
T H E O R E T IC A L  B A C K G R O U N D  AND L IT E L A T U R E  R E V IE W
C H A P T E R  I I

2.1 A sph a lt

2.1.1 Definition
Asphalt is dark brown to black, thick, viscous mixture of heavy 

hydrocarbons that occurs naturally (left after evaporation of lighter hydrocarbons, as in 
Trinidad's Pitch Lake) or as a residue of crude oil refining or destructive distillation of 
coal. Its ability to flow when heated, moisture repellency, and (depending on the type of 
additive) a range of softening points (usually between 57°C to 99°C, or about 135°F to 
210°F) makes it an ideal material for road paving, roofing, and water proofing 
applications. Also they called bitumen, coal tar, pitch, or tar.

2.1.2 General Information
The primary use of asphalt is in road construction where it is used as the 

glue or binder mixed with aggregate particles to create asphalt concrete. Its other main 
uses are for bituminous waterproofing products, including production of roofing felt and 
for sealing flat roofs.

Asphalt or bitumen can sometimes be confused with "tar", which is a 
similar black, thermoplastic material produced by the destructive distillation of coal. 
During the early and ทาid-20th century when town gas was produced, tar was a readily 
available product and extensively used as the binder for road aggregates. The addition of 
tar to macadam roads led to the word tarmac, which is now used in common parlance to 
refer to road-making materials. However, since the 1970s, when natural gas succeeded 
town gas, asphalt (bitumen) has completely overtaken the use of tar in these 
applications. Other examples of this confusion include the La Brea Tar Pits and the 
Canadian tar sands. Pitch is another term mistakenly used at times to refer to 
asphalt/bitumen, as in Pitch Lake.
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Natural deposits of asphalt include lake asphalts (primarily from the Pitch 
Lake in Trinidad and Tobago and Lake Bermudez in Venezuela), Gilsonite, the Dead 
Sea, bituminous rock and tar sands. Asphalt was mined at Ritchie Mines in Macfarlan in 
Ritchie County, West Virginia in the United States from 1852 to 1873. Bituminous rock 
was mined at many locations in the United States for use as a paving material, primarily 
during the late 1800s.

The substance is completely soluble in carbon disulfide, and composed 
primarily of a mixture of highly condensed polycyclic aromatic hydrocarbons; it is most 
commonly modeled as a colloid, with asphaltenes as the dispersed phase and maltenes as 
the continuous phase (though there is some disagreement amongst chemists regarding its 
structure). One writer stated although a "considerable amount of work has been done on 
the composition of asphalt, it is exceedingly difficult to separate individual hydrocarbon 
in pure form", and "it is almost impossible to separate and identify all the different 
molecules of asphalt, because the number of molecules with different chemical structure 
is extremely large".

Most natural bitumens contain sulfur and several heavy metals, such as 
nickel, vanadium, lead, chromium, mercury, arsenic, selenium, and other toxic elements. 
Bitumens can provide good preservation of plants and animal fossils. Asphalt can be 
separated from the other components in crude oil (such as naphtha, gasoline and diesel) 
by the process of fractional distillation, usually under vacuum conditions. A better 
separation can be achieved by further processing of the heavier fractions of the crude oil 
in a de-asphalting unit, which uses either propane or butane in a supercritical phase to 
dissolve the lighter molecules which are then separated. Further processing is possible 
by "blowing" the product: namely reacting it with oxygen. This makes the product 
harder and more viscous.

2.1,3 Application of asphalt
The asphalt used in the way, it can be divided into the following steps.
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Surface Preparing
• Prime coat (Figure 2.2)
• Tack coat(Figure 2.3)

Surface Pavement
• Hot-Mix Asphalt or Asphaltic Concrete
• Cold-Mix or Cold Mixed Asphalt 

Surface Dressing
• Single Surface Treatment (Chip Seal)
• Double Surface Treatment (DBST)
• Slurry Seal / Para Slurry Seal
• Cape Seal (Chip Seal + Slurry Seal) / Para Cape Seal 

Pavement Recycling
Patching or Deep Patching

F igure 2.1 The cross section of the road.
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Figure 2.2 Prime coat.

Figure 2.3 Tack coat.

Procedures of pavement have 5 steps as illustrated in Figure 2.1. 
Tack coat 
Laying
Steel wheeled Tandem roller compaction (Figure 2.4) 
Pheumatic-tired compaction (Figure 2.4)
Let it cool and then opened to traffic
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F igure  2.4 Laying and Steel wheeled Tandem roller compaction.

2.2 H ot-M ixed A sphalt (HM A)
Hot-mixed asphalt is used primarily as paving material and consists of a 

mixture of aggregate and liquid asphalt cement, which are heated and mixed in 
measured quantities. Hot-mixed asphalt facilities can be broadly classified as either 
drum mix plants or batch mix plants, according to the process by which the raw 
materials are mixed. In a batch mix plant, the aggregate is dried first then transferred to 
a mixer where it is mixed with the liquid asphalt. In a drum mix plant, a rotary dryer 
serves to dry the aggregate and mix it with the liquid asphalt cement. After mixing, the 
HMA generally is transferred to a storage bin or silo, where it is stored temporarily. 
From the silo, the HMA is emptied into haul trucks, which transport the material to the 
job site.

The primary emission sources associated with HMA production are the dryers, 
hot bins, and mixers, which emit particulate matter (PM) and a variety of gaseous 
pollutants. Other emission sources found at HMA plants include storage silos, which 
temporarily hold the HMA; truck load-out operations, in which the HMA is loaded into 
trucks for hauling to the job site; liquid asphalt storage tanks; hot oil heaters, which are 
used to heat the asphalt storage tanks; and yard emissions, which consist of fugitive
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emissions from the HMA in truck beds. Emissions also result from vehicular traffic on 
paved and unpaved roads, aggregate storage and handling operations, and vehicle 
exhaust. The PM emissions associated with HMA production include the criteria 
pollutants PM-10 (PM less than 10 micrometers in aerodynamic diameter) and PM2.5, 
hazardous air pollutant (HAP) metals, and HAP organic compounds. The gaseous 
emissions associated with HMA production include the criteria pollutants sulfur dioxide 
(S O 2 ), nitrogen oxides ( N O x) ,  carbon monoxide (C O ), and volatile organic compounds 
(V O C ) , as well as volatile HAP organic compounds.

2.3 W arm -m ixed  a sp h a lt (W M A)

2.3.1 History of Warm-Mixed Asphalt
The concept of using lower temperatures to produce asphalt mixes is not 

new. First attempt to produce asphalt with bitumen that was formed by steam was 
carried out in 1956 by Prof. Ladis Csanyi at Iowa State University, US Since then 
foaming technology has been used in different countries, including US, Australian 
Europe. For the last twenty years, waxes have been used as viscosity modifier in 
Germany; initially they were not used for lowering the temperature, but for better 
workability of mastic asphalt and only about fifteen years ago, reduction of production 
and paving temperatures was declared a priority. Fischer-Tropsch wax, fatty acid amide 
and montan wax were used as viscosity changing additives in Germany. Modern 
foaming technologies were introduced at the same time as experiments with zeolite 
started in Germany and Shell Bitumen patented a foaming technology that was later 
developed as WAM-Foam.

Since then, different new foaming principles have been introduced to the 
market that allows reduction in production temperature even below the boiling point of 
water. The newest warm-mixed asphalt (WMA) production technology that involves 
chemical modification of the bitumen was developed in US and is known as Evotherm. 
It was followed by different modifications of the same technology as well as new 
chemical additives from other companies. Since the start of developing modern WMA
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technologies, a lot of experiments have been carried out to establish potential benefits of 
using WMA and evaluating the performance compared to traditional Hot-Mixed Asphalt 
(HMA). First research reports are from Europe from 1990 and starting from 2002 a lot 
of testing and field trials have been conducted in US with publically available reports.

2.3.2 Benefits of Warm-Mixed Asphalt
The specific benefits of WMA depend on the process being considered. 

For this reason, it is difficult to group all WMA processes into one category and state 
that their features are superior or inferior to those of HMA (Chowdhury and Button, 
2008). However, the main benefits/advantages of using WMA over HMA are discussed 
below.

2.3.2.1 Environmental Benefits

• Reduced consumption of non-renewable fossil fuels and 
greenhouse gas emissions

The lower mixing temperatures required to 
manufacture WMA consumes less energy for heating during asphalt production. The 
reduced consumption of burner fuel conserves non-renewable fossil fuels and reduces 
greenhouse gas emissions. Investigations carried out in several countries show 
significant reductions in emissions of carbon dioxide (CO2) and nitrous oxide (NOx), 
while the emissions of sulphur dioxide (SO2) and VOC’s (volatile organic compounds) 
varied above and below those of HMA.

• Reuse of by-products which would otherwise require disposal
Although most of WMA additives are produced 

specially for WMA production, some such as Fischer-Tropsch waxes are produced as a 
by-product of the Fischer-Tropsch process and if not used may become a waste material.
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Using these products therefore has a direct environmental benefit of reducing waste 
materials and also pollution from the production of other WMA specific additives.

• Increased potential for recycling Recovered Asphalt
The increased potential for recycling RA in WMA 

over HMA is discussed below as an economic benefit but is listed here also as an 
environmental benefit as the recycling of RA reduces the volume of waste material that 
would otherwise have to be disposed of; it extracts the highest value from the RA and 
reduces the quantity of new (non-renewable resources) aggregate and bitumen required 
for new asphalt layers.

23.2.2 Health Benefits

• Improved conditions for workers and neighboring 
communities

The reduced fuel burned at the mixing plant and the 
lower mix temperatures during production and paving reduce emissions of aerosols, 
fumes and dust, both at the mixing plant and the paving site, and improve conditions for 
both the workers and the neighboring communities.

Investigations into emissions at paving sites in the 
USA found that where temperatures were reduced by 29°c to 43°c, the average 
reduction in total particulate matter (TPM) was between 67% and 77%, while the asphalt 
fumes, measured as benzene-soluble matter (BSM), was reduced by between 72% and 
81%, compared to the HMA control.

General worker safety is improved as a direct result 
of lower asphalt temperatures that reduces the risk of heat related injuries.

At the paving site, a reduction in mix temperature of 
30°c in South Africa’s hot summer months is very noticeable and welcomed along with 
the reduced odors produced by the mix.



• Siting plants closer to the work
Suitable sites for asphalt plants close to urban road 

networks, such as those found in major towns and cities are often difficult to find, due to 
plant emission requirements. Plants have to be situated far from these areas, making for 
long haulage distances. The lower emissions that can be expected from WMA means 
that asphalt plants can be located closer to the urban job sites, thus reducing haulage 
distance. Also the decrease in emissions represents a significant cost saving, considering 
that 30% to 40% of overhead costs at the asphalt plant can be attributed to emission 
control. Also, with the vehicles transporting the mix over shorter distances, their fuel 
consumption and emissions are reduced, further contributing to the savings.

2.3.2.3 Engineering and Economic Benefits
The engineering and economic benefits of using WMA derive 

mainly from three aspects.
(1) All WMA technologies have to provide better asphalt mix 

workability than HMA to achieve the required compaction at lower temperatures.
(2) WMA’s lower mixing and compaction temperatures, 

compared to HMA, result in flatter thermal gradients between the mix and both ambient 
and road temperatures. WMA therefore takes longer to cool from mixing to compaction 
temperature than HMA, thus providing a longer “compaction window” with many 
engineering advantages over HMA.

(3) WMA’s lower mixing temperatures result in 
comparatively less binder aging during mixing and paving than HMA.

The benefits that derive from these are discussed below.
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• Compaction aid
The improved workability provided by WMA 

technologies improves mix cohesion and act as a compaction aid where stiff mixes 
would be otherwise difficult to compact.

• Improved workability for hand work
WMA technologies improve mix cohesion and 

compact ability that is beneficial where hand work is required such as at intersections, 
widening, around manholes or for patching.

• Paving in cold weather
Climatic conditions in South Africa do not pose the 

same cold weather paving limitations as countries at higher latitude; nevertheless, there 
are times when low winter temperatures hamper paving operations.

Due to the lower mix and paving temperatures, 
WMA’s slower rate of cooling and longer “compaction window” provide significant 
advantages over HMA when transporting and paving asphalt in cold weather.

In regions of the country that experience very cold 
winters, the paving season can be extended using WMA.

• Paving at night
The lower WMA compaction temperatures and rate 

of cooling increase the opportunities for undertaking night work when ambient and road 
temperatures are lower than during the day and provides great advantages especially for 
busier roads where traffic can be economically accommodated on fewer lanes only at 
night when traffic volumes are significantly lower.
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• Increased haulage time/distance
The slower rate of cooling and longer compaction 

window allows WMA to be hauled for longer than HMA. This provides the advantage of 
hauling longer distances, or where in the urban settings traffic congestion is expected, 
extended haulage times.

In more extreme situations further advantage can be 
taken by manufacturing mix using WMA technologies but at HMA temperatures to 
enable substantially longer haulage distances or times.

• Reduced burner fuel consumption
Lower plant mixing temperatures should result in 

reduced fuel consumption, the extent of which depends on many factors, some of which 
include:

- The temperature of the WMA in relation to HMA.
- The moisture content of the aggregates and RA 

(fuel usage is reported to increase by around 10% for every 1% increase in moisture 
content).

- The efficiency of the mixing plant’s burner,
exhaust and emission systems

- Rapid changes between the production of WMA 
and HMA that required the plant to stabilize at the different operating temperatures.

NAPA reports an average 23% fuel saving, with 
results ranging from 15.4% to 77% reduction in fuel usage.

The WMA trials in South Africa were too short and 
interspersed with the production of conventional hot-mixed to measure fuel consumption 
figures accurately enough to draw conclusion. Nevertheless it can be concluded that 
there were indeed fuel savings as the plant's burners were turned down in order to 
produce the mix at the required lower temperatures.
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• Reduced binder aging
The reduced temperatures of WMA are expected to 

reduce binder aging during production and paving and result in improved flexibility and 
resistance to fatigue and thermal cracking in the asphalt layers. It is speculated that this 
will improve pavement performance and increase the period between maintenance 
interventions; thus saving money by reducing life cycle costs and using less non­
renewable resources. The extent of the reduced life cycle costs will have to be verified 
by long-term pavement performance measurement. Ingredients of some WMA additives 
have an additional anti-aging effect.

• Synergy between WMA and asphalt recycling processes
The softer binder resulting from the lower 

temperatures used in the manufacture of WMA may assist in rejuvenating the aged 
binder in the RA, thereby improving the mix’s fatigue properties. The WMA technology 
will also improve the compatibility of stiffer mixes that may result from the 
incorporation of high proportions of RA.

WMA mixes containing up to 40% RA, using both 
penetration grade bitumen and A-Pl as well as A-E2 binders have been successfully 
produced and paved in trials in South Africa, while higher percentages of RA, even up to 
90% and 100%, with the addition of rejuvenating oil compounds, have been achieved in 
Germany with manufacturing and paving being carried out at conventional HMA 
temperatures.

• Siting plants closer to the work
Suitable sites for asphalt plants close to urban road 

networks, such as those found in major towns and cities are often difficult to find, due to 
plant emission requirements. Plants have to be situated far from these areas, making for 
long haulage distances. The lower emissions that can be expected from WMA means 
that asphalt plants can be located closer to the urban jobsites, thus reducing haulage
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distance. Also the decrease in emissions represents a significant cost saving, considering 
that 30% to 40% of overhead costs at the asphalt plant can be attributed to emission 
control. Also, with the vehicles transporting the mix over shorter distances, their fuel 
consumption and emissions are reduced, further contributing to the savings.

2.3.3 Drawbacks of Warm-Mixed Asphalt 

• Rutting
Rutting is mainly caused by the less aging of the binder because 

of the lower production temperatures, as well as moisture susceptibility of WMA mixes. 
This can result in the premature rutting of the pavement surface (Zaumanis, 2010; 
Corrigan, 2009).

• Cost effectiveness
Although WMA promises a significant reduction in energy 

consumption, initial costs, in addition to royalties, could discourage contractors. Unless 
stricter emission regulations are enforced, contractors will probably not use these 
technologies, solely for their other benefits (Kristjansdottir, 2006).

Indeed, the initial cost of WMA could be the greatest obstacle to 
overcome. Furthermore, other costs, such as recurrent ones or royalties, also have to be 
considered. This initial cost varies depending on the technology used. For example, the 
use of WMA technology requires additives (a recurrent cost) and asphalt plant 
modifications, which requires a capital investment. These technologies could bring 
important savings if a better long-term performance is achieved as a result of the less 
aging of the binder during production. Nevertheless, this has yet to be proven as WMA 
has not been employed for a sufficiently long time period for a real evaluation of its cost 
effectiveness (Diefenderfer and Flearon, 2008).



16

• Moisture susceptibility
The lower compaction temperature used when producing warm 

asphalt may increase the potential for moisture damage, as established in the studies 
carried out by Hurley (Hurley and Prowell, 2005; Hurley and Browell,2005; Hurley and 
Prowell, 2006). Moisture damage appears to have two causes. First, lower mixing and 
compaction temperatures can result in incomplete drying of the aggregate.

To prevent moisture susceptibility, proper mix design is thus 
essential. Of the many ways to prevent stripping in a pavement, the use of anti-stripping 
agents (ASAs) is the most common method. One of the most frequently used ASAs is 
hydrated lime. According to previous research studies, the addition of the right anti­
stripping agents can reduce potential moisture damage (Xiao and Amirkhanian, 2010). 
The second cause stems from the use of these ASAs. Since liquid ASAs are blended 
with the binder, and then mixed with aggregate and the water-bearing additive, chemical 
reactions between these components may occur at a high mixing temperature (around 
110 °C), which may result in a loss of bond in a mixture (Smith, 2006). The addition of 
RAP to WMA mixtures can improve moisture sensitivity performance and also prevent 
rutting (Hill, 2011).

• Long term performance
Evidently if WMA does not perform well throughout its life 

cycle, there will be no long-term environmental benefits or energy savings. Due to the 
relative newness of these products, field test sections are still few in number, and they 
also have a short life (seven years in the USA and over ten years in certain European 
countries). For this reason, it is not as yet possible to talk about long term performance. 
To date, in the USA no significantly negative long term performance has been reported 
(Chowdhury and Button, 2008), and in Europe the trial sections of WMA have 
performed as well as or better than FIMA overlays (D'Angeloe/ al., 2008). It is 
important to highlight that, whereas in the USA tests have been performed by public 
organisms (Departments of Transportation), in Europe they have been carried out by the
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private companies that market the products. Evidently, this means that at least in certain 
cases, the evaluation of WMA technologies is somewhat less objective.

• Environmental pollution effects of WMA additives
Even though certain WMA manufacturing techniques include the 

use of chemical additives, it is still uncertain whether they are a potential source of 
pollution.

• Quantitative life-cycle analysis (QLCA)
Evidently, a QLCA is needed in order to assess pavement 

sustainability and promote WMA technologies (Miller and Bahia, 2010). As its name 
implies, such an analysis would consider the entire life cycle of a product from raw 
material extraction and acquisition, through energy and material production and 
manufacturing, to use and end-of-life treatment and final disposal. The application of 
LCA in the construction of asphalt pavements is relatively recent, as underlined by 
Huang (Huang et al., 2009) in his study. However, it would allow companies to measure 
and compare products and processes, which would ultimately contribute to the 
development of technologies characterized by cleaner production.

2.3.4 Warm-Mixed Asphalt Technologies

2.3.4.1 Classification of WMA Technologies
The WMA technologies can be classified in several ways. One is 

to classify the technologies by the degree of temperature reduction. Warm-Mixed 
Asphalt (WMA) is an asphaltic mixture made using a wide range of technologies that 
allow for production and placement at temperature of the WMA at the time of 
production shall be below Tmax-50°c, Where Tmax is the maximum allowable production 
temperature of HMA. WMA technologies may be used as a compaction aid to extend the 
paving season in colder climates when produced at a range of temperature up to those
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ty p ic a l fo r  H M A  p ro d u c tio n . A  W M A  te c h n o lo g y  m a y  in c lu d e  an  a d d it iv e , sp e c ia lty  
e q u ip m e n t, o r  b o th . T h e  w o rd s  “b itu m in o u s  c o n c re te ” , in  th e  S ta n d a rd  S p e c if ic a tio n s  
an d  o th e r  d o c u m e n ts  re fe re n c e d  b y  th is  sp e c if ic a tio n , sh a ll a p p ly  to  “ W a rm -M ix e d  
A s p h a lt” a n d  “ W M A ” . W M A  can  b e  c o n v e n ie n tly  c la s s if ie d  b y  th e  d e g re e  o f  
te m p e ra tu re  re d u c tio n  c o m p a re d  to  th a t o f  c o n v e n tio n a l H M A . T h is  is il lu s tra te d  in 
F ig u re  2.5, w h ic h  sh o w s  th e  ty p ic a l ra n g e s  in m ix  te m p e ra tu re , f ro m  c o ld  m ix e s  to  
c o n v e n tio n a l h o t-m ix e d  a s p h a lt  (H M A ). It a lso  sh o w s  th e  c o n s u m p tio n  o f  fu e l in c re a se s  
in  o rd e r  to  p ro d u c e  m ix e s  a t h ig h e r  te m p e ra tu re s . I f  th e  p ro d u c tio n  te m p e ra tu re  is less 
th a n  100°c (212°F) it is c o n s id e re d  as a “ h a lf -w a rm ” m ix . G e n e ra lly  W M A  is re g a rd e d  
to  h av e  p ro d u c t io n  te m p e ra tu re s  a t le a s t 20°c b e lo w  th o s e  o f  H M A , a n d  a b o v e  100°c. 
W h ile  H M A  is g e n e ra lly  m a n u fa c tu re d  a t te m p e ra tu re s  b e tw e e n  140°c a n d  16°c, W M A  
is ty p ic a lly  p ro d u c e d  a t te m p e ra tu re s  b e tw e e n  100°c a n d  140°c (S o lo m o n s e t a i ,  2011).

0 100 200 300 400
T e m p e r a tu r e ,  °F

Figure 2.5 T y p ic a l te m p e ra tu re  ra n g e s  fo r  m ix e s , f ro m  c o ld  m ix e s  to  c o n v e n tio n a l 
H M A .

A n o th e r  w a y  to  c la s s ify  W M A  is b y  th e  te c h n o lo g ie s  u se d  to  
re d u c e  te m p e ra tu re . T h is  c la s s if ic a t io n  m e th o d  a llo w s  fo r  a m o re  d e s c r ip tiv e  d is c u s s io n  
o f  th e  p ro c e s s . N o  g e n e ra l o r  c o m m o n ly  u se d  te c h n o lo g y  c la s s if ic a t io n  w a s  fo u n d  d u rin g  
th e  li te ra tu re  re v ie w . T h e  fo llo w in g  c la s s if ic a t io n  w as  m a d e  a f te r  m a k in g  an  o v e rv ie w  o f
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te c h n o lo g ie s  o n  th e  m a rk e t, by  g e n e ra l iz in g  th e  d if fe re n t te rm s  u se d  in o th e r  s tu d ie s  an d  
a f te r  c o n su lta tio n  w ith  c h e m ic a l e n g in e e rs  to  m e e t th e  p ro d u c in g  te c h n iq u e  a d e q u a c y  to  
te c h n o lo g y  c la s s if ic a t io n . T h re e  d if fe re n t te c h n iq u e s  w e re  fo u n d :

•  F o a m in g  te c h n iq u e s  (w h ic h  a re  d iv id e d  in to  w a te r-b a se d
an d  w a te r  c o n ta in in g )

•  O rg a n ic  o r  w ax  a d d it iv e s
•  C h e m ic a l a d d itiv e s

A ll o f  th e  e x is tin g  p ro d u c ts  u se  a t le a s t o n e  o f  th e se  te c h n o lo g ie s , 
b u t th e re  m a y  be  c o m b in a tio n  o f  th e m  as w e ll.

2 .3 .4 .1 .1  F o a m in g  p ro c e ss
T h is  te c h n o lo g y  m a in ly  e n ta ils  th e  a d d itio n  o f  sm all 

a m o u n ts  o f  w a te r, e ith e r  in jec te d  in to  th e  h o t b in d e r  o r  d ire c t ly  in to  th e  m ix in g  c h a m b e r  
(L a rse n , 2 0 0 1 ). W h e n  th e  w a te r  is m ix e d  w ith  the  h o tb itu m e n , h ig h  te m p e ra tu re s  cau se  
it to  e v a p o ra te  an d  th e  s team  ise n tra p p e d . T h is  g e n e ra te s  a la rg e  v o lu m e  o f  fo a m , w h ich  
te m p o ra r ily  in c re a se s  th e  v o lu m e  o f  th e  b in d e r  an d  re d u c e s  m ix  v isc o s ity . T h is  e ffec t 
re m a rk a b ly  im p ro v e s  th e  c o a tin g  an d  w o rk a b ility  o f  th e m ix , b u t its d u ra tio n  is lim ited . 
T h is  m e a n s  th a t th e  m ix  m u s t be  sp re a d  and  c o m p a c te d  so o n  a f te r  p ro d u c tio n . T h ese  
m e th o d s  h av e  b een  te s te d  fo r s o f t  an d  m ed iu m  b itu m e n  g ra d e s  (B u tz  e t a l ,  2 0 0 1 ). 
S p e c ia l p re c a u tio n s  m u s t be ta k e n  w h e n  ad d in g  w a te r . In  o th e rw o rd s , th e  quan tity ' o f  
w a te r  sh o u ld  be ju s t  e n o u g h  to p ro d u c e  th e  fo a m in g  e ffe c t, b u t n o t so  m u c h  as to  c a u se  a 
s tr ip p in g  p ro b le m  (S m ith , 2 0 0 7 ).

A lth o u g h  th e  b a s ic  p ro c e s s  is th e  sa m e  fo r m o s t o f  
th e se  p ro d u c ts  an d  te c h n o lo g ie s , th e  w a y  in w h ic h  w a te r  is a d d e d  to  th e  b in d e r  c a n  vary . 
T h is  m e a n s  th a t fo a m in g  p ro c e s se s  can  e ith e r  be  w a te r-b a s e d  (d ire c t m e th o d  
te c h n o lo g ie s )  o r w a te r-c o n ta in in g  ( in d ire c t m e th o d  te c h n o lo g ie s )  (Z a u m a n is , 2 0 1 0 ).
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- W a te r-c o n ta in in g  te c h n o lo g ie s
W a te r-c o n ta in in g  te c h n o lo g ie s  u se  sy n th e tic  

z e o lite  to  p ro d u c e th e  fo a m in g  p ro c e ss . T h e  p ro d u c t is c o m p o s e d  o f  a lu m in o s il ic a te s  o f  
a lk a li m e ta ls , a n d  h as  b e e n  h y d ro - th e rm a lly  c ry s ta lliz e d . T h e  c ry s ta lliz a tio n  is 
a p p ro x im a te ly  2 0 %  w a te r, w h ic h  is re le a se d  from  th e  z e o lite  s tru c tu re  as th e  te m p e ra tu re  
r ise s . T h is  c a u s e s  a m ic ro - fo a m in g  e ffe c t in th e  a sp h a lt m ix  (S m ith , 2 0 0 7 ), w h ic h  lasts  
a b o u t 6 -7  h o u r  (C h o w d h u ry  an d  B u tto n , 2 0 0 8 ; D ’A n g e lo  e t al., 2 0 0 8 ). T h e  s tru c tu re  o f  
th e  z e o lite s  h a s  la rg e  a ir  v o id s  w h e re  c a tio n s  an d  e v en  m o le c u le s  o r c a tio n  g ro u p s  (su ch  
as w a te r)  c a n  b e  h o s te d . T h e ir  a b ility  to  lo se  an d  a b s o rb  w a te r  w ith o u t d a m a g in g  th e  
c ry s ta l l in e s tru c tu re  is th e  m a in  c h a ra c te r is t ic  o f  th is  s il ic a te  f ra m e w o rk  (C h o w d h u ry  and  
B u tto n , 2 0 0 8 ).

- W a te r-b a se d  te c h n o lo g ie s
W a te r-b a se d  te c h n o lo g ie s  u se  w a te r  in a 

m o re  d ire c t w a y . T h is  m e a n s  th a t th e  w a te r  n e e d e d  to  p ro d u c e  th e  fo a m in g  e ffe c t 
is in je c te d  d ire c t ly  in to  th e  h o t b in d e r  f lo w  u su a lly  w ith  sp e c ia l n o z z le s . A s  th e  w a te r  
ra p id ly  e v a p o ra te s , th is  p ro d u c e s  a la rge  v o lu m e  o f  fo a m  th a t s lo w ly  c o lla p se s . T h is  
c a te g o ry  can  b e  su b d iv id e d  in to  th e  ty p es  o f  p ro d u c t u se d  to  m ak e  th e  m ix  (Z a u m a n is ,
2010)

• D o u b le  B arre l G re e n , U ltra fo a m  
G X , L T  A sp h a lt:  A lth o u g h  th e  e q u ip m e n t fo r in je c tin g  w a te r  in to  th e  h o t b in d e r  
s tre a m d if fe rs  ( s in c e  each  c o m p a n y  m a k e s  its o w n  e q u ip m e n t) , th e  b as ic  p r in c ip le  is th e  
sa m e . S ev e ra l n o z z le s  are  u se d  to in je c t th e  co ld  w a te r  to  m ic ro sc o p ic a l ly  fo am  th e  
b in d e r.

•  W A M  F o am : T h is  is a tw o -
c o m p o n e n t b in d e r  sy stem  (a lso  k n o w n  as a tw o -p h a se  m e th o d )  th a t fe e d s  a  so ft b in d e r  
a n d a  hard  fo a m e d  b in d e r  a t d iffe re n t tim e s  in to  th e  m ix in g  c y c le d u rin g  p ro d u c tio n . T h e
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so ft b i tu m e n  is f irs t m ix e d  w ith  th e  a g g re g a te  to  p re -c o a t it. T h e n  th e  h a rd  b itu m e n  is 
a d d ed  to  th e  m ix tu re , w h ic h  h as  b e e n  fo a m e d  by  th e  p re v io u s  in je c tio n  o f  co ld  w a te r  in a 
q u a n tity  ra n g in g  fro m  2 %  to  5 %  o f  th e  m a ss  o f  th e  h a rd  b in d e r. T h is  c o m b in a tio n  o f  so ft 
b in d e r  a n d  fo a m in g  o f th e  ha rd  b in d e r , a lo n g  w ith  th e  fo a m in g  o f  th e  h a rd  b itu m e n , 
re d u c e s  m ix  v is c o s ity  to  p ro v id e  th e  n e c e ssa ry  w o rk a b ility .

T h e re  are  o th e r  te c h n o lo g ie s  th a t u se  w a te r  
d iffe re n tly , an d  th u s  d o  n o t fall in to  e ith e r  c a te g o ry . O n e  e x a m p le  is L o w  E n erg y  
A sp h a lt  w h ic h  u se s  w e t fin e  a g g re g a te . T h e  fo a m in g  e ffe c t is p ro d u c e d  a t c o n ta c t w ith  
the  h o t b in d e r  w h e n  a g g re g a te  o f  a  c e r ta in  p a r tic le  s iz e  is p a r tia lly  d r ie d . S uch  
te c h n o lo g ie s  a re  b a se d  o n  a p ro c e ss  k n o w n  as s e q u e n tia l m ix in g . T h e  fin a l w a te r  c o n te n t 
is u su a lly  a ro u n d  0 .5 %  at 9 5 ° c ,  w h ic h  g u a ra n te e s  w o rk a b ili ty  a n d  a su f f ic ie n t lev e l o f  
c o m p a c tio n  ( D ’A n g e lo e f  al., 2 0 0 8 ; B u e c h e , 2 0 0 9 ).

In 2 0 0 7 , M c C o n n a u g h a y  d e v e lo p e d  L o w  E m iss io n  
A sp h a lt. L ik e L o w  E n e rg y  A sp h a lt, it is a c o m b in a tio n  o f  c h e m ic a l and  
fo a m in g te c h n o lo g y . T h e  m ix in g  p ro c e s s  a lso  o c c u rs  in tw o  p h a se s . In th e  f irs t p h a se , th e  
b in d e r  c o n ta in in g  a  c h e m ic a l a d d it iv e  is a d d ed  to th e  h o t c o a rse  a g g re g a te s , a n d  in the  
se c o n d  p h a se , w e t sa n d  is a d d e d  w h ic h  c re a te s  a fo a m in g  a c tio n  (H a m z a h et a i ,  2 0 1 0 ).

2 .3 .4 .1 .2  O rg a n ic  a d d itiv e s
O rg a n ic  o r  w ax  a d d it iv e s  a re  u se d  to  a c h ie v e  the  

te m p e ra tu re  re d u c tio n  by  re d u c in g  v is c o s ity  o f  b in d e r. T h e  p ro c e s se s  sh o w  a d e c re a se  o f  
v is c o s ity  a b o v e  th e  m e ltin g  p o in t o f  th e  w ax  m a k in g  it p o s s ib le  to  p ro d u c e  a sp h a lt 
c o n c re te  m ix e s  a t lo w e r te m p e ra tu re s . A f te r  c ry s ta l liz a t io n , th e y  te n d  to  in c re a se  th e  
s tif fn e ss  o f  th e  b in d e r  an d  a s p h a lt’s re s is ta n c e  a g a in s t  d e fo rm a tio n . T h e  ty p e  o f  w ax  
m u s t be  s e le c te d  c a re fu lly  so  th a t th e  m e ltin g  p o in t o f  th e  w a x  is h ig h e r  th a n  e x p e c te d  in 
se rv ic e  te m p e ra tu re s  an d  to  m in im iz e  e m b r it t le m e n t o f  th e  a s p h a lt  a t  lo w  te m p e ra tu re s . 
T h is  ty p e  o f  p ro c e ss  w a s  d e v e lo p e d  a t th e  end  o f  19 80 s, an d  h a s  b e e n  in u se  e v e r  s in ce .
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It h a s  g iv e n  r ise  to  th ree  te c h n o lo g ie s  w h ic h  d iffe r  in th e  ty p e  o f  w a x  u se d  to  red u c e  
v isc o s ity : F is c h e r-T ro p s c h  w a x , fa tty  a c id  a m id e , and  M o n ta n  w a x .

- E x a m p le  o f  o rg a n ic  a d d it iv e s  - F is c h e r- tro p sc h
w a x

F isc h e r-T ro p sc h  p a ra ff in s  a re  lo n g -c h a in  
a lip h a tic  h y d ro c a rb o n s  w h ic h  a re  p ro d u c e d  fro m  sy n g a s  (c a rb o n  m o n o x id e  and  
h y d ro g e n )  u n d e r  a h ig h  p re s su re  c a ta ly tic  p ro c e s s . F T -m o le c u le s  h a v e  a d if fe re n t c h a in  
le n g th  th a n  p a ra f f in s  th a t a re  n a tu ra lly  fo u n d  in m in e ra l o il. T h is  e x p la in s  w h y  F T - 
p a ra f f in s  h a v e  d if fe re n t p h y s ic a l p ro p e rtie s  an d  w h y  th e y  c a n n o t be  c o m p a re d  w ith  
n a tu ra lly  o c c u rr in g  b itu m in o u s  w a x e s . F T -p a ra f f in s  a re  c o m p le te ly  so lu b le  in b itu m e n  a t 
te m p e ra tu re s  a b o v e  115 °c. T h e y  fo rm  a h o m o g e n e o u s  so lu tio n  w ith  b a se  b itu m e n  o n  
s ti r r in g  and  p ro d u c e  a m a rk e d  re d u c tio n  in th e  b i tu m e n ’s v is c o s ity  d u rin g  its  liq u id  s ta te . 
D u rin g  c o o lin g  th e  F T -p a ra ffin s  c ry s ta lliz e  an d  fo rm  c ry s ta l l i te s  in th e  b itu m e n . T h is , in 
tu rn , in c re a se s  a s p h a lt  s ta b ili ty  an d  its d e fo rm a tio n  re s is ta n c e .

T h e  d iffe re n c e  b e tw e e n  n a tu ra lly  o c c u rr in g  
b i tu m in o u s  w a x e s  an d  F -T  w a x e s  re s id e s  in th e ir  s tru c tu re  a n d  p h y s ic a l p ro p e r t ie s . M o re  
sp e c if ic a lly , th e  m a in  d iffe re n c e  is th e ir  m u c h  lo n g e r  c h a in  len g th s  an d  f in e  c ry s ta llin e  
s tru c tu re . R e se a rc h  h as  sh o w n  th a t th e se  w a x e s  h av e  go o d  o x id a tio n  an d  a g in g  s tab ility , 
an d  c a n  be s to re d  in d e f in ite ly  (H u rle y  an d  P ro w e ll, 2 0 0 5 ).

- E x a m p le  o f  o rg an ic  a d d it iv e  - fa tty  a c id  am id
F a tty  ac id  a m id e s  a re  s y n th e s iz e d  lo ng - 

c h a in a l ip h a tic  h y d ro c a rb o n s . F a tty  a c id  a m id e  m o le c u le s  h a v e  a  d if fe re n t c h a in  len g th  
th a n  p a ra ff in s  n a tu ra lly  fo u n d  in m in e ra l o il. T h is  e x p la in s  w h y  fa tty  a c id  a m id e s  h av e  
d if fe re n t p h y s ic a l p ro p e rtie s  an d  w h y  th e se  a m id e s  c a n n o t b e  c o m p a re d  w ith  n a tu ra lly  
o c c u rr in g  b i tu m in o u s  w ax es .

F a tty  ac id  a m id e s  a re  c o m p le te ly  so lu b le  in 
b i tu m e n  a t te m p e ra tu re s  a b o v e  140 ๐c .  W h e n  s tir r in g  th e  m ix  th e y  fo rm a  h o m o g e n e o u s
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so lu tio n  w ith  th e  b a se  b itu m e n  an d  p ro d u c e  a  m a rk e d  re d u c tio n in  the  b i tu m e n ’s 
v isc o s ity  d u r in g  its liq u id  s ta te .

D u rin g  c o o lin g  th e  fa tty  ac id  a m id e s  
c ry s ta l l iz e a n d  fo rm  c ry s ta l l i te s  in th e  b i tu m e n ,th u s  in c re a s in g  a s p h a lt  s ta b ility a n d  its 
d e fo rm a tio n  re s is ta n c e .

- E x a m p le  o f  a d d it iv e  - M o n ta n  w a x
T h e  d iffe re n c e  b e tw e e n  n a tu ra lly  o c c u rr in g  

b i tu m in o u s  w a x e s  an d  F -T  w a x e s  re s id e s  in th e ir  s tru c tu re  an d  p h y s ic a l p ro p e rtie s . M o re  
sp e c if ic a lly , th e  m a in  d if fe re n c e  is th e ir  m u c h  lo n g e r  c h a in  le n g th s  an d  fine  c ry s ta llin e  
s tru c tu re . R e se a rc h  h a s  sh o w n  th a t th e s e  w a x e s  h a v e  g o o d  o x id a tio n  an d  a g e in g  
s ta b ility , a n d  can  be s to re d  in d e f in ite ly  (H u r le y  and  P ro w e ll, 2 0 0 5 ).

2 .3 .4 .1 .3  C h e m ic a l a d d itiv e s
C h e m ic a l a d d itiv e s  a re  th e  th ird  ty p e  o f  W M A  

te c h n o lo g y  th a t is c o m m o n ly  u sed . A  v a r ie ty  o f  c h e m ic a l p a c k a g e s  a re  u se d  fo r d iffe re n t 
p ro d u c ts . T h e y  u su a lly  in c lu d e  a c o m b in a tio n  o f  e m u ls if ic a tio n  a g e n ts , su rfa c ta n ts , 
p o ly m e rs  a n d  a d d it iv e s  to  im p ro v e  c o a tin g , m ix tu re  w o rk a b ility , a n d  c o m p a c tio n , as 
w e ll as a d h e s io n  p ro m o te rs  (a n ti-s tr ip p in g  a g en ts) . T h e  a d d e d  a m o u n t an d  te m p e ra tu re  
re d u c tio n  d e p e n d s  o n  th e  sp e c ific  p ro d u c t u sed . T h e  c h e m ic a l a d d it iv e  p a c k a g e  is u sed  
e ith e r  in th e  fo rm  o f  an  e m u ls io n  o r a d d e d  to  b itu m e n  in m ix  p ro d u c tio n  p ro c e ss  an d  
th e n  m ix e d  w ith  h o t a g g re g a te . T h is  re su lts  in re la tiv e ly  m in o r  m o d if ic a tio n s  n e e d e d  to  
th e  a s p h a lt  p la n t o r  to  th e  m ix  d es ig n  p ro c e ss .

T h e se  W M A  te c h n o lo g ie s  u tiliz e  c h e m ic a l a d d it iv e s  
th a t h a v e  li ttle  e f fe c t o n  b in d e r  rh e o lo g ic a l p ro p e rtie s . T h e  p ro d u c ts  m a y  be  s u p p lie d  in 
p e lle t, p o w d e r  o r  liq u id  fo rm , and  th e n  m ix e d  in to  th e  b in d e r  o r  a d d e d  d irec t to  th e  
m ix e r. T h e y  w o rk  by a s u r fa c ta n t e ffe c t th a t e n h a n c e s  th e  sp re a d in g  o f  th e  b in d e r  film  
o v e r  th e  a g g re g a te  by  re d u c in g  su rfa c e  te n s io n , r e su lt in g  in a lu b r ic a tin g  e ffe c t o n  th e
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m ix  e v e n  a t lo w e r  te m p e ra tu re s . S o m e  o f  th e  su rfa c ta n ts  u se d  a lso  h a v e  an  a d h e s io n  
p ro m o tin g  e ffe c t a n d  p ro d u c ts  c a n  c o n ta in  a d d it iv e s  th a t h a v e  a  b in d e r  s ti f fe n in g  e ffec t 
a t s e rv ic e  te m p e ra tu re s . O th e r  te c h n o lo g ie s  fa llin g  in to  th is  c la s s  a re  fo rm u la te d  as h igh  
re s id u a l b i tu m e n  c o n te n t  e m u ls io n s  th a t co n ta in  a g e n ts  to  im p ro v e  a g g re g a te  c o a tin g  an d  
w o rk a b ility , as w e ll as a d h e s io n  p ro m o te rs . T h e y  a re  in th e  fo rm  o f  e m u ls io n s  th ese  
te c h n o lo g ie s  can  b e  s to re d  a t m u c h  lo w er te m p e ra tu re s  th a n  o th e r  b in d e rs  u se d  in th e  
p ro d u c tio n  as a s p h a lt ,  a t a ro u n d  80°c. T h e  w a te r  in th e  e m u ls io n  v a p o r iz e s  w h e n  it is 
m ix e d  w ith  th e  h e a te d  ag g re g a te , fo rm in g  a fo a m e d  b in d e r  w ith  a  s ig n if ic a n tly  in c reased  
v o lu m e . T h is  e n h a n c e s  a g g re g a te  c o a tin g  at lo w e r te m p e ra tu re s  in  a s im ila r  w ay  to  th e  
“w a te r  te c h n o lo g ie s ”  w h ile  th e  a d d it iv e s  m o d ify  o th e r  m ix  p ro p e r t ie s .

2 .3 .4 .2  Sum m ary  o f  WMA p roducts
T h e  m o s t w id e ly  u sed  p ro d u c ts  a v a ila b le  o n  th e  m a rk e t an d  th e ir  

d e sc r ip tio n s  a re  lis te d  in T a b le  2 .1 . It a lso  c o n ta in s  th e  re p o r te d  re g io n s  o f  th e  u se  fo r 
c o r re sp o n d in g  p ro d u c ts  from  th e  lite ra tu re . A s th e  re p o r te d  v a lu e s  o f  p ro d u c tio n  
te m p e ra tu re s  w e re  n o t th e  sa m e  in all the  re p o r ts , th e  m o s t c o m m o n ly  re p o r te d  d a ta  
o rd a ta  su p p o rte d  b y  th e  p ro d u c tio n  c o m p a n y  a re  lis ted  f irs t a n d  th e  d a ta  f ro m  d iffe re n t 
re se a rc h  a f te r. T h e  d if fe re n c e s  in th e  rep o rts  m a y  be  c a u se d  by  d if fe re n t fa c to rs , su ch  as 
ty p e  an d  th e  a m o u n t o f  a d d itiv e s  u sed , h u m id ity  o f  m a te r ia ls , m ix  d e s ig n  m e th o d , 
c lim a tic  c o n d itio n s , m a te r ia ls  u se d , e tc . T h e  a m o u n t o f  W M A  a d d it iv e  u s u a lly  d e p e n d s  
o n  th e  m a te r ia ls  u se d , th e ir  p ro p o r tio n  and  e s p e c ia lly  th e  g ra d e  an d  ty p e  o f  b itu m e n  
u sed .
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Table 2.1 S u m m a ry  o f  W M A  p ro d u c ts  d e sc r ip tio n  (Z a u m a n is ,2 0 1 0 )

Product Company Description Reports from 
countries

Additive Production 
temperature [or 

reduction 
rangesl

FOAMING TECHNOLOGY
Aquablack
WMA MAXAM

equipment
Water based 
foaming process

ข.ร. Not necessary Not specified

Double Barrel 
Green

Astec Water based 
foaming process

บ.ร. By choice,
Anti-stripping
agent

116-135 °c 
120 °c

Low Energy 
Asphalt

LEACO Water based 
Hot coarse 
aggregate mixed 
with wet sand

บ.ร, France, 
Spain, Italy

Yes, ±0.5% of 
bitumen weight of 
coating and 
adhesion additive

<100°c
105-124°c

Low Energy 
Asphalt

McConnau-ghay
Technologies

Combination o f  
chemical and 
water based 
foaming 
technology

บ.ร. Yes, 0.4% of 
bitumen weight

90 °c 
>100°c

Ultrafoam GX Gencor
Industries Water based 

foaming process
บ.ร. Not necessary Not specified

WAM-Foam Shell and Kolo- 
Veidekke

Foaming process
using two binder 
grades

บ.ร, Norway Antistripping
agents
could be added to 
soften binder

110-120 °c
100-120°c 
62 °c

Warm-Mixed 
Asphalt System

Terex
Roadbuilding

Water based 
foaming process

บ.ร. Not necessary [<32°CJ

LEAB BAM Water based 
Mixing of 
aggregates below 
water boiling 
point

Netherlands 0.1% of bitumen 
weight of coating 
and adhesion 
additive

90 °c

LT Asphalt Nynas Water based 
Binder foaming + 
hygrophilic filler

Italy,
Netherlands

0.5-1.0% of 
hygroscopic filler 
by
mixture weight

90 °c

Advera PQ Corporation Water containing 
using Zeolite

บ.ร. 0.25% by mixture 
weight

[20-30 °C]

Aspha-Min Eurovia Water containing 
Zeolite

บ.ร, France, 
Germany

0.3% by mixture 
weight

30 °c 
[20-30 °C]
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Product Company Description Reports
from

countries
Additive Production

temperature [or 
reduction 
rangesl

ORGANIC
Sasobit Sasol Fischer-Tropsch

wax
บ.ร, EU, 
worldwide

2.5-3.0% of 
bitumen
weight in Germany 
1-1.5% of bitumen 
weight in US

[10-30 °C] 

[20-30 °C] 
[18-54 °C] 
130-150 °c

Asphaltan A 
Romonta N

Romonta GmbH Montan wax for 
mastic asphalt

Germany 1.5-2.0% of
bitumen
weight

[20 °C]

Asphaltan B Romonta GmbI I RafinedMontan 
wax with fatty 
acide amide for 
rolled asphalt

Germany 2-4% by mixture 
weight
2.5%by mixture 
weight

[20-30°C]

Licomont BS 
100

Clariant Fatty' acid amide Germany 3% of bitumen 
weight

[20-30°C]

3E LT or 
Eco flex

Colas proprietary France Yes, not specified [30-40 °C]

CHEMICAL
Evothcrm ET Mead-Westvaco Chemical

bitumen
emulsion

บ.ร, France, 
worldwide

Delivered in form 
of
bitumen emulsion

[50-75 °C] 
[37-54 °C] 
85-115๐c

Evotherm
DAT

Mead-Westvaco Chemical 
package 
plus water

บ.ร, France, 
worldwide

30% by weight of 
binder

[45-55๐Cl 
>93 °c 
85-115 °c

Evotherm 3 G Mead-Westvaco Water free 
chemical package

บ.ร. Not Specified [33-45 °C] 
[15-27°C]

CECABASE
RT

CECA Arkema 
group

Chemical
package บ.ร, France 0.2-0.4% by

mixture
weight

120°c

lo r e
Rediset WMX Akzo Nobel cationic 

surfactants and 
organic additive

บ.ร, Norway 1.5-2% o f bitumen 
weight

[>30 °C] 
[16 °C]
126°c

REVIX Mathy-Ergon Surface-active 
agents, waxes, 
processing aids, 
polymers

บ.ร. Not speccified [15-26 °C]
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2.4 Life Cycle Assessment (LCA)
A c h ie v in g  su s ta in a b le  d e v e lo p m e n t re q u ire s  m e th o d s  an d  to o ls  to  q u a n tify  an d  

c o m p a re  th e  e n v iro n m e n ta l im p a c ts  o f  ea c h  p ro d u c t. E v e ry  p ro d u c t h a s  a life , s ta r tin g  
w ith  d e s ig n  o r  d e v e lo p m e n t o f  th e  p ro d u c t, fo llo w e d  by  p ro d u c t io n  a n d  c o n su m p tio n , 
an d  f in a lly  e n d -o f- li fe  a c tiv it ie s  in c lu d in g  c o lle c tio n , w a s te  d isp o sa l , reu se , an d  
re c y c lin g  (R e b itz e re t  al., 2 0 0 4 ). A ll o f  th e  p ro c e s se s  th ro u g h o u t th e  p r o d u c t ’s life  re su lt 
in th e  e n v iro n m e n ta l im p a c ts  d u e  to  c o n su m p tio n  o f  re so u rc e s , g e n e ra t io n  o f  w a s te s , an d  
e m is s io n s  o f  su b s ta n c e s

2.4.1 H is to ry  o f  L C A
L ife  cy c le  a s s e s s m e n t (L C A ) w a s  d e v e lo p e d  a ro u n d  th e  la te  1960s and  

e a r ly  1970s, a p e r io d  in w h ic h  o il c r is is  an d  e n v iro n m e n ta l issu e  b e c a m e  a b ro a d ly  
p u b lic  c o n c e rn  (R u sse ll et a l . , 2 0 0 5 ). It b e c a m e  o b v io u s  th a t th e  p e tro le u m  re so u rc e  w ill 
las t fo re v e r  an d  th e  e x p o n e n tia l e c o n o m ic  g ro w th  m ig h t re su lt  in b o th  e n v iro n m e n ta l 
an d  so c ia l d is a s te r . T h e re fo re , th e  c o n c e p t o f  e n e rg y  and  e n v iro n m e n ta l a n a ly s is , w h ic h  
had  b een  c o n d u c te d  fo r s e v e ra l years, w a s  la te r  b ro a d e n e d  to  e n c o m p a s s  re so u rc e  
re q u ire m e n t, w a s te  g e n e ra tio n , a n d  e m iss io n  lo a d in g .

2.4.1.1 D ecades o f  C onception  (1970-1990)
D e c a d e s  o f  c o n c e p tio n  a re  the  b e g in n in g  p e r io d  o f  L C A  w ith  

w id e ly  d iv e rg in g  a p p ro a c h e s , te rm in o lo g ie s , a n d  re su lts . L C A  w as  p e r fo rm e d  by  u s in g  
d if fe re n t m e th o d s  an d  w ith o u t a c o m m o n  th e o re tic a l f ra m e w o rk  in th is  p e r io d . In 1969, 
th e  f irs t L C A  s tu d y  w as  c o n d u c te d  by M id w e s t R ese a rc h  In s ti tu te  (M R I)  in th e  U n ited  
S ta te s  fo r  th e  C o c a  C o la  C o m p a n y  ab o u t d if fe re n t b e v e ra g e  c o n ta in e rs  (G u in é e  et al.,
2 0 1 0 ). In E u ro p e , e a r ly  L C A -lik e  w o rk  s ta r te d  so o n  a f te rw a rd s  in G e rm a n y , E n g lan d , 
S w itz e r la n d , an d  S w e d e n  (K lô p ffe r , 1997). T h e  m a in  to p ic  w a s  th e  c o m p a ra t iv e  a n a ly s is  
o f  p a c k a g in g  u n d e r  e n v iro n m e n ta l a sp e c ts , e sp e c ia lly  w ith  re g a rd  to  re so u rc e  
c o n se rv a tio n  a n d  e n e rg y  sa v in g . T h e  S w iss  F e d e ra l L a b o ra to r ie s  fo r M a te r ia ls  T e s tin g  
an d  R ese a rc h  (E M P A ) p u b lish e d  a rep o rt th a t p re se n te d  a c o m p re h e n s iv e  lis t o f  th e  d a ta
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n e e d e d  fo r  L C A  s tu d y  in 1984 (G u in é e  et al., 2 0 1 0 ). In th e  la te  1980s, n o t o n ly  
p a c k a g in g , b u t a lso  m a n y  o th e r  sy s te m s  w e re  g ra d u a lly  s tu d ie d  a n d  an a ly z e d  from  
“ c ra d le  to  g ra v e ” (K lô p ffe r , 1997). T h e n  a sh ift can  b e  o b se rv e d  f ro m  c o m p a ra tiv e  
s tu d ie s  to w a rd  sy s tem  o p tim iz a tio n  an d  b e n c h m a rk in g . It h as  b e e n  re c o g n iz e d  th a t a 
la rge  sh a re  o f  th e  e n v iro n m e n ta l im p a c ts  o f  m a n y  p ro d u c ts  is n o t in th e  u tiliz a tio n  o f  th e  
p ro d u c t, b u t in its p ro d u c tio n , tra n s p o r ta tio n , an d  d isp o sa l p ro c e ss .

2.4 .1 .2  D ecade o f  S tandard iza tion  (1990-2000)
T h e  n u m b e r  o f  L C A  re se a rc h  w o rk s  an d  h a n d b o o k s  has b een  

p ro d u c e d  s in c e  th e  b e g in n in g  o f  th e  19 90 s (R u sse ll et a i ,  2 0 0 5 ). M a n y  sc ie n tif ic  jo u rn a l 
p a p e rs  h a v e  a lso  b een  p u b lish e d . In th e  e a r ly  1990s, th ro u g h  its N o r th  A m e ric a n  and  
E u ro p e a n  b ra n c h e s , th e  S o c ie ty  o f  E n v iro n m e n ta l T o x ic o lo g y  an d  C h e m is try  (S E T A C ) 
sh a p e d  th e  d e v e lo p m e n t o f  L C A  in a se r ie s  o f  im p o rta n t w o rk s h o p  re su ltin g  in th e  
“ C o d e  o f  P ra c t ic e ” in 1993 (P e rr im a n , 1993 ; E k v a ll, 2 0 0 5 ). T h is  d o c u m e n t d e sc r ib e s  a 
p ro c e d u ra l f ra m e w o rk  fo r L C A  a n d  a lso  in c lu d e s  so m e  m e th o d o lo g ic a l 
re c o m m e n d a tio n s . N e x t  to  S E T A C , th e  In te rn a tio n a l O rg a n iz a t io n  o f  S ta n d a rd iz a tio n  
(IS O ) h as  b e e n  in v o lv e d  in L C A  s in c e  1994 in o rd e r  to  s ta r t a s ta n d a rd iz in g  p ro c e ss  
( A rv a n ito y a n n is , 2 0 0 8 ). T h e re fo re , th is  p e r io d  can  be c h a ra c te r iz e d  as a p e r io d  o f  
c o n v e rg e n c e  b e tw e e n  S E T A C ’s c o o rd in a tio n  an d  IS O ’s s ta n d a rd iz in g  ac tiv ity .

N o w a d a y s , L C A  b e c o m e s  in c re a s in g ly  im p o rta n t d u e  to 
a w a re n e ss  o f  th e  e n v iro n m e n ta l im p a c ts  c a u se d  b y  p ro d u c ts . G o v e rn m e n ts  and  
c o rp o ra t io n s  all o v e r  th e  w o rld  a lso  e n c o u ra g e d  th e  u se  o f  L C A  (R e a p  et a i ,  2 0 0 8 ). A s  a 
re su lt, L C A  h as b e c o m e  a  c o re  e le m e n t in e n v iro n m e n ta l p o lic y  as w e ll as v o lu n ta ry  
a c tio n .

2 .4 .2  D e f in itio n  o f  L C A
T w o  o f  th e  m o s t w id e ly  a c c e p te d  d e f in it io n s  o f  L C A  a re  p re se n te d  b e lo w  

as th e y  h a v e  b een  c h ro n o lo g ic a lly  fo rm u la te d  to  d a te .
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2 .4 . 2.1  D efin ition  o f  LCA by SE TA  c
“ T h e  life  cy c le  a s se s sm e n t is an  o b je c tiv e  p ro c e s s  to  e v a lu a te  the 

e n v iro n m e n ta l b u rd e n s  a s so c ia te d  w ith  a p ro d u c t, p ro c e s s  o r  a c tiv ity  b y  id e n tify in g  and  
q u a n tify in g  e n e rg y  a n d  m a te r ia ls  u se d  an d  w a s te s  re le a se d  to  th e  e n v iro n m e n t; to  asse ss  
th e  im p a c t o f  th o s e  e n e rg y  an d  m a te r ia l u se s  a n d  re le a se s  to  th e  e n v iro n m e n t;  an d  to  
id e n tify  and  e v a lu a te  o p p o rtu n itie s  to  e f fe c t e n v iro n m e n ta l im p ro v e m e n ts . T h e  
a s s e s s m e n t in c lu d e s  th e  e n tire  life  cy c le  o f  th e  p ro d u c t, p ro c e ss  o r  ac tiv ity , 
e n c o m p a s s in g  e x tra c t in g  an d  p ro c e s s in g  raw  m a te r ia ls ; m a n u fa c tu r in g ; tra n sp o r ta tio n  
an d  d is tr ib u tio n ; u se , re -u se , m a in te n a n c e ; re c y c lin g ; and  fina l d is p o sa l .”

2 .4 .2 .2  D efin ition  o f  LCA by IS O  14040
“ L C A  is a te c h n iq u e  fo r  a s se s s in g  th e  e n v iro n m e n ta l a sp e c ts  and  

p o te n tia l  im p ac ts  a s so c ia te d  w ith  a p ro d u c t by:
/ .C o m p i l in g  an in v e n to ry  o f  re le v a n t in p u ts  an d  o u tp u ts  o f  a 

p ro d u c t sy s tem ;
2. E v a lu a tin g  th e  p o te n tia l  e n v iro n m e n ta l im p a c ts  a sso c ia te d  

w ith  th o se  in pu ts  an d  o u tp u ts ;
3. In te rp re tin g  th e  re su lts  o f  th e  in v e n to ry  a n a ly s is  an d  im p ac t 

a s s e s s m e n t ph ases  in re la tio n  to  th e  o b je c t iv e s  o f  th e  stu dy .
L C A  s tu d ie s  the  e n v iro n m e n ta l a sp e c ts  an d  p o te n tia l im p ac ts  

th ro u g h o u t the  p ro d u c t 's  life  (i.e . c ra d le  to  g ra v e )  fro m  raw  m a te r ia ls  a c q u is it io n  th ro u g h  
p ro d u c tio n , use  a n d  d isp o sa l. T h e  g en e ra l c a te g o r ie s  o f  e n v iro n m e n ta l im p a c ts  n e e d in g  
c o n s id e ra tio n  in c lu d e  re so u rc e  u se , h u m an  h e a lth , an d  e c o lo g ic a l c o n s e q u e n c e s ” .

2 .4 .3  L C A  M e th o d o lo g y
T h e  S o c ie ty  o f  E n v iro n m e n ta l T o x ic o lo g y  an d  C h e m is try ’s (S E T A C ) 

“ C o d e  o f  P ra c t ic e ” , w h ic h  can  be illu s tra te d  b y  th e  fa m o u s  S E T A C  tr ia n g le  sh o w n  in 
F ig .2 .6 , o r ig in a lly  d is tin g u is h e d  fo u r  m e th o d o lo g ic a l c o m p o n e n ts  w ith in  L C A : goal and
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sc o p e  d e f in it io n , in v e n to ry  a n a ly s is , im p a c t a s se ssm e n t, an d  im p ro v e m e n t a s se s sm e n t 
(R e b itz e r  et a i ,  2 0 0 4 ).

Impact
Assessment

Improvement
Assessment

Inventory 
. Analysis

Figure 2 .6  S E T A C  tr ia n g le  (K lô p ffe r , 1997)

A c c o rd in g  to  ISO  14040, im p ro v e m e n t a s s e s s m e n t is n o  lo n g e r  re g a rd e d  
as a p h a se  o n  its o w n , b u t r a th e r  as h a v in g  an  in f lu e n c e  th ro u g h o u t th e  w h o le  L C A  
m e th o d o lo g y  (R e b itz e r  et a i ,  2 0 0 4 ). M o re o v e r , in te rp re ta tio n  w h ic h  is a p h ase  th a t 
in te ra c ts  w ith  a ll o th e r  p h a se s  in th e  L C A  h as been  in tro d u c e d  as i l lu s tra te d  in F ig .2 .7 . 
[ท p ra c tic e , an  L C A  is o f te n  c o n d u c te d  ite ra tiv e ly , r e p e a tin g  so m e  o f  th e  p h ases  se v e ra l 
t im e s  in o rd e r  to  e lim in a te  u n c e r ta in tie s  (W id h e d e n  an d  R in g s tro m , 2 0 0 7 ).
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Figure 2.7 General methodological framework of LCA.

2.4.3.1 Goal and Scope Definition
The goal and scope definition phase in the LCA is the planning 

phase which attempts to set the extent of the inquiry and provides the following 
descriptions of the product system (Widheden and Ringstrom, 2007):

• Objectives
The ISO 14040 standard states that the goal 

definition “shall unambiguously state the intended application, the reason for carrying 
out the study and the intended audience”.

• System boundaries
The scope defines the boundaries of the study, 

including the products and unit processes for which data are to be collected, and the 
geographical locations and technological levels of these processes, resulting in a strategy 
for data collection.
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• Functional unit
The functional unit, which is the basis for the 

calculation, is a measure of the performance that the system delivers and also enables 
alternative products to be compared and analyzed.

• Assumptions and limitations
The assumptions and limitations are very important 

to each LCA in case of the internal consistency of the study.

• Allocation methods
The allocation methods are used to partition the 

environmental load of a process when several products or functions share the same 
process.

• Impact categories
The impact categories represent environmental issues 

of concern to which LCI results may be assigned. The impact catagories which are 
selected in each LCA study have to be able to describe the impacts caused by the 
products being considered of the product system being analyzed.

2.43.2 Inventory A nalysis
Life Cycle Inventory (LCI) is the phase of the LCA involving the 

compilation and quantification of inputs and outputs; it comprises data collection and 
data calculation. Data collection consists of the identification and quantification of the 
relevant input and output flows for the whole life cycle of a product.

Basically three types of flows can be differentiated: elementary 
flows (emissions, resources) that are emitted into the environment or extracted from it, 
product flows (goods, services), that come from or go to the techno sphere, and waste
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flows (a sub-type of product flows). The use of resources and the use of land, raw 
materials, fabricated products, auxiliary materials, energy carriers and electricity are 
recorded as inputs. Emissions to air, water and land as well as wastes and by-products 
are outputs in an inventory analysis. In the later stage of the impact assessment, the 
quantitative information on the product system's elementary flows (and in some methods 
the waste flows) is used to analyze the product's impacts.

The most important steps of life cycle inventory work are 
determination of the reference quantity (e.g. functional unit, reference flow), description 
of system in flow diagrams, identification of unit processes to be modeled separately in 
LCI model, qualitative determination of inputs and outputs, quantitative determination 
of inputs and outputs, documentation of the type of data survey, inventory data 
collection, inventory data collection of transport, and Calculation of the inventory, 
including allocations and covering the inventories of the background data sets(Jensen, 
1997).

2.4.3.3 Impact Assessment
The impact assessment is carried out on the basis of the 

inventory analysis data. It is the third phase in a life cycle assessment containing the 
following main issues (Bianchi, 2008):

• Category definition
The impact assessment categories should link the 

potential impacts and effects on what is referred to as the "areas of protection" of the 
LCA, i.e. the entities that we want to protect by performing and using the LCA. Today, 
there is acceptance that the protection areas of life-cycle assessment are:

> natural resources
> natural environment
> human health
> and often also: man-made environment
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• Classification
In the classification step the inventory data are 

assigned to categories according to their impact. For instance, carbon dioxide emissions 
contribute to the greenhouse effect and are hence assigned to the impact category 
Climate change. If a substance contributes to several impact categories, it has to be taken 
into account in all of these categories. Such a case is, for example, nitrogen oxide that 
causes both eutrophication and acidification.

• Characterization
Classification is followed closely by characterization. 

Every substance is assigned a potential impact in the impact category under study. The 
potential impact of a substance is given relative to a dominant factor in the category, e.g. 
for the Climate change potential this is typically 1 kg of carbon dioxide emissions. These 
relative impacts (the characterization factors of a substance) are than multiplied with the 
amount of each emission and the resulting impact values are summed for the respective 
impact category.

categories:
Life Cycle Impact Assessment uses generally the following

- Greenhouse effect (or global warming potential)
Global warming is called the greenhouse effect 

because the gases that are gathering above the earth make the planet comparable to a 
greenhouse. By trapping heat near the surface of the earth, the greenhouse effect is 
warming the planet and threatening the environment. The climate changes that will 
result from global warming are extremely difficult to predict. If temperatures do indeed 
rise significantly, the most important result would be that some portion of the polar 
icecaps would melt, raising global sea levels.The Global Warming Potential (GWP) is 
the potential contribution of a substance to the greenhouse effect. This value has been
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calculated for a number o f substances over periods o f 20, 100 and 500 years because it is 
clear that certain substance gradually decompose and will become inactive in the long 
run.

- Ozone layer depletion
The ozone layer is essential to life on earth, as it 

absorbs harmful ultraviolet-B radiation from the รนท. Every time 1% o f the ozone layer 
is depleted, 2%  more UV-B is able to reach the surface o f  the planet. The increasing o f 
ultraviolet-B is one o f the most harmful consequences o f ozone depletion because it can 
cause skin cancer. Ozone Depletion Potential (ODP) values have been established 
mainly for hydrocarbons containing combined bromine, fluorine and chlorine, or CFCs. 
Here too, one o f  the substances (C FC -11) has been adopted as a reference.

- Acidification
The Acidification Potential (AP) is expressed relative 

to the acidifying effect o f SO 2 . Other known acidifying substances are nitrogen oxides 
(NOx), sulfuric acid (H2 SO4), and hydrogen chloride (HC1).

- Eutrophication
Eutrophication is an increase in the concentration of 

chemical nutrients (nitrogen (N) and phosphorus (P)) in water bodies, often leading to 
changes in animal and plant populations and degradation o f water and habitat quality. 
The Nutriphication Potential (NP) is expressed as kg phosphate (PO 4 ) equivalents. Other 
emissions also influence eutrophication, notably nitrogen oxides and ammonium.

2 . 4 . 3 . 4  I n t e r p r e t a t i o n

Within the framework o f an evaluation, the results from the 
impact assessm ent and the inventory analysis are analyzed and conclusions and

i z r a n u



36

• Significant issues
In order to determine the significant issues the main 

contributions o f each impact category have to be identified (which emissions and/or 
which processes are dominant within each category). The relevant inventory data which 
cannot be recorded through impact categories must also be integrated into the study. 
Following the scope definition, the main contributions can be grouped by the individual 
process step, individual life phases and the entire life cycle. Together with these results, 
the significant issues can now be established, since it is now also clear which processes 
or life phases are dominant.

• Results evaluation
To evaluate the results according to the ISO standard, 

a com pleteness check, a sensitivity check, and a consistency check of the identified 
processes or life phases must be carried out. Completeness is checked by e.g. a mass and 
energy data analysis and considering experts’ know-how o f the modeled processes. 
Sensitivity is determined by calculating scenarios for different processes or different 
parameters (e.g. varying yield o f processes and emission factors). The effects o f the 
different assumptions on the total result show the sensitivity.

It must be ensured that all necessary information and 
data relevant to the interpretation are available and complete; for confidentially needs or 
process operators the ISO standards foresee to establish respective agreements. It is also 
important to check to what extent uncertainties, for example through the estimation of 
data due to data gaps, may influence the result. The consistency check should ensure that 
the procedure is consistent with the goal and scope definition and that the methodology 
and other rules have been accurately and consistently applied for the whole product 
system.

recom m endations are established. A further aspect is the transparen t p resen ta tion  o f  the
LCA  results. T he ISO  standards com prise  three in terpretation  e lem ents (B ianchi, 2008):



37

• Conclusions and recommendations
The aim o f this third step o f the interpretation is to 

reach conclusions and recommendations for the report o f the LCA study or life cycle 
inventory study.

This step is important to improve the reporting and the 
transparency o f  the study. Both are essential for the readers o f the LCA report.

The results o f the critical review o f the study shall also 
be included when presenting the conclusions and recommendations.

2.4.4 Application o f LCA
As mentioned, LCA is a method to help quantify and evaluate the 

potential environmental impacts o f products. This implies that LCA can be applied to 
any applications where the environmental impacts of the complete or part o f the 
product’s life cycle are o f interest. For instance, LCA can be used in order to identify 
significant environmental aspects and also provide a baseline for decisions about product 
improvements in product development projects.

Governmental organizations, non-governmental organizations, and 
industries have applied LCA in a wide variety of sectors, either autonomously or with 
the help o f research institutes or consultants (Rebitzer et a l ,  2004). For example, LCA 
can be used for identifying and improving waste treatment strategy in the nation level. 
Another application area is marketing. The LCA results can be used to communicate the 
environmental benefits o f a product to customers, e.g., through the LCA-based 
communication tool environmental product declaration (EPD) (W idheden and 
Ringstrom, 2007).

W hile noting a great importance o f LCA in many applications, activities 
in various industrial sectors and changes in consumer behavior are ultimately the most 
crucial factors for reducing the environmental impacts associated with product.
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2.5 LCA Studies of Warm-Mixed Asphalt
Zhen Leng and Imad Al-Qadi (2011) : Study the LCA o f WMA compared to 

traditional LIMA. Specifically, the environmental and economic performance o f the 
following two mixtures were evaluated and compared 1) a warm stone mastic asphalt 
(SMA) binder course mixture with a chemical additive and 2) a control hot SMA binder 
course mixture. A life cycle inventory (LCI) was developed to quantify the energy, 
material inputs, and emission during aggregate and asphalt binder production, and 
mixture plant production, transportation, and placement. Subsequently, the lifecycle 
model was applied to compare the environmental impacts and the economic 
costs(agency cost and user cost) o f the control SMA mixture and the warm SMA 
mixture. Then environmental impacts o f factors such as global warming, air pollutants, 
etc. were computed using the Tool for the Reduction and Assessm ent o f Chemical and 
Other Environmental Impacts (TRACI) developed by the US Environmental Protection 
Agency (USEPA 2008). Finally, the overall performances o f the control SMA and the 
warm SMA were compared by calculating a weighted environmental and economic 
score and the total cost (environmental, agency, and user costs). The results o f this study 
indicate that the warm SMA provides significant environmental benefits compared to the 
control hot SMA. When the mixing temperature was decreased from 325 to 280 °F (168 
to 138 °C), the overall environmental impact of the material, production, transportation, 
and placement was reduced by 6.4% due to the use o f warm mix additive.

G. F. A. Ball (2010) : Gives a summary o f developments in warm asphalt 
manufacture up to 2009, and has the following objectives: 1. Summarize research and 
trials carried out overseas and in New Zealand with the various methods o f producing 
asphalt mixes. 2. Evaluate as far as possible energy consumption and emissions for each 
method, and compare these with each other and the figures for hot mix production. 3. 
Compare costs o f  setting up and production. 4. Investigate if any particular 
methodologies are particularly suited to the New Zealand situation. 5. Establish whether 
technologies are at a stage where they can contribute significantly to environmental
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enhancement in N ew  Zealand; whether local research and trials are needed; and whether 
steps should be taken to adopt the technology.

Butt (2012) : In this work, an open LCA framework is suggested for quantifying 
energy and environmental loads during construction, maintenance and end o f  life phases 
o f a given asphalt pavement. A method to calculate feedstock energy o f bitumen is 
developed and a method to quantify mass-energy flows o f additives is described. If the 
production data o f additives is available, an energy-mass flow o f any asphalt additive 
can be calculated based on the method suggested. Case-studies were performed to 
demonstrate the use o f  the LCA framework. The suggested LCA framework was 
demonstrated in a limited case study (A) o f a typical Swedish asphalt pavement. 
Sensitivity analyses were also done to show the effect and the importance of the 
transport distances and the use o f efficiently produced electricity mix. It was concluded 
that the asphalt production and materials transportation were the two most energy 
consuming processes that also emit the most Green House Gases (G H G ’s). Case study B 
was shown how polymer modification for improved performance affects the energy 
consumption and emissions during the life cycle o f a road. From the case study (C) it 
was concluded that using bitumen with self-healing capacity can lead to a significant 
reduction in the GHG emissions and the energy usage. Furthermore, it was concluded 
that better understanding of the binder would lead to better optimized pavem ent design 
and thereby to reduced energy consumption and emissions. Production energy limits for 
the wax and polym er were determined which can assist the additives manufacturers to 
modify their production procedures and help road authorities in setting ‘green’ limits to 
get a real benefit from the additives over the life time o f a road.
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