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ABSTRACT

This work aims to develop asphalt mixes with 100 % reclaimed asphalt pavements (RAP)
as source of aggregates and bitumen emulsions stabilized by amine-functionalized lignin.
To that end, reduced-temperature asphalt technologies between 80 and 130 °C were
assessed. Previously, processing parameters of emulsions were evaluated by droplet size
distribution and rheology measurements. Furthermore, a study combining Pendant drop
and Sessile drop (on a prototype polyethylene surface) tests showed that emulsion
aqueous phase containing modified lignin would be able to wet the hydrophobic surface
of RAP. Manufactured asphalt mixes were characterized according to French design
method for hot mixes, including gyratory compaction, rutting resistance, complex
modulus and fatigue resistance tests. The results obtained showed that reduced-
temperature asphalt mixes could be successfully prepared to meet French design
requirements, which would further minimize impact to environment. However, mix
design has required a semi-quantitative approach for estimating ‘active’ RAP binder

content, by balancing the manufacturing temperature and the fresh bitumen required.

Keywords: bitumen emulsion, lignin, rheology, reduced-temperature paving, product

design.



1. INTRODUCTION

In the last decade, soaring pressure on the global environmental challenges demands
immediate responses, as addressed in UN development agenda [1]. Particularly, issues
involving sustainability, environment and economic aspects are mostly discussed. In
transport infrastructure construction sector, an example for such issues is the use of fresh
bituminous and aggregate material, which has a high impact, up to 40% of CO2¢q (defined
as mass of CO; emitted in kg over a ton of each layer needed during the lifecycle), if the
extraction and production process are considered within the boundaries of analysis [2].
Moreover, conventionally used hot mixes method during road construction may be
perceived unsustainable due to its energetically unfavorable process and high CO>
equivalent emitted to the air [3,4]. In that sense, a reduction of virgin material (bitumen
and aggregates) and the use of reduced-temperature processes would promote more

sustainable road designs, addressing both environmental and economic aspects.

Concerning the raw materials, the use of waste materials can be both economically and
environmentally interesting due to the possible reduction of fresh binder, as well as the
natural aggregates used [5]. Such example reports a lower down score by 15% in fossil
depletion, when reclaimed asphalt pavement (RAP) was employed considering an impact
assessment according to two sets of impact categories: midpoint (single issue) and end-
point (higher aggregation level) categories, so called ReCiPe method [2]. That analysis is
based on the comparison of three-structured layers (surface, binder and base) of which,
one is manufactured with all virgin material and the other consist of up to 30% of RAP
for the base layer. A reduction of 13-14 % in the cumulative energy demand has also been
reported for 15% RAP recycled [6]. Besides those benefits, mechanical performance,
stiffness modulus and rutting resistance could be improved [7-9]. Obviously, such utmost

benefit may be expected for a higher RAP recycling rate. Today, their uses ,authorized in
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Europe according to EN 13808-8 [10], are yet generally limited especially for surface
layer [11]. This is related to the difficulty in controlling the characteristics of aged binder
and aggregates that potentially affect recomposed asphalt mixes final performance. For
that reason, many studies focus on studying the influence of incorporating RAP at higher
percentage, even up to 100% recycling, on their mechanical behavior, aiming at speeding

up its authorization [12].

Partial blending phenomena, between RAP binder and fresh bitumen, yet require
understanding. This widely accepted concept results in altering the performance of
blended binder [13,14]. For RAP recycling rate less than 25%, a study reports that no
particular change in binder grade is necessary [15]. Another study suggests an increase
of degree of partial blending from 70 to 96 % when mix compositions have been changed
from involving 25% RAP and binder with PG 70-28 specification to 35% RAP and softer
PG 50-28 [16]. From diffusion point of view in which diffusion coefficient and viscosity
are related by Arrhenius function with temperature, the lower the viscosity of bitumen at
a particular temperature (or softer characteristic), the more favorable the diffusion to
occur due to high diffusion coefficient [17]. The comprehension of partial blending in
HMA seems to drive in a converging direction, yet debatable on the investigation method
for the moment. Unfortunately, when RAP is recomposed following a reduced-
temperature mixing procedure, partial blending is another challenge. Many works done
on recycled warm mixes mostly explain about bitumen content selection [8,18], with the
assumption of fully recovered RAP binder and without partial blending. In this work, a
semi-quantitative approach, referred to thin-film diffusion phenomenon, has been
proposed trying to understand partial blending under reduced-temperature mixing
conditions. As a result, the fraction of ‘active’ RAP binder blended with the fresh bitumen

could be estimated.



Another interesting material that can potentially be used in road infrastructure is lignin.
A study reports that lignin seems to be compatible with bitumen due to the similarity in
their aromatic molecular structure [19]. Lignin is a renewable material, derived from
wood in the form of lignocellulose. While the cellulose is the main input of pulp plant,
lignin mainly ends up burnt in heat regenerator [20]. Due to the aromatic structure, lignin
potential as a precursor for advanced materials could be opened through chemical
modification. By lignin amination, for instance, cationic emulsifier for bitumen emulsion
application could be obtained. Previous study [21] shows that modified lignin may
prevent coalescence, as observed by insignificant change in average droplet size and its
distribution profile, hence providing good stability. Despite stability during storage,
bitumen emulsion also requires to wet the aggregate surface upon application, by a
balance between the negative charge of the fresh aggregate and the positive charge of the
cationic surfactant [22]. However, if the bitumen emulsion (and the emulsifier) is
designed to coat a 100% RAP instead of virgin aggregates, its physical properties may
not be treated equivalently due to the difference in surface characteristics. Thus, further
research regarding emulsion/surfactant wettability on a hydrophobic surface is required

to assess their interactions with RAP surface.

With the main objective to design asphalt mixes with maximum recycling and minimum
impact to environment, this study is divided into three subtopics with the aims of:
assessing the ability of emulsifiers derived from lignin to partially wet RAP surface;
optimizing processing parameters during the manufacture of bitumen emulsion; and
producing reduced-temperature asphalt mixes containing 100% RAP without sacrificing

their mechanical performance.



2. EXPERIMENTAL
2.1. Materials

Kraft lignin (KL), tetra-ethylene-pentamine (TEPA) and formaldehyde, were used as
reagents for producing cationic modified lignin (MKL). Kraft lignin used has a molecular
weight of 10000 g/mol, an ash content of 3.14 wt.% and elemental composition (wt.%)
consisting 61.15 of C, 6.72 of H, 26.92 of O, 2.18 of N and 2.54 of S. As for the reference,
n-tallow alkyl tri-methylene diamine (referred to as REF), was selected. Penetration and
Ring-and-Ball softening temperature tests were performed on bitumen according to EN
1426 and EN 1427 [23,24]. The values obtained were 190 dmm and 39 °C, respectively.
Reclaimed asphalt pavement material (RAP) was obtained from a real scale road fatigue

simulator under accelerated heavy traffic, was kindly supplied by IFSTTAR (France).

2.2. Preparations

MKL emulsifier reaction procedure was presented elsewhere [21]. Afterwards,
concentrated MKL was diluted with acidic water at pH 1 to attain final concentrations
between 0.625 and 3.75%. Oil-in-water (O/W) emulsions were prepared by emulsifying
60 wt.% bitumen into that aqueous phase, at a selected concentration of 1.5 wt.% of MKL
emulsifier. For sake of comparison, four emulsification devices were used in this study:
A) three batch homogenizers UT T25, UT T50 and a SilL5M; and B) an inline three-stage
high-shear homogenizer, referred to as 3STCM. The first three devices are small capacity
processing units (200 — 500 gr). A premix of 145 °C bitumen and 60 °C of aqueous
surfactant solution yielded a blend with an approximate temperature of 90 °C, to avoid
water evaporation. Short after, emulsification at the maximum speed was done for 4 min.
The difference with the in-line homogenizer type is in the capacity and the ability for

continuous recirculation of the emulsion. When recirculation line was employed, the



maximum capacity is 5 kg, and emulsification time was further evaluated on 3STCM by
taking sample through recirculating line starting from 1 to 12 minutes. For the reference
emulsion stabilized by 0.5 wt.% REF, surfactant was dissolved in aqueous phase with pH

1 and the rest of procedures were similarly followed.

For RAP binder analysis, sample was extracted using perchloroethylene solvent on
automatic asphalt analyser (EN 12697-1)[25] followed by binder recovery process in
rotary evaporator (EN 12697-3)[26]. Details on the conditioning for mixing and
compaction and the quantity of added water and fresh bitumen are presented in Table 1.
The mixing was performed in two steps: first water addition for moisturizing RAP surface
followed by bitumen emulsion addition for a total mixing time of 2.5 min. Compaction,
apart from compaction study using gyratory compactor, was done using tire roller
compactor. Once compacted, slabs were allowed for three days curing at 50 °C. For
complex modulus and fatigues resistance tests, slabs were cut into trapezoidal specimen

with sawing machine.

2.3. Tests and measurements

Surface tension measurements on acidic aqueous phase solution containing MKL
emulsifier were done by the pendant drop method. The device consists of a camera with
fixed focal length lense, pendant drop injector and LED lamp. The pendant drop was
formed by a needle injector with outer diameter of 0.8 mm, and images were captured
and analysed in real-time. Accurate surface tension measurements were obtained at the
point that the drop was close to detach from the tip, when a more favorable deformation
is caused by a bigger drop weight. With the same apparatus setup, the Sessile drop
approach was used to test the contact angle between a polyethylene surface (used as

reference hydrophobic prototype) and a drop of aqueous solution at varying



concentrations of the lignin surfactant studied. The procedure was adapted from general

methodology explained elsewhere [27].

Bitumen emulsion properties were characterized by means of droplet size distribution
(DSD) and viscous flow tests. DSD measurements were conducted in a laser diffraction
analyzer, at ambient temperature. The refractive indices for bitumen and water were set
at 1.61 and 1.33, respectively. Viscous flow tests at 30 °C were carried out in a controlled-
stress rheometer, using a coaxial cylinder Z20-DIN (27 mm diameter) geometry, on
steady rotational shear mode. Tests were performed by progressively increasing shear
stress applied to obtain shear rate ranges between 0.1 and 500 s!. An equilibration time
of 2 min was set at every stress applied, to achieve steady state conditions. Geometry used
was serrated type for avoiding wall-slip phenomena. For binders, flow tests between 0.01
— 50 s were performed on extracted RAP bitumen and fresh bitumen, using plate-plate

geometry, at four temperatures of 60, 90, 120 and 150 °C.

Characterization of asphalt mixes was performed at four levels according to French
design method [11]. In the first level, gyratory compactor was used to analyse their
compaction behaviour. Loose mixes specimen was compacted in a rotating 150 mm
diameter cylindrical mould with internal angle and vertical pressure settings according to
EN 12697-31 Annex A [28]. The second level deals with rutting resistance that was done
with the wheel tracking device, according to EN-12697-22 [29] for large size devices.
Parallelepiped specimens of 100 mm thickness were subjected to alternating wheel/tire 5
kN load at a frequency of 1 Hz (inside chamber at 60 °C) for up to 30000 cycles.
Afterward, complex modulus was measured in 2 points bending, according to EN-12697-
26 Annex A [30]. A sinusoidal small deformation was applied on trapezoidal specimens
for frequencies from 1 to 40 Hz, at each specified temperature between -10 and 40 °C.
The last test (fourth level) is a fatigue test according to EN-12697-24 Annex A [30].
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Trapezoidal specimens were subjected to a sinusoidal strain with constant amplitude
between 80 and 150 pstrain in 2 points bending. The failure criterion is 50% reduction of

the stiffness. Figure 1 summarized methodology followed for mix design.

3. RESULTS AND DISCUSSION

3.1. Surface activity of modified lignin emulsifier

As a preliminary attempt to foresee interfacial activity at the emulsion O/W interface and
the expected wettability improvement caused by the surfactant, the polar and dispersive
components of the surface tension of aqueous solutions containing increasing
concentrations of the modified lignin (MKL) were determined. Calculations involved
Sessile drop contact angle (0) measurements on a prototype non-polar polyethylene
surface, along with Pendant drop tests in order to find out the overall surface tensions ()

values (Figure 2).

Despite a little fraction of compounds providing polar interactions, bitumen nature is
mainly hydrophobic, and its surface free energy is mostly dominated by the dispersive
component, related to van der Waals interactions [31]. As RAP is basically aged-bitumen-
coated aggregates, a surfactant solution with enhanced values of the surface tension
dispersive component, at the expense of lower values of the polar component, results a
sensible approach to promote the interaction between MKL emulsifier (stabilizing
bitumen emulsion) and bitumen hydrophobic surface. The selection of PE as standard
reference for the Sessile drop method is based on its lack of polar component. So, the
dispersive component is obtained straightforward with just one test. If the total surface
tension of the liquid is previously determined by Pendant drop, the difference between

the total and dispersive components gives the polar component.



As shown in Figure 2A, Sessile drop tests were conducted in static mode such that the
time-dependent contact angles (6) were monitored over an image capturing period of 250
s, for all cases studied. It is worth mentioning that evaporation influence was assumed
negligible due to the close-saturated system environment employed. For all MKL cases,
a sharp decay in contact angle occurs at the beginning of the test, over the first 70s,

followed by a milder decrease until steady values were achieved after 250 s.

The Sessile drop test is based on Young equation [32], for a liquid drop on a solid surface,

in equilibrium conditions, which can be conveniently arranged as follows:
Yo (L+cosb) =ys+vyL—Vs-L (1)

where vs, yL and ys.L represent surface tensions (surface free energy) of solid and liquid,
and interfacial tension solid-liquid, respectively, and yr-(1+cosB) is the so-called
“adhesion work”. Using Owens-Wendt method [33], where the surface tension is

calculated as the sum of dispersive (y) and polar (y) components:
y=y"+y" @)

the adhesion work is expressed as follows:

.- (1 + cosf) =2 /VLD'V5D+2 /np'ysp 3)

For the PE solid used as reference, with only dispersive component of 2= 35.3 mN/m
(literature value), no polar interaction is expected [34]. Thus, by rearranging equation (1)
and given that the overall value of surface tension of the liquid (yL) is previously
determined via pendant drop test, the dispersive contribution of the aqueous phase

containing MKL can be obtained by equation (4):
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(4)

2

b = 1 l(l + cos6) -yLl

D —
Vs 2

and, then, the liquid polar component is calculated by equation (2).

As previously mentioned, the surface tension (y) was first obtained from pendant drop
technique, which is based on the fact that the curvature of the drop profile is the result of
the balance between surface tension and gravitational forces [35]. As observed in Figure
2B, y value of water (0 wt.% MKL), is 72 mN/m, and gradually decreased down to 59.74
mN/m when concentration of MKL in aqueous phase increases up to 3.75 wt.%, or
equivalent to 1.5 wt.% MKL in a 60/40 (O/W) emulsion. The contact angle (6) on PE
substrate (to the right Y axis) decreased sharply from 0 to 0.625 wt.% MKL, and with
lower slope between 0.625 to 3.75 wt.% (probably the critical micelle concentration,
CMC, has been already attained at 0.625 wt.%). This suggests improved wettability of
hydrophobic substrate when MKL is added to the aqueous phase. Moreover, MKL
addition altered both dispersive (y°) and polar (y") surface tension components. Thus,

with the addition of 0.625 wt.% MKL, y is reduced and yP is increased.

It is worth noting that the higher the matched ratio of dispersive to polar component
between liquid and solid, the more interaction may be expected [33]. Therefore, the effect
of the MKL may contribute to improve wetting on bitumen-coated RAP aggregates by

the proposed emulsion.

3.2. Processing of bitumen emulsion

Previous results have pointed out the MKL surfactant may affect droplet surface tension,
promoting emulsion stabilization mechanisms. Figure 3A presents droplet size
distribution (DSD) of 60/40 bitumen emulsions stabilized by 1.5% modified lignin

emulsifier, prepared using different emulsification devices. DSD of all emulsions are
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fairly similar, except for the one prepared in SilL5SM. Apart from emulsification time,
study demonstrates that surface weighted or Sauter mean diameter (D32) values are
governed by the dissipation energy [36], that is affected by processing parameters such
as rotational speed ‘N’ where D32 ~ N2 [37]. For emulsions emulsified for a similar
time of 4 min, D32~ N! seems valid, e.g. comparing homogenizers T25 at 20.000 rpm
(D32(125 @20k rpm) = 8.5 pum) and SilL5SM at 5000 rpm (D32silLsm @sk mpm) =26 pm).
Nevertheless, D3> of homogenizer T50 is lower than that of T25, despite emulsion was
manufactured with lower N (10000 rpm). In this case, geometry of T50, with larger
rotor/stator diameters than T25, also affects D3 [37]. Thus, both higher rotational speed
and larger rotor/stator size increase energy dissipation, which results in the reduction of

D3,

For sake of comparison and scale-up, emulsification was also performed using an in-line
homogenizer (3STCM), with a much more robust three-stage-emulsification geometry.
As may be seen in Figure 3A and Table 2, DSD and D3 value obtained were similar to
those achieved by the T50 device, although in a shorter emulsification time (1 min or less)
and with a larger capacity (Figure 3A). Furthermore, Figure 3B presents DSD curves of
3STCM emulsions stabilized by MKL, for a longer emulsification time up to 12 mins.
For comparison, emulsification with the REF emulsifier was also studied. By using
3STCM, emulsification seems sufficient only in one minute of processing, regardless the
type of emulsifier. Processing for a longer time does not cause any significant DSD profile
change, being average particle size always smaller for REF-stabilized emulsions. By
analyzing average mean diameters (calculated from DSD curves) in Table 2, the volume-
weighted (D43) mean diameter seems to be more affected than surface-weighted (Ds2)

along emulsification time for the MKL-stabilized emulsion.
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Flow behavior of emulsions with oil/water (O/W) ratios between 30/70 to 60/40 is shown
in Figure 4A. As commonly observed, bitumen emulsion presents shear thinning response
at low shear rate, followed by a Newtonian behavior at high shear rate, known as high-
shear-rate limiting viscosity (n«). As may be seen, N values are affected by O/W ratio,
presenting a higher value as more concentrated bitumen emulsions are, similar results
have been already reported elsewhere [38]. All MKL-emulsions show a Newtonian region
in a wide shear rate range, even when sheared between 0.1 and 1 s™'. Compared to MKL-
emulsions, REF-emulsions present higher shear-thinning character and viscosity for each
corresponding O/W ratio, to imply their more highly-structured characteristics as clearly
seen under relatively small deformation. Such phenomena might be explained by internal
phase fraction, referring to the relation between packing density (¢/¢m) a ratio of emulsion
volume fraction (¢) to its corresponding maximum packing (¢m) and the relative viscosity
(Mr). The value of mr is calculated as the viscosity ratio of emulsion to its continuous
phase, and can be fitted as a function of ¢/¢m by a model for concentrated suspensions,

proposed by Frankel-Acrivos (1967), as follows [39]:

B"
"= o — 1125 [—%n v (5)
3
aqueous phase 1— (%)

In Figure 4B, the Frankel-Acrivos fitting curve describes fairly well experimental data.
This result suggests nw can be predicted from any O/W ratio higher than 30/70, given that
the maximum internal phase value fraction (¢m) is expected to be the same due to
relatively similar DSD profiles of each set of emulsions (Figure 3B). In addition, the
maximum packing of REF emulsion (¢m = 0.705) is smaller. Therefore, for a given O/W
ratio, their packing density (¢p/¢m) is always higher than MKL-emulsion. Such densely

concentrated systems, governed by the increase in total interfacial area (and, therefore,
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by more interactions among droplets), result in more viscous emulsions [40]. On these
grounds, the higher Newtonian character and lower viscosity of MKL-stabilized

emulsions would favor RAP coating and mixing.
3.3. Reduced-temperature asphalt mixes study

Manufacture of asphalt mixes composed of 100% RAP and fresh bitumen (from previous
MKL modified bitumen emulsions), by means of reduced temperature technologies to
obtain warm (WMA) and half-warm (HWMA) mix asphalts, will be assessed according

to the standards of French design method for hot mixes.

3.3.1 Mix design to meet gyratory and rutting resistance performance specifications

As recommended for a better control of recomposition and homogeneity of the materials
[41], RAP (with grading 0/10 mm) was firstly fractioned into four fractions, of 0/2, 2/4,
4/8, and 8/10 mm. After stripping down aged bitumen, obtained fractions were sieved to
determine the particle size distribution of their ‘cleaned’ aggregates (Figure 5A). Then,
the quantity of each fraction was adjusted to obtain typical gradation curve for an AC-

BBSG 10 design (Figure 5B).

A first approach for mix design, called “white aggregate”, fixed the total added bitumen
(RAP binder and fresh B160/200) at 5.5% (Table 1) and adjusted the grading curve with
fractions 2/4, 4/8, and 8/10 mm, considering the size of cleaned RAP aggregates (Figure
5). Thus, “white aggregate” approach gave rise to the so-called WMA and HWMA mixes,

prepared at 130 and 80°C respectively (Table 1).

The first level of evaluation, according to French design method deals with compactibility
performance in French gyratory compactor, as presented in Figure 6. There are several
analysis methods to observe the curve of void percentage evolution vs number of
gyration. The first study was screened based on the percentage of void (% v/v) at a given
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gyrations. The French national foreword of the European standard EN 13108-1 specifies
an interval of void values between 5 and 10 % v/v at 60 gyrations for that intended design
(AC — BBSG 10). As may be seen in Figure 6 for mixes adapting white aggregate
assumption (with the corresponding expected final bitumen content of 5.5%, which is
composed of 3.92% RAP binder and 1.6 % of fresh bitumen), WMA reached a 9% void
whereas HWMA (“white aggregate) fell beyond expected design value, with 24.4%

void.

As an alternative, a semi-quantitative approach, which consisted in adding more fresh
bitumen as mixing temperature decreased (Table 1), was proposed. Furthermore, a new
grading curve that considered “black aggregate” sizes (coated by RAP binder) and all
RAP fractions (from 0/2 to 8/10) was also proposed. This approach based on previous
studies [16] that point out a higher blending degree between RAP binder and fresh
bitumen in hot mixes asphalt (HMA). However, for reduced-temperature (e.g. WMA and
HWMA) asphalt technologies, its blending level is expected to decrease, together with
RAP binder quantity able to be rejuvenated, due to the high viscosity of RAP at such low

mixing temperatures.

Regarding mix binders, viscous behavior of RAP binder and fresh bitumen were
characterized as a function of temperature (Figure 7A). A Newtonian behavior starting
from low shear rates, known as zero-shear-rate limiting viscosity (10), was always found
for both binders, being the aged (harder) bitumen more viscous than the fresh binder.
Viscosities decreased with increasing temperature from 60 to 150 °C and were fitted to
Arrhenius and WLF models (Equations 6 and 7, respectively):

-2
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—G(T —To)
[C; + (T = T)]

no(T) = (7)

where Ea is activation energy, R is universal gas constant, T and Ty are temperature and
its arbitrarily selected reference (90 °C) and C; and C; are WLF constant. As may be seen
in Figure 7B, WLF model, with C; and C> of 4.9 and 147.1 for fresh bitumen and 9 and
171.8 for RAP binder, fits better than Arrhenius model for viscosity dependence in the
whole temperature range studied, from 60 to 150 °C. However, for sake of simplicity and
for estimation of fresh bitumen diffusion studied below, Arrhenius equation was used to
describe binders viscosity in the mixing temperature range used for WMA and HWMA
(80-120 °C). Thus, Ea will be used for estimating the quantity of fresh bitumen required,
based on a thin film diffusion approach. Comparing both bitumen, the higher Ea value of
127 KJ/mol for RAP binder, as compared to fresh bitumen with 80 KJ/mol, suggests a
material more susceptible to temperature, arising from a more complex microstructure.
Moreover, its higher viscosity and non-Newtonian character are due to the change in
chemical composition (i.e. increase in carbonyl and sulfoxide groups, increase molecular
association, etc.), which has been associated to long-term aging that leads to a more

complex intermolecular interactions within the microstructure [42,43].

Trying to maintain “rejuvenated binder” content similar for both WMA (“white
aggregate” approach) and HWMA (“black aggregate™) technologies, it is necessary to
estimate the amount ‘active’ RAP binder (i.e. RAP binder layer thickness) available for
blending with the fresh bitumen added. Based on the diffusion of fresh bitumen
penetrating RAP binder film thickness and a linear relationship between diffusion
coefficient and apparent viscosity [17]. The fraction of penetration ‘xt’, for a certain

depth of aged binder layer coating RAP aggregates, may be estimated for every
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temperature of mixing (WMA, HWMA-1 and HWMA-2), with respect to a reference

conditions (e.g. Hot Mix Asphalt-HMA processing conditions [16]) as follows,

0.5
X “E /1 1 )l}
~{ex —— (8)
Xref { p[ R (T Trer

where Trer for a HMA is 150 °C and Xrr takes values between 0.9 and 1 (leading to red

and black curves of Figure 8B, respectively), assuming a high partial blending (within the
range of 90 to 100% penetration depth) for hot mix asphalt when fresh soft binder is used
with RAP [16]. As for Ea value, based on a linear relationship between diffusion
coefficient and apparent viscosity [17], diffusion coefficient can be estimated by the
Arrhenius equation on diffusion [12, 14, 29, 30] and Ea in Equation 8 could take the value
previously calculated for the soft bitumen (Equation 6, Figure 7B). As a result, xt values
calculated for WMA, HWMA-1 and HWMA-2 can be used for estimating RAP binder

concentration involved in the diffusion process (Figure 8),

“Active” RAP binder (%) = xr - [Total RAP Binder (%)] 9)

Based on this assumption, the quantity of fresh bitumen, required to maintain the designed
binder content, should increase as manufacturing temperature decreases, e.g. by
increasing the amount of added MKL-stabilized bitumen emulsion. Thus, Figure 8
estimates about 1.8 % “active” RAP in WMA and Table 1 shows 1.6% fresh bitumen was
added, giving 3.4% total binder involved in compaction of the mix. Accordingly, it can
be estimated from Figure 8§ and Table 1 that 3.4% and 3.6% bitumen (“Active”

RAP+B160/220) should be involved in HWMA-1 and HWMA-2, respectively.

Accordingly, both HWMA-1 and HWMA-2 could be sufficiently compacted when black
aggregate assumption (or semi-quantitative approach) was used, with design values of

3.4-3.6% total bitumen involved (Figure 6). However, when using “white aggregate”
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assumption, mixes prepared at 80 °C (HWMA in Table 1) suffered from poor workability
and were unable to be compacted to the expected void percentage (Figure 6). In this case,
about 0.20 % “active” RAP is expected to be in HWMA (“white aggregate”), which
makes only 1.8% total binder involved in compaction of the mix, when 1.6% fresh
bitumen was added (Table 1). Thus, “black aggregate” assumption was proposed for

HWMA technology.

Furthermore, analysis of void content at 10 gyrations, that represents the state of materials
subjected to low load, was performed to estimate the rutting performance (Figure 6).
HWMA-1 presented the lowest value at 13% that suggests a good workability with a
drawback of the increasing chance for a poorer rutting performance. In this sense, the
rutting resistance was assessed according to EN 12697-22+A1 using wheel tracking
device. Figure 9 shows the evolution of deformation depth with the number of cycles.
Unfortunately, HWMA-2 (“Black aggregate”) specimen for rutting test could not be well-
compacted with the common method using a tire roller compactor, likely due to inability
for water removal during compaction. Unlike previously used gyratory compactor, in
which clean water was observed expelled from the specimen to allow void content at 60
gyrations to be within the specification (Figure 6). For this reason, only WMA and
HWMA-1 rutting performance are evaluated in Figure 9. After 30000 cycles, the
deformation depths are 5.2 and 8% for WMA and HWMA-1 respectively, which are
within specification below the maximum admissible value of 10% for class 1. A higher
penetration depth value for HWMA-1 is in agreement with the lowest value of void

content after 10 gyrations.

At this point, only two mixes designs, referred to as WMA and HWMA-1, fit the above-

mentioned criteria. However, HWMA-2 design will be kept for further assessment with

- 18 -



the aim of validating the proposed semi-quantitative approach and gaining knowledge on

mix design for reduced temperature technologies.

3.3.2 Thermo-mechanical and fatigue behaviors

The evolution of the complex modulus (|[E*|) and the loss modulus (E”) as a function of
reduced frequency are presented in Figure 10A. Similar to rutting test preparation,
HWMA-2 specimen underwent compaction issues in the tire roller compactor, which
resulted in high 13 % void. Nevertheless, trapezoidal specimen for complex modulus and
fatigue tests were successfully cut from the slab which is uncommon. Conversely, WMA
and HWMA-1 were within the designed void percentage that correlates to the prediction

by gyratory test.

According to the French national foreword of EN 13108-1, the norm of the complex
modulus (|[E*|) at 15 °C and 10 Hz should be either higher than or equivalent to 5500 MPa
for AC-BBSG 10 mix class 1 or 7000 MPa for AC-BBSG 10 mix class 2 and 3. [E*| of
WMA is 11267 MPa and |[E*| of HWMA-1 is 7063 MPa, both satisfying the EN 13108-
1 requirement for all classes of AC-BBSG 10. However, the required values are not
obtained for HWMA-2 with |E*| of 2492 MPa (Figure 10). The differences in the
magnitude among them are likely related to the blended binder properties, which can be
estimated for instance by means of technological penetration value (Pen). Thus, by

applying logarithmic mixing rule,

log(Pen_AB) = a - log(Peny) + b - log(Pen_B) (10)

where the estimated fraction ‘a’ of RAP binder (with Pen A in Table 1) and fresh binder
fraction ‘b=1-a’ (with Pen B in Table 1) are calculated from Figure 8 and added fresh
bitumen from Table 1. By using Equation 10, the blended binder penetrations (Pen AB)

for WMA, HWMA-1 and HWMA-2 are expected to be 40, 99 and 162 dmm, respectively,

-19 -



assuming “active” RAP binder and total fresh bitumen are fully blended. Therefore, the
observed lower modulus |[E*| (Figure 10A) and poorer rutting performance (Figure 9) of
such mixes may be attributed to a resulting softer binder. Its blend would be composed
of less active RAP and more fresh (soft) bitumen, as emulsion-RAP mixing temperature
decreases. It is worth noting that LCPC design method advises the use of bitumen with

penetrations 35/50 and 50/70 for AC-BBSG-10 [11].

Aiming to further predict mixes behavior for its low temperature performance, a
conversion of moduli vs reduced frequency (ar-f) into temperature domain (T) could be
performed based on empirical application of time-temperature superposition principle

and using a rearranged Arrhenius equation relating shift factor and temperature[44]:

Ea - Tref

T =
R Ty -In(ar) + Ea (1)

Based on Equation 6 and at a reference temperature of Trer=15 °C, the activation energy
is initially obtained by taking the slope of a regression line of In (at) vs T plot (not shown),
whose value are 237, 229 and 216 KJ/mol, respectively for WMA, HWMA-1 and
HWMA-2. Figure 10B presents the converted master curves into temperature domain.
HWMA-1 (and, more apparently, HWMA-2) underwent a shift towards lower
temperature in the peak of loss modulus (E”), which has been related to the glassy region
onset [45] (Figure 10B). In this regard, a statistically higher fracture temperature is
expected as binder becomes harder (i.e. lowering Penss) [46]. A fact that might be relevant
for mix WMA (54% ‘active’ RAP binder and 46% fresh bitumen), which exhibits the
highest mechanical glass transition temperature (from E’” max) at 19 °C. The observed
increase in temperature for a given |[E*| value as mix binder becomes harder has been

reported by other authors [47].
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Finally, fatigue resistance was evaluated by means of two-point bending fatigue tests,
determining parameter &, a term that represents the strain amplitude to cause the stiffness
reduction by half over a million cycles. This value was obtained on a regression line on
twelve data points in the logarithmic plot of number of cycles vs deformation (Figure 11).
HWMA-2 fatigue life appeared to be quite sensitive to the strain changes, as observed by
a steep slope on Nf-¢ curve that decreased following sequence HWMA-2, HWMA-1 and
WMA. In addition, scattering of data points seemed to narrow along similar sequence.
Concerning g6 parameter value, the design specification mentions a minimum value of
100 pstrain. Both WMA and HWMA-1 satisfactorily meet the specification, unlike
HWMA-2. For a comparative analysis, a correction to & could be applied for a certain

value of compaction degree, which in this case was 7%, using Equation 12 [8,11],

Agg = 3.3 - A(%v/v) (12)

where A means the difference between the measured and targeted value for fatigue
parameter (g6) and void percentage (%v/v). Hence, WMA with 6% and HWMA-1 with
8% have g6 corrected value of 103.7 and 107.3 psurain, respectively. If HWMA-2 were
successfully compacted from 13% to 7%, its estimated € would be 99.8 pstrain which is
fairly close the range to satisfy that criteria. Other researchers working on fatigue
performance of warm mixes asphalt containing RAP have also reported &> 100. Dinis-
Almeida et al [18], whose work deals with 100% RAP warm mixes within AC 20 grading
envelope, presented fatigue performance comparable to their hot mixes at g of 233,
obtained using four point bending technique. For result on two point bending test, Lopes
et al [8] also showed that 50% RAP on their warm mixes does not significantly change

fatigue performance from their corresponding hot mixes at g6 of 115.
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Finally, considering a minimum quantity of 5.5% bitumen is required for AC-BBSG-10
design [11], a saving of fresh bitumen by 70 and 50 % could be obtained for WMA and
HWMA-1, thus expectedly reduce the impact to environment, in addition to the fact that

performance quality meets the specifications.

4. CONCLUDING REMARKS

Asphalt mixes with maximum recycling and minimum impact to environment may be
manufactured, between 80 to 130 °C, with a 100 % reclaimed asphalt pavements (RAP)
as aggregates and a bitumen emulsion stabilized by modified lignin. The assessment of
aqueous phase containing modified lignin suggests that MKL can play roles of emulsion
stabilizer along with RAP coating agent. An improved RAP wetting is likely to occur, as
may be deduced from its lower contact angle with polyethylene substrate (hydrophobic)
compared to water. Regarding its surfactant activity, the surface tension decreases with
the increase in concentration from 0 to 0.625% and both polar and dispersive components

of surface energy remain constant for higher concentrations.

By using a three-stage in-line homogenizer, the emulsification time shortens below 1 min,
since no significant change in D3> (about 6 pm) is observed for longer times. Compare to
reference REF emulsions, MKL-stabilized bitumen emulsions show a lower viscosity,
related to their higher maximum packing volume fraction, and a less non-Newtonian

character, both factors would favour their use in reduce-temperature asphalt technologies.

Asphalt mixes with 100% RAP may fulfil the French design method when prepared as a
WMA or by a HWMA procedure involving the “black aggregate” assumption. HWMA
could not be manufactured by the “white aggregate” assumption due to the small amount
of fresh bitumen added, which gave rise to a small fraction of activated RAP binder,

according to semi quantitative approach. This fact affected mix compatibility.
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Conversely, the higher amount of fresh bitumen required by the semi-quantitative method
in HWMA-2 led to poor mechanical properties in the mix. In this regard, emulsions

formulated with bitumen of lower penetration should be taken into consideration.

Interestingly, a reduction of fresh bitumen content of 70 and 50 % might be expected as
reported for WMA and HWMA-1 mixes, respectively, according to minimum binder
requirement for a mix AC-BBSG 10. Thus, the semi-quantitative approach becomes
relevant in the design of mixes using reduced-temperature method, especially when high
rate of recycled asphalt is used. Based on the relation between mixing temperature and
fresh bitumen penetration into RAP binder film, a lower manufacturing temperature needs
to be compensated by a higher amount of fresh bitumen. Thus, a balance between both

parameters should be considered in search of the optimum reduction in lifecycle impact.
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Figure Captions

Figure 1. Process mapping of research methodology.

Figure 2. A) Evolution of contact angle (0) on polyethylene substrate with respect to time
and B) Contact angle (0), liquid surface tension (yL), its disperse component (y.P) and
polar component (y."), of aqueous phase as a function of concentration.

Figure 3. Droplet size distribution of bitumen (160/220) emulsion as a function A)
different processing procedure followed (device and emulsification time) and B) effect
emulsification time for a selected device three-stage in-line homogenizer - 3STCM.
Figure 4. A) Bitumen emulsion flow curves for O/W ratio within interval range of 60/40
to 30/70 and B) Frankel-Acrivos dependence of relative viscosity with dispersed phase
volume fraction for emulsions stabilized by MKL and reference surfactant.

Figure 5. A) Sieve test results of separated RAP fractions (white aggregate), of 0/2, 8/4,
4/8, and 8/10, from which aged binder was previously stripped; and B) their
recomposed aggregate gradation referred to AC-BBSG-10 design.

Figure 6. Gyratory compaction performance presenting mix void percentage and
number of gyrations.

Figure 7. A) Flow curve of aged binder (extracted from RAP) and bitumen 160/220
(used as raw material for bitumen emulsion) at 60, 90, 120, and 150 °C and B) zero
shear-rate limiting viscosity as a function of temperature and their corresponding fitting
using Arrhenius and WLF equations.

Figure 8. Semi-quantitative approach for estimating rejuvenated “active” RAP binder
as a function of temperature, based on fraction of penetration into the RAP film (xr) of
the fresh bitumen.

Figure 9. Rutting performance at 60 °C (by rut depth) as a function of number of tire-

cycles, of 1000, 3000, 10000, and 30000 cycles.
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Figure 10. Master curve by applying time-temperature superposition, of A) isothermal
plot of moduli vs reduced frequency and B) isochronal plot of moduli vs temperature
(obtained by using modified Arrhenius equation).

Figure 11. Fatigue life test by flexion, via two-points bending procedure, and fitting curve

of load deformation (pstrain) vs number of cycles (Ng).
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Table 1 Asphalt mixes preparation

White aggregate Black aggregate
WMA HWMA HWMA-1 | HWMA-2

RAP aggregate
Temperature °C 130 80 110 80
Binder
RAP binder (%) 3.92 3.92 4.47 4.47
Additional bitumen (lignin 1.6 1.6 2.6 3.4
emulsion C60) (%)
Bitumen emulsion 2.7 2.7 4.3 5.7
Added water (%) 0.75 0.75 0.75 1.5
Processing
Compaction temp. °C 120 60 90 60
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Table 2 Sauter (D32) and De-Brouckere (Ds3) mean diameters of emulsion produced

using MKL and REF emulsifier as a function of emulsification time

Emulsification | Emulsification MKL REF
device time D32 D43 D3 D43
UT T25 4 8.45 39.04 - -
UT T50 4 6.01 26.69 - -
SilL5M 4 25.56 141.26 - -
3STCM 1 6.70 29.56 2.81 9.66
2 6.46 28.33 2.68 8.07
4 5.56 23.31 2.78 12.96
6 6.63 26.73 2.81 12.19
10 6.52 25.19 3.03 10.10
12 6.55 24.92 2.27 5.08
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