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Abstract

Introduction. There has been a world-wide tendency, a global trend to reduce energy demand
using a wide variety of methods. With this, on the one hand, the goal is to conserve the limited available
and increasingly expensive energy carriers, and on the other hand, it is strived to reduce the emission of
greenhouse gases and thereby fight against climate change.

Problem statement. In the field of road construction, the most widespread manifestation of this
sustainability endeavour is the goal of replacing high-energy, hot asphalt mixtures (HMA) with variants
of suitable quality. It is a common experience that in this field, the so-called warm asphalt mixtures
(WMA) can be the most effective solution.

Purpose. The purpose of this article is to examine the environmental effects of the WMA. The
authors of the article also deal with whether the type of substitute asphalt mixture does not represent a
(long-term) performance reduction in the asphalt layers.

Materials and methods. Environmental safety of asphalt mixing plants is a growing concern
nowadays due to the high temperature of asphalt mixture production requiring a lot of energy, and
resulting in much air pollutants released into the air. The comparison between hot mix asphalt (HMA)
and warm mix asphalt (WMA) was performed using BEES (Building for Environmental and Economic
Sustainability) 4.0 model; just now the environmental features of the two asphalt mixture types was
concentrated on. (The model has also an economic element).

Results. It was shown that the application of WMA — in addition to the obvious economic
advantages — reduces air pollution by 25.6 %, and fossil fuel consumption by 19.9 %, as well as it
decreases the environment impacts by 11.4 % during its whole life time related to those of HMA.

Keywords: energy savings, environmental impacts, reclaimed asphalt pavement, life cycle
assessment, warm mix asphalt.

Introduction

The increased CO -emissions of using hot mix asphalt (HMA) affects negatively environment in
addition to high energy consumption. In recent years, warm mix asphalt (WMA) has attracted more and
more attention due to its technical, environmental, and economic benefits such as reduced binder aging,
short construction time and less energy need [1-3]. The use of WMA in pavement started in 2 000 in
European countries and Australia [4]. After a few years, this technology started also in North America.
WMA contains a number of additives, which are used to produce bitumen mixtures in relatively low
temperatures (by some (20—-60) °C lower than conventional hot mix asphalt). HMA industries try to save
non-renewable resources and reduce harmful effects on environment [5, 6] which is a non-renewable
resource that is progressively depleting. Therefore, the current challenge for road industry is to use
renewable materials (i.e. bio-materials not subjected to depletion. The bitumen mixtures are classified
due to their production temperature:

1. Cold mix asphalt (CMA) (0-30) °C,
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2. Half-warm mix asphalt (HWMA) (60—100) °C,

3. Warm mix asphalt (WMA) (100-140) °C,

4. Hot mix asphalt (HMA) (> 150 °C) [7].

Figure 1 shows the asphalt mixtures by their production temperature, energy used, and gas
resurrections. For every reducing 10 °C in bitumen product temperature, energy consumption reduces by
about 1 L and original CO, emission by 1 kg/ton [8].

As an average, the life of highway pavements is about 12 years, afterwards it needs some kind
of repair using generally the widespread traditional methodologies, which have many difficulties and
limitations. Foamed asphalt regeneration technology is a contrived technology in the field of road
construction; it is the best way to solve the road maintenance issues due to: reusing reclaimed asphalt
pavement (RAP) effectively, reducing the need for energy resources, limited effect of weather conditions,
no traffic interruption, the possibility for building thin asphalt surfacing, reducing project costs, so
foamed asphalt can be considered as a green binder.
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Figure 1 — Classification of asphalt mixtures [8]

Mix design of WMA

The mix design methods of WMA can be based on Marshall, Superpave, or Hveem-procedures
[9, 10]. Wang et al. [11] refers that almost every WMA study uses mix design protocols of HMA after
minor modifications in the HMA plant. Bitumen mix design methods for WMA includes:

1. Binder and aggregate selection: the bitumen binder to be used should be selected as a
function of local environmental conditions and actual traffic size [12, 13]. Chowdhury and Button [14]
recommended the use of one grade stiffer bitumen binder for WMA for reducing mixture stiffness. At the
same time, Wang et al. [11] proposed the use of similar bitumen binder, which is applied in HMA.

2. Aggregate gradation: typically dense-graded aggregate grading is selected for laboratory and
field studies [15, 16] the failure severity was computed in indirect tension. Two binder types and various
compaction temperatures were used for sample fabrications. The gyratory compaction data were used to
quantify the mixtures Workability Index (WI). No noticeable changes in aggregate gradation between
WMA and HMA can be identified [17] foaming water content, and aggregate moisture content on the
performance of foamed warm mix asphalt (WMA).

3. Additional additives: for example, antistripping agent (ASA) can be added in case of extreme
exposure of WMA to moisture [18].

4. Mixing and compaction temperature: The temperatures applied depend on the actual paving
method [19]. The reduced mixing temperature of warm mix asphalt can cause inappropriate aggregate
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coating by binder, which may be led to moisture damages [20, 21] as compared to hot mix asphalt (HMA).
While eventual reduction in compaction temperature would result in lower density due to the difficulties
of compaction in the field [22]. Over 80 % of premature failures, such as permanent deformation, moisture
damage, and raveling, are attributable to inadequate compaction [23].

Mechanical performance of WMA

Resistance to rutting potential

There are many factors, which have impact on the rutting characteristics of asphalt mixtures such
as: aggregate gradation, type of bitumen binder and additive features [24]; besides, different sources of
aggregate can influence on rutting behaviour of WMA [25]. One of the related studies proved that the
use of additives with WMA changes rutting resistance while the binder source does not influence the
resistance to permanent deformation [26] (Figure 2).

Effect of using of additives with WMA
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Figure 2 — Effect of using additives in WMA ([1], [14], [26]-[32] there are no old pavements to
study the ageing behaviour of warm mix asphalt (WMA)

When investigating the rutting resistance of WMA mixes with granite aggregates, it was revealed
that the performance of rough graded mixture is better than that of smooth one [33]. This finding can be
explained by the fact that the connection between aggregate grains (stone on stone) increases bearing
capacity and reduces sensitivity in rutting.

Moisture sensitivity

The most common important concern for WMA is the tendency to damage by moisture,
especially after many years of operation. The improper adhesion between binder and aggregates or in
the bond of binder-filler may cause moisture damage in bituminous mixtures [34]. Several factors can
contribute to moisture damage such excess water during foam production or the use of wet aggregate
[29], [35]. The reduction in production temperature causes insufficient drying of water of the aggregate
which can also.

Life-cycle assessment (LCA)

Life cycle assessment (LCA) is the systematic approach of looking at a product’s complete life
cycle on the environment including climate change, fossil fuel depletion, human health, and acidification
potential [36]. Generally, LCA consists of six steps: raw material processing, transportation,
construction, utilization, maintenance and repair, and final disposal at the end of life [37]. In the other
hand, an ISO-assessment includes four major steps [38]:
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1. Scope definition: system description and unit selection between basic and alternative products
(for this study, metric ton is selected for HMA).

2. LCI (life cycle inventory): for prediction of the amount of waste from basic materials and
other production activities (HMA and its components).

3. LCIA (Life-cycle impact assessment): assessment of the environmental impacts attributable
to a product under investigation using the input data from the life cycle inventory (environmental impacts,
green house gas emission, human impacts)

4. Life cycle interpretation: evaluation of the results of LCIA due to all impact categories.

The use of WMA could reduce the photochemical ozone formation (POF) by (65-75) %, and
the use of fuel by (20-25) % compared to those of HMA, while Blankendaal’s study concludes that the
use of WMA reduce negative effects by 33 % [39]. Zheng [40] stated that the environmental impacts of
warm mix asphalt is lower by 15 % than the relevant impacts when using HMA.

Warm mix bitumen

The four main additives that can be used with WMA production are as follows [14]:

a) Min-bitumen: it is a manufactured zeolite containing internal water; water is released during
mixing process, resulting in foamed bitumen, which improves the effective mixing in low temperature.

b) Foam-WAM: binder of high viscosity is added to the aggregate to ensure coating, then foamed
bitumen coming from hard binder is applied [44].

c) Sasobit: it is a wax-type product of coal that dissolves in bitumen at high temperatures
reducing its viscosity during mixing. This chemical process is used to reduce mix temperature by 10 °C
to 30 °C..

d) Evotherm: it is combined with binder then mixed with aggregate; this additive is able to
reduce the asphalt mixing temperature and to decrease the energy need up to 55 % [45].

The National Center for Asphalt Technology (NCAT) reported that the performance of WMA
could be compared with HMA [14] that is no worsening in quality is expected from the use of this
ecofriendly technology. Angelo et al reported that the volumetric properties are not affected by using of
additives [14], but there is an increased possibility for moisture since the mixing and the paving of the
WMA mixture are carried out at low temperature [45].

Life-cycle inventory (LCI) was used for HMA mixtures to analyze energy requirements, material
inputs, and the emissions related to its production, too.

Environmental research

In our research work, the main factors related to energy need and released harmful emissions of
WMA were investigated. In the study performed, a typical mixture (4.9 % bitumen binder, 64.8 % coarse
aggregate, and 30.3 % fine aggregate) was assumed. The energy and emission data were identified based
on many reports and databases, the precision was higher for the main pollutants (i.e., CO, CO,, SO,,
and NO,) than for other ones. The energy exhaustion data were almost equal to the studies related with
this field [46]. BEES 4.0 Model was used for the comparison of the environmental impact of HMA and
WMA.

BEES 4.0 Model for LCA

BEES (Building for Environmental and Economic Sustainability) model [41] uses the life-cycle
assessment approach specified in the ISO 14040 series of standards for measuring the environmental
performance of building products [38]. The main goals of BEES model are:

1. Helping manufacturers in innovating and developing cost-effective, green building products.

2. Allowing a broad range of stakeholders to analyze and to select these products based on their
major attributes.
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BEES was developed by the NIST (National Institute of Standards and Technology) Engineering
Laboratory, this tool is based on consensus standards and designed to be practical, flexible, and
transparent. It analyzes all life stages of the product studied as cradle-to-grave analysis: obtaining,
manufacturing, implementing, using and maintaining of raw materials, as well as waste management [42].

Economic performance generally is measured by the costs of initial investment, replacement,
operation, maintenance, repair, and demolition of the product in question. The BEES model computes
the index value for each factor in order to measure the total impact of a product on the environment by
summing the masses of harmful emissions multiplied by relevant their conversion factors (converting
from one gram of a harmful emission type to its equivalent of carbon dioxide). Equivalency factors are
provided by the BEES model based on the research work conducted by the U.S. Environmental Protection
Agency, which can be summarized as shown in Table 1; it considers 10 factors in the analysis [43].

Table 1
Environmental impact factors [43]

Environmental impact Substance Description Weights (%)
Global warming Carbon dioxide Temperature increasing 30
Acidification Hydrogen ions Affects all ecosystems 3
Eutrophication Nitrogen Undesirable shifts in ecosystems 6
Fossil fuel depletion Surplus (MJ) Depletion of fossil fuel 15
Water Intake Water Water 11.1take durmg. 8

production and service
Criteria air pollutants Years of life lost ::;gscles leading to respiratory dis- 10
Human health (noncancerous) | Toluene Noncancerous health concerns 6
Human health (cancerous) Benzene Cancerous health concerns 9
. . . Harmful effects on human
Smog formation Nitrogen oxide health and vegetation 4
Ozone depletion CFC-11 Thinning of the ozone layer 2
eslepienl tarsisty 2.4-D tPeI;ianSn terrestrial and aquatic ecosys- 7

Research results and their discussion
The BEES model assumes that environmental and economic factors are fifty-fifty. The outputs

of BEES 4.0 Model presents the environmental impacts for the compared system elements, actually
the environmental impacts of WMA resulted in 45.8 %, while those of HMA reached 54.2 %, Thus, it
was calculated that the improvement of the use of WMA amounts to [(54.2 — 45.8) / 54.2] %, that is
which is 15 %.

Figure 3 presents the environmental impact factors for HMA (hot mix asphalt) and WMA (warm
mix asphalt) separately in the following elements: ecological toxicity, smog, air pollutants, fossil fuel
depletion, global warming. The lower the environmental impact factor, the more sustainable the tested
asphalt technology is.

HMA has rather negative effects on environment due to the relatively high emission of carbon
dioxide and particles, which cause air pollutant, fuel exhaustion due to the large energy needs, in addition
to the release of carbon monoxide and nitrogen oxide into the air causing environmental toxicity.
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The research results that are presented in Figure 4 are the effects (impacts) of main elements in
HMA life cycle assessment, which were calculated by dividing the environmental damage of a particular
element by total damage. It can be seen that the transportation and construction activities constitute
the most damaging factor in affecting the environment and causing its toxicity because of the heating
operations and the transportation operations of various materials. That is why the environmental impact
of his element was considered as reference value (100 %) for the characterization of the environmental
damages of other HMA and WMA production elements.

Ecological toxicity I
Smog ‘
airpolutants | e
Fossil fuel depletion ‘
Global warming [

) 8 Z 3 3 2 2
L 0p, % 0p, 29%) 2% %20, 2%%) %)
Chp O Gy Oy O Yy 0y

EWMA mHMA

Figure 3 — Environmental impact factors for HMA and WMA in various areas
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Figure 4 — The environmental impact factors in percentages in various areas of HMA production

Figure 5 illustrates the impacts of the main elements in WMA life cycle assessments, like those
in Figure 4 for HMA.

When comparing the relevant data in Figure 4 and Figure 5, it could be stated that the use of
WMA is more environmental-friendly in each element investigated than the application of a hot mix
asphalt. Actually, WMA improves the effect on air pollution by 25.6 % and reduces the energy need by
19.9 % as shown in Figure 6.
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Figure 6 — The improvement of the use of WMA in percentage in various LCA categories

Concluding remarks

There has been a world-wide tendency, a global trend to reduce energy demand using a wide
variety of methods. With this, on the one hand, the goal is to conserve the limited available and
increasingly expensive energy carriers, and on the other hand, it is strived to reduce the emission of
greenhouse gases and thereby fight against climate change In the field of road construction, the most
widespread manifestation of this endeavor is the goal of replacing high-energy, hot asphalt mixtures
(HMA) with adequate quality. It is common experience that in this field the so-called warm asphalt
mixtures (WMA) can be the most effective solution. The purpose of this article is to examine the
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economic and environmental protection of the WMA. The authors of the article also deal with whether
the type of substitute asphalt mixture does not represent a (long-term) performance reduction in the
installed asphalt layers [47].

The research work of the authors proved that building of warm mix asphalt instead of hot mix
variant decreases the environmental effects by 15 %. So WMA can be considered more environmentally
friendly technology, in addition to its obvious, great economic benefits. The use of WMA improves the
impact on air pollution by 25.6 % and also the energy needs were reduced by 19.9 % coming from actual
class of fuel, production temperature and energy provenance.

It is planned to continue the research work by utilizing the other, economic side of BEES 4.0
Model in order to evaluate the long-term financial consequences of substituting HMA by WMA.
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BIIJIMB BUKOPUCTAHHS CIITHEHOI'O AC®AJIBTOBETOHY
HA CIIIHEHOMY BITYMI HA HABKOJIMIIIHE CEPEJJOBUIIE

Anomauin

Beryn. YV cBiTi cnocTepiraerbesi TeHACHLIsE — MIOOANbHUI TpeHI Ha 3HIKCHHS MOMUTY Ha
€Heprifo 3 BUKOPHCTAaHHSIM HaWpi3HOMaHITHIMMX MeTomiB. [Ipum 1poMy, 3 OgHOTO OOKY, CTaBHTHCS
MeTa 30eperti 0OMeXeHO JTOCTYIHI Ta Bce OibII JOPOri €HeproHocii, a 3 iHMIOro 00Ky, € TMparHeHHs
3MEHIIUTH BUKUIM TTAPHUKOBHX Ta3iB 1 THM caMUM OOPOTHCS 31 3MIHOIO KIIiMaTy.

IlocranoBka npoGiemu. Y cdepi HOpOKHBOr0 OyAiBHULTBA HAHOLIbLI MOIIUPEHUM MPOSIBOM
LbOTO IParHeHHsA 1O CTaJOr0 PO3BUTKY € 3aMiHAa BHCOKOGHEPIeTHUHHMX Tapsuux ac(aabToOeTOHHUX
cymimieit (HMA) Ha iHIIi BapiaHTH 3 BiJIIIOBIIHOKO SIKIiCTIO. 3arajibHOBIIOMO, 110 B Iik chepl HAKOIIbII
e(eKTHBHUM pillIEeHHSIM MOXXYTb OyTH TaK 3BaHi Terut acgansrodetonHi cymimi (WMA).

Mera. Meroro mi€i crarti € BuBYeHHs BIUIMBY WMA Ha HaBKOJHITHE cepenoBHINE. ABTOpH
CTaTTI TaKOX PO3MNIAJNAIOTH MUTAHHS MPO TE€, YA HE MPU3BOIUTH TUI 3aMiHHHKA ac(haibToOeTOHHOT
CyMillli 10 (IOBroCTPOKOBOTO) 3HMKECHHS €KCILTyaTalliiHUX XapaKTepPUCTUK ac(anbToOOeTOHHUX IAPiB.

Marepianu i _Meronu. Ekonoriuna Oe3meka acqalbTO3MINIyBaIbHUX YCTAaHOBOK CHOTOIHI
BHUKJIMKAE BCE OLUTBINE 3aHETIOKOEHHS Yepe3 BHCOKY TeMITeparypy BHpPOOHHITBA achaabToOeTOHHOI
cyMmimn, mo BUMarae Oarato eHeprii i NpPU3BOJUTH JO BHKHIIB Y TOBITPS BEIUKOI KiIBKOCTI
3a0pyaHIorounx pedoBuH. [lopiBHsHHS rapsyoi acdanerodberonnoi cymimi (HMA) 1 Ttermioi
actanperoderonHoi cymimi (WMA) BukoHaHo 3 BukopucTanHsM wmopeni 4.0 «bymiBHUIITBO s
exosioriuHoi Ta exoHomiuHOi criiikocti» — BEES (anmn. — Building for Environmental and
Economic Sustainability), B skiii 30cepemXeHO yBary Ha €KOJOTIYHHMX XapaKTepHCTHUKaX JBOX THIIIB
acanpro0eToHHHX cyMmimel. (Mogens TakoK Mae eKOHOMIUHY CKIIaJIOBY).

Pesynbrat. Pesymbraté HOCTIIKEHD IOKAa3ajiu, IO 3acToCyBaHHI WMA, OKpiM OYEBHUIHUX
EKOHOMIUHHX TIepeBar, 3MeHInye 3a0pyaHeHHs MoBiTps Ha 25,6 %, CIOKMBaHHS BUKOITHOTO TMaJliBa Ha
19,9 %, a TakoXx 3MEHIIlye BIUIMB Ha HaBKOJIMIIHE cepenoBuie Ha 11,4 % mpoTarom ycboro KHUTTEBOTO
UKy ropiBHsAHO 3 HMA.

Knwouoei cnoea: omiHka KUTTEBOTO IMKIY; ac(hanbTOOCTOHHA CyMIlll; pereHepoBaHe
acanbTo0CTOHE  TOKPHUTTS, BIUIMB Ha HABKOJMIIHE CEPEIOBHUILE, €HEpPro30epekeHHs, TeIruni
ac¢anbTo0EeTOH.
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