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ABSTRACT: This research aims to evaluate the potential environmental impact of epoxy-modified asphalt
used as a pavement material for roadways in the Netherlands and identify what determines the environmental
performance of the epoxy asphalt technology through life cycle assessment. Results indicated that the incor-
poration of epoxy binder in asphalt could lead to significantly lower environmental impact than the unmodi-
fied asphalt. Such benefits are attributed by the minimal maintenance interventions of a pavement with epoxy
and their remarkably higher service life over the analysis period. Finally, although the initial price of epoxy-
modified asphalt production and construction was substantially higher than of standard asphalt mixtures, the
overall score of epoxy-modified asphalt pavement in all weight scenarios was lower than that of the reference
structures reflecting the sustainability benefits of using this technology for roadway pavements.

1 INTRODUCTION

In recent years, increasing environmental awareness
has encouraged research in the environmental im-
pacts of various products for pavement structures.
Products such as asphalt-rubber (Hicks & Epps
2000), recycled polyethylene-modified asphalt
(Rangelov et al. 2021), and epoxy-modified asphalt
(Herrington 2010) are some examples toward sus-
tainable flexible pavements. Notably, epoxy-
modified asphalt has attracted the attention of road
authorities in many countries as a feasible solution
for developing long-life pavements. Economic anal-
yses funded by an Organisation for Economic Co-
operation and Development (OECD) project have
indicated the benefits of epoxy-modified porous as-
phalt concrete performance and the potential for re-
ducing costs by diluting a commercially available
epoxy binder with a standard binder (OECD 2017).
According to another study performed by the same
agency, the epoxy-modified porous asphalt mixes
show a potential lifetime of 30 years compared with
the average life of 7,5 years of standard open-graded
porous asphalt mixes (Alabaster et al., 2017). The
resurfacing budget can be reduced to 1/6 of its cur-
rent level when 25% epoxy binder is diluted in a
standard binder (assuming a 40-years life period),
also providing high noise reduction benefits. All
these figures imply that epoxy-modified asphalt as
long-life surfacing material is a sound investment
that could be applied in other regions globally.

This research aims to assess the environmental
impact of epoxy-modified asphalt used as a pave-
ment material for roadways in the Netherlands and
identify what determines the environmental perfor-
mance of this technology through life cycle assess-
ment. Typically, the environmental performance of a

pavement material or structure is multifaceted and
context-sensitive, and the various trade-offs of per-
formance from different perspectives are common.
This research also discusses an environmental as-
sessment approach for innovative pavement materi-
als considering their merits and trade-offs and, ulti-
mately, their life-cycle performance.

2 LIFE CYCLE ASSESSMENT

Life cycle assessment (LCA) is a methodology to
quantify and evaluate the environmental impact of
products and processes by accounting for relevant
input and output parameters of a system and the
conversion and interpretation of output parameters
into potential environmental impacts. All the life-
cycle stages are encompassed in LCA, from the ma-
terial acquisition through production, construction,
maintenance, use, and disposal. The goal and scope
definition described the product regarding the
boundaries and selection of a function unit. The lat-
ter gives the comparison basis between the alterna-
tive products.

Although it is well known that the incorporation
of epoxy in asphalt leads to the formulation of
epoxy-modified asphalt, which can enhance the per-
formance of asphalt pavement (Youtcheff et al.,
2006; Widyatmoko & Elliott 2014; Lu & Bors 2015;
Apostolidis et al., 2020), the high cost of epoxy
binders has prohibited their regular use in pave-
ments. A flexible pavement made with epoxy-
modified asphalt concrete (epoxAC) optimized in
(Apostolidis et al., 2019; 2020 & 2022) was the
product case of this research (see Figure 1). This
product was assessed and compared with a standard
pavement material commonly used for roads in the
Netherlands (Zegard et al., 2019).
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Figure 1. One lane mile of pavement product.

To contextualize the results, a declared unit of 1 ton
of a pavement mix is presented over the material
production. As no extra modifications are needed
over the delivery and construction phase of epoxAC
compared to a standard mix (OECD 2017), emphasis
was given on the material production phase. Thus,
the life-cycle phases beyond the material production,
which are included as a functional unit of one lane-
mile of pavement structure, were considered equal
environmental impacts between standard asphalt
(reference) and epoxAC. Specifically,

+ the cradle-to-gate analysis includes a functional
unit (i.e., performance) of 1 ton of a pavement
mix produced in the asphalt plant. For this part of
the analysis, which consists of extraction, trans-
portation, and mixing of all individual compo-
nents of pavement material (i.e., A1-A3 in Figure
1), reference and epoxAC mixes had the same
binder content of 6,7% of the weight of mineral
particles (Apostolidis et al., 2020). The mixing
temperatures and duration of epoxy-modified as-
phalt with minerals were the same as a warm as-
phalt mix. In this research, the reference mix was
modeled as a warm mix asphalt; thus, it was as-
sumed that there was no difference in the total
mixing energy consumed to produce both mixes.

« the cradle-to-built analysis includes a functional
unit of one lane-mile of a pavement constructed
with different mixes. Here, pavements should be
evaluated by comparable performance beyond the
construction phase. A critical aspect of this part is
to vary the thickness of pavements to obtain equal
performance in terms of environmental impacts
compared to other alternative solutions. In this re-
search, the thickness of the surface pavement lay-
er was considered the same for both reference and
epoxAC mixes (35-mm) (Zegard et al., 2019). The
material hauling and placement processes were
included in the construction phase (i.e., A4 & A5
in Figure 1).

« the cradle-to-grave analysis includes all life-cycle
phases for a functional unit of one lane-mile of a
pavement. For the cradle-to-grave scope, the per-
formance of pavements should be assessed by ac-
counting through different intervals between
maintenance and rehabilitation (M&R) actions to
restore pavement serviceability (i.e., B in Figure

1). The M&R actions were milling and repaving
of the top surface pavement layer with a new mix
with the same mix design used in the initial con-
struction phase. A critical aspect of this part is to
alter the timing between M&R actions to reach
equal annualized environmental impacts to the al-
ternatives. A schematic of cradle-to-grave analysis
is demonstrated in Figure 2, with materials pro-
duction and pavement construction happening at
the time zero, followed by subsequent M&R ac-
tions of certain time intervals, and finally with
end-of-life (EOL) actions, which include the re-
moval of the total pavement thickness when the
pavement reaches its terminal serviceability (i.e.,
C in Figure 1). Here, epoxAC was considered as a
M&R free product (see Figure 2-bottom) due to
its enhanced aging resistance and mechanical per-
formance characteristics. As both reference and
epoxAC materials have shown similar recyclabil-
ity characteristics (Jing et al., 2021), they were
treated the same in terms of EOL actions.
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Figure 2. Schematic of cradle-to-grave analysis framework. Pa-
rameter X represents the baseline time intervals between the
subsequent M&R interventions.

3 LIFE CYCLE COST ANALYSIS

A simplified life cycle cost analysis (LCCA) was
conducted, considering the service life and agency
costs of epoxAC to determine its overall economic
feasibility. Particularly,

» The laboratory fatigue performance of epoxAC is
discussed in (Apostolidis et al., 2020). By select-
ing a tensile strain of 200 pstrain, the fatigue life
of epoxAC is almost 230.000 load repetitions
comparing the 60.000 load repetitions of refer-
ence. Hence, the fatigue life of epoxAC was ap-
proximately 4 times longer than that of reference
(see strain level of 200 pstrains in Table 1), and
this fatigue lifetime difference was considered in
the present analysis.

» The LCCA analysis considered only the agency
costs and ignored the user costs during (re)paving
operations (e.g., user delay cost, accident cost, and
extra fuel consumption cost). The life-cycle agen-
cy cost includes all operating costs from the mate-



rial supply to mixing, construction, M&R, and
EOL (i.e., A1-C). It should be mentioned that us-
ing epoxy binder in asphalt mixes requires equip-
ment modification in the plant. Thus, the cost
change due to the use of epoxAC is mainly asso-
ciated with the cost of binder and production
equipment, or the agency cost difference due to
the use of epoxAC is primarily caused by the cost
of purchasing the epoxy binder and modifying
equipment during the A1-A3 processes. An earlier
study noted that the total cost of epoxy asphalt
production is close to $ 44/m? (i.e., the material
cost of the epoxy binder is in the order of $ 22/m?,
batch plant expenses, and installation are approx-
imately $ 22/m?) (OECD 2005). For this analysis,
the costs of A4-A5 and C for the reference and
epoxAC were assumed to be equal.

Table 1. Fatigue lifetime of studied materials at different ten-
sile strain levels.

cost of a square meter pavement with reference and
epoxAC is € 13,4 and € 13,5, respectively.

4 LIFE CYCLE INVENTORY AND LIFE
CYCLE IMPACT ASSESSMENT

Life cycle inventory (LCI) estimates the consump-
tion of resources and the quantities of waste and
emissions associated with the mix production and its
components. For the production and transport to the
market of the raw materials needed for producing
the studied materials, LCI was used from Ecoinvent
3.5. Inventories were taken from the National Milieu
Database for asphalt and mineral aggregates, which
does not include transport from the refinery to the
asphalt mix production plant.

Table 2. Environmental impact score of studied materials.

Tensile Strain [pstrain] 25 100 200 300

reference, N et 1,25E9 1,65E6 6,01E4 8,66E3
epoxAC, Nt epoxac 3,2E10 1,18E7 2,27E5 2,25E4
NfﬁepoxAC/ Nfﬁref 2577 7,2 3,8 2,6

According to the material supplier, the cost of
epoxy-asphalt binder is € 6.000/ton. The cost of a
standard asphalt binder is approximately € 520/ton.
Thus, the cost of epoxy-modified asphalt binder,
which is formulated by 20% of epoxy-asphalt and
80% of standard binder, is € 1.880/ton, or the initial
cost of the epoxAC binder is 3,1 times higher than
the reference one. Hence, the initial cost of the refer-
ence and epoxAC binders is € 2,1/m? and € 6,5/m?,
respectively. Assuming that the cost of reference
(SMA NL 8B: 6,7% binder content, 30-mm thick-
ness, 5,5% air void content, 2,45 t m-3 mix density)
is approximately € 80/ton, then the additional cost of
epoxAC is € 4,4/m?,

The net present value (NPVC) of the paving
costs, which is assumed equal to the repaving costs,
is calculated by

— Cterminal N:[%T] C

NPV, =Ci i (1+1)" +Zi:1 1" (1)
where Cinitial 1S the initial construction cost, Cterminal IS
the terminal product value, C is the future (re)paving
cost, ne is the analysis period, n is the product ser-
vice life, N=[ne/nj] is the number of future
(re)paving actions for a product during the analysis
period of ne years; r is the discount rate, ng is the
number of years from initial construction to the kth
expenditure (Gu & Tran 2019).

In this study, the total service life of epoxAC was
assumed as the analysis period with 4% discount
rate. The epoxAC mix lasts almost 4 times longer
than the reference mixes or shows a service life of
48 years (i.e., ne = 84 years, nj = 12 years). The
NPVc of reference and epoxAC is hence calculated
as € 13,4/m? and € 13,5/m?, respectively, or the unit

reference mix epoxAC mix
Envi tal
=hvironmenta Unit AL-A3  Total ALA3  Total
impact
Environmental
cost indicator (MKI) € 10,73 6.27 14,29 9.96
Abiotic depletion kg 3,5E-5 1,9E-5 1,1E-4  8,9E-5
(ADPE) Sh-eq ' ' ' '
Depletion of kg
fossil energy Sh-eq 18E+0 10E+0 19E+0 1,1E+0
carriers (ADPF)
i k
Global warming g 86E+L 53E+l 98E+l 66E+L
(GWP) CO,-eq
Ozone depletion kg 90E-6 6,1E-6 99E-6 7,1E-6
(ODP) CFC-11-eq ' ' '
Photochemical ozone kg 1861 90E2 21E1  12E-d
creation (POCP) ethene-eq o me = o=
e k
Acidification (AP) g 52E-1 2,7E-1 57E-1 3,3E-1
SO,-eq
L k
Eutrophication (EP) g 53E-2 29E-2 63E-2 4,0E-2
PO, % -eq
Human toxicological kg 23E+41 14E+1 5OEH  42E4
effects (HTP) 14-DB-eq ' Y '
i k
FreshV\./aFer aquatic g 26E+0 18E+0 4,8E+0 4,1E+0
ecotoxicity (FAETP) 1,4-DB-eq
Mari i k
arine aquatic g 11E+4  6,1E+3 11E+4 63E+3
ecotoxicity (MAETP)  14-DB-eq
Terrestrial ki
. g 3,5E-1 1,7E-1 36E-1 109E-1
ecotoxicity (TETP) 1,4-DB-eq

The environmental impact categories assessed
were acidification potential (AP), eutrophication po-
tential (EP), global warming potential (GWP), ozone
depletion potential (ODP), and smog creation poten-
tial (SCP). Table 2, supplied by Dura Vermeer Infra
Participaties B.V., records the environmental impact
per category of a declared unit of 1 ton of reference
and epoxAC. The material and production phases
are the main source of contributions for all impact
categories and differences between the two studied
materials. The results indicate that the environmental
cost indicator (MKI) of epoxAC is equal to € 9,96
and higher than that of the reference mix (€ 6,27).



As mentioned above, it is assumed that epoxAC
could last 4 times longer than reference mixes; thus,
the total MKI of epoxAC is € 19,92; of the refer-
ence, one is € 31,35. Therefore, the incorporation of
epoxy binder in asphalt leads to significantly lower
environmental impact than the unmodified asphalt
(i.e., reference) over the analysis period reflecting
the environmental benefits of using the epoxAC
technology for roadways.

5 OVERALL PERFORMANCE

The weighted environmental and economic cost
scores were calculated for reference and epoxAC as-
suming different weight scenarios. Although the ini-
tial construction cost of epoxAC is significantly
higher than that of the reference, the overall score of
epoxAC in all weight scenarios is lower than that of
the reference mix due to its higher service life (Table
3). For example, the overall performance for the ref-
erence mix is € 22,41, and the overall performance
score for epoxAC is € 16,72, assuming a weight of
50% for economic and 50% for environmental fac-
tors.

Table 3. Life cycle performance of the studied materials at dif-
ferent weight scenarios.

Environmental-Economic 70-30  60-40 50-50 46-60  30-70

reference (€) 18,83 20,62 22,41 24,19 25,98

epoxAC (€) 18,00 17,36 16,72 16,08 1543
6 SUMMARY

This research aimed to evaluate the potential envi-
ronmental impact of epoxy-modified asphalt used as
a pavement material and identify what determines
the environmental performance of the epoxy asphalt
technology through life cycle assessment. Results
indicated that incorporating epoxy binder in asphalt
could lead to significantly lower environmental im-
pact than unmodified asphalt. Such benefits are at-
tributed to the minimal maintenance interventions of
pavement with epoxy and their remarkably higher
service life over the analysis period. Although the
initial price of epoxy-modified asphalt production
and construction was substantially higher than that
of standard asphalt mixes, the overall score of
epoxy-modified asphalt pavement in all weight sce-
narios was lower than that of the reference struc-
tures, reflecting the sustainability benefits of using
this technology for roadway pavements.
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