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Abstract:

Road infrastructure plays a crucial role in th ah and economic development of nations but
also generates several environgentalgproblems§¥Fe deal with these, three technologies were
combined to produce highly sustaisab us asphalt mixtures: namely replacement of natural
aggregates, reduction in manufd€turing temaperature and use of a nano-modified binder. The
feasibility of the mixtures was evaluated by applying mechanical tests and performing a life-cycle
assessment (LCA) and li t analysis (LCCA). The results demonstrated the good
behaviour of thése sustai ixes, enabling more than 12% and 15% reduction in the

environmental and pacts of the road.
Keywords
Car blacks, Evothern; Porous asphalt; Electric arc furnace slag; Reclaimed asphalt

Road infrastructure is vital for social and economic development of nations by enabling the
transportation of valuable resources such as wood, minerals and petroleum and also by boosting
trade between regions. However, it also generates several environmental problems which worsen
as the transport network grows. The length of roads is expected to increase by at least 25 million
kilometres by 2050 (60% more traffic than in 2010), thus affecting areas with exceptional
biodiversity [1]. Therefore, there is a need to implement new technologies that reduce the impact
of these infrastructures.

One of the main technologies used to reduce the environmental impact of roads is the replacement
of natural aggregates by wastes and by-products [1-5]. For instance, slags generated during steel
production, and in particular, those generated in electric arc furnaces (EAF) are a very promising
material for use in asphalt pavements due to their good behaviour regarding plastic deformation,
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durability, stiffness and fatigue resistance [6]. They are especially suitable as coarse aggregates,
given that they form a very stable mineral skeleton [7]. Furthermore, their resistance to polishing
and abrasion and their toughness make EAF slags an appropriate material for use in surface layers

(8].

Another alternative for replacement of natural aggregates is the use of by-products generated by
the construction industry, reclaimed asphalt pavement (RAP) being the most common material.
Traditionally, RAP has been treated as a black rock, meaning that the binder linked to the
aggregates was supposed not to mix with the new binder, and therefore, no savings of virgin
binder were considered. However, several authors state that the residual bitumen blends, so both
materials (aggregates and binder) can be recovered [9,10]. Consequently, when RAP is used in
unbound layers (a common practice nowadays), the full potential of the material is not reached.

In addition to the replacement of natural aggregates, warm mix asphalt technology A) isalso
a good option to palliate the environmental impact produced by roads. elies
on reducing the hot mix asphalt’s (HMA) manufacturing temperatur °C while

maintaining a similar mechanical performance [11]. To achieve this t duction, the
binder viscosity has to be modified by using, among other metho s (organic or
chemical) and foamed binder. Considering that around 48% of thgle sumed during the
materials’ production and road construction occurs in the asphalt plagt, seMeral benefits (such as
the reduction in the CO2 emissions, energy consumption stswn peyachieved by using these
asphalt mixtures [12].

Recently, researchers have also focused on increasing ility of the pavements to amortize
the environmental impacts and cost incurred duri odwction of asphalt mixtures [13-15].
materials such as carbon black (CB) or

deformation or elasticity [16, 17

The aim of this paper is to attemp
mixtures without compromisin

far as possible the environmental impact of asphalt
eir econ@mic and mechanical performance. With this in mind,
this research entirely repl atural aggregates commonly used in asphalt mixtures by
adding RAP and EAF slag. ect of incorporating a temperature reduction additive and
also using a new Ng der instead of traditional polymer-modified bitumen (PMB)
was analysed. feasibility of combining all the technologies to produce highly sustainable
asphalt mixture
and life-cycle a

is (LCCA) methodologies.

2. ia d)methodology
erimental design

Three mixtures were developed to evaluate the technical, economic and environmental feasibility
of applying three technologies (replacement of virgin materials, warm mix asphalt and nano-
modified binder) in a porous asphalt (PA) mixture. This type of mixture already has some
advantages over asphalt concrete (AC) mixtures since its high void content (more than 20%)
improves the water runoff, heat island effect and noise pollution of roads [14]. However, its
impact could be even smaller after applying the aforementioned measures. With this in mind, the
mixtures were developed introducing changes sequentially: firstly, a HMA was designed
containing EAF and RAP and using a PMB 45/80-65 bitumen; then, a WMA was manufactured
incorporating Evotherm into the previous mix to reduce the production temperature; and finally,
a nano-modified binder (NB) developed by ACCIONA Infrastructure [16] containing carbon
black (CB) and styrene-butadiene-styrene (SBS) was used instead of the PMB to produce another
WMA. It should be noted that the percentages of EAF slag, RAP and binder content remain
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unaltered in the different stages of the mix design. Furthermore, the mixes only employed
conventional aggregates (limestone) in the filler fraction since the filler contained in the RAP was
not enough to accomplish the requirements of this type of mixes.

As mentioned previously in the introduction, EAF slags present good characteristics for use as
coarse aggregates, as is demonstrated by several studies. The properties of both EAF slag and
conventional aggregates are summarized in Table 1.

Table 1. Aggregate properties

Test Standard EAF slag Limestone
Specific weight (g/cm?) EN 1097-6 3.735 2.725

Los Angeles coefficient EN 1097-2 18 -

Flakiness index EN 933-3 2 -

Polished stone value EN 1097-8 > 59 -

Sand equivalent EN 933-8

Maximum particle size (mm) - 16

Minimum particle size (mm) - 2

The RAP used in this study comes from a road located in Canta d no information
regarding its original properties is available. Therefore, in grder toc ze it, basic laboratory
tests were done. The RAP binder content was determined aécordifg to the standard EN 12697-1
and the residual binder content was recovered followfihg ethodolBgy proposed by the
standard ASTM D5404. In Table 2, the main properti P aggregates and binder are
shown, while the particle size distributions of t andithe recovered aggregates can be

verified in Figure 1.

Table 2 perties
Test Standard Result
Specific weight EN 1097-6 2.502 g/cm?
Los Angeles coefficient (recov aggreg EN 1097-2 24
Flakiness index (recovered aggregate) EN 933-3 11
Residual binder content (f mixture) EN 12697-39 4.0%
Softening point af resi EN 1427 76.1°C
Penetration of resi EN 1426 13 (0.1mm)
Penetration in EN 12591 0.9
N\
== = RAP Recovered aggregates

% Passing
U
o

22 16 8 4 2 0.5 0.25
Sieve size (mm)

Figure 1. Particle size distribution of RAP
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The two binders selected for this study are a polymeric modified binder (PMB 45/80-65) and a
nano-modified binder produced by mixing carbon black (CB) and styrene-butadiene-styrene
(SBS) [16]. The basic properties of these binders are shown in the Table 3.

Table 3. Binder properties

Test Standard PMB 45/80-65 NB
Softening point EN 1427 74.1°C 71.0°C
Penetration at 25°C EN 1426 55 (0.1mm) 45.3 (0.1mm)
Fraass breaking point (°C) EN 12593 -13 -12

Elastic recovery EN 13398 92% 91%

Once the materials were selected, the next step was the asphalt mixture design. ecimens
were compacted with 50 blows on each side, following the indicationsgf t
[18]. Given that the compaction energy is fixed, there are three main vari

the volumetric properties of the mixture: the particle size distribution, i

compaction temperature.

The particle size distribution of the PA mixture (see Figure 2b) was dg
established by the Spanish regulation for pavement design
percentages were specified by volume instead of by weli
EAF slags. In this way, the same volumetric characteristics fo

ensured, and as a result, the asphalt mixture ag
obtained.
N o\

CIEAF slag EIRAP ELimestone — — = Spanish standard limits

onsidering the limits
this study the passing
gh specific weight of
he mixtures’ aggregates was
osition shown in Figure 2a was

Particle size distribution (by volume)

100% 1 100
N
\
80% '-\‘\ 80
\ \
W\
60% A% 60 &
\\ ‘\ a
N\ g
40% _—e 40 »
20% 20
0% —

2216 8 4 0.5
Sieve (mm)

gure 2. a) Aggregate composition (%ow/w); b) Particle size distribution (%v/v)

The binder content employed in the mixtures was determined based on the air void content, which
was fixed, in turn, according to the Spanish regulation for pavement design [18]. This standard
stipulates the minimum air void content that every type of mixture should have: 20% regarding
the PA mix. However, a maximum value is not specified. Taking these requirements into account,
the binder content (expressed by weight) selected is shown in Table 4. It should be noted that the
residual binder of RAP was assumed to blend and mix with the virgin binder. Therefore, the total
amount of binder is the combination of both binders.



139

140

141
142
143
144
145

146
147
148
149
150
151
152

153

154

155
156
157
158
159
160

161
162
163
164
165
166

167

168
169
170
171

172
173
174
175
176

Table 4. Binder content of PA mix (%ow/w)

Virgin Binder RAP Binder Total binder
3.55% 0.55% 4.10%

To achieve the temperature reduction in the WMA, the commercial additive Evotherm was used
following the indications of the manufacturer, who stated that a 0.5% of additive by weight of
virgin binder was needed due to the characteristics of the binder. This additive, which is in liquid
state at room temperature, was added to the preheated virgin binder at mixing temperature and
was then blended at 5,000 rpm during 5 min using a high shear mixer.

Regarding the manufacturing temperatures, HMA samples were mixed at around 165°C and

compacted at 155°C, following the indications of the binder manufacturer. Once mperature
and the particle size distribution were fixed, the optimum binder content was obta by testing
different quantities of bitumen until the desired percentage of air void Gonte c d. In

manufacturing and compaction temperatures until the same air void co A mixture

contrast, WMA was designed using the same binder content as the Wt ying the
e
was reached. Table 5 shows the temperatures used for each phase0

Table 5. Manufacturing temperatures (

Mix Mixing Compaction Aggregates Binder RAP
Temp Temp Temp Temp Temp
HMA - PMB 165 155 195 165 110
WMA - PMB 145 135 175 145 110
WMA — NB 155 145 185 155 110

Once the asphalt mixtures’ composition was de he mechanical performance of the mixtures
was evaluated using the mechargt requirediBy the European standards: Maximum density
(EN 12697-5 procedure C), bulk dénsi 26976 procedure D), air void content (EN 12697-
8), Particle loss test (EN 12697-4%), water itivity test (EN 12697-12) and indirect traction test
EN 12697-23. Dynamic tes reédalso conducted: stiffness test (EN 12697-26) and the resistance
to fatigue test (EN 12697-

The results were s
the Shapiro-Wi r

sed and interpreted with Minitab statistical software. Firstly,
t was performed. Secondly, the One-Way Analysis of Variance

(ANOVA) wasycarfigd outysince a normal distribution was observed in all the samples analysed.
The Tukey ¢gst o0 determine the differences between the asphalt mixtures’ means. In all
case i f the different factors has been determined applying a 95% confidence
interv. ults are significantly different when the p-value is less than 0.05.

Life cycle assessment (LCA) and life cycle cost analysis (LCCA)

LCA is a methodology which enables the calculation of the potential environmental impact of a
product throughout its life cycle. Standardised by the 1SO 14040:2006 [19] and 14044:2006 [20],
the LCA methodology consists in the application of 4 interrelated stages: goal and scope
definition, inventory analysis, impact assessment and interpretation of the results.

As mentioned before, the main goal of this paper is to attempt to reduce as far as possible the
environmental impact of asphalt mixtures without compromising their economic and mechanical
performance, consequently achieving more sustainable infrastructures. With this in mind, the
analysis was performed considering as a reference unit a 1-km lane with a width of 3.5 m and a
pavement thickness of 25 cm (5 cm wearing course, 10 cm binder course and 10 cm base layer).
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The selection of the system boundaries was based on the stages defined in the standard UNE-EN
15804:2012 [21]. In this sense, the material, construction, maintenance, use (leaching) and end-
of life stages were included in the analysis and the inventory defined in a previous work [22] was
also used here. However, the following aspects need to be specified:

e The production of CB was obtained from the database available in Gabi.

e The nano-modified binder developed by ACCIONA Infrastructure was calculated by
combining the inventory of a polymer-modified bitumen [23] and CB.

e The environmental impact of producing Evotherm was excluded due to the lack of data and
the little amount added to the mixture (0.018%) [21]. However, it was considered in the
economic analysis.

e The impact of generating slags includes the valorisation process described by, Arenal (2016)
[24].

¢ Slags and Evotherm were assumed to be transported 30 km and 100 km, ctivgly, from
the factory to the asphalt plant. ®
¢ WMA-PMB and WMA-NB were assumed to reduce 8.8% and ectively, the

manufacturing energy of a HMA according to the model develope
[25] despite reducing the temperature 12% and 6%. It should
of energy is consumed drying the aggregates.
¢ Although a mixture containing slag leaches less than
provided by the bitumen, in this case, the same leachi te has beemassumed.
e The analysis was performed considering different sgrvi
and WMA-NB pavements.

Peifadoet al. (2011)
at a certain amount

(RA). However, to compare the :
need to be annualized dividing t d service life. LCCA is a similar methodology but
applying an economic point of ¥igw, that iS%0 say, quantifying agency and user cost. The former
includes the expenditures th er of the road bears whereas the latter refers to the cost that
oted that the value of money does not remain constant over
be applied to calculate the present value of future costs [26].
In this analysis y costs were considered due to the boundaries defined above and
the 4% disco
employed ig the ishas well as the sources are shown in Table 6.

Table 6. Costs database

Units Costs Source

€/tn 540.00 [27]
NB €/tn 704.00 Calculated
Coarse and fine aggregates €/tn 7.50 Provider
RAP €/tn 4.65 PaLaTe v2.0
Slags €/tn 10.00 Waste manager
Filler €/tn 41.36 [28]
Evotherm €/tn 6,200.00 ACCIONA Infrastructure
Asphalt plant HMA €/tn 8.16 [28]
Asphalt plant WMA-PMB €/tn 7.56 Calculated
Asphalt plant WMA-NB €/tn 7.86 Calculated
Construction €/tn 4.74 [28]
Milling €/tn 29.30 [28]
Transportation €/(tn*km)  0.10 [28]
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Finally, as the sustainability results are highly dependent on the service life of the road, a
simulation of the pavement performance was carried out. The main failure mechanism of the
binder and base layers is fatigue damage and ravelling is the most common failure of porous
mixtures. The Cantabro test can shed light on the particle loss that a porous mixture could undergo
in the future. However, a direct correlation between the laboratory test results and the durability
of the mixture does not exist. Therefore, the pavement was assumed to fail by fatigue cracking
and it was simulated using two software packages: Alize and 3D-Move. Alize is software
developed by the French organization LCPC and SETRA, which calculates the response of a
pavement to truck loads considering an isotropic linear elastic behaviour [29]. In contrast, 3D-
Move uses a continuum-based finite layer approach accounting for a viscoelastic performance of
the layers [30]. In both cases, a single axle dual tire was selected to load the pavement: tire
pressure of 900 kPa, tire load of 32 KN, tire radius of 0.106 m and centre to cen re spacing
of 0.3192 m.

3. Results and discussion. ®

%Ies were used

ondition (wet and

3.1. Mechanical results

The volumetric properties of the three PA mixtures are shown in
for each test, except for the water sensitivity test, where 4 sampleg
dry) were employed.

Results WMA - NB
Total binder (%) 4.1
Raw binder (%) 3.55

Bulk density (g/cm?) 2.539

\Voids (%) 20.7 21.1

12697-17)
Loss particle (%) 12.1 18.3
Water sensitivity test (EN 12697 — 12)
TS Dry (KPa 2.6 1502.6 1203.9
T ) 896.6 1408.3 11975
I.T.S.R. (%) 88 94 99
As can be obs the mixtures have very similar volumetric characteristics and the

ontent of 20% considered as adequate for porous asphalt mixes was
. ct, the differences among the mixtures on this point are not statically
signific ing to the statistical analysis performed at 95% confidence level (Table 8). This
is reasonafle considering that it was a requirement decided during the mixtures’ design.

Table 8. Mechanical properties. Statistical analysis

Difference of Levels Difference of 95% CI Adjusted
means P-Value
Voids test (EN 12697 — 8)

WMA-PMB - HMA-PMB 0.0016 -0.0247; 0.0280 0.987

WMA-NB - HMA-PMB -0.0146 -0.0409; 0.0117 0.374

WMA-NB - WMA-PMB -0.0162 -0.0435; 0.0111 0.324

Particle loss test (EN 12697-17)

WMA-PMB - HMA-PMB -3.4 -7.7;0.9 0.121

WMA-NB - HMA-PMB 2.8 -14;7.1 0.212

WMA-NB - WMA-PMB 6.2 1.9; 105 0.007
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ITS values for unconditioned samples (kPa)

WMA-PMB - HMA-PMB 479.9 286.0; 673.8 0.000

WMA-NB - HMA-PMB 181.3 -12.6; 375.2 0.066

WMA-NB - WMA-PMB -298.6 -478.1; -119.1 0.004
ITS values for conditioned samples (kPa)

WMA-PMB - HMA-PMB 511.7 352.2;671.1 0.000

WMA-NB - HMA-PMB 300.9 151.7; 450.0 0.001

WMA-NB - WMA-PMB -210.8 -360.0; -61.6 0.010

Even though achieving a very similar air void content in all the mixtures seems to indicate that
no differences exist among the compaction energies required by each mix, the workability test
(EN 12697-31) was carried out to 2 samples to corroborate this. The relationship een the air
void content and the number of gyrations applied was analysed (Figure 3). Thes ults agree

with the values obtained above for the volumetric properties. The temperafure io MA
mixtures does not affect the mix’s workability, the three asphalt mixtur onstrating very
similar results in this test. (e\
—— HMA - PMB - -- WMA -PMB — —-WMA -NB
35%

30%

=
i)
5 25% A
L]
=
E
= 20% A
<
15% T T U T
0 100 200 300 400 500 600
Gyrations
Wre 3. Workability test results
As raveling is in re mechanism of porous mixtures, the cohesion of the three mixtures

under study,needs,to alysed by means of the Cantabro test (EN 12697-17) (Table 7).

Toe
for pa
particle
performan

w e results are adequate or not, the limit established by the Spanish regulation
sign [18] can be considered. This standard establishes a maximum value for
s of 20%. Therefore, it is possible to state that all the mixtures show an adequate
. However, some conclusions can be drawn by comparing the different mixtures.

Firstly, the use of the experimental NB leads to lower mixture cohesion. This fact is clearly shown
when comparing the two WMAs, which only differ in the type of binder and production
temperature. In this sense, the WMA with NB undergoes more particle loss than the mixture with
PMB. However, no significant differences are observed when the mixture is compared to the
HMA mix (see Table 8).

Another conclusion is related to the use of Evotherm, or in other words, with the temperature
reduction. Comparing the WMA and the HMA, both with the PMB, it can be stated that using
Evotherm does not produce any problem in terms of mixture cohesion. In fact, the WMA results
are slightly better than HMA results although these differences are not statistically significant.
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The moisture susceptibility of the asphalt mixes was evaluated by performing the water sensitivity
test (EN 12697-12). This test provides a good indicator of the adhesiveness between binder and
aggregates in an asphalt mix. The ITS values of both conditioned and unconditioned groups of
specimens as well as the Indirect Tensile Strength Ratio (ITSR) are shown in Table 7 and the
statistical analysis is shown in Table 8.

The good performance of the three mixtures regarding indirect traction can be observed when
analysing the results. In this sense, the addition of Evotherm produces a significant increment in
the ITS values (whether unconditioned or conditioned), WMA-PMB surpassing the HMA results
by more than 50%. These results corroborate other studies’ findings which concluded that using
Evotherm has a positive effect on the moisture performance of the mixtures [31,32].

On the other hand, when the NB is used instead of the PMB, a median value between the other
two mixtures is observed, what implies a 25% increment in the HMA results. Furth
NB reaches 99% in the ITSR and therefore, it undergoes less damage due to mgi

®
The dynamic performance of the PA mixes was evaluated through the sti&E
enc

and resistance to fatigue (EN 12697-24) tests. 3 and 12 samples were 4$€d, eBtively, in this

case. The dynamic modulus of the three asphalt mixtures at differ r
Figure 4 and 2 examples of the statistical analysis can be seen in le

= 5.000
% 000 | EHMA - PMB B |
= OWMA - PMB
£ 3000 4| _OWMA-NB . 0§
% 2,000 [ ] 0 B
g 1.000 T T 8
g il mm| W
0.1 0.2 0.5 1.0 2.0 5.0 10.0 20.0
Frequency (Hz)
Figur, ic modulus test results of PA mixtures

stiffness at all frequencies in comparison with the rest of the
ighemthe frequency, the higher the difference between the dynamic
and the other two mixes, especially when compared to the HMA.
B could be stiffer than the conventional polymeric modified binder.

mixtures. In fa
modulus of t
Therefore, itysee

h

-PMB, its behaviour is very similar to the HMA mix in the lower range of
er, over 2 Hz the difference between WMA-PMB and the HMA mix becomes
demonstrating the capability of Evotherm to increase the mixture stiffness.

Table 9. Dynamic modulus (MPa). Statistical analysis

Difference of Levels Difference of 95% ClI Adjusted
means P-Value
0.1Hz
WMA-PMB - HMA-PMB -2.3 -137.0; 132.5 0.999
WMA-NB - HMA-PMB 673.9 529.9; 818.0 0.000
WMA-NB - WMA-PMB 676.2 541.5; 810.9 0.000
20 Hz
WMA-PMB - HMA-PMB 714 359; 1068 0.001
WMA-NB - HMA-PMB 1695 1316; 2074 0.000
WMA-NB - WMA-PMB 981 626; 1335 0.000
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Fatigue test results, expressed using the two most common parameters, are shown in Table 10 and
Figure 5. The strain characteristic represents the strain which causes the mixture failure after a
million cycles while Nioo indicates the number of cycles at which a mixture fails when a strain of
100 microstrains is fixed.

The results obtained during the development of the fatigue test are coherent with the stiffness
values. The two mixtures that uses PMB show a very similar stress-cycle (S-N) curve. However,
the higher stiffness of the WMA mixture displaces the fatigue law trace downwards, WMA
suffering a higher stress under the same strain conditions.

Regarding the WMA-NB, it presents a similar performance to the WMA-PMB at high strain
levels (350-500um/m). However, as the deformation decreases the performance of this mixture
gets worse.

It is important to mention that the real fatigue performance is directly influenc material
stiffness. For the same traffic loads, the response of the pavement will b&®di efding on
the stiffness of the materials used for each layer. In this case, the differen in the fatigue
test between the WMA-NB and the rest of the mixtures will be red under real pavement

conditions due to the positive effect caused by the higher stiffness o binder. Finally, it is
necessary to consider that these types of mixtures are usually emp % ace layers, where
the damage caused by fatigue is not as important as in th tom Jaye any case, the results
obtained in terms of dynamic performance are adequate f is tﬁ of asphalt mixtures.

Table 10. Fatigue test result:
Strain

Mix Binder characteristic 0 Fatigue law R?
(pm/m)
HMA  PMB 45/80-65 222.1 +08 In(N)=45.1-5.79xIn(e)  0.90
WMA  PMB 45/80-65 1& Q3E+07 In(N)=42.6 -5.51xIn(e)  0.88
WMA NB 126: .896;+06 In(N)=30.7 -3.54xIn(e)  0.92
HMA - PMB ---- WMA - PMB — — - WMA - NB
600

z 500
B 400
S 300
=
‘w200
@ 100

0

1E+04 1E+05 1E+06 1E+07

Number of cycles to failure

Figure 5. Fatigue test results of PA mixes

3.2. LCA and LCCA results

Results after comparing the LCA and LCCA of both WMA with the HMA are shown in Figure 6
and Figure 7. As is obvious, the greater the service life of the road, the smaller the economic and
environmental impacts.

When the analysis is performed considering only the wearing course (Figure 6), the differences
between the mixtures are more obvious. The 20°C reduction in the manufacturing temperature of
the WMA-PMB leads to a decrease of 1.0%, 2.9% and 3.3% in the RA, HH and ED impacts,

10
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respectively when no service life extension is considered. However, the addition of Evotherm
increases the cost of the mixture, WMA-PMB needing 0.5% life extension to equalize the HMA
cost.

Regarding WMA-NB, the addition of nano-technology results in a higher environmental and
economic impact if no service life extension takes place. Again, the economic impact is the most
restrictive one with 8.8% higher cost than the HMA. This impact is followed by HH, which is
4.6% higher than in the HMA, RA having the lowest impact with an increment of 0.5%.
Nevertheless, as calculating the durability of porous asphalt mixtures is not possible with the tools
that are currently available (at least at laboratory level), the analysis was performed applying the
LCA and LCCA methodology to the whole pavement assuming fatigue failure.
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Figure 6. LCA and LCCA result com ing course.

lize and 3D-Move as well as their
relationship (in percentage) can be seen in‘a en a static approach is applied, Alize
provides more conservative results than3D-M
as the adherence between the IaM). owever, the
is very similar whichever softwarg,Is us his sense, WMA-PMB and WMA-NB increase the
n the other hand, the effect of vehicle speed on the

observed when the dynamic analysis is carried out: the

durability is barel
WMA-MB is 4
performing a

Table 11. PA mixture durability
3D-MOVE Static Dynamic

tatic  Static 10km/h 20 km/h 60 km/h 100 km/h (mean  (mean)
Absolute value (years)
HMA-PMB 11.8 15.3 10.0 14.2 23.8 29.2 - -
WMA-PMB 125 16.1 10.3 14.8 24.9 30.5 - -
WMA-NB 13.9 17.8 111 15.9 26.4 32.2 - -
Durability increase compared to the HMA-PMB mix (%)
HMA-PMB 0% 0% 0% 0% 0% 0% 0% 0%
WMA-PMB 6% 5% 3% 4% 5% 5% 5% 4%

WMA-NB 17% 16% 12% 12% 11% 11% 17% 11%

When the whole pavement section is included in the LCA and LCCA system boundaries (see
Figure 7), the effect of the technology is attenuated. In this sense, the economic aspect is still the
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most restrictive impact, WMA-PMB needing 0.2% service life extensions to be considered as
profitable, whereas the WMA-NB needs at least a 3.0% increase. On the other hand, when the
environmental point of view is taken into account, the benefits of using WMA-PMB technology
can be observed even when the pavement lasts 1.4% less than the HMA pavement, the pavement
needing -0.3% life extension to improve the three environmental impacts. However, WMA-NB
starts showing benefits when 0.2% service life increase is achieved and requires 2.3% increase to
be considered as environmentally friendly due to the HH impact generated during the CB
production.

Considering the service life extension calculated with the software, significant improvements are
obtained with both mixes. WMA-PMB, achieving a smaller increment in the service life, enables
a reduction between 5.2% and 6.3% in the environmental impact when the static approach is
applied and between 4.1% and 5.2% with the dynamic analysis. Bigger im
achieved with the nano-modified binder. When the dynamic analysis is carried
8.2%, 8.9 and 10.0% in the HH, ED and RA impacts are possible. Fa@rth
analysis is performed, these three environmental impacts can be reduced 12.
respectively.

15.0% cost reduction while WMA-PMB achieves 5.
scenario, WMA-NB can reduce 9.8% the agency costs u
4.5%.

40%

30%
20%
10%

0% o HMA-PMB

-10%

Incrementof the impact

-20%

-30%
-20% -10%

0
Service life
Pavement. W

20% -20% -10% 0% 10% 20%
—o—HH ED —4—RA - - — LCCA| Service life extension
= =p Dynamic = Static Pavement. WMA-NB

LCA and LCCA result comparison. Pavement.

t mixtures which combine the most common techniques to reduce the
enviro impact of roads (the replacement of natural aggregates, the reduction of the
manufactiking temperature and the use of a nano-modified binder) were designed in this paper.
ures were dosed using EAF slag (80.4%) and RAP (14.0%), the addition of limestone
(natural aggregates) being necessary in the filler fraction (2.0%). Evotherm was used as the
additive to reduce the WMA temperature and CB was used by ACCIONA Infrastructure to
develop a nano-modified bitumen.

After performing several mechanical tests in the laboratory as well as applying the LCA and
LCCA methodologies, several conclusions can be drawn:

o The technical feasibility of producing highly sustainable PA mixtures which combine the
three technologies was demonstrated at laboratory level.
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Evotherm ends up being a good additive to produce WMA. Adding 5% of Evotherm by
weight of virgin binder leads to a decrease of 20°C in the manufacturing temperature in
porous asphalt mixes without affecting the compaction energy.

Using Evotherm has a positive influence on the mechanical performance of the mixtures.
WMA-PMB presents less particle loss than HMA and achieves the highest values of ITS.
Furthermore, Evotherm tends to increase the stiffness of the mixture.

The mixtures with the experimental binder show the lowest water susceptibility. In contrast,
despite accomplishing the standards and the differences not being statistically significant,
WMA-NB presents the worst results in the particle loss test. In terms of dynamic
performance, WMA-NB shows worse fatigue performance than the mixture with PMB.
However, its higher dynamic modulus would reduce the differences betwee mixtures’
behaviour under real pavement conditions.

ic a SIS when
e pavements

In general, static simulations provide more conservative results thar&i
they are expressed in absolute terms. However, comparing the durabi
percentage-wise, static simulations calculates larger service life in

Alize and 3D-Move can be used interchangeable to calculate t| ship between the
different due to intrinsic

pavements durability in a static way. However, the ahsolute value
characteristics of the software. This is also observed heﬁam analysis when several
ue
0

traffic speeds are simulated. Although the absolut rability differ, any speed can
be selected as long as the analysis is being perfeen arative purposes.

Both WMA technologies improve the e % and economic impacts. Nevertheless,
using nano-modified binder provides t sing results. When the best durability

scenario is considered, more than 12%%a 5% reductions in the environmental and

economic impacts can be a%v .
The incorporation of the wh@le pavement within the system boundaries when the technology

is only applied in the wearing,course attenuates the LCA and LCCA results. However, there

is a need to develop t iClyenable the prediction of porous asphalt mixture service life.
The experim s an adequate performance for use in PA mixes. However,
consideri re mechanism of this type of mixtures and the behaviour detected during

efits of this NB could be maximized by its application in asphalt

Spanish Ministry of Education, Culture and Sport [grant number FPU-1/06997] and the doctoral studentship
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