specifically how Icelandy stith conditions, can benefit
from it. The conclusions in this paper are drawn from a literagwiew and a survey that was conducted am
Iceland’s paving industry professionals.

Reduced emissions are especially beneficial in densely populateédadeasnon-open air paving. The
decreased viscosity allows effective compaction at lower tempesattnere cool down rates are slower.
WMA's disadvantages are mainly related to rutting and moisture silstigpissues. Using WMA processes &
HMA production temperatures: 1) Increases the temperature gap betwdaatjon and cessation, allowing e
increased haul distances 2) Facilitates compaction, which is behtfic stiff mixes and RAP, paving during
extreme weather conditions and reduction in compaction effort.

Icelandic professionals are generally positive towards WMA, istteden testing it further for Icelandic
conditions, and hopeful about its potential for helping with some key probleneandaoc paving. The final
conclusion is that WMA is a viable option for cold weather conditions arthégnaving industry in Iceland,
Sasobit is most suitable of the three methods, and usage incentivesfale: t1) As a compaction aid for mixg
produced at, or close to, regular HMA production temperatures, used to in@ehdistances and/or pave
during cold and difficult weather conditions, and sometimes slightly redetednsumption as well. 2) As an
environmentally friendly method when emissions approach limits, althougim iggwe today it may become
one with stricter emissions regulations or increased production.

192}

bng

1
g.

eS

17. KEY WORDS 18. DISTRIBUTION STATEMENT

Warm Mix Asphalt (WMA), hot-mix asphalt No restrictions. This document is available to tf

e

(HMA), emissions public through the National Technical Informatipn

Service, Springfield, VA 22616

19. SECURITY CLASSIF. (of this report) 20. SECURITYASSIF. (of this page) 21. NO. OF PAGES 22. PRICE

None None 92




The contents of this report reflect the views of the author, who is responsible factthe f
and the accuracy of the data presented herein. The contents do not necessatilgeeflec
official views or policies of the Washington State Department of Transmortdthis

report does not constitute a standard, specification or regulation.



University of Washington

Abstract

Warm Mix Asphalt for Cold Weather Paving

Olof Kristjansdottir

Chair of the Supervisory Committee:
Assistant Professor Stephen T. Muench

Civil and Environmental Engineering

Increased environmental awareness and stricter emissions regulatieriechva
development of warm mix asphalt (WMA) to reduce the high mixing temperatures of
regular hot mix asphalt (HMA). Its benefits are reduction in energy consamhiring
production and reduced emissions during production and placement. The three most
tested methods are; WAM Foam, Aspha-min zeolite and SasobiAVdkree methods
reduce the viscosity of the binder at a certain temperature range, allb@iaggregate

to be fully coated at lower temperatures than in HMA production.

Previous research has not focused much on how WMA functions in cold weather
paving. This paper investigates WMA'’s potential in cold weather conditions and
specifically how Iceland, with such conditions, can benefit from it. The conclusions
this paper are drawn from a literature review and a survey that was conalucted
Iceland’s paving industry professionals.

Reduced emissions are especially beneficial in densely populated ateéas an
non-open air paving. The decreased viscosity allows effective compaction at lowe
temperatures where cool down rates are slower. WMA'’s disadvantageaialg nelated
to rutting and moisture susceptibility issues. Using WMA processes at HMA piaduc
temperatures: 1) Increases the temperature gap between production amwhgcessa

allowing e.qg. increased haul distances 2) Facilitates compaction, whieha$icial for;



stiff mixes and RAP, paving during extreme weather conditions and reduction in
compaction effort.

Icelandic professionals are generally positive towards WMA, interestedting
it further for Icelandic conditions, and hopeful about its potential for helping with some
key problems in Icelandic paving. The final conclusion is that WMA is a viableropti
for cold weather conditions and for the paving industry in Iceland, Sasobit is most
suitable of the three methods, and usage incentives are twofold: 1) As a compaction aid
for mixes produced at, or close to, regular HMA production temperatures, used to
increase haul distances and/or pave during cold and difficult weather conditions, and
sometimes slightly reduce fuel consumption as well. 2) As an environmentaliiyrie
method when emissions approach limits, although not an issue today it may become one

with stricter emissions regulations or increased production.
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1.INTRODUCTION

Environmental awareness has been increasing rapidly over the qaast ¥xtensive
measures like air pollution reduction targets set by the Europeam With the Kyoto
protocol have encouraged efforts to reduce pollution.

Warm Mix Asphalt (WMA), a new paving technology that originatedEurope,
is one of those efforts. It allows a reduction in the tempe@irevhich asphalt mixes
are produced and placed. Its benefits are reduction in energy quisumand reduced
emissions from burning fuels, fumes and odors generated at the produatibamd the
paving site. This paper investigates the potential use of waxmasphalt in cold weather
conditions and specifically how countries like Iceland, with such condjtmars benefit
from this technology. Early research and marketing efforts haielynfocused on the
environmental benefits and the reduced energy consumption of the tephaal not as
much on how it functions in cold weather paving.

The primary objective of this research is to find out whethemamaix asphalt is
a viable option for the paving industry in Iceland. In the process of eaimgyvthat
guestion, warm mix asphalt’'s advantages and disadvantages compasaditimnal hot
mix asphalt (HMA) are explored and the question of whether wamnasphalt is a
viable paving option for cold weather conditions in general is alswered. The
conclusions of this paper are primarily drawn from a literatewesw that was conducted
on warm mix asphalt to evaluate what is known about its perfornamta survey that
was conducted in Iceland by sending a questionnaire to profdssiandoe industry.
Conditions and paving practices in Iceland are also explored to mjivaderstanding of
common paving issues in Iceland. Hopefully this paper can assist pbtgatim mix
asphalt users in cold weather regions to understand the basiemtiterin the available
methods and how they are differently suitable for the differématgons that can come

up in cold weather paving.



2.BACKGROUND

2.1HISTORY OF WARM MIX ASPHALT

The discussion of lowering the heat used to produce asphalt mixes is not new. The idea of
saving energy and lowering emissions in the asphalt industry hasdms®issed for
decades.

In 1956, Dr. Ladis H. Csanyi, a professor at lowa State Univerggfized the
potential of foamed bitumen for use as a soil binder. Since then,etbasphalt
technology, which allows lower mixing temperatures, has been used sudgesshdny
countries. The original process consisted of injecting steam intbitumhen. In 1968,
Mobil Oil Australia, which had acquired the patent rights for Csanyvention,
modified the original process by adding cold water rather steam into the hot
bitumen. The bitumen foaming process then became more prgdfjcal.

In 1994, Maccarone examined developments in cold mixed asphalt based on the
use of foamed bitumen and very high binder content emulsions. He wroggdbad the
world the use of cold mixes for use on roadworks are gainingegraeceptance. Such
systems are energy efficient and environmentally friendly. Cakesndo not emit
hydrocarbons and use less fuel in manufactufig.

Despite many good properties, cold mixes have not affected hoasphxalt’'s
position as the primary road surfacing material becausehigng not achieved the same
overall long-term performance as hot mixes.

In 1999, Jenkins et al. introduced a new process, half-warm foamedehitum
treatment. Their paper explores the considerations and possiblésehkéating a wide
variety of aggregates to temperatures above ambient but below 10062 leé
application of foamed bitumef8]

A warm asphalt mix process (WAM) has been developed in Europevasd
reported by Harrison and Christodulaki at the First Internationafgence of Asphalt
Pavements in Sydney, 2000. A more complete report was given by Keeatdd. at the
Eurobitume congress in 200[] Their paper describes an innovative warm mixture



3
process that was tested in the laboratory and evaluated in lalgefsdd trials (in

Norway, the UK and the Netherlands) with particular referencthe production and
laying of dense graded wearing courdé$. Their work resulted in the development of
WAM Foam, Warm Asphalt Mix with foamed bitum¢g]

At the Eurobitume congress in 2004, Barthel et al. introduced theofuse
synthetic zeolite additive to produce warm mix asphalt. The zexiates a foaming
effect that results in a higher workability of the nfji.

Warm mixes have received some attention in Europe and Ausirada aound
2000. The pavement industry in North America started to give warmsnsiame interest
a few years later and in June 2005 the National Center for Aspiainology (NCAT)
published two reports about the use of Sasobit, a synthetic wax, and rspha-

synthetic zeolite, in warm mix asphd®,9]

2.2POTENTIAL WARM MIX ASPHALT BENEFITS
In the following sections, the benefits that are usually pubticiaditerature as WMA'’s
main benefits and issues are briefly discussed. These arentissions reductions,

reduced energy consumption and decreased viscosity.

2.2.1 Energy Consumption

The reduction in energy consumption is the most obvious benefit of WMA sand |
generally marketed and discussed in literature as one ¢ivthmain benefits of WMA.
Studies have shown that energy consumption reductions of about 30% canelvedchi
by lowering the production temperatures at the asphalt plant. Toeti@n in energy
consumption reduces the cost of the asphalt production but there can alsabtiéed
cost involved in using the WMA process, i.e. for additives and/or equipme
modification. How much that additional cost is depends on the WMA methedl us
Another side benefit of the reduction in production temperatures soaesetmantioned is
less wear and tear of the asphalt plfiQ]



2.2.2 Emissions
The other main benefit of WMA is the reduced emissions becauskeofetiuced
production temperatures. According to literature, WMA production sagmifly reduces
emissions, fumes and odor compared to a regular HMA production. BnssBom
asphalt production and placement can, at certain elevated levels, be harmfuhto heal
In 2000, the National Institute for Occupational Safety and Heall@$Ml) in USA
published a hazard review on Health Effects of Occupational Expasétsphalt.[11]
In this review, NIOSH evaluated the potential health effects ofijmational exposure to
asphalt. In 1977, NIOSH determined the principle adverse health effectstitatien of
membranes of the conjunctivae and the respiratory tract. NI@sdHaeknowledged that
evidence from animal studies indicated that asphalt left on thef@mklong periods of
time could result in local carcinomas. On the basis of this eeeje NIOSH
recommended the following exposure limit (REL):

“NIOSH recommends minimizing possible acute or chronic healtitctsffe
from exposure to asphalt, asphalt fumes and vapors, and asphalt-based paint
by adhering to the current NIOSH REL of 5 md/fmeasured as total
particulates] during any 15 min period and by implementing the faligwi
practices:
Prevent dermal exposure.
Keep the application temperature of heated asphalt as low as possible.
Use engineering controls and good work practices at all work tsite
minimize worker exposure to asphalt fumes and asphalt-based paint
aerosols.
Use appropriate respiratory protectiofil, pg. 96]

In 1988, NIOSH recommended that asphalt fumes also be considgatéraial
occupational carcinogen. Since then, additional data have becomdlaviidan studies
of animals and humans exposed to asphalt. A direct quote from theintang$ of the
hazard review from 2000 follows:

“The findings of this hazard review continue to support the assaessihthe

1977 NIOSH criteria document on asphalt fumes, which associated exposur
to asphalt fumes from roofing, paving, and other uses of asphalirstakion

of the eyes, nose, and throat. Furthermore, in studies conducted sifige th
[...] these symptoms have also been noted among workers exposed 1b aspha
fumes at geometric mean concentrations generally below 1

particulates and 0.3 mgfmbenzene-soluble or carbon disulfide-soluble
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particulates, calculated as a full-shift TWA [time-weightearage]. Recent
studies also report evidence of acute lower respiratory tyagitems among
workers exposed to asphalt fumd4.1, pg. 94]

Conclusions regarding potential carcinogenicity of paving asphalt fumes were

“Data regarding the potential carcinogenicity of paving asphaties in

humans are limited. [...] Although genotoxicity assays using labgrator

generated and field-generated fumes have been conducted, only the

laboratory-generated fumes were genotoxic. Therefore, NIOSH conthales

the collective data currently available from studies on paving dgploaide

insufficient evidence for an association between lung cancer andue&gos

asphalt fumes during paving. The available data, however, do not preclude a

carcinogenic risk from asphalt fumes generated during paving mper.at

[11, pg. 93]

A discussion about the possible risk of cancer at other sitesuihgs mentions that
a few studies have reported an association between cancees aitlsér than lungs and
occupations having the potential for exposures to asphalt, but concludes by saying:

“Because of lack of consistency among studies and issues of tluaicdimig

effects of other substances, the evidence for an association beyesure

to asphalt and non-respiratory cancers is weak and requires further

confirmation [...]"[11, pg. 75]

It is also mentioned in the hazard review that positive mutagesponses obtained from
animal studies using laboratory-generated paving asphalt fumes @ause for concern
and support the need for further reseajth, pg. 87]

The NIOSH hazard review also reports a study conducted in 1993 wihmees f
were collected from a storage tank at a hot mix planttamgerature of 149°C (300°F)
and from a laboratory generation at temperatures of 149°C and 316°C (300°F and 601°F).
The fumes were analyzed for selected PACs (Polycyclic Aion@ompounds). The
concentration of four-ring Polycyclic Aromatic Hydrocarbons (PAMs)s highest in
fumes generated in the laboratory at the highest temperaturealSei/¢he four-ring
PACs are carcinogenic. These results and results from othéarsatuidies indicate that
asphalt fumes generated at high temperatures are probably ikelye tb generate
carcinogenic PAHs than fumes generated at lower tempesatiit¢ Although the two

temperatures that are compared in this study are higher thaaentiperatures used for
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WMA and HMA productions, this might indicate an additional advantagbeofeduced

emissions; i.e. it is possible that the fumes themselves beaaniddzardous with the

decreased production temperature. This has not reportedly been examined for WMA.

2.2.3 Viscosity

The functionality of WMA technologies is based on reducing theosiscof the asphalt
binder at a certain temperature range. The reduced visedisiys the aggregate to be
fully coated at a lower temperature than what is traditionadlguired in HMA
production. Because of the reduced viscosity, the WMA processes cénawsoa
compaction aid and some benefits related to this are often mentioreddtion to WMA
discussions, such as easier handling, extended paving season, longesthacésliand a

reduction in necessary roller compaction.



3.WARM MIX ASPHALT

Several new processes and products have been developed to tezlun&ihg and
compaction temperatures of HMA without compromising the qualityhefrixture or
the resulting pavement. This section discusses the warm mixtasmheept and a few of

the different processes that have been developed.

Traditional HMA is usually produced at temperatures between 140 and 1(384Gand
356°F) and compacted at about 80 to 160°C (175 to 320°F). The temperature of the
asphalt mix has a direct effect on the viscosity of the aspkatent binder and thus
compaction. As hot mix asphalt temperature decreases, its as@maént binder
becomes more viscous and resistant to deformation, which resulisnaller reduction
in air voids for a given compactive effort. Eventually, the asphalidri becomes stiff
enough to prevent any further reduction in air voids regardle$e @fplied compactive
effort. The temperature at which this occurs, the cessation tetaperis considered to
be about 79°C (175°F) for dense graded HMA mik&28] These high temperatures for
hot mix asphalt are required to achieve the right balance between:

Low viscosity of the bitumen to obtain full aggregate coating;

good workability during laying and compaction;

rapid increase in mechanical strength, and;

durability during traffic exposuré¢l3]

The goal of the WMA process is to reduce the high temperaturebieh traditional

asphalt mixes are produced and placed without adversely affectsey pheperties. Its
benefits, as currently marketed and addressed in literatureeguetion in the energy
consumption that is required to heat traditional HMA to temperatabove 150°C
(300°F) at the production plant, and reduced emissions from burning fuels, fante
odors generated at the plant and the paving site. There arariprithree technologies
that have been observed to produce WMA in Eurfipé&5]
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WAM Foam (Warm Asphalt Mixes with Foam). A two component binder

system that introduces a soft and hard foamed binder at diffstages during
plant production;

Aspha-min zeolite.The addition of a synthetic zeolite during mixing at the plant
to create a foaming effect in the binder;

Sasobit wax.The addition of a Fischer-Tropsch paraffin wax during mixing at
the plant to decrease the viscosity of the mix;

other methodsmentioned in literaturéenclude for example Asphaltan B, a low
molecular weight esterified wax, and Evotherm, a process basedlmwmastry
package that includes various additives.

All these technologies appear to allow the production of WMA byaied the
viscosity of the asphalt binder at a given temperature.

The three methods that have been most prominent in literature aadcleSWAM
Foam, Aspha-min zeolite and Sasobit wax, are discussed one by tree following
three sections. The other methods, which are not as prominent, ahe desfribed in
section 3.4.

The amount of research and type of reports that are availalileeftiree methods
varies somewhat. For the WAM Foam, the process itself imfgateand it requires
considerable equipment modifications. That may affect the amount opendent
research conducted because no reports of independent studies were fouredpminted
out by the developers. Therefore, all the information about WAM Fatvased on
research conducted by the developers themselves. Although theretda@ seen any
specific indications of biased results or discussions in those refhosteieeds to be kept
in mind when evaluating the results and comparing the three WMA methods.

For both the Aspha-min zeolite and Sasobit wax methods the situatidgferent.
More information from independent studies is available which mighebause for these
methods the process itself is not patented and equipment modificagomst anecessary,
although both methods are based on the use of patented additives. For gxiaenple
National Center for Asphalt Technology (NCAT) in the USA condilideboratory
studies on both the Aspha-min zeolite and Sasobit wax methods ancedet@tn in
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2005. Those two reports, along with a Sasobit wax performance evaldatie for the

Maryland State Highway Administration, give detailed and unbiasiedmation about

various properties of the two methods.

3.1WAM Foam

WAM Foam (Warm Asphalt Mixes with Foam) is a patented pmckEveloped jointly
by Shell Global Solutions and Kolo Veidekke in Norwhaythe WAM Foam production
process, two different bitumen grades, soft bitumen and hard bitumenabeed with
the mineral aggregate. This process makes it possible to produasptimt mixture at
temperatures between 100 and 120°C (212 and 248°F) and compact it at 80 to 110°C
(176 to 194°F)[5,16]

A WAM Foam modified asphalt plant first mixes the soft bitarmath the mineral
aggregate in order to achieve pre-coating and then the foamed bitueethei hard
grade, is introduced in the second s{é@] The viscosity of the soft bitumen is chosen
such that at temperatures below 100°C (212°F) it can fully coat therahiaggregates
(i.e. it must be less than 0.3 Pa-sec at 100°C (218}YF) The hard component is added
in the form of a foam and must have a penetration at 25°C (77W¢dretl and 10 mm
so standard penetration grades such as 10/20, 20/30, 35/50, 40/60 and 70/10Mkre suita
hard components. The blend ratio of the soft and hard binder compone iy ingiroked
by the required penetration level of the final binder. If required, an adhesion impaover
be used in the binders to reduce water sensitiMif%}. The rate of dissolution of the hard
component into the soft component is important because it determingsritability of
the mixture and the initial binder composition and propertdsThe thought behind this
mixing procedure is to obtain a good distribution of the bitumen in theuraidnd a
good workability during paving13]

Studies have used dense graded asphalt mixtures but in principle tkieRd&im
process is equally applicable to other asphalt mixes such as oplex grad gap graded
mixtures.[5]

Foamed bitumen is produced by injecting cold water at a levelebetd and 5%

into hot bitumen. When it contacts the hot bitumen, the water turnssteam that



10
produces a large volume of foam which slowly collapses with timte the bitumen

resumes its original properties. The volume expansion ensures therisiaistributed
evenly in the asphalt mixture and coats the aggregates.

At early stages in the development of WAM Foam, the hard bitumiéedawas in
the form of a powder, an emulsion or foam. The use of hard bitumen powdeggad
results in the laboratory but it was not considered practical ptement due to safety
issues. Hard bitumen emulsions gave promising results but tled baed bitumen foam
showed good asphalt properties while not having the drawbacks that p(satky
issues) and emulsions (cost) hgué]

3.1.1 The Asphalt Plant

The lower temperature operation of the aggregate dryer combirfetheimoisture from
the foam raise a number of potential issues regarding the openatithesasphalt plant.
For example, the temperature of the dryer must be above 100°C (212°Fgvemtpr
clogging of the dust collection systeft3] The WAM Foam modified asphalt plants in
Norway manage to operate the dryer at about 120-130°C (248-266°F) withoutnmoble
with burner instabilities or in the dust collection system. To congterfsr the pressure
build-up in the mixer while foaming, a good air extraction system is negldéd.

In a batch asphalt mixing plant the foamed bitumen is produced dwutiing water
into the bitumen pipe in a special nozzle system, just before thedntanters the mixer.
The foam is produced in a discontinuous way. An airgun is used to blowaheniy
chamber and pipes clean after each foam injection. The productiacityagpf the plant
can be maintained for all types of mixtures.

The WAM Foam process is more suitable for a drum plant be¢hesehe foam
can be produced in a continuous way. Insulation of pipes and the cleanmgf i
necessary to the same degree as in a batch dl@ht.

3.1.2 Laboratory Studies
A laboratory study reported by Koenders et al. in 2002 used dense Abal asphalt

mixtures and conventional hot mixtures for comparison (typical densedgnaictéures;
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Norwegian Agbll and Dutch DACO0/11) to determine general workabifitixture

stability and abrasion resistance. The results were:
The degree of compaction (% air voids) were measured in aogym@mpactor
and the % air voids were marginally higher for the warm mixes;
resistance to permanent deformation (dynamic creep test)tegssd in the
Nottingham Asphalt Tester. The test results, expressed ihsasam (%), were
very similar for both types of asphalt mixtures indicating equal performance;
a (modified) Californian abrasion test was used to assess thesiadhe
performance of the mixes. It is done by subjecting specimerepio impact of
steel balls on the surface after having been submerged infaaft hours. The
results showed very little difference in the abrasion values #iMWFoam

mixtures compared with the hot mixturgs3]

According to information from Kolo Veidekke, some research has deea on water
sensibility issues but not much has been published yet. They tendsongeivhat lesser
values in the lab, but that does not correlate to results froes ¢aken from the road.

Visual inspections of the road do not indicate that this should be an[E3ue.

3.1.3 Field Trials

The first WAM Foam field trial was carried out in May 1999Narway, using a Midland
Mix-Paver (paver and pugmill combined) modified for foaming. The wholnga

operation was carried out with satisfactory results despirerae weather conditions,
even some snowfall. The second WAM Foam trial was carried oge dm Oslo in

Norway in May 2000 using a batch plafit7]

The first larger scale road trial was carried out on thin mead RV120 in Hobgl,
Norway, in September 2000, where a one lift wearing course aate@nce hot mix
section were laid. The mixture was dense asphalt concrete AbilawiB5 pen (final)
binder and it was produced in a batch plant. Voids contents measured redoWAM
Foam and hot mix sections had exactly the same average, 3.9%. Rarttowthness and
surface texture has been monitored two times a year and me&sus from the years
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2000 to 2003 show very similar results for the warm and hot mixtlinespercentage of

studded tires on cars in Norway is close to 60% in the wirgdogh and the rutting
results show that the mixtures respond similarly to the finstery when the studded tires
wear off the mortar on the surfa¢7]

In April 2001 a wearing course was laid on a section of the F¥&2 in Norway,
with dense asphalt concrete WAgb11 with 180 pen (final) binder aod\aentional hot
mixture for comparison. Void contents were slightly higher for tlaemvmix but still
well within Norwegian specifications. Rut depth measurementgedaout from 2000 to
2003 showed that the rut depths were very similar for the warmhanhdnixtures.
Smoothness measurements (as measured by International RougtdeessIRI) from
2001 to 2003 gave very similar results for the warm and hot mixtlihesmean profile
depth was used to evaluate skid resistance and the results were all waige &or good
skid resistance.

Another trial was held in 2001 in the UK, where a WAM Foam 20 @m8(in)
Dense Road Basecourse (DRB) with an equivalent of a 40/60 pen bitandem
conventional hot 20 mm (0.78 in) DRB with 40/60 pen were manufactured and paved.
The texture of the warm asphalt mixture was identical to thenha@tire and the stiffness
modulus was identical also. Fatigue measurements showed thsticstiliti the fatigue

properties are the same. Those three field trials are summarized itidivnfptable.

Table 3.1:A summary of the WAM Foam field trials discussed in the text.

Location RV120, Norway FV82, Norway UK

Date September 2000 2001 April 2001

Type of mix Dense asphalt concrete  Dense asphalt | 20 mm(0.78 in)Dense
Ab11 with a 85 pen concrete WAgb11 Road Basecourse

(final) binder with a 180 pen (final) (DRB) with a 40/60
binder pen bitumen

Air voids [%], Identical average, 3.9% Slightly higher fo -

(WAM Foam the warm mix

compared to

regular)

Rutting (WAM Marginally lower for | Marginally higher for -

Foam compared the warm mix the warm mix

to regular)
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In 2001, productions of WAM Foam in a batch plant and a drum plant wetedsia

Norway for normal (commercial) paving works. About 48000 tons of asphadiuced
according to WAM Foam process was paved from 2000 to 2003. Differpes tyf
mixtures have been produced, dense graded and stone mastic asphalffendttt dinal

grades and various combinations of hard and soft bityf&¥gn

3.1.4 Environmental Benefits

On Shell’'s webpage, it is stated that carbon dioxide emissiongdueed to half in the
WAM Foam process, and fumes emitted from the bitumen are halveevéoy ten
degree reduction in temperatuj@l.

As a part of Shell and Kolo Veidekke’s studies on WAM Foam, thessoms at an
asphalt production plant were measured and compared to a hot mix prodEatios.
emissions, both organic and inorganic parts were determined asPbotigulate Matter
(TPM). The organic part, known as Benzene Soluble Matter (BS)alga determined.
Bitumen and their fumes contain traces of Polycyclic Aromaten@ounds (PAC)
originating from the crude oil. Some of these compounds are irrisardsother are
suspected to have carcinogenic properties. Attention was also giRxCts in the gas
phase, called Semi-Volatiles (SV). Table 3.2 shows the measurreeseilts. The final
result is that the fume emission during warm mixture productioregdigible compared
to the emission during hot mixture production. The results arecéal fully comparable
since weather conditions were constant during both producfikis.

Table 3.2:Results from emissions measurements for a WAM Foam produatiora
regular HMA production.

Mix BSM emissions PAC emissions TPM
temperature [mg/m’] [ng/n?] emissions
[°C )] [mg/m’]
HMA 165 (329) 0.2 and 0.5 38 and 119 1.2 and 0/93
production
WAM Foam 115 (239) 0.05 49and 25 0.09 and neg.?
production (below a 0.05 (similar to the
mg/nT detection background static
level) samplers (1.9))

* Low TPM results are often inaccurate due to loss of filwknsng disassembly and give an
underestimation of the results or may even give negativeesas was the case for one of the
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warm mixture samples. Despite this, it is possible to kay the TPM from the warm mix
production were lower than from the hot mix production.

A more recent fuel consumption and gas/dust emissions measureorandrfrasphalt
mix production (with 15% recycled asphalt used in the mixture) in a gramt in
Norway shows that the WAM Foam production resulted in a:

40% reduction in diesel consumption;

31% reduction in C@emissions;

29% reduction in CO emissions and;

62% reduction in NQemissions,
compared to the hot mix (at identical production rates).

In the 2001 road experiment on FV82 in Norway mentioned previously, fuel

consumption was measured and showed a 31.5% redyafdn.

3.1.5 WAM Foam Summary

WAM Foam is a patented process that allows asphalt to be produtech@ratures
between 100 and 120°C (212 and 248°F) and compacted at 80 to 110°C (176 to 230°F).
A WAM Foam modified asphalt plant first mixes soft bitumen with the mireggtegate

in order to achieve pre-coating and then foamed bitumen, a hariebitgrade, is
introduced in a second step. With this procedure, good distribution of the bitisme
obtained and good workability during paving. Dense graded mixes hawdynbeen

used but open graded and gap graded mixes are equally applicable.

Asphalt plants need to be modified with a foaming device and a goegteaction
system is needed to compensate for the pressure build-up mixbee while foaming.
The equipment modifications for this process are thereforevalagxtensive compared
to the methods described in the next two sections. In a batch aspkialg plant the
foamed bitumen is produced by injecting water into the bitumen pipespecial nozzle
system, just before the bitumen enters the mixer and an airguseds to blow the
foaming chamber and pipes clean after each foam injection. The poodaapacity of

the plant can be maintained for all types of mixtures.
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Laboratory studies and field trials that have been conducted and cepyrthe

developers seem to show very similar results for WAM Foam prashsctnd regular
HMA production for typically monitored properties such as percentoéds, rut depths,
smoothness, surface texture, skid resistance, stiffness modulugigne. fahe first field
trial was carried out in May 1999 in Norway, where many offttlewing trials have
been conducted. Therefore, the performances of the pavements, ssmetolhave been
placed in cold weather, have been monitored for a few years.
Energy consumption measurements indicate a 30 to 40% reduction antbrsniss

measurements indicate a 30 to 90% reduction, the most reductionddyelN@,, BSM
(Benzene Soluble Matter) and PAC (Polycyclic Aromatic Compounds) emissions.

3.2ASPHA-MIN ZEOLITE

Aspha-min zeolite is a product of Eurovia GmbH, Germany. It is aaufactured

natrium-aluminum silicate which has been hydro-thermally chiztdl It contains

approximately 21% water by weight and is released in the tatope range of 85-180°C
(185-360°F). Eurovia recommends adding Aspha-min to an asphalt mixturatat e

0.3% by mass of the mix, which enables approximately a 30°C (54étkiction in

production and placement temperatuf28]

When Aspha-min is added to the mix at the same time as ther,bimdeer is
released which creates a volume expansion of the binder that esah asphalt foam
and allows increased workability and aggregate coating at lower tempsrgglre

Eurovia states that all known bitumen, polymer modified bitumen ancdlescy
asphalt (RAP) can be used in this process. Also, all normal rmaggyeegates and fillers
can be used and therefore no modifications to a normal mix desegneaded. The
addition into the mixing process is done through special devices withilar procedure

as adding certain types of fibers and does not prolong the mixing priagess.

3.2.1 The Asphalt Plant
The zeolite can be added directly into the pugmill in a batch plartydh the RAP

collar, or pneumatically fed into a drum plant using a speciallijt feeder. The
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developers of Aspha-min more specifically describe that speaabigned feeders are

not necessary, the zeolite can be added to the filler by handhe glant is equipped
with a feeder for fibers, it can be used. But specially desigeedefs are available for
both drum and batch plan{fgi]

In the NCAT road trial described in next section, a drum phaag used. A vane
feeder controlled the addition rate and then the zeolite was pnealtyablown into the
drum, at the same point as the asphalt cement, using an existing fiber additi@j line.

F'ig“ure 3.1:Feeder (right) and an existing fiber addition line for Aspha-Min ze¢8ie.

3.2.2 Laboratory Studies

A laboratory study was conducted by the National Center for As@rehnology
(NCAT) in the USA to determine the applicability of Aspha-rnevlite to typical paving
operations and environmental conditions commonly found in the US. Two aggregate
types, granite and limestone, and two binder grades, PG 64-22 ab8-2&; were used.

The Superpave gyratory compactor was used for the mix preparaticm \botatory
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compactor was used to determine the mixes’ compaction ability avesange of

temperatures. Mixes were therefore compacted using a vibredonpactor at 149°C,
129°C, 110°C and 88°C (300°F, 265°F, 230°F and 190°F) with the mixing temperature
approximately 19°C (35°F) above the compaction temperature. The maliis fesm the
study are[8]
The addition of Aspha-min lowers the measured air voids in the gyrato
compactor. The warm mix using PG 64-22 binder had almost the sawv&di
level as the control mix using the PG 58-28 binder. This suggesthéhaeolite
additive lowered the mixing and compaction temperature by one asphalt grade;
the addition of zeolite improves compaction in the vibratory compactortbeer
control mixture for all binder (although more pronounced for the stiffedédsi
PG 64-22), aggregate and temperature combinations. The zeolite ré¢deicad
void content by 0.65% on the average and improved compaction at temgeratur
as low as 88°C (190°F);
the addition of zeolite did not affect the resilient modulus, i.e. ¢oéite did not
increase or decrease the stiffness of the mixtures for@anpaxtion temperature.
But the resilient modulus decreased as the compaction tempsralecreased
and air voids increased,
the addition of zeolite did not affect the rutting potential of atane. The rut
depths increased as the temperatures decreased for all factor comhinations
there was no change in strength at a particular age timsthar the hot or the
warm mixtures which means that there is no evidence to supportddefarea
cure time before traffic can be allowed on the asphalt mixture with zeolite;
the lower mixing and compaction temperatures used when producing Wit
Aspha-min may increase the potential for moisture damage.loiwer mixing
temperatures can result in incomplete drying of the aggregdteha resulting
water trapped in the coated aggregate may cause moisture damage;
a Tensile Strength Ratio (TSR) test was used to detetimeneoisture sensitivity
of the mixes. The addition of zeolite lowered the TSR value apamd to the
control mixture but still resulted in an acceptable value, but visualing was
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observed in both mixes produced at 121°C (250°F). To determine if the raoistur

resistance of the zeolite mix could be increased, anti-strippgents were
evaluated. A two-stage addition of 1.5% hydrated lime resulted imptatte
performance in terms of cohesion and moisture resistance andreased the
rutting rate.

The NCAT report concludes by giving a few recommendations for usspda-

min zeolite:

The optimum asphalt content should be determined without the addition of
Aspha-min;
if mixing temperature is < 135°C (275°F), then either the high tempergrade
can be bumped by one grade, or hydrated lime can be added to couhtract t
tendency for increased rutting with decreasing production temperatures;
if tensile strength ratio test results are not favorablelrdigd lime should be
added to the mix as an anti-stripping agent to increase the tensile streiogth rat

3.2.3 Field Trials

In conjunction with the NCAT laboratory study a field demonstrajpwaject was
constructed in Florida in February 2004, where a parking lot was paked:ohtrol mix
was a fine graded Superpave mix with 20% reclaimed asphalt pavéRwR). The
warm mix was produced by adding Aspha-min zeolite to the contsduraiat a rate of
0.3% by weight of total mix. The zeolite was introduced into thatplaing a specially
built feeder as described earlier. Laboratory tests corresdawmith the trends seen in the
laboratory study. During paving, the crew observed that the wamnwas more
workable than the control mix. Equal densities were obtained in th@a wad control
sections. An assessment one year after placement showed ndf siggtiess and that the
zeolite mixture was equally resistant to moisture damagleeasontrol mix. It should be

noted though that the sections do not receive regular tr@fic.

A number of Aspha-min test sections and regular HMA comparisdiosedave been
constructed by Eurovia GmbH. Three years after placement dfr¢heones, Eurovia
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reported that no significant changes were observed in surfacectehstecs and the

zeolite sections were comparable to the traditional hot mix dspdralparison sections.

[7]

3.2.4 Environmental Benefits

Measurements conducted and reported by Eurovia GmbH showed a 30%oredhucti
energy consumption because of a 30-35°C (86-95°F) reduction in mix temeeratur
Measurements also indicated a 75% reduction in fume emissionsngdtdm a 26°C
(47°F) reduction in production temperature. Measurements at the applisi# indicate
over 90% reduction in fume emissions when the mix temperature egased from
175°C (347°F) to 140°C (285°F) and in all cases when zeolite has been autied
temperatures been reduced, odor has significantly reduced and crewersehave
confirmed improved working conditiong/]

3.2.5 Aspha-min Zeolite Summary

Aspha-min zeolite is a crystalline hydrated aluminum silieaig contains approximately
21% water by weight. It is recommended to be added to an asphalreratta rate of
0.3% by mass of the mix, which enables approximately a 30°C (5étkiction in
production and laying temperatures. When it is added to the mix aathe time as the
binder, water is released which creates a volume expansion ohtler that results in an
asphalt foam and allows increased workability and aggregatengoati lower
temperatures.

The addition into the mixing process is done through special dewites similar
procedure as adding certain types of fibers and does not prolong xhmg process.
Therefore, if a plant is equipped with a feeder to add fibergritxait can be used but if
specially designed feeders are preferred they are awil&lither way, equipment
modifications are at least not as extensive as for the WAM Foam method.

The laboratory studies and field trials discussed seem to give vergrsigsults for
the mixtures with zeolite and the regular hot mixtures. Excepti@ns that the zeolite

additive lowered the measured air voids in the gyratory compatdr improved
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compaction over the control mixture but lowered the tensile streatythvalue although

resulting in an acceptable value. An anti-stripping agent may lellesto counteract
moisture damage and rutting potential with decreasing temperatures.

During paving, crew members have observed that the Aspha-min 2ealite
mix is more workable than the control mix and that odors are signtfy reduced.
Energy consumption measurements indicate a 30% reduction and emissions

measurements indicate a 75% to 90% reduction.

3.35As0BIT WAX

Sasobit wax is a product of Sasol Wax International and has be&etethin Europe
and Asia since 1997. Sasobit is a mixture of long chain hydrocarbonscpbfiom coal
gasification using the Fischer-Tropsch synthesis and is also knoak Bgaraffin wax.
Sasol Wax states that it does not contain ash-forming matératals) and contains no
hetero-atoms such as chlorine, sulphur, nitrogen and oxygen. Therei®sgated that it
has good oxidation and ageing stability and may be stored indefinitely.

Sasobit’s melting point is at about 100°C (212°F) and it is completélple in
bitumen at temperatures above 120°C (248°F), and it does not sepamtestarage. It
reduces viscosity at working temperatures which makes the agasadtr to process,
provides the option of reducing working and mixing temperatures and yhexeicing
fume emissions, saving energy and reducing production cycle times. \Wax states
that Sasobit makes it possible to upgrade softer grades of asphatder grades while
at the same time working to overcome deformation and bleedingylatplerformance
temperatures. According to Sasol Wax the optimum addition of Sasobit has been found to
be 3% by weight of the bitumej22]

Sasobit’s ability to lower the viscosity of the asphalt bindennduvoth the asphalt
mixing process and placement, allows working temperatures to beaded by 18-54°C
(32-97°F). Below its melting point it forms a crystalline netwdrkigture that may add
stability. [9]

Sasobit can be combined with polymers which contribute to elasatitpw

temperatures. This ability led to the development of SasoflE@glwis a compound of
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Sasobit, polymer and a cross-linking agent (Sasolink). The Sasobit camp@ne

plastomer) improves high temperature stiffness, while the polyoerponent (an

elastomer) maintains the flexibility at lower temperatufi22)

3.3.1 The Asphalt Plant
Sasobit is available as flakes for molten additions or smaktpdibr direct addition to
the mix (see Figure 3.2). In Europe, South Africa and Asia, the haaxbeen added
directly to the aggregate mix as pellets or as molten liquié dasing meter. There has
been no indication of a difference in stability or flow for miyesduced in this manner
as compared to premixing with the binder. In the US, Sasobit has lmeedlwith the
binder at the terminal and blown directly into the mixing chambéheasame point as
fibers are added to stone matrix asphalt (SMA) fi®k.

Information from Sasol Wax states that Sasobit can be blended inbitdroen at

the asphalt plant using a simple stirrer, a high shear mixer is not re28ked.

% 7.09/13/2008), 4 4

L]

Figure 3.2:Sasobit wax pellet$24]
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3.3.2 Laboratory Studies

A laboratory study was conducted by NCAT to determine the apgitgati Sasobit in
the US. Two aggregate types, coarse graded granite and limeatwhdwo binder
grades, PG 64-22 and PG 58-28 were used. Three different versioasobit3nodified
binders were developed from these two binder grades as described in Table 3.3.

Table 3.3:The three different versions of Sasobit modified binders that eesreloped
from the two binder grades, PG 64-22 and PG 58-28, by adding either 2s%itSor
4% Sasoflex.

Original binder grade Addition Resulting Sasobit modified binder
PG 58-28 2.5% Sasobit PG 64-22
PG 58-28 4% Sasoflex PG 70-22
PG 64-22 4% Sasoflex PG 76-22

The Superpave gyratory compactor was used for the mix preparaticm \bhtatory
compactor was used to determine the mixes’ compaction ability avesange of
temperatures. Mixes were therefore compacted in a vibratompactor at 149°C,
129°C, 110°C and 88°C (300°F, 265°F, 230°F and 190°F) and the mixing temperature
was approximately 19°C (35°F) above the compaction temperature. Tiheresalts
from the study ard9]
The addition of Sasobit lowers the measured air voids in the gyratory compactor;
a rolling thin-film oven (RTFO) test indicated reduced aginghef binder with
the addition of Sasobit;
the compaction temperature for the Sasobit modified PG 64-22 was 18°Q (32°F
lower than for the PG 64-22 control, while producing approximately dnees
viscosity at in-service temperatures;
the addition of Sasobit improved compaction in the vibratory compactor lwer t
control mixture for all binder, aggregate and temperature combinamept for
four cases, which were Sasoflex mixes at various temperaiurese four cases
are believed to be because of the elastomer part of the Saseflich may have
stiffened the binder enough to increase air void levels. Sasdbited air voids
by an average of 0.87% for the PG 64-22 binder but less for the othersbinder
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(0.11% and 0.07%) and improved compaction at temperatures as low as 88°C

(190°F);

the addition of Sasobit did not affect the resilient modulus but it dicedse as
the temperatures decreased;

rutting potential, found by the Asphalt Pavement Analyser (APA), géwer
increased with decreasing working temperatures but the use abitSasd/or
Sasoflex significantly decreased the rutting potential, paatilyulat the lower
temperatures. Therefore, the mixes containing Sasobit wereséessitive, in
terms of rutting, to the decreased production temperatures thaortrel mixes
were;

results of the study support field data from Europe which indtbatethere is not
a need for a cure time before traffic can be allowed ongpbadt mixture with
Sasobit;

a Tensile Strength Ratio (TSR) test was used to detetimen@oisture sensitivity
of the mixes. The addition of Sasobit both increased and decreasedittere
susceptibility compared to the corresponding control mixture. Redweresilet
strength and visual stripping were observed in both the control and Sasds
produced at 121°C (250°F). Addition of a liquid anti-stripping agent improved the
TSR values to acceptable levels;

the lower mixing and compaction temperatures used when producing warm
asphalt with any such warm mix additive, can result in incomplstieg of the
aggregate and the resulting water trapped in the coated aggregst cause
moisture damage;

to validate the TSR results, the Hamburg wheel-tracking devicehwredicts
moisture damage, was used. Results indicated good performance #derm
moisture susceptibility and rutting for the mixes containing Sasmtot anti-
stripping agent as well as mixes containing Sasoflex. The addificente

stripping agent along with Sasobit produced the lowest rutting rate.
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The NCAT report concludes by giving a few recommendations for (Sasgbit

wax:
The modified binder including Sasobit or Sasoflex needs to be engthto meet
the desired Performance Grade;
based on the compaction and rutting results, a minimum mixing tene Gt
129°C (265°F) and a minimum compaction temperature of 110°C (230°F) is
recommended,;
if mixing temperature is < 129°C (265°F), the high temperature bindetegr
should be bumped by one grade to counteract the tendency for incretised
with decreasing production temperatures;
if moisture sensitivity test results are not favorable, anstnpiping agent should

be added to the mix to increase the resistance to moisture.

The low temperature behavior of Sasobit modified asphalts wi&sltey Sasol Wax with
a series of cooling tests simulating service conditions. The methumt described more
precisely than that rigidly mounted asphalt test samples sudgjected to cooling at the
rate of 10°C/hr and the tensions created by thermal shrinkage abik#ketemperatures

were measured. The results were:

Table 3.4: The low temperature behavior of Sasobit modified asphalts, found by
measuring the tensions created by thermal shrinkage and the break tenmgpé¢?&jure

Max thermally induced Break temperature
tension [N/mm] [°C (°F)]

SMA 0/11 S; B 50/70 4.4 -25.5 (77.9)
SMA 0/11 S; B 50/70 + 3% Sasobit 4.5 -24.5 (76.1)
Gussasphalt 0/11; B 30/45 6.0 -26.5 (79.7)
Gussasphalt 0/11; B 30/45 + 3% Sasobit 5.9 -25.5 (77.9
Gussasphalt 0/11; PmB 45 6.8 -30.0 (86.0)
Gussasphalt 0/11; PmB 45 + 3% Sasobit 7.0 -30.0 (86.0

3.3.3 Field Trials
In 2005, the Maryland State Highway Administration published two reports; Parioam
Evaluation of High RAP (reclaimed asphalt pavement) Base Mixdamtaining Sasobit
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and Performance Evaluation of High RAP Surface Mixture Contisasobit. The

purpose of the evaluations was to examine the effects of Sasobsgpblt mixture

performance when used as a compaction aid in mixtures incorponagimgpercentages
of RAP. These evaluations did therefore not use a different produetigperature for

the Sasobit mixes than for the control mixes. In the first repoot,19 mm base course
mixtures were evaluated, control and Sasobit. They incorporated 45%aRd\Rvere

produced in a drum plant. The Sasobit was blown into the mixtureadé af 1.5% by

weight of total asphalt (which, notably, is below the 3% recommende}l tesing the

fiber additive system at the plant.

The following results are from laboratory testing that was caeduon plant
produced samples that were compacted to a target air void contentusingya gyratory
compactor:

Sasobit marginally increased the high temperature stiffnesheomixture, as
indicated by the dynamic modulus master curve (AASHTO TP62-03);

aging (as measured by changes in mixture stiffness due to dongdven
conditioning (AASHTO R30-02 and AASHTO TP62-03)), rutting (as measured
by repeated load permanent deformation tests), fatigue cragdsngdasured by
uniaxial tension-compression fatigue tests) and thermal cracksigtance (as
evaluated using a simplified thermo-visco-elastic analysis (AASH3IZR)) were
not significantly affected by the addition of Sasobit;

Sasobit appeared to slightly improve the resistance of mixturesadisture
damage, as measured by tensile strength ratio;

the critical cracking temperature for both mixtures was -24°C (-11°F).

The main conclusion drawn from the evaluation was that the use obiSas a
compaction aid had only minor effect on the mechanical propertideeahixtures and
that there is no adverse effect on pavement performance frooms¢hef Sasobit as a
compaction aid in high RAP content mixturfb]

In the second report, Performance Evaluation of High RAP Surfacgundi
Containing Sasobit, two 9.5 mm surface course mixtures were &adlu=mntrol and
Sasobit. They incorporated 35% RAP and like before, were produced in gl@dmninand
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the Sasobit was blown into the mixture at a rate of 1.5% byhiveigotal asphalt, using

the fiber additive system at the plant.

The findings from the surface course report are very similahé¢ base course
report. The main difference was that the increase in high tetaperatiffness was
slightly less than in the base course report and the critiaakiog temperatures were
-30°C (-22°F) for the control mix and -28°C (-18°F) for the Sasobit méx, not a
significant difference but slightly lower than in the base course rgp6it.

Experience during the production and placement showed that the Sasabiem
was much easier to handle and all compaction targets were mideoling cycles
reduced by 40% as compared to the control mix{@ai@g.

Following are a few pictures from the Maryland State Highwalyninistration,

taken during the production and placement for the performance evaluation.

Figure 3.3: Pellet packets and distribution box (blue box in the celi4)).



Figure 3.4: Plant retrofitted for Sasobit wax additi@d]

Figure 3.5: Distribution box with part of augers showi2d]
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Figure 3.6: Sasobit flowing from distribution box to feeder t{b4]

Figure 3.7: Surface course mix with Sasobit wax and 35% [RAP.
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Figure 3.8: Surface course mix with 35% RAP, without Sasobit [24k.

Figure 3.9: Thermal picture of mat without Sasobit. Temperatppeas to be fairly
consistent across the mg4]
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Figure 3.10: Thermal picture of mat with Sasobit. A lower conipad¢emperature was
used here than in Figure 3.9 and still the temperature appedres fairly consistent
across the maj24]

On its webpage, Sasol Wax counts 143 road projects and trials thatbkawve
constructed. Most of them are in Germany, but also in Czech Republimddk, France,
Hungary, ltaly, Malaysia, Netherlands, New Zealand, Norway, QKuth Africa,
Sweden and Switzerland. The aggregate types used were variousgdasaese mixes,
stone matrix asphalt (SMA) and gussasphalt and Sasobit additesnwate most often
3% but ranged from 1% to 4.5928]

3.3.4 Environmental Benefits
Sasol Wax states that a 20°C (68°F) reduction in production tem@erasuits in a 20%
reduction in energy consumptiof29] No information was found about emissions

measurements.

3.3.5 Sasobit Wax Summary
Sasobit wax is a FT paraffin wax, a mixture of long chainrdgarbons produced from

coal gasification. Sasobit’s ability to lower the viscosity of @sphalt binder at working
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temperatures makes the asphalt easier to process and providesigheobpéeducing

working and mixing temperatures (by 18-54°C (32-97°F)) and thereby nedé@iwme
emissions, saving energy and reducing production cycle times. Sasostéfes that the
optimum addition of Sasobit has been found to be 3% by weight of thednituBelow
its melting point (100°C (212°F)) it forms a crystalline networkicure that leads to
added stability.

The wax can be added directly to the aggregate mix or premiikbadhe binder
and it can be blended with the binder at the terminal and blown direttlyhe mixing
chamber at the same point as fibers were being added to SMAindluates that the
equipment needs are similar as for the Aspha-min zeolite addigomot great, at least
not as extensive as for the WAM Foam method.

The laboratory and field studies discussed seem to show more prominent
differences between the control mix and the warm mix than tloosé/AM Foam and
Aspha-min zeolite. Sasobit wax; lowered the measured air voids,eeduygng of the
binder, lowered compaction temperature, improved compaction, loweredivsgnsit
terms of rutting for the decreased production temperatures, irdligatel performance
in terms of moisture susceptibility and rutting and marginaltygased high temperature
stiffness. Sasobit as a compaction aid in high RAP content mixtateso adverse effect

on pavement performance.

3.40THER WARM MIX ASPHALT METHODS
3.4.1 Asphaltan B Wax

Asphaltan B is a product of Romonta GmbH, Germany. It is a lovecatdr weight
esterified wax and enables the application of asphalt blenltsvat temperatures by
reducing viscosity. Romonta recommends using 2 to 4% of weighivestatthe binder.
[30] It can be added to the asphalt mixing plant or directly at the bprdeucer and it
can also be added to polymer modified binders. Similar to Sasoadtsitas an asphalt
flow improver by increasing compactability and resistance tengutihe melting point

of Asphaltan B is approximately 99°C (210°F) and it allows reduced piioduc
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temperatures but Romonta does not specify how much the production temgesat be

lowered.[14]

3.4.2 Evotherm

Evotherm is a non-proprietary technology based on a chemical pribadsscludes
additives to improve coating and workability, adhesion promoters and iemalgents.
The Evotherm product is delivered in the form of an emulsion withadively high
asphalt residue (approximately 70%). Unlike traditional asphalt bin&ststherm is
stored at 80°C (176°F). The water in the emulsion is released frenk\votherm as
steam when it is mixed with the hot aggregate. The reswltamgh mix appears like a hot

mix in terms of coating and color.

The first Evotherm project was constructed in South Africa in 2003ulin 2D05, the
first trial in the US was constructed where 660 tons werk dai a county road near
Indianapolis, Indiana. It was produced in a hybrid batch/drum plant in giamh mode,
using a chemistry package from MeadWestvaco. The Evotherm was @dde 2.5 mm
nominal maximum aggregate size coarse-graded Superpave mix prodtitedushed
dolomite and 15% RAP. Discharge temperatures from the drum Wweunt @3°C (200°F)
and the aggregate was completely coated at that temperatureniXhveas laid at an
average depth of 50mm (2 in) and temperatures behind the screebetveeen 71 and
93°C (160 and 200°F). There were no visible emissions around the paver and the& mi
not show any signs of tenderneg¥l] NCAT representatives tested material from this
field trial and their results wergt5]

Evotherm improved the compactability of the mixtures in the vibratory

compactor. Statistics indicated an average reduction in air voids up to 1.5%;

addition of Evotherm does not affect the resilient modulus of an aspiralt

compared to mixtures with the same PG binder;

addition of Evotherm generally decreased the rutting potential of the mixes;

lower temperatures used in producing WMA may increase the podténtia

moisture damage.
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Another Evotherm trial was conducted in Ontario, Canada, and reporteilKby

Davidson in August 2005. The trial was placed on a mainline truck editagparking
area. The mix was produced in a batch plant at 130°C (266°F). The resultE3@jere:
The Evotherm mix did not cause any problems in the mixing processttor
handling the emulsion. The emulsion was slightly slower to pump up to the
asphalt cement weigh hopper;
because the Evotherm emulsion is only about 70% residue, the quantity of
emulsion needed per ton of mix is 45% higher. Therefore the bathad to be
reduced because of the capacity of the asphalt cement weigh hopper;
the Evotherm mixes used 2.3°mf gas per ton of mix produced while the hot
mixes usually use about 10°)m
during paving there were no indications of tearing behind the scresdhar mix
agglomerating;
the breakdown roller traveled right up to the back of the paver withoderee

of pushing or shoving of the pavement mat.

3.4.3 Summary of Other Methods
Asphaltan B wax seems to be similar to Sasobit wax but inf@mabout it are not as
easily accessible and it seems that not as much research has been done with it

Of all the methods that are discussed in this paper, the Evothahadnis the only
method that is non-proprietary. It is also based on a slightlgrdiit idea than any of the
other mixes since it is based on a chemical package thatl@sclarious agents and the
product is delivered in the form of an emulsion. Information about tmetleods is not
as easily accessible as they are for the WAM Foam, Aspha-eolite and Sasobit wax

methods.

3.5WARM MIix ASPHALT’SADVANTAGES AND DISADVANTAGES

As can be seen from chapters 3.1 through 3.4, the amount of testimgsha¢en done

for the methods varies; some have been tested extensively and evercgumercial
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use but others have not been reportedly tested as much. From the seamhralone so

far and their findings, it seems safe to say that the quaiyMA is comparable to hot
mix asphalt in most ways. However, it is only about 3 to 8 y@mgending on method)
since the earliest WMA field tests were started and thezdts long-term performance is
still unproven. A pavement life can be 15 to 20 years or more and tleetbéoe is still
quite some time before WMA's affect on the pavement’s service lifeoeifllly known.

3.5.1 Emissions

From the measurements that have been conducted and reported, @r ithatefume

emissions during WMA production are significantly lower than duriagrix asphalt

production. TPM, BSM and PAC measurements for a WAM Foam productian iwer
the range 2-10% of that for a HMA production. Other emissions urgagnts were

between 20 and 70% of that for HMA.

For paving projects that are not in open air, for example in tunnelgevs
exposure to emissions is multiplied and therefore the reduced emsigdi WMA could
be especially desirable for such situations as well. Studiesedparthe NIOSH review
indicate significant changes in pulmonary function in 1 of 44 workagaged in open-
air asphalt paving but in 3 of 9 workers engaged in underground asphalt pavjng.

The importance of this WMA property will greatly depend on environnhenta
awareness and regulations in each country and at each locatiom avitbuntry. Where
emission regulations are getting stricter, which is the fmas@ost countries participating
in the Kyoto Protocol for example, the reduced emissions can becosry anportant
benefit. Within each country, the reduced emissions are likelgpecally encourage
WMA usage in densely populated areas where day to day aitygisatost important,
and according to the considerations above, perhaps also in non-open aionsituat
However, unless there are requirements from authorities or spematives for asphalt
producers to lower emissions, there is not a direct benefit foagpkalt producer. If
there is not an economical benefit for the producer, the reafigtiortance of this WMA

benefit in practice is limited.
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3.5.2 Energy Consumption

The reduced energy consumption is another benefit of WMA thaealgremphasized

in literature. Where the energy consumption for a WMA production veasuaned, it was
60-80% of that for HMA production, depending on how much the production
temperature was lowered. The importance of this benefit dejpendbtat sort of energy

is used for the production process and how polluting and expensive it lmodh
countries the energy cost is relatively high and therefbre lhenefit can be very
important for the asphalt producer. Where sustainable and/or relathetpensive
energy sources are used for asphalt production, this benefit imfgs$ant. It also needs

to be taken into count that there is additional cost involved in using WElAequipment
modifications and patent fees for the WAM Foam method and cost dfvaddior the

Aspha-min zeolite and Sasobit wax methods. Cost estimates are detailed in£2apte

3.5.3 Mixture Viscosity
Other possible benefits that have not been as prominent in lite@dutiee reduced
emissions and energy consumption are various benefits relatied tower viscosity of
the warm mixtures. Generally, improved workability can haveouareffects throughout
the production and placement process. For example, the improved workahadithe
potential of allowing the following benefits.
1. Lower working temperatures, leading to:
Energy savings during production;
reduced emissions;
decreased cooling rate due to smaller difference between amdment
compaction temperatures.
2. Increased temperature gap between mixing and compaction (by regjatar
HMA mixing temperatures), allowing:
Increased haul distances;
increased time available for compaction, thereby for exanpémded paving
season into the colder months of the year.
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3. Easier compaction (by using regular HMA mixing temperatureglich are

beneficial:
During extreme weather conditions;
for stiff mixes and mixes with RAP;
for reducing amount of necessary roller compaction.

4. A combination of items 1 and 2 or items 1 and 3, by reducing production
temperatures by some amount and increasing the temperature fgapgitating
compaction by some amount.

The effect the three warm mix methods have on viscosity andnfbamiation
available varies somewhat and this is therefore discussed man@ughly for each

method.

As mentioned previously, the normal compaction temperatures for WAMnNFare
between 80 and 110°C (176 and 230°F), depending on the stiffness of the [iélder.
Exact information about the viscosity at compaction temperaturethdoWAM Foam
process was not found. Considering that normal mixing temperatures ravd @i to
130°C (212 to 266°F) this gives a haul “window” of about 20°C (54°F) on average,
which is similar to a regular HMA production. Percent air voigssurements for WAM
Foam tests have showed either comparable results to regular ptbldiction or
sometimes slightly higher voids contents. The reduction in air voidsdstaresults for
Aspha-min zeolite and Sasobit wax have showed is therefore noeasfat WAM
Foam. Based on the information given, production, compaction and cessation
temperatures and time available for compaction can seentiegtpntrolled slightly by
choosing appropriate stiffness of the binder.

According to information from Kolo Veidekke, WAM Foam mixes thatéheen
produced at “higher” temperatures have also been placed at “higgmeperatures, so
they do not have information about the mix’s performance if used teaserthe
temperature gap rather than lower the working tempera{d&sThe conclusion drawn
from the available information is therefore that apart from reducworking

temperatures, the reduced viscosity from using the WAM Foanmegsocan to some
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extent be used as a compaction aid for example during extrentigeweanditions or for

RAP. But based on available air voids measurements for examphba) ot be stated
that the amount of roller compaction can be reduced. The viscodigtien might also
possibly be used to increase the temperature gap although this pipssdsts to be

examined. And of course, some combination of the above should also be possible.

The Aspha-min zeolite lowers percent air voids compared to aaregok mixture
produced and compacted at same temperatures. The NCAT study shatibe zeolite
lowered the mixing and compaction temperatures by one asphdki. grae NCAT
densification results show that for the same compactive efforteperir voids are
reduced when the zeolite is used. This implies that the zeolitéicaddeduces the
viscosity of the binder. According to information from Eurovia, the rmigompactable
until it cools down to approximately 100°C (212°Fj)] This indicates that the zeolite
does not lower the cessation temperature of the mix comparedegukarr hot mix.
Therefore, the conclusion drawn is that as long as compaction tomesrare above the
cessation temperature there is reduced viscosity. It carsdx to decrease the mixing
temperature, increase the temperature gap or to ease cmmpact combination of
these, as described at the beginning of this section.

As was described in chapter 3.3, the NCAT study showed that Sasthinies aging of
the binder and generally improves compaction. It can reduce visaositg mixing and
compaction temperature range while producing approximately the secosity at in-
service temperatures. Figure 3.11 shows that the compaction tempédoatiime Sasobit
modified PG 64-22 is approximately 18°C (32°F) lower than the comp&aetioperature
for the PG 64-22 control. At about 105°C (221°F) the difference in vigcesrts to
decrease. The congealing temperature of the Sasobit wax is approxioateC (212°F)
so at about this temperature the wax starts to congealba@ut 882°C (180°F) the
viscosities of the Sasobit mixture and the control mixture ardasiniihe NCAT study
also showed that Sasobit improved compaction at temperatures as &R/CG (190°F).
[9] For a dense graded HMA mix the cessation temperature is ab@&ui{ 7E8°F).[12]
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This information indicates that Sasobit lowers the compaction tatupe (reduces the

viscosity) until the mix has cooled to about 80 to 85°C (176 to 185°F) arefdteedoes
not lower the cessation temperature of the mix. From its cangdamperature and until
the mix has cooled to 80-85°C (176 to 185°F), the wax’s ability to eethe viscosity
compared to regular HMA gradually decreases. Therefore, as dengompaction
temperatures are above about 85°C (185°F) there is definitely redgcedity from the

addition of the wax.

Figure 3.11:Viscosity [Pa-s] as a function of temperature [°C] from ti@AN study for
a Sasobit wax mixture and a corresponding control mixf@je.

The viscosity reduction from the Sasobit can be used in all of #ys Visted at the
beginning of this section, i.e. to reduce mixing temperatures, increase theatemggap
or ease compaction or a combination of these. As an example, expedaring
production and placement in the Sasobit evaluation in Maryland showetiehaasobit
mixture was much easier to handle and all compaction targetsmaate with rolling
cycles reduced by 40% as compared to the control mi{&ifg Also, when it comes to

applications in cold environmental temperatures the producers of Sadbitto use the
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term “viscosity reduced asphalt” rather than “warm mix agphalccording to

information from Sasol Wax, many building companies in Scandinaeiadding 3%
Sasobit to the bitumen in order to stabilize the very soft bitumesteg in summer. They
also state that the Sasobit modification gives a side benefitpdwing in cold
temperatures. Depending on the addition level, the time availableutdr transport of
the asphalt mix can be significantly increased and can theraftm® longer haul
distances. In the same sense it can increase good compactigimbeheold and windy

conditions that normally would cool down regular HMA too quickBg]

A possible side benefit of WMA is a shorter construction tinmabse traffic should be

able to be allowed on the pavement sooner than for regular hot miXta3pleawarm
mixture is not as hot when compaction starts so less time is required for it to cool down to
temperatures for traffic or for the next lift to be placeth#t is the case. See Figure 3.11;

the Sasobit wax reduces viscosity until cessation temperature is redubbdneans that
compaction down towards the cessation temperature is easier é@uthaft the wax
increases the pavement’s stability. According to the NCAT tefeld data from Europe
confirm this. Results from the NCAT report on Aspha-min zeals$e indicate this since
there was no change in strength gain at a particular agefdimeather the hot or the
warm mixtures which means that there is no evidence to supparédaefor a cure time

before traffic can be allowed on the asphalt mixture with zeolite.

3.5.4 Laboratory Performance

The key performance parameters of asphalt that laboratorgrperice tests try to

characterize and mix designs strive to achieve are primgg4y:
Deformation resistance(stability) — the asphalt pavement should not deform (rut
or shove) under traffic loading;
fatigue life — a measure of one of the principal modes of pavement failugydati
cracking, which can result when it is subjected to repeated loads over time;
tensile strength— a good indicator of cracking potential. The asphalt pavement
should not crack when subjected to low ambient temperatures or repeated loads;
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stiffness— characterized by elastic or resilient modulus and can afégatmeters

like rutting or shoving;

moisture susceptibility — the asphalt pavement should have adequate moisture
damage resistance and not degrade substantially from moisture penetration;
durability — the asphalt pavement should not suffer excessive aging during
production and service life. Durability is related to air voids congemt the
asphalt binder film thickness around each aggregate particle. Execassvoids
increase the pavement’s permeability and allow oxygen easiessado more
asphalt binder thus accelerating oxidation and volatilization. Ifilimethickness
surrounding the aggregate particles is insufficient, it is ptesthat the aggregate
may become accessible to water through holes in the film. ladgheegate is
hydrophilic, water will displace the asphalt film and the cohesidwd®n the

asphalt and the aggregate will be lost. This is called stripping.

3.5.4.1 Deformation

As mentioned above, the two NCAT studies show that both Aspha-Min ezeold
Sasobit wax allow reduced air void content for the same compaftive by reducing
the viscosity of the mix. Similar results are reported forvih®M Foam process, where
same or slightly higher air void contents are achieved while occimpaat lower than
normal temperatures. Air voids content in a mix is very important and is clossiyd &b
stability and durability. Reduced air voids content, generally dowaibtut 3-4%, can
decrease rutting, raveling and moisture damage potential and ecsatisess and
strength[12]

Generally in both the wax and zeolite NCAT studies, rutting iseeawith
decreasing temperatures. But Sasobit wax decreased thg mdtiential compared to
regular hot mix both with and without an anti-stripping agent but dicaffett rutting
according to the evaluation in Maryland. Results also indicateShsbbit wax gives
added stability to the mix. Aspha-Min zeolite had no effect on rufiotgntial and did
not decrease rutting rate until an anti-stripping agent was @ddéd mix. Rutting was
monitored for three years after placement for a WAM Foamantk a regular hot mix
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and results were similar. Rutting resistance is a fattar meeds careful attention in

WMA design since it generally increases significantlyhwilecreased production and
compaction temperatures and the different warm mix methods peddfenently.
Therefore, according to available tests it seems that $aaoti WAM Foam give
satisfactory rutting resistance results but results for &spim indicate that it does not
negate the increased rutting susceptibility from the lower ¢emtpres as well as the
other two methods without the assistance of anti-stripping agents.

Surface texture, smoothness and skid resistance have all bedratefsténe former
two, monitored for three years after placement of a WAM Foarmand a regular hot
mix for comparison and all results are reported to have shown sirgalts. Similar
measurements for the other two methods were not found. Apart frolyingpplcceptable
workability of the mix, these results do not directly report amvanix characteristic
since they mainly indicate that the aggregate charactsristithe mixture give good
friction and that the right binder content was used.

Short-term aging of liquid binder occurs when it is mixed withdggregate. It is
believed that short-term aging is reduced significantly becafishe lower mixing
temperatures for warm mix asphalt, possibly enhancing pavement durfbijty.

Sasobit wax reduced the aging of the binder according to the N@AY but did
not affect it according to the evaluation in Maryland. This indgdhat Sasobit may
increase the pavement’s durability which further indicates thvah fvarm mixture with
Sasobit the binder forms a sufficiently thick film around the agd¢eeparticles during

mixing and that air void contents are sufficiently low.

3.5.4.2 Fatigue Cracking
Fatigue cracking resistance for the WAM Foam process and abeblb wax process
were similar to a regular hot mix and thermal cracking t&ste® was not affected by the
addition of Sasobit wax. This indicates that these two methods doiffent #te binder
more than the control hot mixtures.

None of the three methods were found to affect the resilient modubusnofture,
i.e. the stiffness, except for that the evaluation in Maryland fountd Shaobit wax
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marginally increased the high temperature stiffness. But batredICAT reports found

that the resilient modulus did decrease as the temperatures decreased.

3.5.4.3 Moisture Susceptibility

In the NCAT study the addition of Sasobit wax resulted in flustgamoisture
susceptibility results. The addition of zeolite lowered the tessitngth ratio value but
still resulted in acceptable moisture susceptibility resulesiuRed tensile strength and
visual stripping were observed in both methods when produced at 121°C (250°F) and the
reports conclude with saying that the lower production temperatusesl when
producing any such warm mixture may increase the potentiahdsture damage. The
lower temperatures can result in incomplete drying of the aggeegatk the resulting
trapped water in the coated aggregates may cause moisture edaBwaly methods
resulted in acceptable performance in terms of moisture sustigp#fter anti-stripping
agents were added and then rutting resistance was also incréhsedvaluation in
Maryland found that Sasobit wax slightly improved the resistamaadisture damage,
but note that that study did not use lowered production temperatures.phidede
research on the moisture susceptibility of WAM Foam was found kadrding to
information from Kolo Veidekke they tend to get somewhat lesseresator WAM
Foam in the lab, but that does not correlate to results from aken from the road.

Visual inspections of the road do not indicate that this should be an issue.

3.5.5 Summary of Advantages and Disadvantages

The importance of the reduced emissions greatly depends on enviraha&ateness
and regulations in each country and at each location within a counkgreV#mission
regulations are getting stricter, the reduced emissions can beaowery important
benefit. Within each country, the reduced emissions are likelgpgecelly encourage
WMA usage in densely populated areas where day to day airygisaiitost important
and in non-open air paving. However, unless there are requirementaudtbaorities or

special incentives for asphalt producers to lower emissions, ithe a direct benefit
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for the asphalt producer and if there is not an economical benetitéqoroducer, the

realistic importance of this WMA benefit in practice is limited.

Where the energy consumption for a WMA production was measuredsito-
80% of that for HMA production, depending on how much production temperatsre wa
lowered. The importance of this benefit depends on what sort ofyeiseused for the
production process and how polluting and expensive it is. In most couthiienergy
cost is relatively high and therefore this benefit can be veppitant for the asphalt
producer. It also needs to be taken into count that there is additistaingolved in
using WMA, i.e. equipment modifications, patent fees or cost of additives.

Generally for all the WMA methods it appears that cessagampératures stay
relatively similar as for HMA but the viscosity of the mixtuis decreased at lower
temperatures, i.e. until the mix cools down to its cessation tetnperdherefore, the
mix can be allowed to cool closer to its cessation temperatith®uly compromising
adequate compactability. The effect on the cessation tempetatutee stated with more
confidence about the Sasobit method than the others since the amountlafleavai
information about its affect on viscosity is much more thorough tbathe other two
methods.

The reduced viscosity of the WMA methods has some other possible aghant
than to lower production temperatures, especially if regular Hid@duction
temperatures are used, but then the benefits of reduced energy ptosuand
emissions are sacrificed. These are benefits related teasing the temperature gap
between mixing and compaction and using WMA as a compactionoaidafious
conditions. These other application possibilities achieved by usinglare¢giMA
production temperatures have been most prominently marketed (and raferéhbest
understood) for Sasobit wax and least for WAM Foam, whose marketsgdialy
focused on the environmental benefits.

According to available tests it seems that Sasobit and WANMFgpee satisfactory
rutting resistance results but results for Aspha-min inditae it does not negate the
increased rutting susceptibility from the lower temperatagavell as the other two
methods without the assistance of anti-stripping agents. Regadrchates that Sasobit
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wax reduces the aging of the binder which further indicaggs3asobit may increase the

pavement’s durability.

None of the three methods were found to affect the resilient modudusnoxture,
i.e. the stiffness.

Generally, the lower temperatures used for WMA can result amptete drying of
the aggregates and the resulting trapped water in the coatedyatggrenay cause
moisture damage. In the NCAT tests, both Aspha-min zeolite amdiSamx resulted in
acceptable performance in terms of moisture susceptibiligr aitti-stripping agents
were added and then rutting resistance was also increasedpblted research on the
moisture susceptibility of WAM Foam was found but according tormétion from the
developers, visual inspections of the road do not indicate that moistuwepsigity
should be an issue.

These moisture susceptibility considerations are probably descriitipessible
difficulties that WMA producers may have to deal with. Finding tight balance
between lowering the production temperatures, applying anti-strippgemtsa and
achieving a sufficiently moisture resistant asphalt mixturghtnbe a challenge when
using WMA.

3.6CoLD WEATHER PAVING
In order to evaluate WMA's suitability for cold weather coras, a few general issues
regarding cold weather paving are discussed in this section.

Compaction is especially important during cold weather paving.ambient
temperatures decrease, HMA cool down rates increase and theaviailable for
compaction, before cessation temperature is reached, is redueedturé indicates that
20 Pa-s (200 poises) is a reasonable lower viscosity limit for compactalslityessation
temperature. Dense, well compacted pavements have close aggreaggectate
contact and will be more stable and have lower permeabilityieA&ing low permeability
is especially important when compacting in cold weather.

The grade of asphalt cement in HMA influences compaction such dinesr |

viscosity (soft) grades are mixed, placed and compacted at l@ngeratures than
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harder grades. Soft grades are normally mixed at lower puggmperatures and have

lower cessation temperatures. A mix made with softer grdmesnormally in order to
improve compaction may be easier to compact at lower temperiuiré is likely to be

unstable under summer traffic. Total compaction time betweennpéateand cessation
temperature for different grades is roughly the same. Asplualifiers such as hydrated
lime, fibers, anti-oxidants, chemical anti-stripping agents, cattlack, rubber and

polymers can each affect compaction in a different way. Coithge compaction is not
increased by the use of additives that increase viscosity. Mepeua asphalt will

probably have higher cessation temperatures.

The mix design process does not need to be altered for cold weatitktions but
particular care must be taken to ensure that mixtures are ndy eueceptible to
moisture damage. Surface water infiltration can cause rapafiatation under traffic
when pavement surfaces compacted in cold weather are more permeable.

The relationship of base and mix temperature is important. Witiidabase and
low initial mat temperature, thin lifts cool rapidly. CompactidlylA pavements on a
frozen base results in two problems; more rapid cooling will prewss@quate
compaction and a wet thawed base can cause support failure. idzba base contains
moisture the temperature drop is even grefdéf.

Of these issues discussed here, compactability and permeabdisture susceptibility
and binder grade, are of special interest regarding WMA for cold weathetiocnadi

Compactability is indeed well accounted for by the warm mithous, since they
all reduce the viscosity of the asphalt and have the capabilibcedasing compaction
and thereby reducing permeability. Rutting measurements givel@ation of in-service
stability and, as discussed in chapter 3.5, Sasobit and WAM Foam appbarve
adequate rutting resistance and Sasobit is said to increasevice stability but Aspha-
min does not affect rutting. All three methods should result in adeaiability but
WAM Foam’s and Sasobit’s performances are more definite.

The discussion in chapter 3.5 revealed that achieving adequate mdistoage

resistance may be a challenge when using warm mix methods.t&s¢e also a factor
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that needs special attention regarding cold weather conditionsyetrysimportant for

WMA in cold weather conditions. It seems clear that for cold weather pavihng/W#A,
use of anti-stripping agents will be desirable, whether it béllnecessary depends on
other factors as well, for example aggregate quality and moisture content

Considering the issues that have been discussed here above, WMA appears to be a
viable option for cold weather paving. This can be said about all ahtbe methods,
although there are slight differences in some of their medguoperties. However, anti-
stripping agents are likely needed to decrease rutting and neogisceptibility. Many
of the advantages gained when WMA is produced at regular hot phalagemperatures
are particularly beneficial for cold weather conditions. Of tHiséed at the beginning of
section 3.5.3 are for example extended paving season and easier mmgacdnhg

extreme weather conditions.



47
4.1CELAND

4.1 GENERAL |NFORMATION

Average temperatures and monthly precipitations measured over ylear3Period from
1961 to 1990 for two locations in Iceland, Reykjavik and Akureyri, are showhein t
following table. Reykjavik is located in the southwest part efdied and it is the largest
urban area in the country and Akureyri, the largest town outside @freater Reykjavik

area, is in the northern part of the country.

Table 4.1:Average temperatures and monthly precipitations measured fromd 262Q
for Reykjavik and Akureyri[36]

Mean temperature Mean Mean monthly Mean monthly
in January temperature in| precipitation for | precipitation for

[°C (°F)] July [°C (°F)] | January [mm (in)] | July [mm (in)]
Reykjavik -0.5 (31.1) 10.6 (51.1) 75.6 (2.95) 51.8 (2.02)
Akureyri -2.2 (28.0) 10.5 (50.9) 55.2 (2.15) 33.0 (1.29)

Two characteristics of the Icelandic climate are esgdgciatiportant for pavement
design; a relatively small variation in temperature over tlae gad frequent temperature
oscillations around 0°C (32°F) during the win{&]

In 2004, the length of Iceland’s highway system, those roads thatRtel
Administration is responsible for, was about 13,000 km (8,080 mi) and about 4,500 km
(2,800 mi) were paved, or about 35f@8] In a report about the Road Administration’s
road construction plan for the year 2004 it says that a total of 623 km (387 mi) (3,737,000
m? (40,225,000 fi)) of pavement were replaced in the country, mainly surfaceidgess
(BST) but HMA was only used for urban areas and roads with hegaffic. [39]
Generally, at places where HMA is available, it is usedalfiic reaches 3000 AADT
(Annual Average Daily Traffic, vehicles/day}0] Of those 623 km (387 mi), 572 km
(355 mi) was surface dressing and 51 km (30,500 tons) was HMA.

These numbers do not include most streets in urban areas. Vi Raykjavik is

responsible for the largest part of urban area streets antéldength of the street
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system in Reykjavik is about 400 km (250 mi) and most of it is pavdd KMA. [41]

Exact numbers for the length of road systems in all other towrtee country are
difficult to find but for the purpose of this paper the following rougimestion will do.
Numbers from the statistical bureau of Iceland, Statidtetand, indicate that the
population of Reykjavik as about 40% of all densely populated areas d¢ouhgy.[42]
Assuming approximately the same length of paved streets psonpéiroughout the
country, the total length of paved streets, other than thoseykjaRé and those that the
Road Administration is responsible for, is about 600 km (370). These nuraleers

summarized in Table 4.2.

Table 4.2:Total length of the Icelandic road system and total length of pevamts
operated by the Road Administration and the City of Reykjavik arapproximation of
lengths for all other municipalities in the country.

Road City of Other Total
Administration | Reykjavik | municipalities
Length of total road system [km| 13,000 (8,080)| 400 (250 600 (370) 14,000
(mi)] (8,700)
Total length of paved roads 5,500
(including surface dressing) [km| 4,500 (2,800) | 400 (250) 600 (370) (3,420)

(mi)]

4.2WARM MIX ASPHALT IN | CELAND

4.2.1 Technical Issues
This section discusses the various technical issues related tm pavceland and how
WMA fits into the country’s paving environment, methods and standards.

4.2.1.1 Asphalt Usage in Iceland
Total hot mix asphalt production in Iceland is not known precisely frean to year, but
a rough estimate is about 250,000 tons per year. Asphalt production, of, ceanies
between years but this is a reasonable estimate for an averadd 3/eéd]

A report that examines the difference in feasibility bemvediMA and surface
dressing in Iceland based on life-cycle costs gives informatidncamparison on some
of the different pavement types used in the country. The redulte feasibility study is
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that HMA is a less expensive option than surface dressing dméyn vraffic is 4000

AADT or more and there is a 2.5% increase in traffic per.yElae life-cycle costs of
HMA and surface dressing are similar (cost of surface idigggscost of HMA  90%)
when traffic is 3000 AADT and with 2.5% increase in traffic pearyar when traffic is
5000 AADT and there is 0% increase. When traffic volumes are |tveer this the
surface dressing is always a less expensive ojd6h.

Stone Matrix Asphalt (SMA) has been used in Iceland but was nodietlin the
feasibility study since it is mainly used for roads thatyc#ne heaviest traffic volume
(> 5000 AADT). Furthermore, it was assumed in the study that HIVBErvice life
depends on studded tire wear and that surface dressing’'s sewidepgénds on traffic
volume.

The main drawback of the most commonly used pavement, the surfasmgires
the environmental impact caused by inorganic solvents (whitd, spidolorless liquid
derived from petrol) in the cutback bitume¢#0] Experiments with bitumen emulsion in
Iceland have not all been successful and it is guessed thatafdhee reasons may be
uneven binder distribution and difficulties related to designing an ewnuliat is
suitable for unwashed aggregates which is what has been useddoe siressings with
cutback bitumen. It is likely that use of bitumen emulsion insteadtbfick bitumen will
increase in the next yeaf45]

Additives used in Iceland are primarily fibers for SMA production amdi-
stripping agents, mainly amines, which are used to increase adhesiaen the asphalt
binder and the aggregate in the presence of moisture.

4.2.1.2 Methods

The Marshall mix design method is the customary hot mix aspleaign method in
Iceland although it has been modified slightly to decrease mostasgtivity, mainly by
increasing the bitumen content. Only two bitumen grades are commaualyrukeland,
70/100 and 160/220, which if classified according to the Superpave gradimgnsyst
would be comparable to PG 64-22 and PG 58-28, respecti\gdy. According to
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information from the two largest asphalt plants in Iceland, Haddidhd Hladbaer-Colas

Itd., the general hot mix asphalt production in Iceland can be described as follows.

Aggregates (which usually contain about 3-6% moisture) are driadoatt 160 to
180°C (320 to 356°F). Dust and particulates are filtered from the examuend later
mixed with the asphalt. Diesel oil or fuel oil is used in thandyyrocess but electricity
in the rest of the production process. The bitumen, which is heated tol&0aiat 160°C
(302 to 320°F) is then mixed with the aggregates and finally tReuraiis transported to
a silo where it is kept at about 150 to 160°C (302 to 320°F) until it detban trucks.
[46,47] The asphalt is usually placed at about 130-140°C (266-284°F) and lift
thicknesses are usually about 40-50 mm (1.6-2.04A).

Experience has shown that because of the frequent temperatuliaiossilaround
0°C (32°F) during the winter and long periods of wet weather, low air widssential

for good pavement performanga7]

This moisture content, 3-6%, is relatively high and needs to be tat@ransideration
when estimating the fuel consumption reduction in WMA production. For gheafar

the WAM Foam consumption reduction measurement in Norway in 2001 wi34r&%
reduction was measured, the average moisture in the aggregatecoeéoneg the drying
drum was 2.3%.17] In another report from the WAM Foam developers, a graph is given
to evaluate the fuel consumption reduction that can be expected gitvaim ceoisture
content in the aggregate. According to the graph, for a 4.5% moistutent the
reduction in fuel consumption can be expected to be about[28}6.

4.2.1.3 Standard Specifications
The Road Administration issues Alverk '95, a general job descriptiom&or and bridge
construction based on appropriate standards, such as ASTM, EN anitsIB@pose is
to give coordinated regulations for construction, inspection and measuseimevarious
types of projects[38] A few of its requirements regarding HMA production and
placement process afé8]

For mixing, the temperature of the binder must be according to Table 4.3:
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Table 4.3:Mixing temperatures for hot mix asphalt production according to the

Road Administration’s Alverk '95.
Pen40 Pen60 Pen85 | Pen120| Pen180

Max. allowable temperature 205 190 175 165 160
during mixing [°C (°F)] (401) (374) (347) (329) (320)
Temperature during mixing 180 170 160 155 150

under normal circumstances (356) (338) (320) (311) (302)
[°C CR)]
When the mix is placed during cold weather the mixing temperatws be

increased,;

percent air voids in the pavement must be below 3%. If two or moeeslaye
laid, the air voids in the lower layer(s) must be below 6%;

pavement placement is not allowed in rain or at lower temperttare 1°C
(34°F) in calm weather and with increased wind this temperature limit rises
placement of a HMA surface course is not allowed after Segteffitand base
course not after October 15unless specially recommended. The start of the
paving season is not specified with a date;

the temperature of the mixture in the paver may not be lowersihecified in the
Table 4.4]48, bl. 59]

Table 4.4:Temperatures for hot mix asphalt production at beginning of placement
according to the Road Administration’s Alverk "95.
Binder type Pen40 Pen85 Pen180
Lowest allowable 165 (329) 145 (293) 135 (275)
mixture temperature in
the paver [°C (°F)]
during transportation of the mixture, the truck bed must be intactlaad and

the mixture must be covered8, bl.57-59]

when the temperature of the new pavement has cooled to below 60°C (240°F) i
can be opened to traffi48, bl.58]

4.2.1.4 Asphalt Plants

There are 9 asphalt plants in Iceland, all batch plants and 3 ofditeeportable. The 6
fixed location plants are at 5 different locations around the counttiey.ohes that are in
the greater Reykjavik area have a production capacity of 330 tonghogether, the 3
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portable plants can produce 200 tons/hour and the rest can produce 120 tons/hour

altogether. In total that is a production capacity of 650 tons/hour.

If a 200 km (124 mi) distance is used as a maximum transportati@mabsfrom
each plant, almost all road sections in the country with moréctthéin 1500 AADT and
most towns are within the service radius of the fixed location glamd the portable
plants are available for other areas. The feasibility stnegtioned earlier discusses this
and also states that a 200 km (124 mi) haul distance is realistic under good aincesmst
A conclusion in the report is therefore that technically nothiagdst in the way of using
HMA where it is considered feasibld0]

Chapters 3.2.1 and 3.3.1 discussed if and how asphalt plants need to bedhiodite
addition of Aspha-min zeolite and Sasobit wax, respectively. $trisgeaking,
equipment modifications are not necessary for either method if gpleakh plant is
equipped to add fibers to the mix, like is done in SMA production. Sasakihas been
blended directly to the mix at the same time as fibers @ddecato SMA mix.[9] The
producers of Aspha-min zeolite state that zeolite can be addéaruy with existing
fiber addition equipment or through specially designed feeff&rk.In the NCAT study
the zeolite was pneumatically fed into a drum plant at the sgoim as the asphalt
cement, using an existing fiber addition line and using a vane feedeontrol the
addition rate[8] As was mentioned earlier in this section, SMA has been produced in
Iceland for roads with 5000 AADT and more. The greater Reykjawk & the only
place in the country that has such high traffic volumes to anynteatel that is also
where the largest asphalt plants are. SMA is produced at Hdfdidd Hladbaer-Colas
Itd. [49,50] and their asphalt plants therefore have the equipment to add Glbesmix.
Sasobit is available as small pellets, similar in sizeoase fibers, and therefore it should
not cause any trouble to use the existing fiber addition equipment. fdhe fiber
addition equipment could also be used to add Aspha-min, but it is a vergofivaer
[14] and therefore it is possible that people might be more reluctardetaheir fiber
addition equipment for it than for the wax pellets.



53
Equipment modifications for the WAM Foam are more extensive. Aaogrto

information from Kolo Veidekke in Norway the initial investment coktthe foaming
device that needs to be installed varies greatly depending on howptiadt gdant is set
up.[51]

4.2.1.5 Icelandic Research on Warm Mix Asphalt

A laboratory research on reduced asphalt production temperasuesrently being
conducted in Iceland and is sponsored by the Road Administration’arRe$aund. The
project is still going on and a report has not been published yetldelandic aggregate
types were used and four mix types; regular HMA, a mix wiph&-min zeolite, a mix
with Aspha-min zeolite plus an anti-stripping agent (Wetfix N) amdibawith Sasobit
wax. All mix types were produced at 115°C (239°F) and 140°C (284°F) and deahpac
at about 5°C (9°F) lower.

Preliminary results indicate that Sasobit performs beteam the Aspha-min mixes
(with and without Wetfix) in terms of stability, deformation, part air voids and
moisture sensitivity. The mixes with Sasobit produced at 115°C (239°Hadjgrshow a
similar performance as the regular hot mix produced at 140°C (28dfRllIfthese
factors.[52]

4.2.2 Environmental and Health Issues
In this section the environmental effects of asphalt production wiltibeussed in
relation to environmental awareness and Icelandic pollution and health regulations
Asphalt is the residuum produced by the distillation of crude petroletich

mainly consists of:

Aliphatic compounds;

cyclic alkanes;

aromatic hydrocarbons;

heterocyclic compounds containing nitrogen, oxygen and sulfur atoms;

metals, e.g. iron, nickel and vanadium.
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The exact chemical composition of asphalt depends on the chemicplexity of

the original crude petroleum plus the manufacturing processes. Consgguentio

asphalts are chemically identicgll]

4.2.2.1 The Kyoto Protocol

An amendment to the United Nations Framework Convention on Climate € lneas)
negotiated in Kyoto in 1997 and came into effect on February 16, 2005. Thés $e-
called Kyoto Protocol. Countries that ratify this protocol, includindatoé, commit to
reducing their collective emissions of six greenhouse gase%ycompared to the year
1990, calculated as an average over the five year period of 2008-2012arfibgating
nations were expected to have reached noticeable success in 2005i0@®rmiditach
country were considered when national targets were set and thgg feom 8%
reductions for the European Union to 10% permitted increases for Iceland.

It is difficult to set similar national targets for Icelarglfar larger nations because
of the smallness of the economy and the composition of the emissionsc&ukas the
difficulty is the relative influence of individual projects on the radeemissions in the
country. According to the Protocol the national targets for Icetmedtwofold: First,
overall emissions from greenhouse gases can not increase more thaormh(P990, i.e.,
must be less than 3100 thousand tons carbon dioxide yearly on average fromo 2008
2012. Second, carbon dioxide from new heavy industry after 1990 can not &6€€ed
thousand tons yearly on average from 2008 to 2[5B}.

About 70% of Iceland’s energy consumption is from domestic sustaieglergy
sources, i.e. hydro-electric or geothermal power plants. The mammad0% is mainly
imported fuel for cars and shipi&4] It is therefore evident that Iceland’s role in the
international agreement to reduce emission of greenhouse gasese dima other
prerequisites and methods than in the majority of the other participating cauntries

4.2.2.2 Laws and Regulations in Iceland
Icelandic legislative act nr. 7/1998 on hygienic and pollution control eentagulations
for polluting industry and activities and pollution limits for variouslyaints. Article nr.
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5 states that all business activities that can entail pollution need an operatenssd hnd

that guideline limits for air quality, pollutants and their disp@sa set. Regulation nr.
787/1999 states that air pollution should be kept at minimum to maintagqu#tiéy of
clean air. It also says that any polluting business activity &tk@ appropriate measures
to inhibit air pollution and use the best available technique to do goreQulation also
lists the air pollutants that need to be considered when evalwaichgontrolling air
quality. The air pollutants that are to be investigated first are:

Sulfur dioxide (SQ);

Nitrogen dioxide (NQ);

fine dust, e.g. soot (including BM;

Particulate Matter;

Lead;

Ozone;

Benzene.

Other air pollutants of concern are carbon monoxide (CO), aromatrodarbons,
cadmium, arsenic, nickel and mercury.

Regulation nr. 251/2002 is about sulfur dioxide, nitrogen dioxide, nitrogen oxide,
benzene, carbon monoxide, particulate matter and lead in the atmospldepriblic
information. The goal of the regulation is to set limits for ¢hemterials and ensure that
satisfactory and coordinated measurements of these matagatsonducted and made
available to the public. It sets two main types of limits; enviremtal limits and alarm
limits. Environmental limitis the maximum allowed value of pollution in a certain
receptor based on scientific knowledge in order to prevent or detraastil influences
on people’s health and/or the environmexiarm limit is a limit such that if exceeded,
people’s health is at risk because of pollution even if it's only temporary.rAingamust
be sent out and appropriate measures must be taken if therskighatithis limit will be
exceeded. Tables for these limits for a few pollutants ar&pipendix A. Of special
interest in those tables is that the environmental limits fdrcpéate matter (P\y) and

benzene (gHe) are supposed to gradually get stricter in the next years, until 2010.



56
4.2.2.3 Operational Licenses

The Environmental and Food Agency in Iceland issues operational kcensempanies
that can entail pollution. Hot mix asphalt plants, both portable and lidcation, need an
operational license. According to legislative act nr. 7/1998 all #splaats with a fixed
location must give yearly reports about a “Green accountifa®]. The objective of
Green accounting is to make companies provide information to the pmbliauthorities
about how they are dealing with environmental issues and to encounagardes to
monitor the environmental aspects of their activity and watch for new develagpment
One of the requirements for operational licenses for asphalt péatitat air from
the burner in the aggregate dryer be cleaned with a filterratdihte exhaust air may not
include more particulates than 100 mg/ANi®6] Figure 4.1 shows this limit and three

measurements from two asphalt plants for the years 2003 and 2004.
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Figure 4.1: Three dryer exhaust air measurements from two asphalt phalaisland for
the years 2003 and 2004. The black line shows the requirements liragsagec for
plants to be below46,57]

As mentioned earlier, some environmental limits are supposed twraphally stricter
over the next few years. If the same development will occur in the futulienfts for the
particulates from the aggregate drying, it looks like asphalt pevdweill have to make

some arrangements to decrease the particulates in the exhaust air.
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Hofdi Itd. is the only asphalt plant that reports measurementdef pollutants in

its Green accounting. Table 4.5 shows their measurements.

Table 4.5:Pollutant measurements from Hofdi Itd. for 2003 and 2[08].

2003 2004
NO, [mg/NnT] 26 5
CO [mg/Nm] 88 54
HCI [mg/NnT] 3 <0.9

4.2.2.4 Energy Consumption

As discussed in section 4.2.1.2, approximately 25% reduction in energy consumption
could be expected when using WMA methods with Icelandic aggregatdselémd,
diesel oil or fuel oil is usually used to heat and dry the agdéeegnd then electrical
power is used for the rest of the production process. Generally, &i6uiiters of diesel
or fuel oil and 8-14 kWh of electricity are used to produce one tasmialt[55] Since
electrical power in Iceland comes from domestic sustainablegyersmurces (hydro-
electric and geothermal power plants) the environmental effieota the energy
consumption used in the production process is not as severe as whergebaili$ used
in the whole process. But the energy consumption reduction in the warpracesses is
in the oil driven drying process and therefore this reduction isgsisimportant for

Iceland as for most other countries.

4.2.2.5 Environmental Issues Summary
Today, pollution from asphalt plants in Iceland is within limit bouretarset by
authorities. But some pollution limits in Iceland are startingetostricter, although not at
a similar pace as for most other countries participating inKiyao protocol. It is
therefore timely for the asphalt industry to follow environmentaigndly developments
and test new technologies and adopt those that suit Icelandic conditions.

Although energy sources in Iceland are primarily domestic subtairenergy
sources (hydro-electric and geothermal power plants), diesad fuiel oil is used for the

part of the production process where the warm mix’s energy ogign reduction
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occurs. The energy consumption reduction is therefore as importaltefand as for

most other countries.

There do not seem to be any issues with occupational healttaftyl regulations
in Iceland related to asphalt production or paving. In that sense, WMAdwnainly be
beneficial for improving general working conditions by reducing unhgdlimes and
odors.

The finding in the NIOSH review discussed earlier, i.e. that esudindicate
significant changes in pulmonary function in 1 of 44 workers engagepan-air asphalt
paving but in 3 of 9 workers engaged in underground asphalt paving, istintgfesthe
paving industry in Iceland. In the 13,000 km (8080 mi) long highway systdoeiand
there are 8 road tunnels, in total about 30 km (20 mi), and 3 more turawsbeen
authorized or are already under construction.

The environmental benefits of the reduced pollution from WMA would be most
beneficial in the most densely populated area in Iceland, i.e. tagegReykjavik area,
and for special projects like underground paving.

From an environmental point of view, the warm mix technologies woulditddy
be beneficial for Iceland but it is impossible to predict if or mhacentives or
regulations will make them economically beneficial for the asphalt producetsugers.

4.2.3 Economical Issues

In this section a cost comparison is made between traditionalik@sphalt production
in Iceland and the three WMA methods; WAM Foam, Aspha-min zealitt Sasobit
wax. The reduction in fuel usage to produce WMA can decrease the cost of titisport
construction projects, but there is also additional cost involved in equipneelification
and royalty (WAM Foam) and the use of additives (Aspha-min zeolite and Sasalbit w

According to information from Kolo Veidekke there is nothing in the WAMdam
production process itself that will increase the cost compared tonixoasphalt. It is
possible to maintain the same plant capacity as for hot mix produwantd no additives
are used in the process. There is however an initial investmenincosstalling the
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foaming device which can vary greatly depending on how the asphalt pkettup. For

fairly new plants, control systems can normally be modified epaitaly. To give an idea,
Kolo Veidekke has had costs of about $30,000-40,000 for plant modificdtds.
There is also a royalty for using the method, first an up franbfe$15,000 per
company and then a fee of $5000 per plant per year. Also, afterfagtgear there is a
royalty of 30 cents per ton produced (starting to run after the value is above $56D0).
Savings in fuel consumption for WAM Foam are in the drying procéssenthe
documented savings are about 30%. This has been measured in both il édieégas

(propane/butane) driven planfs1]

According to information from the developers of Aspha-Min zeolite ettiea cost when
applying Aspha-min zeolite in Europe is about 2 to 3 EUR per tdradtto be shipped
from Europe to Iceland, so shipping rates are a large part of teeqalculation for the
Icelandic market{58] Using January 2006 currency exchange rates the price in Europe is
similar to about $2.40 to $3.60 per ton. Detailed price information féarldevere not
given but according to information from Hubbard Construction Companjond& the

price in the USA is $1.32 per kg ($0.60 per pound), which at the recommendegk dos
0.3% of mix weight i.e. 3 kg per ton (6.6 Ibs per ton) would be $3.9G®peaftmix.[59]

It will be assumed here that the price in Iceland is sinld@he price in the US although

it is very likely to be higher because of smaller purchase vaumédceland. Customs
clearance, excise tax and transport from port to plant in Icedaedassumed to be
approximately $0.02 per kg of Aspha-min (based on shipping about 40,000 kg per
shipping container)60,20] Adding this up gives approximately $3.96 + $0.02 per kg x

3 kg $4.00 per tonof asphalt produced for adding Aspha-min zeolite.

Sasol Wax gave a price range estimate of about 1.75 to 2.00 EUR gelivaged at an
Icelandic port, depending on the volume of purchase and the cost ofnghipjsing

January 2006 currency exchange rates this is similar to about $2. ¥Dtpe?.kg. The
price in the USA was given as $1.72 per kg ($0.78 per po{8®]).The recommended
use of Sasobit wax is 3% by weight of total binder. For a milk 886 binder by weight,
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the amount of Sasobit needed is about 1.5 kg for a ton of mix. Custeanande, excise

tax and transport from port to plant in Iceland are assumed to be epately $0.08 per
kg of Sasobit (based on 720 kg per pallet and shipping approximate01gOper
shipping container)60,23] Adding this up gives approximately $2.33 per kg x 1.5 kg
$3.50 per tonof asphalt produced for adding Sasobit wax.

In the following calculations for cost of energy consumption, a 25% tiedu
consumption will be used for all three WMA methods, according tadibeussion in
chapter 4.2.1.2. For all three methods the energy consumption reductianthge i
aggregate drying process and in Iceland diesel oil or fuekajenerally used for the
drying. According to information from asphalt plants in Iceland, apprately 8-10
liters of oil are used to produce one ton of mix. The price ilahcefor diesel oil for
industrial companies is $0.7 per liter (without value-added tax and daimgary 2006
currency exchange rate$pl] For the rest of the production process, asphalt plants in
Iceland usually use electricity, approximately 8-14 kWh to produneeton of asphalt. In
Reykjavik the price of electricity to companies is $0.02 per kWh during the surfé@je
For example, for one ton of HMA the average energy cost ige(8 x $0.7 per liter) +
(11 kWh x $0.02 per kWh) = $6.5.

A typical total cost for a ton of hot mix asphalt in Iceland is $88 ton (5400
kr/ton) if domestic aggregates are used and $98 per ton (6000 kr/ton)mpitinted
aggregated40]

These cost calculations are all summed up in Table 4.6.
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Table 4.6:A cost comparison of traditional hot mix asphalt production in Icelandhend
three WMA methods, WAM Foam, Aspha-min zeolite and Sasobit wax.

HMA WAM Foam Aspha-min | Sasobit wax
zeolite

Additional cost per ton of - 0.3 4.0 3.5
mix [$]
Cost of energy 6.5 4.9 4.9 4.9
consumption per ton of mi
(il + electricity) [$]
Reduction in energy cost - 1.6 1.6 1.6
compared to HMA [$]
Calculation for total cost - 89+03-16 | 89+4.0-16/89+35-1.6
per ton [$]
Total cost per ton [$] 89 87.7* 914 90.9
% increase or decrease - -15%* +2.7% +2.1%
Installation cost and royalt - 45-55,000 - -
[$] (+ 5000 per year
Example: A 30,000 ton 2,670,000 2,677,000 2,742,000 2,727,000
production in a beginning
year [$]
Example: A 30,000 ton 2,670,000 2,631,000 2,742,000 2,727,000
production per year (after
first year) [$]

* These number do not include the installation cost and royalty.

In the last two lines of the Table 4.6 an example is given for ,8080ton

production, which is similar to the amount of HMA that the Road Admmatieh uses for

maintenance in one year. According to the calculations in Table 4.6akés

approximately 40,000 tons of WAM Foam mix production to pay off thealnitiyalty
and installation cost for the WAM Foam equipment.

It should be noted that possible equipment modifications for Aspha-miasobb
are not included in the calculations. Their magnitude and cost and if they dneegideld
depends on each individual asphalt plant and is therefore difficult to evaluate.

From Table 4.6 it can be seen that WAM Foam appears to hiectesdly of all the

three warm mix methods and Aspha-min zeolite appears to be the most costly method.

Total HMA production in Iceland is about 250,000 tons per year. Although rdticea
speculations, it is interesting to calculate what these numimas for the country’s total

asphalt production. A reduced cost for energy consumption of $1.6 per ton gives
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approximately a $400,000 reduction in oil cost for the whole country. A 23% oi

consumption reduction means approximately a 560,000 liter reduction in oé psag
year. Finally, $2.40 or $1.90 increase in cost per ton for the zeolitexoradditives
respectively (after energy consumption reduction has been takenaatiount), is
approximately a $600,000 or $475,000 increase in total asphalt production cgsaper
for the whole country, respectively.

4.2.4 Summary

The length of Iceland’s highway system is about 14,000 km (8,708rdi}hereof about
5,500 km (3,420 mi) are paved. Surface dressing is the most common patygraeertd
HMA is only used where traffic reaches 3000 AADT. Total HMA prddurcper year in
Iceland is not known precisely, but for an average year it candoenasd to be about
250,000 tons.

Two characteristics of the Icelandic climate are esgdgdmlportant for pavement
design; a relatively small variation in temperature over tlae gad frequent temperature
oscillations around 0°C (32°F) during the winter. Experience has showhebtatise of
the frequent temperature oscillations and long periods of wet wekdiveair voids are
essential for good pavement performance.

A laboratory research about reduced asphalt production tempenasimgsAspha-
min zeolite and Sasobit wax is currently being conducted in IceRndport has not
been published yet but preliminary results indicate that the Samsotas perform better
than the Aspha-min mixes (with and without anti-stripping agent)rmgeof stability,
deformation, percent air voids and moisture sensitivity. The mixbsSasobit produced
at 115°C (239°F) generally show a similar performance as thdardgpt mix produced
at 140°C (284°F) for all these factors.

Today, pollution from asphalt plants in Iceland is within limit boundaset by
authorities. But some pollution limits in Iceland are startioggét stricter, although
probably not at a similar pace as for most other countriescipating in the Kyoto
Protocol. It is therefore timely for the asphalt industry to folEwironmentally friendly
developments and test new technologies and adopt those that sntlicetonditions.
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Although energy sources in Iceland are primarily domestic sustainaltg/esoeirces, oil

is used for the part of the production process where the warns energy consumption
reduction occurs. The environmental benefits of the reduced pollutionvifigiA would
be mostly beneficial in the most densely populated area innttele. the greater
Reykjavik area, and for special projects like non-open air paving. &noemvironmental
point of view, the warm mix technologies would definitely be beradffor Iceland but it
is impossible to predict if or when incentives or regulationsmwike them economically
beneficial for the asphalt producers and buyers.

From Table 4.6 it can be seen that according to the given inform#i®NVVAM
Foam method appears to be the least costly one of all three mver methods, but it
takes approximately a 40,000 ton production to pay off the initial lasted cost and
royalty. The Aspha-min zeolite appears to be the most costlyoheincreasing the cost
per ton by approximately 2.7% while Sasobit wax increases thebgaspproximately
2.1%.

4.3 SURVEY
4.3.1 Description of Method and Participants

In order to evaluate WMA'’s actual potential in a real magtironment and in cold
weather conditions, a survey was conducted among professionalspavihg industry
in Iceland. The survey consisted of 17 questions which were eitheralignabout
current paving practices in Iceland or about WMA and the respondentimmmn its
potential and applicability for Icelandic conditions.

The paving industry in Iceland is a relatively small market@achuse of Iceland’s
geographical location it is relatively isolated. It is therefan ideal place to do a survey
among professionals to get a good overall idea of a market'ptirgte In total 10
responses were received from the 12 questionnaires that wereuseatprofessionals
from various sectors of the paving industry; designers, producerspnaactor,
researcher, teacher and professionals from the Icelandic Roadnidglation. The
breakdown of the respondents between sectors is as follows:

2 are professionals from the Road Administration;
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2 are professionals from asphalt production firms;

2 are engineers from consultant engineering firms;
1 is a professional from a contracting firm;

1 is a researcher from a research institute;

1 is a teacher at the University of Iceland,;

1 is from a company that imports asphalt additives.

It must be noted that all the respondents participated in this atuishgividuals and
therefore their answers do not represent their companies’ opimoasyi way. Their
professional positions are only mentioned to try to evaluate how vassussi related to
WMA may appear differently to different sectors within the paving industry.

The sample size used for the survey is not large but neitkiee iselandic paving
industry. By choosing participants from the various sectors ofnithestry, the results
give a good overall idea about WMA'’s potential and people’s main conosgasding
WMA in the cold weather conditions in Iceland.

The complete list of questions as delivered to the respondentssanth@ary about
WMA that was sent with it are showed in appendix B and the ansin@rs all

respondents, translated from Icelandic as directly as possible, are milppe

4.3.2 Survey Results
Following are summaries of the responses for each of the 17 que$tensurveys were
conducted in Icelandic and therefore all questions and answers are translated.

Question 1: What do you think are the most common problems tt arise during
paving in Iceland?
Nine out of the 10 respondents mentiomezhther conditions.Five of them specifically
mentioned cold and wet or changeable weather conditions during tramsmtidr
placement, i.e. anything that contributes to cooling the matewaimiuch and affecting
viscosity, workability and quality.

Two respondents mentiongdmperature differentials because of placement of
cooler portions of the material mass and transverse screed mgiskgints and visible
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handwork were also mentioned. Relatively short paving season resultsigit-term

recruitment of workers and problems related to drying of aggregaténg production in
rain were also mentioned.

Three respondents mentionkuhg haul distances.either directly as a contributor
to cooling of the material or, as a result of the thin population antttoasphalt plants,
a limiting factor to the usage of hot mix asphalt more widely around the country.

Four respondents mentionddck of good aggregates.One of them more
specifically mentioned these three as common problems; laaggoégates with defined
gradation (within stringent boundaries), lack of aggregates with goodrtesg and
abrasion resistance, and moisture in the aggregates because atypdnats also
mentioned that these three factors have been improved in the dastbye importing
aggregates. Aggregate segregation was also mentioned.

Other problems mentioned were defective and outdated asphalt plasdsnat
locations, insufficient groundwork and wear because of studded tiresu@e dor

pavement maintenance).

Question 2: Which of these problems do you think are the most costly ones?

Four respondents said that it would be problems relategather; low air temperature,
changeable weather, e®hort paving seasorwas also mentioned and high fixed cost in
equipment and workers training because of it. Two respondents mentienedst of
using low quality pavement (e.g. due to insufficient compactionhiahave ashorter
service life and repair of low quality areas in the pavement was also medti@ther
factors mentioned were; throwing away material because itbkeasme too cold;
moisture in the aggregates resulting in high drying cost; wesauke of studded tires

and few good aggregates.

Question 3: What do you think are the most limiting factors fo quality and
durability of pavements in Iceland (for example regarding mix aality, distress,

environmental factors)?
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Eight of the ten respondents mentiorstddded tire wear, three of them as the only

limiting factor but the others mention it along with other factors.

Five respondents mentionedoor aggregate quality either as insufficient
toughness and abrasion or lack of homogeneity which can affectryimg gbrocess,
amount of binder needed and other factors that affect service life and workability

Five respondents mention&gkather conditions e.g. moist climate, many freeze-
thaw cycles during the winter (especially in the southwegtgfathe country) and the
effect weather has on the need for compaction and on compaction practices.

Two respondents mentioneslt applications, which are common in urban areas.
Other factors that were mentioned are aging characteristichk, pkactices during

placement that result in damages.

Question 4: How familiar were you with warm mix asphalt beforeyou read the
attached summary?

a) Never heard of it before b) Very little ¢) Fairly much d) Very much

Nine of the respondents answered this question, 1 had never heard ofeat Befmre

very little familiar, 3 fairly much and 1 very much familiar with WMA.

never heard of it
very much before
11% 11%

fairly much
33%

very little
45%

Figure 5.1:Answers to question 4.

Question 5: What do you think are the main benefits of warm mix asphalt?
Reduction in energy consumptionwas mentioned by 6 respondents. However, 2

respondents expressed the following concerns about the temperature redugtion iss



67
“Other things being equal, the energy reduction is most importamteter, the
guestion is whether the energy reduction is realistic becausgtinegates need
to be heated to high temperatures to dry quickly since Icelandregajgs are
usually porous and contain much water, compared to what is comniwa othier
Nordic countries.”
“Reduction in energy consumption during production is a factor thabwilised
to evaluate the benefits of WMA if it will lower the overalist of a project. If
additives cause an increase in the overall cost of a project, \ddé&4 not have a
chance on the market. The largest HMA buyers, i.e. the Road Admiitistand
the City of Reykjavik, are not ready to value improved environmentattef
That will not be done until regulations will be set that must be followed.”

Four respondents mentionddwer emissionsor lower environmental impact,
thereof one specifically mentioned lower environmental impact baruareas and that
being more relevant though in most other countries than Iceland.

Four mentionedlonger haul distances and one specifically mentioned the
possibility of paving at locations that are too small to take &abler asphalt plant to and
too far away from fixed location plants for safe haul distance® @ore indirectly
mentioned longer haul distances and easier compaction by giving this answer:

“If the mix will be more workable at lower temperaturesan help with many of

the problems mentioned in question 1. However, the question is whether the
temperature loss will remain the same so that people wilirtento have the
same problems, just at lower temperatures. Would it be pogsildentinue to
produce at high temperatures but increase the time availabladio the paving
process? If so, the benefits of reduction in energy consumption afehmer
production will recede.”

Other answers were; easier compaction (especially for SMA withdebivader, pen <100
which is rather cumbersome during placement), the possibilityageplent at a lower
temperature, more suitable for Icelandic weather conditions, andsalemwger paving

season.

Question 6: What do you think are the main drawbacks of warm mix asphalt?

Six of the respondents showed some concern daoktof information about long-
term performance, i.e. whether same quality can be reached as for regular N,
did not want to give a more definite answer. One specifically dduthtat foaming
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methods like the one described in the summary would be comparalglgutarrHMA,

regarding service life, mixture homogeneity, adhesion between landesggregates and
loss of aggregates from the pavement surface.
Three respondents mentioned the usagalditives that incur moisture.

“The usage of additives that incur moisture (the zeolite, foameusnéit and
everything that can actuate absorption in the mix because fit rafect the
adhesion between the binder and aggregate).”

“The possibility of incomplete drying of aggregates that catisesvater that will
be left on the aggregate to freeze during the first wintetamclic aggregates are
relatively porous and contain much water and lower mixing tempesamay not
be sufficient to fully dry them.”

“Regarding the zeolites it is important to consider the effetthe water that is
released during production, considering Icelandic weather conditions.”

Four respondents mentioned that if thersnéseased costhen that is a drawback.
Two respondents mentionddck of experiencewith WMA that could cause initial
difficulties and finally, two mentionethcreased difficulty or complexity (because of

additives and/or equipment) in the production and placement processes.

Question 7: Do you think the paving industry in Iceland will benefit from using
warm mix asphalt? If so, in what way mainly?

Six respondents answered withyas the industry in Iceland would benefit. Two
answered with a yes but only if at least the same quadity b reached and energy
consumption and emissions can be lowered.

Four of the six positive respondents mentionedrélaleiced pollution and energy
consumption to be a benefit and one especially mentioned that requirements for
environmental issues can become more significant in the future. Tembiamed the
possibility of increased haul distancesand two mentioned théower placement
temperature. Other things mentioned were the possibility of extended pavaspseand
that workers protection issues might encourage WMA usage.

Two respondents weoubtful that the industry would benefit.

“At present | doubt it. First, there would have to be some expetsmenducted
to see if WMA will be all right in Icelandic conditions (mafrgeze-thaw cycles,
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rainy weather). Second, whether it pays off needs to be checken. d#
bitumen (pen 150-200) is used a lot in Iceland and it is quite workable during
placement under normal circumstances. But the energy savipgsits/e, also
lower environmental impact, and probably the paving season could be ektende
but paving late in the fall has worked tolerably as long as théherestays dry.
Then days of fair-weather are used to pave the streets witiedveest traffic and
local streets are paved later in the fall.”
“l do not believe that the words “environmental awareness” are datremaugh
in the paving industry in Iceland today for WMA to be accepted. d&asibe if
there is not a cost reduction and no certainty for at least the same service life
Question 8: If WMA would be produced in Iceland, which ofthe methods that are
mentioned in the following summary (foam, zeolite, wax), do you thk would be
most likely to be chosen? Why?
Four respondents guessed that eitkegyha-min zeolite or Sasobit waxadditives would
be the most likely methods and three thought that it would/B& Foam. Three did
not give a definite answer.

Those that mentioned the zeolite and wax methods did not use theesemeimg.
One said that they are most likely to be looked at first usecghey are currently being
tested in Iceland. Other reasons were e.g. that WAM Foamestpdt seems to have the
most complicated and delicate equipment and water in a pipe toixkee on into the
bitumen is more difficult e.g. because of frost problems.

Two of those that think WAM Foam is more likely, mention as aomdisat it has
been tested in Norway and the paving industry in Iceland, espedtsl Road
Administration, often goes with what gives good results in theroNordic countries.
Two mention that foamed bitumen has been used for base stabilizatloeland for
years with good results so there is experience with that. Gamgions that the least
expensive method always looks best to the buyers and therefore VWAM Wwould be

chosen.

Question 9: If warm mix asphalt would be used in Iceland, wher in the country (for
example, greater Reykjavik area or rural areas, north or south parof the country)

do you think it would be most suitable?
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Six respondents wrote it would probably betside of the greater Reykjavik area

Three of them specifically mentioned places outside of the greateraRikyijea that are
too far away from the nearest asphalt plant (i.e. more than 200 km or a 2 hour drive).

Five respondents wrot@ and/or around the greater Reykjavik area Reasons
mentioned were because the largest and best equipped asphalt plantssagdalified
workers are there, elsewhere there is not enough traffic fdAWb be chosen, and
because pavement innovations are usually first tested in that area.

Two respondents wrote that WMA could be useerywherein the country and
one wrote that it could be recommended that this method be used for ppatwingels to

reduce pollution during the placement itself to improve the working environment.

Question 10: If warm mix asphalt would be used in Iceland, forwhat type of
projects (for example concerning traffic load, population denigy, time of year) do

you think it would be most suitable?

Five respondents wrote that it would more likely be used for less densely poputaigd a
i.e. low traffic volumes (e.g. outside of the largest towns and on the country’s highway
system) and three of them also wrote duralh and spring. One respondent wrote
during the summer. Other responses were:

“In my opinion there are two options. First, as a binder for SMA withard
binder (pen <100) and second, during cold conditions (cold weather and thin lift
that cools quickly, placement on a frozen base).”

“There are indications that the wax may increase the pavesnesmpacity and
therefore it might be an option on wharfs and other locations with heavy loads.”
“It is probably best to choose projects where studded tire iwewt a key factor

in the pavement’s service life. Projects like that could be wthene is a lot of
truck traffic. Furthermore, WMA could be tested as a base \algere the surface
course (regular HMA) is laid one year later.”

“My hope is that WMA will be used as a stabilizing masstifi@r highway system
and as a maintenance pavement for main roads in towns that angafarfrom
asphalt plants.”

Question 11: How much do you think a difference in cost between warm mix asglt
and traditional hot mix asphalt matters for WMA's potential in Iceland? In other
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words, do you think it will be considered an option only ifti costs less or as much or

could it also be an option if it costs more?
Four respondents wrote that they thought WMA wauitly be an option if it costs the
sameor lessthan traditional HMA. Two of them specifically mentioned thatoitild not
cost more unless authorities will require it to be used or set some emissitioastr
Five respondents wrote that it could cost more but most of therachgnat the
increase could only be moderate (one said 5-10%) and/or only iif imgrove quality
(or make it possible to pave in colder weather or transport tkdomger distances and
make it an option at more locations than today).
One respondent wrote that WMA will only be an option if its tatadt is lower
than for regular HMA.

Question 12: Do you think that the equipment modifications tht need to be done to
produce WMA will decrease its potential for implementation?
Five of the respondents answerex] the equipment modifications should not be an issue.
Three answereglesin some way, one thinks it will likely decrease interest, one
wrote that it might stop the whole thing and one wrote thatuhlgely that anyone will
do the modifications unless public funds for experimental projectewiifor it or if an
increased market is foreseeable.
Two wrote that it would depend on the modifications or whether WMIA lvel

adopted.

Question 13: Do you think this lower mixture temperature wil significantly affect
factors like the length of the paving season, material transpoftom the plant to the
site and the time from paving until traffic is allowed on he road? How much do you
think factors like these matter when choosing paving methods in Iceland?

Three respondents simply answered withea Four wrote that mainijaul distances
would be affected which is important when choosing a method outside gfréheer
Reykjavik area. One mentions that the most influential facttradength of the paving

season.
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One respondent wrote that WMA would not affect these factors andi:aticso

though suspect that foamed asphalt is more sensitive to low air temperatures gmghrai
regular asphalt. | have noticed this during base stabilizing with foamed hitume

Another answer was that the paving season is not so much dependent on
temperature, and asphalt mix has been transported very long distdegkjavik-
Kirkjubaejarklaustur, Reykjavik-Hvammstangi) and placed with aed@@tresults but
good days are chosen for such projects.

Two respondents wrote thabwadays paving is done all year round in Iceland

but one added that the same quality is probably not reached when paving during frost.

Question 14: Do you know if there is anything being done in thpaving industry in
Iceland today that is similar to these warm mix asphalt processes in somay®
There is a laboratory research being conducted with Aspha-mitezand Sasobit wax
at Hofdi for the Road Administration’s Research Fund that will gsbb&nd with
building a test section. Five of the respondents knew about thatateseal mentioned it
in their answer. Three did not know of anything similar to WMA being done.

Two respondents mentioned that some work has been done with cold mixes based
on bitumen emulsionin surface dressing but probably not in asphalt and that thesresul
have not all been good. Finally, one mentiobade stabilization with foamed asphalt

which has been successful, but is produced on site, not in a plant.

Question 15: What do you think would be the next steps in westigating the
potential for implementation of warm mix asphalt in Iceland?

Most respondents agreed on that the next stepptate test sectionsTwo mentioned
doing a cost-benefit analysis and one mentioned to take a good lotkeatcountries’

experience regarding wear.

Question 16: What is your general opinion so far on warm mix asphalt?
Seven of the respondents were positive, found it to be an interestiog aptil worth
while to look into. One especially mentioned it as an interestiiipn because of
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environmental issues and if it will allow longer haul distanges placement at lower

temperatures than before and one wrote it was promising regandmegsed usage of
asphalt in rural areas.

One respondent did not give a definite answer and two were somewhavenega
regarding WMA'’s future. Their answers were:

“Conducting some research on WMA under Icelandic conditions is positivie but
am very doubtful about its future considering the way things are here.”

“Not bad as such. But it is clear that no one embraces new methcaissbe
people know what they have but not what they will get. Those thah atearge

of these things in Iceland are willing to experiment but nadiigd steps and even

if research results are good people still need to be convinced thathad is
desirable etc.”

Question 17: Is there anything else that you would like to mention?
The answers to this final question were the following:

“[...] we do have some trouble with surface dressings, bleeding tendsctr
during hot periods because the binder is soft and mixed with white bfaybe
this could be improved by mixing the binder with wax like is dondéSasobit
method; keep it soft above 60-80°C (140-176°F), but stiffer than regufacs
dressing binder below that. If | remember correctly | was ¢aaght that wax is
not preferable in asphalt binders because of contraction/therméingraturing
frost. Here there is rarely much frost and the surface dgessnder is soft and
perhaps there is not much risk that wax will spoil that sortlmhder. Perhaps it
would also be possible to lay surface dressing in a colder weh#reotherwise
if the binder would be mixed with wax. It does though cool very rapiiiéy d is
sprayed on the road which is not good. But this could be looked into more closely.
It is also interesting to be able to lower emissions duringeph@nt. | have heard
that workers have complained about SMA modified with EVA (Ethyladvin
acetate) (it was laid on a test section in Reykjavik 10 years ago).”

“This process must be worked on slowly but steadily because nsstakeruin
good ideas.”

“It is likely that the largest pavement buyers, i.e. the GityReykjavik and the
Road Administration, will primarily control whether matters ltkese develop in
Iceland. If these parties will start to put more emphasis on environmgsuakior
see some other benefits in using WMA, the method will prevail here.”
“Modified binders have been used on very few occasions and SBS and EVA
modified binders have increased durability but at the same timgolthenix
formula was changed so it is difficult to see which factontcbuted to the
increased durability.”
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“Considering previous experience with full depth experiments hedn hot
expect WMA will be tested here until some experience wiltdsched abroad.
Anything could happen through international cooperation and Hladbaer-€@las i
part of a large multinational company in road construction.”

4.3.3 Survey Discussion

Four out of nine respondents were fairly or very much familiar WIMA. Two of those
are the asphalt producers, one is from the Road Administration and aneontractor.
This indicates that professionals in the industry generally watahefw technologies and
especially the asphalt producers themselves.

There is obviously an agreement that weather conditions causeotecommon
and most costly paving problems in Iceland and many also mentionedahea of
limiting factors for pavement durability. All such weathdated issues are important for
WMA considerations. There was an obvious agreement that studdeeares the most
limiting factor for durability and about half of the respondents alentioned lack of
good aggregates as a cause for common problems and limiting foiliurdhose two
most limiting factors for pavement service life are bothdiecthat WMA does not really
affect in either a good or bad way. Strictly speaking, WMA coldatefore not help with
those common pavement service life problems in Iceland.

Six of the respondents mentioned the energy reduction as the maint lménefi
WMA. But three respondents were doubtful of how beneficial it wouldlyréee in
practice. It is interesting to take a look at who bring up ghttsee comments. A
researcher doubts that the reduced drying temperature wiltisaffy dry the porous
Icelandic aggregates. A contractor doubts that any of the possibletbefdVMA will
matter unless WMA decreases overall costs of projects. A produtes up some
guestions about the temperature gap between production and compadtiorpbes that
perhaps it would be more beneficial to use WMA to increase theatfagx than to lower
production temperatures. Longer haul distances were mentioned mardhaftelower
emissions as main benefits. Also, various other benefits accomplhighesing WMA as
a compaction aid were mentioned, e.g. placement at lower temmesrand a longer

paving season. Some of these issues can be improved by using the Wiliddsnat
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lower production temperatures, but according to many of the angvesngle might find

it desirable to rather use WMA methods at, or close to, HMA pramutémperatures in
certain situations. Reaching sufficient compaction is very importor cold weather
paving and because of the frequent temperature oscillations aroun820K} quring the
winter in Iceland and long periods of wet weather, low air voidsspgecially important
and essential for good pavement performance. For example, the Rioadidration

specifies that percent air voids should be below 3%. It is therefmreurprising that
considerations about using warm mix methods to increase compiagtalbillower

temperatures came up repeatedly (e.g. lengthen paving season smbanbaul
distances).

When asked about WMA drawbacks, the majority of the respondents showed
concern about the lack of information available about quality. This is stadeiable
because WMA is a relatively new technology and there is adlyy much known about
long-term quality and durability. According to the three answkaitamoisture, people
are worried about the water from the zeolite and the foamed bitwmieh might affect
the adhesion between the binder and aggregate, and the possibility ofigrsudfrying
of the aggregates. Moisture susceptibility is a common problerofdrweather paving
and these thoughts confirm that moisture susceptibility is an iamgagsue when using
WMA in cold weather conditions and it is of special concern when ukielgndic
aggregate because of how porous they are. This indicates that pégimidenskeptical
about lowering production temperatures as much as the WMA methods allow.

Most of the respondents agreed that WMA would have a significant impact on some
key problem areas in Icelandic paving, primarily haul distan&esording to some of
the answers, WMA would not lengthen the paving season since pawiogasall year
round nowadays but it might increase the quality and workability ofrtixefor those
winter paving projects.

According to many of the answers from the professionals from Rbad
Administration, haul distances are an important issue in Icelandexamnple, both of
them mentioned too long haul distances as a common problem in Icelanciatched
increased haul distances as a main WMA benefit and also wheméhneyasked about
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their general opinion on WMA. Haul distances were repeatedly mentiopeather

participants as well but since the Road Administration is in ehafghe majority of the
county’s road system, it is of special interest to see whatgertant to its professionals.
Furthermore, both of them discuss that environmental regulations roameésstricter in
the future and even though most of the other participants mentioneshtltenmental
issues as benefits, none of them specifically mentioned the pibgsibilregulations
becoming stricter. According to the survey results it appeatsfonathe two Road
Administration professionals, the possibility of increased haul distame the most
important benefit accompanied by the WMA methods, followed by tiveamental

benefits, which they do suspect to become more important in the future.

The respondents were divided about the question of which method would bekelgst |
to be chosen in Iceland. People said either WAM Foam or zeaiefo one said only
zeolite or only wax. If looked at who said what, of those thatrexgtly familiar with the
research project with zeolite and wax that is being conductedeiank, two said
zeolite/wax and two did not give a definite answer. All othensewgelit on the question.
There can not be seen any trend of answers between professataed, sexcept for that
the two producers both said zeolite/wax. The strongest reasoningpdosicg WAM
Foam was because it is being tested and used in Norway anthdolas been used in
Iceland for base stabilization. No two respondents used the sasoairgpfor choosing
zeolite/wax.

According to the answers about where in country WMA would be sujtable
most likely that WMA would start by being tested and monitoreBeykjavik and then,
if used further, be used across the whole country. Interestingly nasekethe reduced
pollution as a reason for rather using it in the greater Reyk@@a but a contractor
mentioned using it for paving in tunnels to reduce workers exposure to emissions.

Answers regarding the suitable type of project for WMA weagous and many
ideas came up. Examining the answers from the professionals tlhemRoad
Administration particularly versus the other ones gives the ide&d\thk would be used
for medium trafficked roads in and around densely populated areas aheuoduntry,
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often during cold conditions (fall and spring) and possibly also aslalizing base

course for the highway system.

According to the answers to how much WMA can cost, it will only be an option if it
costs the same as or less than regular HMA, unless authorities make sagdatcter, it
will improve quality, allow colder weather paving or increaselidistances. If so, the
increase in cost can be moderate. An increase in cost wasnefsimned by almost half
of the respondents as a main drawback.

Half of the respondents said that equipment modifications would not decrea
WMA's potential for implementation. Most of the others indicated thaould depend
on the cost of the modifications. Both of the professionals from the Rd@histration
said that the equipment modifications would not decrease interestprandf the
producers said that minor changes are not an obstacle but the otherpaldcthat
equipment modifications might prevent implementation. The producersanargly a
bit more negative, at least towards extensive equipment mouifisaand that could
affect considerations for the WAM Foam method since it includestig# modifications

of the three methods.

The answers about whether Iceland would benefit from WMA wereisiito; 6 out of
10 said yes, 2 were more cautious but fairly positive and 2 were doulithge four all
added that it would only be beneficial if the same/better quedity be reached as for
regular HMA. The two more doubtful also said only if it does not noste. Only two
specifically talked about environmental awareness and they hatkienlifview on it. A
professional from the Road Administration said that requirement®rfeironmental
issues can become more significant in the future and thereforA Wév be beneficial,
and a contractor said that environmental awareness is not dominaghendhe paving
industry in Iceland today for WMA to be accepted.

The majority of the respondents, 7 out of 10, were positive regardivig\,Véne
was neutral and two were somewhat negative. Those two, a researdh& contractor,
were mainly negative towards Icelandic conditions and the panthgsiry’s receptivity
rather than towards WMA directly. It can be interpreted suchtlttegt think WMA can
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be beneficial in some way but special Icelandic conditions meyecit to be exploited

in a different way than in other countries and business incentivesoana place to
encourage its adoption.

Examining the answers to these two questions together, i.e. whéMArcan be
beneficial for Iceland and what people’s general opinion on WMA issgavgood idea
about the respondent’s overall opinion towards WMA for cold weather comslitFive
respondents gave positive answers to both questions, three wergdaitiye given that
certain conditions are met, and two were skeptical. The five y®séspondents were a
consultant, a producer, both of the professionals from the Road Admiaistrahd a
teacher. The three fairly positive respondents were an additiyestan a producer and
a consultant. The two skeptical respondents were a reseantharcantractor. The fact
that 5 out of the 10 respondents are positive is promising for WMA, laadheat thereof

are both of the professionals from the Road Administration.

4.3.3.1 Summary of Survey Discussion

To summarize even further, the general conclusions drawn from the survey are:
Most of the respondents were slightly or fairly familiar with WMA,
weather conditions cause the most common and most costly paving problems;
studded tire wear is the most limiting factor for durability;
energy consumption reduction is the main benefit of WMA,;
energy consumption reduction or emissions reduction alone are not enough
incentives but may become one in the future;
increased haul distances appears to be a more important benefiethaed
emissions;
good compactability is critical for acceptable pavement performancelsnd;
people are cautious because of lack of information about long-term performance;
WMA could have a significant impact on some key problem areas lantiie
paving, primarily haul distances;
people are divided about which method would be suitable for Iceland. Most of
those familiar with the Icelandic zeolite/wax research fimosé methods to be
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promising. Those that choose WAM Foam do so primarily becauses ibden

tested in Norway or because foaming has been done in Iceland;

WMA would start by being tested and monitored in Reykjavik and tharseidl
further, be used across the whole country;

if it will be used in Iceland then most likely for medium tmaffoads in and
around densely populated areas around the country, often during cold conditions
(fall and spring) and possibly also as a stabilizing base cdordbe highway
system;

WMA will only be an option if it costs the same or less, unldsze are
additional incentives, then it can cost moderately more;

equipment modifications do not decrease WMA's potential for implementation;
5 are positive towards WMA both generally and as an option fornidela are
fairly positive given that certain conditions are met, and 2 arptiské about
WMA's potential;

those who are positive are a consultant, a producer, both of the profesgiomal
the Road Administration and a teacher, those fairly positiveaaradditives
importer, a producer and a consultant and those skeptical are chesemd a

contractor.

4.4DISCUSSION

4.4.1 Warm Mix Asphalt’'s Advantages and Disadvantages

According to the information that has been gathered about WMA, following
conclusion is drawn about what its advantages and disadvantagesngaaed to regular
HMA.

The primary advantage of WMA over regular HMA is the reduestbrgy
consumption. The emissions reduction is also an important advantage but h@eiddene
it really is in practice for asphalt producers and buyersnizrety dependent on
environmental awareness and regulations in each country. Withirceanlry, reduced
emissions are especially beneficial for paving projects inedigp®pulated areas and for

non-open air paving. The decreased viscosity of warm mixes is anogh@tant benefit.
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It makes handling of the mix easier and allows effective emtign at lower

temperatures where cool down rates are not as rapid. WMA'’s disadeardeem to be
mainly related to rutting resistance and moisture susceptibgsues, but it varies
depending on each WMA method and may be mitigated with the usei-irgyging
agents. By using WMA processes with regular HMA production tempestl) the
temperature gap between production and cessation can be increasedgalthcreased
haul distances and more time available for compaction during celtherepaving and 2)
compaction can be made easier, which can be beneficial farsthef stiff mixes and
RAP, paving during extreme weather conditions and reduction in amourdllef
compaction.

As was noted previously, both the effect on viscosity and the variousatjmwi
potentials achieved by producing WMA at regular HMA temperataass be stated with
more confidence for the Sasobit wax method than the other two kettmisvailable
information about these issues is more extensive for Sasobit. Tdeiseral application
possibilities have been most obviously marketed for Sasobit wax astdféeaWVAM
Foam, whose marketing has entirely focused on the environmentaltbeBeat of the
three methods, least is known about Sasobit wax regarding environinemedits since
very little information was found about environmental issues for it.

Sasobit and WAM Foam give satisfactory rutting resistanseltsebut results for
Aspha-min indicate that it may not negate the increased gutisceptibility, resulting
from the lower temperatures, as well as the other two methaetserdly, the lower
temperatures used for WMA can result in incomplete drying ofajggegates and the
resulting trapped water in the coated aggregates may caudermaiamage. There are
indications that anti-stripping agents may be needed in souosiaits for both Aspha-
min zeolite and Sasobit wax for them to result in acceptablerpence in terms of
moisture susceptibility and they can also increase the ruttgistarce. Unfortunately,

there is lack of published information about moisture susceptibility for WAM Foam.
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4.4.2 Cold Weather Paving

When it comes to cold weather paving considerations, important faotemsider are
compactability, moisture susceptibility and binder grade. Compatyatsilindeed well
accounted for by the warm mix methods, since they all reducedsbesity of the asphalt
and have the capability of increasing compaction and thereby reducingagieirty.

The conclusion drawn from the available information about WMA'’s performance in
relation to cold weather conditions is that WMA is a viable optioncfdd weather
paving. This can be said about all of the three methods, although tleerdigit
differences in some of their measured performances. Howeuestidpping agents may
be needed to decrease rutting and moisture susceptibility. Indemy pirthe advantages
gained when WMA is produced at regular HMA temperatures ateylarly beneficial
for cold weather conditions, e.g. extended paving season, easier tompéwing

extreme weather conditions and easier compaction for stiff mixes.

4.4.3 Warm Mix Asphalt in Iceland
4.4.3.1 General
In general, the results from the survey can only be interpretedcasthat professionals
in the paving industry in Iceland are generally positive towardsANMterested in
testing it further for Icelandic conditions, and hopeful about its pateot helping with
some key problem areas in paving in Iceland.

The conclusion drawn from the information about WMA’s advantages and
disadvantages, its suitability for cold weather conditions, genefatmation about
Iceland and the results from the survey, is that WMA is a viapt®n for the paving

industry in Iceland.

4.4.3.2 Application Field

According to the survey results, the answer to where in Iceladdfa what sort of
projects WMA would be most suitable is that it would start byndpeiested and
monitored in and around Reykjavik and then, if used further, be used acrassitiey.

Most likely for medium traffic roads in and around densely populataisaoften during
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cold conditions (fall and spring) and possibly also as a stabilizisg baurse for the

highway system. This result implies that it would be used nwredecial projects than

on a regular basis, i.e. during cold weather and when long haul distances arayecessa

4.4.3.3 Warm Mix Asphalt Method

Although there are various WMA methods available, only the three pmostinent in

literature were evaluated in this paper. In the survey, peggile divided about which of
the three methods would be most likely for implementation in Iceldoar said

zeolite/wax and three said WAM Foam. In order to evaluate whi¢chades most likely

to be considered in Iceland a few factors need to be examined.

First of all, cost is important, and the survey confirmed that. tRericelandic
market, the Aspha-min zeolite is the most costly method accorttinghe cost
calculations in chapter 4.2.3. There are indications that the zeddtieodh does not
perform as well as the other two methods regarding rutting andhpraty results from
the WMA research in Iceland indicated lesser results forabbte than for the wax. On
these grounds, it is concluded that the Aspha-min zeolite is likakt of the three
methods to be suitable for Icelandic conditions. Cost wise, the WAIvh Feoal Sasobit
methods are based on different ideas. WAM Foam has a high ioiahod a fixed cost
per year. Sasobit on the other hand has only a variable cost. WAM theaafore
requires a certain amount of usage (which for the smallndaapaving market is a
relatively large amount) to pay off the fixed costs, i.e. qumes a certain amount of
commitment. Sasobit is therefore more flexible for initial adeanand testing (which
have started already) which consequently makes it a more Gi&abjidate for future use.
Also, as previously noted, the available information about the apphcatitentials when
using regular HMA production temperatures is more extensiveS&siobit and more
independent research has been conducted on it than on WAM Foam. rpieexhe
possibility of using WAM Foam to increase haul distances has notéeanined by the
developers. Based on these speculations, it is concluded that the 3asolst most

likely of the three methods to be used in Iceland.
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A result from the survey regarding cost is that WMA will obly an option if it

costs the same or less, unless there are additional incentisest tan cost moderately
more. Sasobit increases the overall production cost by about 2%islfuged for a
production at regular HMA temperatures it increases the cosaboyit 4%. A 2%
increase in cost is very moderate, but are there enough inceriivi®$Ancrease in cost
is also moderate, and in that case there are the various inseoitieasier compaction
and increased temperature gap. According to the survey, increaskedistances is a
very important benefit, even more important than reduced emissionthexetbre it is
probably an important enough incentive to accept a 4% increase in production cost.
The reduced energy consumption is the main benefit of WMA acoptoi the
survey, but the reduction is not enough to cover the additional cossolbiSdncreased
haul distances is the second most important benefit according suthey, important
enough to justify a moderate increase in cost. Reduced emissidhe third most
important benefit according to the survey but pollution from asphaittplin Iceland
today is within limit boundaries set by authorities, but then agime pollution limits in
Iceland are starting to get stricter and it is timelygovducers to start seeking ways to
reduce emissions. The conclusion drawn from this is therefore thak W promising
option for the paving industry in Iceland, Sasobit would be most suitdblee three
methods, and the incentives for its usage are twofold: 1) As a ctiorpaid for mixes
produced at, or close to, regular HMA production temperatures, usedréasachaul
distances and/or pave during cold and difficult weather conditions, andtiswsa
slightly reduce fuel consumptions as well (a combination that cgrende on
circumstances each time). 2) As an environmentally friendlyhadetvhen emissions
start to get close to limits, which is not an issue for asphaltugers today but may

become an issue in the future with stricter regulations and/or increased jmnoduct



84
5. CONCLUSIONS

The final conclusions of the paper can be categorized into four major conclusions.

1. The primary advantages of warm mix asphalt are; reduced emerggumption,

reduced emissions and reduced viscosity at working temperatures.

The emissions reduction is an important advantage but how benefraallyt is
in practice for asphalt producers and buyers is entirely depeadestivironmental
awareness and regulations in each country. Within each country, reslmegesions
are especially beneficial for paving projects in densely popukatas and for non-
open air paving. The decreased viscosity of warm mixes is anptpertant benefit.
It makes handling of the mix easier and allows effective congmact lower
temperatures where cool down rates are not as rapid. Warm rpbaliés
disadvantages seem to be mainly related to rutting resistamde misture
susceptibility issues, but it varies depending on each warm rphakisnethod and
may be mitigated with the use of anti-stripping agents. By usexgnwnix asphalt
processes with regular hot mix asphalt production temperaturéise 1#¢mperature
gap between production and cessation can be increased, allowiegsixtrhaul
distances and more time available for compaction during cold wegadkierg and 2)
compaction can be made easier, which can be beneficial fas¢hef stiff mixes and
RAP, paving during extreme weather conditions and reduction in amouotlef r

compaction.
2. Warm mix asphalt is a viable option for cold weather paving.
The conclusion drawn from the available information about warm npkadiss

performance in relation to cold weather conditions is that warm asphalt is a

viable option for cold weather paving. This can be said about all dfitbe mmethods,
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although there are slight differences in some of their measpeefrmances.

However, anti-stripping agents may be needed to decrease rattthgnoisture
susceptibility. Indeed, many of the advantages gained when waxnasphalt is
produced at regular hot mix asphalt temperatures are particbhkmbficial for cold
weather conditions, e.g. extended paving season, easier compaction dtrengee

weather conditions and easier compaction for stiff mixes.

. Warm mix asphalt is a viable option for the paving industry in Iceland.

The conclusion drawn from the information about warm mix asphalt’s adyemta
and disadvantages, its suitability for cold weather conditions, geimdormation
about Iceland and the results from the survey, is that warmaspRalt is a viable
option for the paving industry in Iceland.

In general, the results from the survey can only be interpretedueh that
professionals in the paving industry in Iceland are generally positwards warm
mix asphalt, interested in testing it further for Icelandinditions, and hopeful about
its potential for helping with some key problem areas in paving in Iceland.

The reduced energy consumption is the main benefit of WMA accorditiget
survey, but the reduction is not enough to cover the additional cost oA WM
additives. Increased haul distances is the second most important bheoefding to
the survey, important enough to justify a moderate increase in Bestuced
emissions is the third most important benefit according to the ysiowepollution
from asphalt plants in Iceland today is within limit boundariesgeduthorities, but
then again some pollution limits in Iceland are starting tcstyetter and it is timely
for producers to start seeking ways to reduce emissions. The ¢ondawn from
this is therefore that warm mix asphalt is a promising optionh®mpaving industry
in Iceland and the incentives for its usage are twofold: 1) Asnapaction aid for
mixes produced at, or close to, regular hot mix asphalt production tearpsraised
to increase haul distances and/or pave during cold and difficult weadhditions,
and sometimes slightly reduce fuel consumptions as well (a cotiobirthat can
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depend on circumstances each time). 2) As an environmentally Yriexethod when

emissions start to get close to limits, which is not ameiger asphalt producers today
but may become an issue in the future with stricter regulatiodfomincreased
production.

According to the survey results, the answer to where in Iceladdor what sort
of projects warm mix asphalt would be most suitable is thabttldvstart by being
tested and monitored in and around Reykjavik and then, if used furtheretle us
across the country. Most likely for medium trafficked roads in andral densely
populated areas, often during cold conditions (fall and spring) andopjoatso as a
stabilizing base course for the highway system. This resuliampiat it would be
used more for special projects than on a regular basis, i.e. dulithgveather and

when long haul distances are necessary.

4. Sasobit wax is the most likely method for future use in Iceland.

Of the three methods that were examined in this paper, WAM Faspia-min
zeolite and Sasobit wax, the Aspha-min zeolite method is léa$y io be suitable
for Icelandic conditions. Sasobit is more flexible than WAM Foam ifotial
advances and testing which consequently makes it a more |&etijdate for future
use. Available information about the application potentials when usingarelgot
mix asphalt production temperatures is more extensive for Saaabdit more
independent research has been conducted on it than on WAM Foamhdteforte
concluded that the Sasobit wax is most likely of the three methols tesed in

Iceland.

More research is needed for all the warm mix asphalt methods to evadtiataboratory
and field performance more precisely. Warm mix asphalt is aemwology and despite
previous laboratory research, long-term performance and how warraspiralt affects

pavement life will not be fully known until after a few more sgeaAlso, more
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independent research is needed for all the methods, although esgeci@lfM Foam,

so that potential users can be sure they have unbiased results to base their decisions

In Iceland, continuing research on warm mix properties when used ceitimdic
aggregates is necessary. In addition to what is already lestagitin Iceland it would be
especially interesting to examine strength gain and agingrgrid evaluate durability,
for different methods and mixture and temperature combinations. As@salts from
the survey suggested, test sections made with different methodarames mixture and
temperature combinations need to be placed and monitored. Test produation a
placement with warm mix asphalt processes at regular hot splkat temperatures
would also be interesting in order to evaluate the various possibiliies mix asphalt
has to offer as a compaction aid.

The warm mix asphalt methods discussed here are continuously beimgned
and existing test sections being monitored and newer warm mixlas@thods are also
being developed further. Therefore, new information can continuakxpected to arise

in coming years and it is important keep track of new inventions.
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APPENDIX A: POLLUTION LIMITS

Pollution limits for a few pollutants according to Icelandic regulation nr. 251/2002;

environmental limits and alarm limits.



Environmental limit for particulate matter (Ply):
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Environmental Limit | Reference| Limit Nr. of times | Confidence| Valid from
Time [ug/n] | limits may be| limits %
exceeded ing (ug/nT)
year

Health protection limit 24 hours 50 35 50% (7%) Valid. o

regul.
Health protection limit| 24 hours 50 7 0% (50) Valid. of
Guideline value regul.
Health protection limit 24 hours 50 35 37.5% (§9) 1.1.2002
Health protection limit 24 hours 50 35 25% (63) 1.1.20083
Health protection limit 24 hours 50 35 12.5% (56) 1.1.2004
Health protection limit 24 hours 50 35 0% (50) 1.1.2005
Health protection limit 24 hours 50 29 0% (50) 1.1.2006
Health protection limit 24 hours 50 23 0% (50) 1.1.200y
Health protection limit 24 hours 50 18 0% (50) 1.1.2008
Health protection limit 24 hours 50 12 0% (50) 1.1.2009
Health protection limit 24 hours 50 7 0% (50 1.1.2010
Health protection limit Year 40 - 0% (40) Valid. of

regul.
Health protection limit Year 20 - 0% (20) Valid. of
Guideline value regul.
Health protection limit Year 40 - 0% (40) 1.1.2002
Health protection limit Year 35 - 0% (35) 1.1.2003
Health protection limit Year 30 - 0% (30) 1.1.2004
Health protection limit Year 20 - 50% (30 1.1.2005
Health protection limit Year 20 - 40% (28 1.1.20086
Health protection limit Year 20 - 30% (26 1.1.2007
Health protection limit Year 20 - 20% (24 1.1.2008
Health protection limit Year 20 - 10% (22 1.1.2009
Health protection limit Year 20 - 0% (20) 1.1.2010

* Confidence limits are limits that are set in areas where pollution exeegdsnmental
limits. Confidence limits specify how much and for how long the environmentaslimi

may be exceeded.

Environmental limit for benzene {s):

Environmental Limit | Reference Time| Limit [pg/m] % (ug/n) Valid from
Health protection limit Year 5 100% (10) Validation of
regulation
Health protection limit Year 5 80% (9) 1.1.2006
Health protection limit Year 5 60% (8) 1.1.2007
Health protection limit Year 5 40% (7) 1.1.2008
Health protection limit Year 5 20% (6) 1.1.2009
Health protection limit Year 5 0% (5) 1.1.2010
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Environmental limit for nitrogen dioxides (NJ2and nitrogen oxides (N

=}

Environmental Limit Reference Time| Limit Nr. of times limits
[ug/m?] | may be exceeded i
a year
Health protection limit nitrogen dioxide 1 hour 200 18
Health protection limit nitrogen dioxide 1 hour 110 175
Health protection limit nitrogen dioxide 24 hours 75 7
Health protection limit nitrogen dioxide Year and winter 3( -
Vegetation protection limit nitrogen oxide Year 30 -

Nitrogen oxide (NGQ) is the sum of nitrogen monoxide (NO) and nitrogen dioxidejNO
calculated as parts of a billion and showed as nitrogen dioxidg) (N@g/n?.

Alarm limit for nitrogen dioxides (N

400 pg/ni measured in 3 consecutive hours at places that describe air quality in at least
100 knf or in a whole region or an urban area, whichever is less.

Environmental limit for carbon monoxide (CO):

Environmental Limit Reference Time Limit Nr. of times Valid from
[ug/m?] | limits may be
exceeded in a
year
1. Health protection limif Max. of daily 8-hour 10 Validation of
running averages regulation
2. Health protection limif 8-hour average 6 21 Validation
regulation
3. Health protection limif 1-hour average 20 175 Validation
regulation




APPENDIX B: SURVEY DOCUMENTS

The two documents that were sent to the respondents:
1. A summary of WMA.
2. A questionnaire.
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WARM MIX ASPHALT — A SUMMARY

Environmental awareness has been increasing rapidly over thegaastand stricter
emissions regulations have led to a development in Europe of severgroegses to
reduce the mixing and compaction temperatures of hot mix asphdiguivisacrificing
the quality of the resulting pavement.
Traditional hot mix asphalt is usually produced at temperatureseertd0 and
180°C and compacted at about 100 to 150°C. The goal of the warm mix gsphals
is to reduce those high production and compaction temperatures. lg\phenefits are
reduction in energy consumption required to heat hot mix asphalt toregomes above
150°C at the production plant, and reduced emissions from burning fusdss,fand
odors generated at the plant and the paving site. There are thagdyvarm mix asphalt
technologies that have been tested and produced:
- Atwo-component binder system called WAM-Foam (Warm Asphalt Mix Foam).
- The addition of a synthetic zeolite called Aspha-Min during mixing at the plant to
create a foaming effect in the binder.
- The use of organic additives such as Sasobit, a Fischer-Tropséfinpsex and
Asphaltan B, a low molecular weight esterified wax.
All three technologies appear to allow the production of WMA lolyiceng the viscosity
of the asphalt binder at a given temperature. This reduced itysalbews the aggregate
to be fully coated at a lower temperature than what is ivadity required in HMA
production’

In the WAM Foam process, two different bitumen grades, a soft bitumen grade and a
hard bitumen grade, are combined with the mineral aggregate aspimnalt production
process. This way, the asphalt mixture can be produced between 100 and 120°C and
compacted at 80-90°€The hard component is added in the form of foam. A WAM
Foam modified asphalt plant mixes the soft bitumen first withrhineral aggregate in
order to achieve pre-coating. In the second step the foamed bitumen is intrbduced.
Foamed bitumen is produced by injecting water at a leveldsgti and 5% into
hot tzitumen. The steam produces a large volume of foam that stmiNgpses with
time.
In a batch asphalt mixing plant the water is injected intobihenen pipe in a
special nozzle system, just before the bitumen enters the RAxairgun is used to blow
the foaming chamber and pipes clean after each foam injeSimce 1999, several road
trials have been carried out in Norway, the Netherlands andkh&enerally, condition
monitoring after placement has revealed very similar resaithé warm mix sections as

! Homepage of FHWA; http://www.fhwa.dot.gov/pavemasphalt/wma.cfm, entered 11.06.05.

2 Koenders, BG, Stoker, DA, Bowen, C, de Groot, Rséa, O, Hardy, D, Wilms, Knnovative processes in asphalt production
and application to obtain lower operating temperati 2 Eurasphalt & Eurobitume Congress, Barcelona, S{Sgptember 2000.
3 O.R. Larsen, @. Moen, C. Robertus, B.G. Koendat&M Foam asphalt production at lower operating teragures as an
environmental friendly alternative to HM&® Eurasphalt & Eurobitume Congress, Vienna, 2004.

4 B.G. Koenders, D.A. Stoker, C. Robertus, O. LarSedohansem/AM-Foam, Asphalt Production at Lower Operating
Temperaturesnternational Society for Asphalt Pavement&cenference, Copenhagen, 2002.
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for comparison hot mix sections. In 2001, productions of WAM Foam in a pédoh
and a drum plant were started in Norway for normal (commercial) paving Works.

Measurements show that fume emissions during warm mixture prodwaton
negligible compared to the emissions during hot mixture produtt®measurement
from a drum plant in Norway shows that the WAM Foam production tegsih a 40%
reduction in diesel consumption, a 31% reduction i, €Qissions, a 29% reduction in
CO emissions and a 62% reduction in Némissions compared to the hot mix (at
identical production rate$).

Aspha-min zeoliteis a product of Eurovia, and it is a crystalline hydrated aluminum
silicate. It contains approximately 21% water by weight andnwhis added to the mix
at the same time as the binder, the steam creates a volpares®n of the binder. This
creates asphalt foam and allows increased workability and gaggreoating at lower
temperatures. Eurovia recommends adding aspha-min at a rate oby.8%ss to the
mix, which enables approximately 30°C reduction in production and laying
temperature$’

Eurovia states that all known bitumen, polymer modified bitumen andleecyc
asphalt (RAP) can be used in this process. Also, all normal maggeegates and fillers
can be used and therefore no modifications to a normal mix design gareeseeded.
The addition into the mixing process is done through special devicesawstmilar
procedure as adding certain types of fibers. The addition of zelok® not prolong the
mixing process. Eurovia states that after the three yearsidhatpassed since the first
applications of test sections with zeolite, no significant chargese been found in
surface characteristics and that the zeolite sections arpacabte to hot mix asphalt
comparison sectiorfs.

The National Center for Asphalt Technology (NCAT) in USA conducied
laboratory study which indicated that the zeolite improves compaeatiohdoes not
significantly affect resilient modulus or rutting. No evidence supthatneed for a cure
time before traffic can be let on asphalt mixture with zeolgat in order to get
acceptable performance in terms of cohesion and moisturearesisand a decrease in
the rutting rate, 1.5% hydrated lime was added. In a field denatinstrproject the
zeolite was introduced into the plant using a specially buittleeMore workability was
observed for the warm mix than the control mix. Equal densities al@sned and no
signs of distress were noticeable one year after construction.

The zeolite can be added directly into the pugmill in a batch plaotigh the
RAP collar, or pneumatically fed into a drum plant using a sfigdbuilt feeder that
controls the addition rafe.

5 P.C. de Groot, C. Bowen, B.G. Koenders, D.A. StpRerLarsen, J. Johanséhcomparison of emissions from hot mixture and
warm asphalt mixture productioiRF World Meeting, Paris, 2001.

6 Homepage of Eurovia; http://www.asphamin.com/, esatel 1.23.05.

" G.C. Hurley and B.D. ProwelEvaluation of Aspha-min zeolite for use in warm asphalt National Center for Asphalt
Technology, Auburn University, June 2005.

8 w. Barthel, J.P. Marchand, M. Von Devivevdarm asphalt mixes by adding a synthetic zeokitew.asphamin.com, entered
11.03.05.



100
Measurements conducted for Eurovia indicated a 30% reduction in energy

consumption because of a 30-35°C reduction in mix temperature and a&dbétion in
fume emissions resulting from a 26°C reduction in production temperatur
Measurements at the application site indicate over 90% reductifummie emissions
when the mix temperature was reduced from 175°C to 140°C and insal @éen
zeolite has been added and temperatures reduced, odor has reducexivamerobers
have confirmed improved working conditiohs.

Sasobit is a product of Sasol Wax International and it is a mixtureoafy Ichain
hydrocarbons produced from coal gasification using the Fischer-Trggathesis. Sasol
Wax states that Sasobit makes it possible to upgrade softesgrdcsphalt to harder
grades while at the same time working to overcome deformatiorblaeding at high
performance temperatures. Sasobits melting point is at about 1009Cisuwedmpletely
soluble in bitumen at temperatures above 120°C. The reduction in visabswyrking
temperatures makes the asphalt easier to process, provides ithe a@jptreducing
working and mixing temperatures and thereby reducing fume emissevriag energy
and reducing production cycle times. Sasol Wax states that thruaptaddition of
Sasobit is 3% by weigfit.

Sasobit’s ability to lower the viscosity of the asphalt binder, duboth the
asphalt mixing process and laying, allows working temperatures tedreased by 18-
54°C. Below its melting point it forms a crystalline network dtrces that leads to added
stability. In Europe, South Africa and Asia, the wax has been addedtlgito the
aggregate mix as pellets or as molten liquid via a dosing metdre US, Sasobit has
been blended with the binder at the terminal and blown directly intmittiag chamber
at the same point as fibers were being added to a stone matrix asphalt (SMA) mi

NCAT conducted a laboratory study which indicated that Sasobit ldwte
measures air voids, improved the compactability at temperaturdewass 88°C,
improved rutting rate and did not affect resilient modulus. Sasahitceel aging of the
binder and mixes containing Sasobit were less sensitive, in tefmstting, to the
decreased production temperatures. Additionally, there appearsro beed for any
additional cure time before traffic can be let on asphalt mixtitte Sasobit. The lower
compaction temperature, however, may increase the potential fotureodamage
because of incomplete drying of the aggredate.

Over 140 road projects and trials have been constructed using Sasodtitof
them in Germany. The aggregate types used have been variougdeestmixes, stone
matrix asphalt (SMA) and gussaspHalt.

o Homepage of Sasol Wax; http://www.sasolwax.comgnreat 11.29.05.

g.c. Hurley and B.D. ProwelEvaluation of Sasobit for use in warm mix asphd#tional Center for Asphalt Technology, Auburn
University, June 2005.

11 Roads and trials with Sasobit
http://www.sasolwax.com/data/sasolwax_/Bitumen%?268Nication/Roads%20and%20trials%20e.pdf, entere@9.05.
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WARM MIX ASPHALT —A SURVEY

1. What do you think are the most common problems that arise during paving in
Iceland?

2. Which of these problems do you think are the most costly ones?

3. What do you think are the most limiting factors for quality and durability of
pavements in Iceland (for example regarding mix quality, distress, environantal
factors)?

4. How familiar were you with warm mix asphalt before you read the attached
summary?

a) Never heard of it before

b) Very little

c¢) Fairly much

d) Very much

5. What do you think are the main benefits of warm mix asphalt?

6. What do you think are the main drawbacks of warm mix asphalt?

7. Do you think the paving industry in Iceland will benefit from using wam mix
asphalt? If so, in what way mainly?

8. If WMA would be produced in Iceland, which of the methods that are metioned
in the following summary (foam, zeolite, wax), do you think would be mostKely to
be chosen? Why?

9. If warm mix asphalt would be used in Iceland, where in the country @ example,
greater Reykjavik area or rural areas, north or south part of the country) do you
think it would be most suitable?
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10. If warm mix asphalt would be used in Iceland, for what type of project§for
example concerning traffic load, population density, time of year) do you thk it
would be most suitable?

11. How much do you think a difference in cost between warm mix asphalt and
traditional hot mix asphalt matters for WMA'’s potential in Iceland? In other w ords,
do you think it will be considered an option only if it costs less or as muabr could it
also be an option if it costs more?

12. Do you think that the equipment modifications that need to be done to proda
WMA will decrease its potential for implementation?

13. Do you think this lower mixture temperature will significantly affect factors like
the length of the paving season, material transport from the plant to the stand the
time from paving until traffic is allowed on the road? How much do you think
factors like these matter when choosing paving methods in Iceland?

14. Do you know if there is anything being done in the paving industry in Iceland
today that is similar to these warm mix asphalt processes in some way?

15. What do you think would be the next steps in investigating the potential for
implementation of warm mix asphalt in Iceland?

16. What is your general opinion so far on warm mix asphalt?

17. Is there anything else that you would like to mention?
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APPENDIX C: SURVEY RESULTS

Answers to the questionnaire from all the participants. Note that the sursey wa
conducted in Icelandic and these are therefore translated versions. Theldranslat

done as directly as possible so that no information would be forfeited.
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1. What do you think are the most common problems that arise during paving in
Iceland?
- Given that the question is about the production and placement processes, | think it is a)
moisture in the aggregates because of porosity, b) lack of aggregates withfiwet de
gradation (within stringent boundaries), c) lack of aggregates with good toughness and
abrasion resistance (a, b and c have been improved in the last years by importing
aggregates), d) temperature differentials resulting from placemardaufler portion of
HMA mass into the mat which do not compact well enough and cause damage later on, e)
defective and outdated asphalt plants at some locations, and f) cold and wet.weather

- The biggest problems in paving are primarily because of lack of groundwork and
weather conditions, placement is done in rain and too much cold. Regarding the material
itself, i.e. the asphalt, it is probably if it cools too much before placement and becomes
too viscous and does not compact well enough.

- Primarily weather conditions and not enough good aggregates.

- Primarily weather conditions. At some places in the country there can icaltdds in
providing aggregates that fulfill quality requirements, especially fines.

- The most common problem with the process is changeable weather, lack of good
aggregates and the thin population, i.e. few plants and too long haul distances.

- The most common problems are related to weather conditions, i.e. problems oelated t
drying of aggregates during production in rain and cooling during placementfédts af
the quality of work. Also, aggregate segregation.

- Low air temperature, rain, wind, haul distances, i.e. everything that contributes
cooling.

- From the Road Administration’s viewpoint, which would like to use hot mix asphalt
more widely around the country, the haul distances are the largest problem. $egst wi
surface dressing is always a better option than HMA. Wear because of stuesieair
cause for pavement maintenance in Iceland.

- Weather conditions, i.e. changeable weather and low temperature. Re kil
paving season which causes short-term recruitment of workers.

- In Iceland, paving is often done during difficult weather conditions and durimgpivet
and placement the material cools down and workers experience temperatveatthfte
transverse screed marks, joints become ugly and handwork can be seen clearly.

2. Which of these problems do you think are the most costly ones?
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- | can not answer this question properly. For travelers the damages are worst, but
perhaps moisture in the aggregates is a large factor because of drying cost

- This is rather difficult to evaluate, but it is probably very expensive to throw awa
material because it has become too cold. Also very expensive to use bad pavement that
will not last as many years because of insufficient compaction.

- Few good aggregates.
- The country’s orientation is expensive, i.e. the climate and its consequences.

- I have no numbers but can imagine that changeable weather and the short pasing seas
are large factors.

- Problems related to weather.
- Low air temperature.

- Wear because of studded tires cost money but also save lives and save othethmsts i
society.

- Short paving season and therefore high fixed cost in equipment and workers training.

- Repair of low quality areas in the pavement and a shorter pavement lifetaueséef
poor quality.

3. What do you think are the most limiting factors for quality and durability of
pavements in Iceland (for example regarding mix quality, distress, environantal
factors)?

- | think that studded tire wear is the predominant factor (because of the cost of
aggregates with good toughness and abrasion resistance). Pavement durpbagiply
only about a half or a third of what it could be without studded tire wear.

- For the quality of the mixture and service life of the pavement, aggregaity,jLel
toughness and abrasion of Icelandic aggregates are not sufficient and eggrega
imported from Norway for use where the heaviest traffic is. The Icelahiate is also
important, i.e. cold and wet weather during placement and many freeze-ttlas cy
during the winter, especially in the southwest part of the country. Also, strigsg,salg.
in Reykjavik.

- Studded tires.

- Moist climate and studded tires where traffic is heavy. Where wear ispnetl@minant
factor it is probably aging characteristics.
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- Aggregate quality, studded tire wear, climate and heavy salt usagsiddedly, flaw
in the pavement or the placement.

- If I look at reasons for replacing pavement, it is clear that: 1) studéeddar and

rutting is a predominant factor for pavement service life. 2) bad practideg dur
placement result in local area damages and if 10-20% of the surface agedainsnot
useable. If | look only at factors that arise during production and placemerifeatd a
service life, the problems are: 1) Compaction is the most difficult procdss in t
placement. Weather affects the need for compaction and compaction practicesgnd ma
problems arise from that. 2) Common Icelandic aggregates are not homogeneous, i.e.
they can contain weak and strong or solid and blistery particles. This vayiaailit

affect the drying process, amount of binder needed and other factors thateaffieet s

life and workability.

- Weather conditions, studded tires, poor aggregate quality.
- Modified binders have been used on very few occasions in Iceland and SBS and EVA
modified binders have increased durability but at the same time the job mix fornsula wa

changed so it is difficult to see which factor contributed to the increased dyrabil

- Insufficient aggregate toughness and excessive use of studded tires|lgspeaban
areas.

- Studded tire wear is the biggest problem. Pavement service life is a ot hamtéor
comparable pavement where studded tires are not used.

4. How familiar were you with warm mix asphalt before you read the attached
summary?

a) Never heard of it before b) Very little c¢) Fairly much d) Very much

- b) Very little

- Rather little

- ¢) Fairly much

- b) Very little

- ¢) Fairly much. I am familiar with foaming methods but not Sasobit.

_a)

- d) Very much. | have been watching this over the years.
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- b) Very little

- ¢) Fairly much. We had heard of various experiments and are familiar agtbis

5. What do you think are the main benefits of warm mix asphalt?

- Definitely an advantage to be able to produce and lay at a lower temperature than
normally. Other things being equal, | think the energy reduction is most important
second is easier compaction (especially for SMA with a hard binder, pen <100 which is
rather cumbersome during placement) and thirdly lower emissions. Howeyer, t
qguestion is if the energy reduction is realistic because the aggregates nebddtetido
high temperatures to dry quickly because Icelandic aggregates are usually aod

contain much water, compared to what is common in the other Nordic countries.

- The possibility of placement at a lower temperature. Important when tiedieng haul
distances.

- Reduction in energy consumption and lower emissions.
- Reduction in energy consumption and environmental factors.

- Reduction in heat i.e. energy consumption during production and placement and the
possibility of longer haul distances.

- Reduction in energy consumption during production is a factor that will be used to
evaluate the benefits of WMA if it will lower the overall cost of a projgé@dditives

cause an increase in the overall cost of a project, WMA does not have a chance on the
market. The largest HMA buyers, i.e. the Road Administration and the City &jaRiy

are not ready to value improved environmental effects of anything. That will not be done
until regulations will be set that must be enforced.

- More suitable for Icelandic weather conditions. Allows longer haul distance

- Hopefully this technology will enable the possibility of paving at locationsaiteatoo

small to take a portable asphalt plant to and too far away from fixed location plants f

safe haul distances. An analysis has been done on shipping a hot mixture but it such a
project has not been done even though it is well known e.g. in Faroe Islands and Norway.

- Reduction in energy consumption because of lower temperatures, longer pasorgy sea
and lower environmental impact of production and placement in urban areas. The last
point is more relevant in most other countries than Iceland.

- If the mix will be more workable at lower temperatures it can help witlyrobthe
problems mentioned in question 1. However, the question is will the temperature loss
remain the same so that people will continue to have the same problems, just at lower
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temperatures. Would it be possible to continue to produce at high temperatures but
increase the time available to finish the paving process? If so, the benedidsiction in
energy consumption and a cleaner production will recede.

6. What do you think are the main drawbacks of warm mix asphalt?

- First, lack of experience with warm mix asphalt, second, usage of additivesctita
moisture (the zeolite, foamed bitumen and everything that can actuate absorption in the
mix because it might affect the adhesion between the binder and aggregate). Third,
increased cost.

- The possibility of incomplete drying of aggregates that causes thetiaitevill be left
on the aggregate to freeze during the first winter. Icelandic aggregatetaively

porous and contain much water and lower mixing temperatures may not be sutfficient
fully dry them.

- It is questionable whether same quality can be reached and cost careinmuedswill
take a few years to find the final answer to that.

- Probably depends on which method would be chosen. Regarding the zeolites it is
important to consider the effects of the water that is released during production,
considering Icelandic weather conditions.

- Do not know about effects on quality. The need for additives and/or more complicated
equipment for the production could be considered a drawback. Drawback if cost
increases much.

- Not convinced that foaming methods like the one described in the summary will be
comparable to regular HMA, regarding service life, mixture homogeneéiitngseon

between binder and aggregates and loss of aggregates from the pavement surface.

- No drawbacks if same quality can be reached.

- Not enough known yet, but excessive praises from developers are a cause for. conce
Increased cost seems inevitable but relative when other factors are eahssdeh as

long haul distances, weather conditions and possible environmental impact requirements

- More difficult mixing and placement procedures than for regular HMA. Lack of
experience that might cause initial difficulties.

- Don't know.

7. Do you think the paving industry in Iceland will benefit from using wam mix
asphalt? If so, in what way mainly?
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- At present | doubt it. First, there would have to be some experiments conducted to see i
WMA will be all right in Icelandic conditions (many freeze-thaw cyclasy weather).
Second, whether it pays off needs to be checked. Also, soft bitumen (pen 150-200) is
used a lot in Iceland and it is quite workable during placement under normal
circumstances. But the energy savings is positive, also lower environmepaat imind
probably the paving season could be extended but paving late in the fall has worked
tolerably as long as the weather stays dry. Then days of fair-weatheseat to pave the
streets with the heaviest traffic and local streets are paved laterfail the

- Mostly concerning lower placement temperature.

- The benefit we see now is more efficiency from the portable asphalt plantoaadlipr
increased haul distances when working in rural areas.

- Definitely a benefit. Both regarding the energy savings and the envircalnssuies.

- The benefit are reduced energy consumption, reduced pollution and the possibility of
longer haul distances, but that is often a limiting factor in Iceland sinceatefew
asphalt plants.

- 1 do not believe that the words “environmental awareness” are dominant enough in the
paving industry in Iceland today for WMA to be accepted. Especially if there & cuzit
reduction and no certainty for at least the same service life.

- Yes, given that the same quality can be reached.

- The benefits are twofold. First, the lower placement temperature dfeepossibility of
usage in unfavorable external conditions. Second, requirements for environmeetal iss
can become more significant in the future.

- Yes, most likely. Primarily, because of the possible extension of the pavitog sk
also since the method is presumably environmentally friendly. Workers protectibh mig
also encourage WMA usage.

- Yes, if it can be showed that it will be possible to reduce quality problemedunckr
energy consumption and lower emissions.

8. If WMA would be produced in Iceland, which of the methods that are metioned
in the following summary (foam, zeolite, wax), do you think would be mostKely to
be chosen? Why?

- My guess is the foamed bitumen, not because it is necessarily the madathesome
but because there is some experience with it from base stabilization, andrié¢ iskely
that people will use that experience rather than starting something new. Hovearer
not positively recommend one method above other.
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- 1 do not have enough knowledge to evaluate this.
- | can not answer this now.

- Foam is probably least likely, but my opinion might be affected by the fadtkhatv
the least about that and also because it is patented. Apart from that, resedrsiane
cost are predominant factors.

- | can not answer this, but | can say that zeolite and wax methods are bieidgteks
therefore they are likely to be looked at first.

- 1 do not have enough knowledge to evaluate that. Although, my experience of the
market is that the least expensive method always looks best to the buyersoréHeref
think that WAM-Foam would be the first option. It also always looks good to the Road
Administration if a method has been tested in the Nordic countries.

- 1 do not know enough about equipment at the asphalt plants to evaluate this but foam
seems to need the most complicated and delicate equipment.

- | can not answer this now but current research is directed at zeobgsaGnin) and
wax and seems promising. Foam has been used for years for base stabilithtgood
results.

- Very difficult to evaluate. My guess is WAM-Foam, since Norwegians tested it
and we often go with what they and other Nordic countries do.

- Using additives like zeolite and wax is more likely, water in a pipe to tkerrar into
the bitumen is more difficult e.g. because of frost problems.

9. If warm mix asphalt would be used in Iceland, where in the country @ example,
greater Reykjavik area or rural areas, north or south part of the country) do you

think it would be most suitable?

- Probably in the greater Reykjavik area, elsewhere there is so &ftle that an

inexpensive pavement with a soft binder would rather be chosen. WMA could be possible
though where there are no asphalt plants within reasonable distance, there it could be an
advantage to have the possibility of a pavement that can be placed with aeceystalld

even if it is relatively cold after a long haul distance (>200 km). That does not occ

often, but happens.

- Where the distance from an asphalt plant is relatively long as it commsanlyside of
the greater Reykjavik area.

- Outside of the greater Reykjavik area.
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- Possibly mostly suitable outside of the greater Reykjavik area, althoggfott i
unlikely to be produced in the greater Reykjavik area since the largest aspftalapta
there. Possible areas are therefore neighboring municipalities, thoaeetiabr close to
the service area of the asphalt plants located in the greater Reykjavik area.

- A development of the method would probably start in and around the greater Reykjavik
area. The paving industry in Iceland is very small and not many possibilities for
development projects outside of that area. If the method will be successfuhitomig

useful in and around places like Isafjordur, Akureyri and Egilsstadir.

- Since WMA requires the same basic equipment as regular HMA productiarsthe f
usage would be in the greater Reykjavik area. Asphalt plants outside of that areta are
capable of being innovators in this field. It could be recommended that this method be
used for paving in tunnels to reduce pollution during the placement itself to improve the
working environment.

- Everywhere. HMA would then only be used near the asphalt plants during the
midsummer.

- At this point it can be expected that towns that are far away from asphaltvpdards

be chosen. Now there are asphalt plants in Keflavik, Hafnafjordur, Reykjavik, Akureyr
Egilsstadir and Vestmannaeyjar. Everything farther east than Vi&ns tihan a 2 hour

drive from Reykjavik and so are towns on Snaefellsnes and the northwest part of the
country. Saudarkrokur and Husavik are within reach from Akureyri but other towns in the
northeast part of the country are far away. The area south of Breiddalsvikmnibey

regular haul distances for HMA apart from the cost of transporting théongx

distances. There exists a portable asphalt plant that has been used e.grduishfjt

from Isafjordur to Patreksfjordur and Holmavik there is a 2% to 3 hour drive.

- Probably in the greater Reykjavik area and the south part of the country since pavement
innovations are usually tested at these areas first. This is also whersttbgupped
asphalt plants and most qualified workers are.

- It could be suitable for all asphalt plants in the country.

10. If warm mix asphalt would be used in Iceland, for what type of project§for

example concerning traffic load, population density, time of year) do you thk it

would be most suitable?

- In my opinion there are two options. First, as a binder for SMA with a hard binder (pen
<100) and second, during cold conditions (cold weather and thin lift that cools quickly,
placement on a frozen base).

- Use it for less densely populated areas, fall and spring and lower tratfroesl
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- At this point it is not possible to estimate that. A test section needs to biestaedd.

- Most suitable for average to low traffic volumes outside the largest towns, ehg on t
country’s highway system. It could also be suitable in smaller towns. There are
indications that the wax may increase the pavement’s capacity and thérefmylet be

an option on wharfs and other locations with heavy loads. The summer is the paving
season in Iceland.

- At this point | think the projects would mainly be in densely populated areas, i.ts stree
and lots, highways close to towns and airports. The Road Administration uses surface
dressing on most highways except where traffic exceeds about 2000 AADT and it does
not look like it will change that strategy in the nearest future.

- It is probably best to choose projects where studded tire wear is not atkeyrfdoe
pavement’s service life. Projects like that could be where there is a lotlotratfcc.
Furthermore, WMA could be tested as a base layer where the surface caguita (r
HMA) is laid one year later.

- Roads/streets with relatively light traffic, spring and fall.

- My hope is that WMA will be used as afréttingarmassi for the highway sysidmas a
maintenance pavement for main roads in towns that are far away from gzl

- WMA would probably be used for short sections with variable traffic loads feares.
The first roads would probably be ones that the Road Administration is responsible for
and are outside densely populated areas.

- It could be suitable everywhere except for the roads with the heawifistwhich are
usually paved during the best circumstances. More likely fall and wintelpcdige
quality issues.

11. How much do you think a difference in cost between warm mix asphalt and
traditional hot mix asphalt matters for WMA'’s potential in Iceland? In other w ords,
do you think it will be considered an option only if it costs less or as mudr could it
also be an option if it costs more?

- Considering that most pavement projects are successful (at least ngwhilayk that
WMA will only be an option if its total cost is lower than for regular HMA.

- It could cost more but not much, maybe 5-10% more.

- Cost is very important for Icelandic road construction and | do not expect the
government will set requirements for emissions.
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- Unlikely an option if it costs more, unless instructed by authorities. It is ammaptt
costs the same and especially if it is less expensive.

- WMA can be an option even though it costs more if people decide to put more emphasis
on environmental issues than is done today. Also, if it will be possible to pave in colder
weather or transport the mix longer distances and make it an option at mamnfcat

than today. (We have used surface dressing on residential streets in many towns
throughout the country because HMA has not been an option because of distance to an
asphalt plant and if the project is too small to pay for portable asphalt plantrtjansfe

- Cost is very important. | think WMA is not an option if it costs more unless a longer
service life is guaranteed.

- The less expensive the more probability for usage but it may cost more if qgialit
improved.

- If results will be comparable or better than for paving with regular HMApderate
increase in cost will not prevent its usage where it will be considered suitabl

- WMA could most likely not cost more than proven HMA. WMA could become less
expensive if mixes with environmental impact (e.g. HMA) would be taxed spdlgifica
because of the environmental impact.

- It can be a possibility if it costs more but it is much less likely unlegsrbuequire it.
12. Do you think that the equipment modifications that need to be done to proda
WMA will decrease its potential for implementation?

- 1 do not realize how high the cost is. But | think it is likely to decrease interésasa
until it can be shown that WMA usage pays off.

- It depends on the cost of the modifications.

- Equipment should not be an issue.

- Not sure exactly what modifications need to be done, or what they cost, but minor
modifications are not an obstacle.

- No, I do not think that cost is important.
- I'm not necessarily certain that the modifications are very costlyl 8tihk it is
unlikely that anyone will do the modifications unless public funds for experimental

projects will pay for it or if an increased market is foreseeable.

- No.
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- No.
- I don’t know but it depends on whether WMA will be adopted.
- Yes, it can stop the whole thing.

13. Do you think this lower mixture temperature will significantly affect factors like

the length of the paving season, material transport from the plant to the stand the
time from paving until traffic is allowed on the road? How much do you think

factors like these matter when choosing paving methods in Iceland?

- My feeling is that the paving season is not so much dependent on temperature, and
asphalt mix has been transported very long distances (Reykjavik-Kirkjubaegitk|a
Reykjavik-Hvammstangi) and laid with acceptable results to my best knowledgeebut t
good days are chosen for that. Maybe the time from paving until traffioseallhas
some positive effects for WMA but | do not think that is an important factor.

-Yes

- Lower temperature can affect all these factors, see question nr. 7.

- This mainly affects haul distances and that is important when choosing a method.

- Some of these factors are important and others not. Haul distance from asphat pla
often important outside of the greater Reykjavik area but less important close to the
plants.

- | can not see that WMA will affect these factors. | do though suspect thaddoam
asphalt is more sensitive to low air temperatures and rain than regular.adspdnadt
noticed this during base stabilizing with foamed bitumen.

- Yes. Very much.

- We hope that it will be possible to transport the mixture longer distances with good
results. The paving season seems to be unlimited now. The quality of paving during frost

is another matter.

- The most influential factor is the length of the paving season. Other facdessr
important if WMA'’s quality is comparable to HMA'’s quality.

- It might have a profound effect on haul distances, nowadays paving is done all yea
round in Iceland.
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14. Do you know if there is anything being done in the paving industry in Iceland
today that is similar to these warm mix asphalt processes in some way?
- Not exactly. But as similar “in some way” base stabilization with fabasphalt
(similar to WAM-Foam) can be mentioned, which has been successful to my best
knowledge, but that is produced on site, not in a plant. Bitumen emulsion, which is a cold
process, has been tried a bit in surface dressing but the results have not gdiduke
They have not been tried in asphalt to my knowledge. Also, there is a reseagchrgoin
directed by Sigursteinn Hjartarson from the Road Administration.

- Not to my knowledge.

- Hladbaer-Colas could be doing some work with foamed asphalt but nothing has been
reported from them.

- The research that is being done by Hofdi for the Road Administration’s Rles$aard

is the only thing | know of. Hladbaer-Colas is owned by the Danish company Colas and
therefore they have ready access to information about what is going on in Europe. They
are strengthening their knowledge on bitumen emulsion production, but otherwise I'm
not familiar with their research or development projects.

- The Road Administration, Hofdi and Kemis Itd. are working together on a research
project that examines asphalt with zeolites from Eurovia and wax from SazoBd/&ar

the research has been conducted in laboratory but will probably end with buildibg a tes
section.

- For the last few years there has been done some work with cold mixes baseden bit
emulsion. I took part in that work and know how buyers and public agencies respond to
innovation.

- No.

- We have a research project going on that was originally supposed to showafesults
using Aspha-min zeolites and wax was added to the research.

- | am not aware of any experiments being prepared for laying WMA t8irselhe
only thing that could be related to WMA is probably literature search.

- Hofdi was planning on doing a research with some material but we are nicdrfawith
it.

15. What do you think would be the next steps in investigating the potential for
implementation of warm mix asphalt in Iceland?

- When the research project mentioned earlier is finished, do a test with nmxing a
placement and do cost-benefit calculations along with it.
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- Look at advantages and disadvantages of the methods, also cost of modifications and
iffnow easy it is to have plants and equipment that work for current methods and the new
one. Take a good look at the difference of other people’s experience regardingavea
have freeze/thaw cycles and studded tires that must be remembered.
- Place a test section.

- Place a test section

- Laboratory research is being conducted and | think that the next step issta pémst
section.

- Apply for a grant from the Road Administration and conduct a research along with
professionals from the Building Research Institute. Also important to includéreyw
contractor.

- Place a few test sections under various conditions.

- It depends on the results from the laboratory research, but test sectigrshably be
placed next summer.

- Apply for a grant from the Road Administration’s Research Fund and coopeitate wi
one or more producers. Cooperating with research institutes and universities would not
hurt. There is also a possibility that the Road Administration would participate in a
international project, preferably Nordic or European, that would examine WMA.

- The next step is to do an experiment and test the materials.

16. What is your general opinion so far on warm mix asphalt?

- Conducting some research on WMA under Icelandic conditions is positive but | am
very doubtful about its future considering the way things are here.

- | like it and think it is worth while to do some research with it.

- We are still conducting a research and therefore | have no opinion yet.

- A very interesting option.

- WMA is an interesting option because of environmental issues and espédiaiiyl i
allow longer haul distances and placement at lower temperatures than before.

- Not bad as such. But it is clear that no one embraces new methods because people know
what they have but not what they will get. Those that are in charge of these things in
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Iceland are willing to test but not in large steps and even if researcts @sugood
people still need to be convinced that a method is desirable etc.

- A very good thing.
- Itis promising regarding increased usage of asphalt in rural areas.

- WMA is worth being looked into more, at least watch research and development abroad
to start with.

- Interesting to look at for the future.

17. Is there anything else that you would like to mention?

- As you can see | am rather negative towards WMA. | am probably owerbevative.
On the other hand | do not know very much about WMA and you should not pay too
much attention to what | say.

While | was writing this it came to my mind that we do have some trouble with
surface dressings, bleeding tends to occur during heat because the binder is soft and
mixed with white spirit. Maybe this could be improved by mixing the binder with wax
like is done in the Sasobit method; keep it soft above 60-80°C (140-176°F), but stiffer
than regular surface dressing binder below that. If | remember cgrr@ak once taught
that wax is not preferable in asphalt binders because of contraction/therchaigra
during frost. Here there is rarely much frost and the surface dressing bisdéraed
perhaps there is not much risk that wax will spoil that sort of a binder. Perhapsdt woul
also be possible to lay surface dressing in a colder weather than othétiagseinder
would be mixed with wax. It does though cool very rapidly after it is sprayed on the roa
which is not good. But this could be looked into more closely.

It is also interesting to be able to lower emissions during placement. | herge he
that workers have complained about SMA modified with EVA (Ethyl-vinyl-aegat
was laid on a test section in Reykjavik 10 years ago).

- This process must be worked on slowly but positively because mistakes can ruin good
ideas.

- Itis likely that the largest pavement buyers, i.e. the City of Reykjavik arkaae
Administration, will primarily control whether matters like these develdpetand. If
these parties will start to put more emphasis on environmental issues or segisem
benefits in using WMA, the method will prevail here.

- Considering previous experience with full depth experiments here, | do not expect
WMA will be tested here until some experience will be reached abroad. Agytbuid
happen through international cooperation and Hladbaer-Colas is a part of a large
multinational company in road construction.



