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Abstract In the near future, the world of civil and
building engineering will be dominated by the advent
of bio-materials. Even the road paving sector is
involved in the transition towards more sustainable
solutions, promoting at the same time environmental
benefits and economic savings. Currently, one of the
main goals is to ensure that bio-binders offer good
performance, at least comparable with that offered by
conventional materials. In the last decades, the
exponential increase in traffic volumes has led to
various types of asphalt pavement distresses, among
which fatigue cracking is one of the most common.
Within this context, this study presents the character-
ization of a bio-based asphalt mixture obtained by
replacing 30% of bitumen with lignin, which was
compared with a reference asphalt mixture containing
a plain bitumen characterised by the same penetration
grade. Laboratory produced and compacted specimens
were subjected to complex modulus and cyclic fatigue
tests with the Asphalt Mixture Performance Tester
(AMPT). Both unaged and long-term aging conditions
were investigated. The tests and the subsequent
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analyses were based on the simplified viscoelastic
continuum damage (S-VECD) approach. Overall, the
results showed that the presence of lignin led to a
lower aging susceptibility, but also caused a slight
reduction in fatigue life due to an increase in the
material stiffness. Furthermore, the obtained results
confirmed previous findings deriving from the study of
the two binders and from the conventional character-
ization of the same asphalt mixtures as well.
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1 Introduction

In the last decades, the use of bio-materials has gained
notable interest in the civil engineering sector. In this
context, the road industry is interested in developing
new “green” solutions that concurrently meet the
desired performance requirements of conventional
materials. Given the rapid growth of cities and traffic
volumes [1], the demand for raw materials for
pavement construction and maintenance has dramat-
ically increased, along with their price. At the same
time, the environmental issues related to the carbon
footprint and greenhouse gas emissions in the atmo-
sphere due to the use of non-renewable resources
cannot be neglected. For these reasons, bio-binders are
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currently considered a promising solution for flexible
pavements. They consist in a partial or total replace-
ment of bitumen, which derives from the distillation
process of crude oil, with various bio-resources such
as animal waste, bio-oils (wood, sunflower, corn,
soybean) [2—4] waste cooking oil [5], and lignin [6—8]
In particular, lignin is gaining much interest since it is
largely available in nature [9—11]. It can be in dusty or
liquid form and derives from specific pyrolysis [12] or
hydrolysis [13] processes carried out on wastes of the
wood pulp and paper industries. From a structural
point of view, it is a complex organic polymer with
some chemical structures not dissimilar from bitumen.
Indeed, they are both hydrocarbon materials mainly
composed of carbon, hydrogen and oxygen [14, 15]
and for this reason they might be compatible with each
other. However, the main issue is to ensure that its
application in asphalt mixtures does not produce
negative effects or penalise the final performance.

Flexible pavements are affected by cyclic traffic
loads, weathering and serious temperature fluctua-
tions, which lead to several kinds of distresses and to
the change of their mechanical properties (stiffness,
permanent deformation resistance, fatigue resistance)
over time. One of the major forms of distress is fatigue
cracking, which causes a progressive reduction of the
bearing capacity of the pavement. The development of
the fatigue cracks occurs in the weakest component of
the whole asphalt mixture system, i.e., in the binder
phase [16]. If the failure occurs at the base of the
asphalt layers, an upward cracking propagation takes
place, which is called bottom-up cracking. It consists
in a bending-induced phenomenon determined by the
repeated passage of vehicles, which causes the onset of
tensile stresses/strains at the bottom of the layer.
Alternatively, another fatigue failure mechanism,
called top-down cracking, can occur. It is mainly
induced by the tire-pavement contact stresses, leading
to the initiation of surface cracks that tend to propagate
downwards [17]. Therefore, the fatigue cracking
resistance of asphalt pavements is given by the design
of the pavement structure in terms of layer thickness,
type of materials, aggregate gradation, binder content,
air voids content, etc., in relation to the design traffic
loads.

In this regard, bio-binders and bio-mixtures,
including lignin-based ones, have recently been
investigated by several authors worldwide. At the
binder level, it was mainly found that lignin slightly

reduces fatigue life as compared to conventional
bitumen, regardless of its type/content and testing
conditions [7, 8, 18-20], even though some investi-
gations highlight an increase of fatigue life after aging
[21]. This could be attributable to the stiffening effect
usually produced by the presence of lignin [7, 11, 22],
which could lead to a more brittle material but at the
same time less susceptible to aging thanks to its
antioxidant potential [11, 23, 24], thus resulting in a
certain compensation of the effects. However, these
results should be verified also at the mixture level,
which is more correlated with the field performance of
the pavement. Zhang et al. [25] evaluated the fatigue
cracking resistance of asphalt mixtures by means of
four-point bending tests. They found that, at a given
strain level, asphalt mixtures containing 10% of
powder lignin by weight of bitumen showed signifi-
cant longer life than the reference mixture in unaged
conditions. On the contrary, the asphalt mixture
containing lignin fibres was less performing, and this
unexpected result could be attributable to a possible
poor compatibility between lignin fiber and bitumen,
hence influencing the bonding with the aggregates.
Gaudenzi et al. [26] examined the effects of powder
lignin from two different sources dosed at 30% by
weight of bitumen on the fatigue life of asphalt
mixtures (both in unaged and long-term aged condi-
tions) through indirect tensile tests. They found that
both lignin-based asphalt mixtures showed a slightly
penalised behaviour before aging compared to the
reference mixture, whereas conflicting results
appeared after long-term aging. In particular, one of
the two mixtures containing lignin performed better
than the reference one, while the other mixture
performed worse than the reference one, leading to
the assumption that the mixture behaviour was signif-
icantly influenced by the lignin type. Overall, non-
univocal results were found in the literature on the
fatigue performance offered by lignin-based asphalt
binders and mixtures. The highlighted discrepancies
could be due to the strong influence of the raw material
from which lignin derives, its consistency (i.e.,
powder, liquid, fiber form) and replacement amount
[6] and, above all, to the fact that the available results
reflect the specific boundary conditions given by the
tests performed [16, 27].

Indeed, the conventional testing methods for char-
acterising the fatigue behaviour of asphalt mixtures do
not allow to include simultaneously the effects of the
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rate, mode and type of loading (stress/strain con-
trolled, haversine or sinusoidal), rest periods, temper-
ature, etc. [28]. In addition, stiffness, volumetric
composition, geometry of the specimens (i.e., trape-
zoidal, prismatic, cylindrical) and testing configura-
tions (i.e., uniaxial tension/compression, two/
three/four-point bending, indirect tension, direct ten-
sion) strongly influence the response of the investi-
gated material [29], leading to a fatigue
characterization that is not fully realistic. For all these
reasons, a great number of test repetitions is usually
necessary, along with significant efforts and time for
sample production, testing and analysis of the results
[28]. Hence, the abovementioned aspects highlight the
need to develop an alternative testing framework to
investigate the fatigue behaviour of asphalt mixtures
in a more reliable and quick way. In this regard, the
simplified viscoelastic continuum damage (S-VECD)
approach is gaining wide acceptance since it allows
the prediction of the fatigue performance of asphalt
mixtures under any temperature and loading condi-
tions [30], which is very important for pavement
design and management [31]. In fact, the main
advantage of the S-VECD approach is that it allows
to determine the intrinsic properties of the material,
thus removing the dependence of the test results from
the specific testing and boundary conditions while
ensuring, at the same time, the reduction of the test
repetitions. The viscoelastic continuum damage
(VECD) theory was originally conceived for the
characterization of conventional hot mix asphalt
(HMA), but more recently it has been successfully
applied also to warm recycled asphalt mixtures
[32, 33], asphalt mixtures modified with waste plastic
[34], and bio-asphalt mixtures containing bio-oil [35].

Within this context, this study focuses on the
application of the S-VECD approach to compare the
fatigue performance of an asphalt mixture containing
lignin and a conventional asphalt mixture (selected as
reference), both in unaged and long-term aged condi-
tions. Binder phase analysis [36] and a conventional
mechanical characterization [26, 37] have been pre-
viously conducted on the same materials. Thus, a
correlation between the S-VECD findings and the
previous results gathered from the conventional
approach was also sought.

2 Background of VECD theory and S-VECD
testing approach

The VECD model for the characterization of the
fatigue performance of asphalt mixtures is founded on
three main theoretical pillars:

1. The elastic—viscoelastic correspondence principle
[38, 39]: it allows to replace the physical strains &
with the pseudo-strains R, thus reducing the
viscoelastic problem to the corresponding elastic
problem. Therefore, viscous effects can be sepa-
rated from damage-related effects, and time-
dependence is overcome.

2. The continuum damage mechanics-based work
potential theory [40]: the material is considered as
a continuous and homogeneous body, and the
damage growth caused by the microstructural
deterioration can be modelled by directly evalu-
ating the effects on the macroscopic behaviour.

3. The time-temperature superposition principle
with growing damage [41]: it allows to consider
the combined effect of time/rate of load applica-
tion and temperature even outside the linear
domain of the material behaviour.

The theoretical framework is based on the defini-
tion of pseudo-strain energy W* by Schapery [38, 42]:

: (1)

wR = 5 Er- C(S) - [¢*(1)]
where Eg is a constant reference modulus, typically
taken as 1; C(S) is the pseudo-stiffness, which
represents the integrity of the material as a function
of the internal state variable corresponding to the
damage intensity S; £°(f) is the pseudo-strain time
history.

The evolution of damage S is defined by a power
law proposed by Park et al. [43]:

s [ awR\* 5

i (%) @
in which o is the damage growth rate that is related to
the time-dependence of the relaxation modulus of the
material in the linear viscoelastic domain. Specifi-
cally, all formulations above refer to the localised

region of the macrocrack before damage coalescence,
for which theoretical adjustments to the model would

be required.
nilem
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The relationship between pseudo-stiffness C and
amount of damage S, known as damage characteristic
relationship, can be expressed as in Eq. (3):

C=1-Cy 5" (3)

where C;; and C;; are fitting coefficients. It is worth
noting that the C vs § curve is a unique function
describing the deterioration in material integrity as a
result of damage accumulation [41]. Specifically, it is
not dependent on testing conditions (temperature,
frequency, stress—strain level) and loading control
mode, but instead it represents the intrinsic property of
the material to resist cracking, as long as viscous
damping and microcrack damage can be considered
the dominant energy-dissipating mechanisms [41, 44].
If cyclic loads are considered, the VECD model can
be significantly simplified from the computational
point of view and thus it is usually called S-VECD
model [44]. In the S-VECD testing framework, the
damage characteristic curve of a given asphalt mixture
can be obtained by combining complex modulus and
cyclic fatigue tests (performed in direct tension).
However, since the C vs S curve only defines the
damage evolution within the material, it should always
be combined with a fatigue failure criterion defining
the material failure. For this purpose, Wang and Kim
[45, 46] proposed the DX criterion provided by Eq. (4).

[y (1—=C)dN _ Cum(1 - C)
- Ny - Ny

D* (4)

D® is a material constant that is independent of
mode of loading, temperature, stress/strain amplitude
[47]. It represents the toughness of the material, i.e.,
the ability to absorb energy without fracturing, and is
defined as the slope of the linear regression that passes
through zero between the average reduction of the
pseudo-stiffness up to failure, Cum(1-C), and the
number of cycles corresponding to failure, Ny In
particular, Ny corresponds to the cycle in which the
product of the peak-to-peak stress and cycle number
reaches a maximum value after a stable increase
during cyclic loading [48].

Finally, a synthetic index quantifies the fatigue
resistance of the asphalt mixture by combining
stiffness, damage characteristics and toughness [48]:

L

ar Sa m'<D_)Cl2

Sapp = 1000671) . ( "")z al 5)
|E* |2VE,S,W,

where o is the damage growth rate; ar (S,,,) is the
time—temperature shift factor between the S,p, tem-
perature and the reference temperature considered for

% .
the complex modulus master curve; |E*|* is the
LVE Spp

reference modulus calculated at the S,

upp temperature

and at the reduced frequency of 62.8 - ar (Sgpp)-
Specifically, the S,,, index refers to the average
temperature of the climatic PG of the location where
the pavement is constructed, minus 3 °C. The S,
values usually vary within a range of 0 to 50, and
higher values indicate better fatigue resistance
[33, 49].

Overall, the S-VECD testing approach can be
acknowledged as a more advanced approach as
compared to the conventional mechanical character-
ization tests, since it has a solid theoretical background
and allows to determine the intrinsic properties of the
material, which are independent of the boundary and
loading conditions.

3 Materials and methods
3.1 Materials

A conventional reference asphalt mixture, coded as
M50/70, and a bio-based asphalt mixture produced by
using a lignin-based bitumen, coded as M70/100_S30,
were designed according to the Italian technical
specifications for binder courses [50]. The selected
powder lignin of Swedish origin derives from ther-
mochemical and enzymatic treatments of wood, and it
was dosed at 30% by weight of binder to maximise the
replacement of the base 70/100 pen. grade bitumen.
For the preparation of the bio-binder, a standardized
blending procedure was adopted. The 70/100 base
bitumen was heated in a forced-draft oven for one hour
at the blending temperature of 180 °C. Concurrently,
lignin was finely crumbled and dried at 105 °C to
remove all moisture. Then, dried lignin was added
gradually to the base bitumen and dispersed through a
high shear stirring mixer at a speed of 5000 rpm for
about 30 min to obtain a homogenous bituminous
blend. The bio-binder was properly designed in order
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to have a similar consistency to that of the plain 50/70
pen grade bitumen commonly employed at Italian
latitudes and used to produce the reference mixture
MS50/70. The characteristics of the reference bitumen
and the lignin-based binder are listed in Table 1 [37].

Both mixtures, M50/70 and M70/100_S30, were
characterised by the same aggregate gradation,
obtained by combining different fractions of limestone
aggregates and 15% of reclaimed asphalt pavement
(RAP) (Table 2), analogously to previous laboratory
experience [26]. The nominal maximum aggregate
size (NMAS) was equal to 16 mm.

The two mixtures differed for the binder content,
which was optimised based on volumetric consider-
ations, as described by Gaudenzi et al. [37]. As a result
of such optimisation, a bitumen content equal to 5.4%
was adopted for the reference mixture MS50/70,
whereas a bio-binder content of 6.4% (corresponding
to 4.6% of total bitumen plus 1.8% of lignin) was used
to produce the lignin-based asphalt mixture M70/
100_S30, with a consequent bitumen saving of 15%.
More details about the lignin and lignin-based binder
can be found in [36].

3.2 Preparation of the specimens

The reference asphalt mixture M50/70 was mixed and
compacted at the respective temperatures of 150 °C
and 138 °C, while higher temperatures equal to
180 °C and 167 °C were adopted for the lignin-based
asphalt mixture M70/100_S30, thus ensuring equi-
viscosity conditions in accordance with NCHRP 648
specifications [51]. After the mixing phase, the loose
asphalt mixtures were subjected to short-term aging in
a forced-draft oven at 135 °C for 4 h, according to the
protocol reported in the standard AASHTO R 30 [52].
Then, cylindrical samples with a diameter of 150 mm
and a height of 180 mm were produced with a gyratory
compactor. Since this condition corresponds to the
actual state of the mixture at the beginning of its

Table 1 Characteristics of the reference bitumen and the bio-
binder

Binder Penetration (0.1 mm) Softening point (°C)
50/70 52 51.6
70/100_S30 58 48.8

Table 2 Aggregate fractions used to produce the investigated
mixtures

Aggregate fraction (mm) 10/16 6/12 0/4 filler RAP

Percentage (%) 20 22 37 6 15

service life, it was referred to as the “unaged”
condition in this experimental investigation. From
each gyratory sample, 4 test specimens with 38§ mm
diameter and 110 mm height were obtained by coring
and cutting the specimen according to the standard
AASHTO PP 99 [53]. The reduced geometry of the
specimen allows to save conditioning and testing time
as well as the amount of material needed, and it is
considered representative for dense-graded mixtures
characterised by NMAS lower than 19 mm. In addi-
tion, part of the 38 mm test specimens were long-term
aged in the oven at 85 °C for 5 days, according to the
protocol by AASHTO R 30 [52]. The target air void
content of the test specimens, assessed according to
EN 12,697-6 — Procedure A: Bulk density (dry
method) [54], was chosen as 5 £ 0.5%. Specimens
which did not fall within the abovementioned range of
air voids were rejected (i.e., not tested).

3.3 Complex modulus tests

Complex modulus tests were carried out on 38 mm
diameter specimens in accordance with AASHTO TP
132 [55] by means of the Asphalt Mixture Perfor-
mance Tester (AMPT). The samples were subjected to
sinusoidal axial compression loading, with a con-
trolled strain amplitude between 50 and 75 micros-
train. Measurements were taken along three different
verticals through LVDTs, which were placed in the
central part of the specimen, 120° apart from each
other. The complex modulus |[E*| and the phase angle 6
were recorded at six frequencies (0.1, 0.5, 1, 5, 10,
20 Hz) and four temperatures (4, 20, 40, 60 °C),
except for the mixture M50/70 in unaged conditions,
which was tested only at 4,20 and 40 °C. At least three
replicates for each asphalt mixture and aging condition
were considered.

The experimental data obtained in terms of storage
modulus (E; = |[E*| @ cosd) were shifted trough the
time—temperature shift factors (Eq. (6)) at the refer-
ence temperature of 21.1 °C and then modelled
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through the 2S2P1D model (Eq. (7)), which is the
combination of physical elements (two springs, two
parabolic elements and one dashpot).

logar =a, - T* +a, - T + as (6)

where a; a,, a; are fitting coefficients, and T is the
testing temperature.

Ei—Ep

1+ C(iwr)_k+(iwr)_’h—k(iwﬁr)_l
(7)

where E; pand E; , are the storage modulus values for
frequency @ — 0 and w — oo respectively, repre-
senting the behaviour of the springs; k and 4 represent
the two parabolic creep elements and their value
ranges between 0 and 1; { is a proportional constant
between the parabolic elements; f is a dimensionless
parameter linked to the Newtonian viscosity of the
dashpot [56].

The values of the 2S2P1D parameters and the shift
factors were determined simultaneously by minimis-
ing the error in terms of E;.

E] (lCO’E) = EI’() +

3.4 Cyclic fatigue tests

Uniaxial cyclic fatigue tests were performed by means
of the AMPT apparatus following the standard
AASHTO TP 133 [48]. The test setup includes a
couple of steel end plates to which the specimen is
glued to eliminate any eccentricity, and three pairs of
mounting studs glued to the specimen to allocate three
LVDTs in the central part of the specimen and 120°
apart from each other. The test is conducted at the
selected frequency of 10 Hz and a constant temper-
ature corresponding to the average of the binder PG
minus 3 °C (not exceeding 21 °C). Since the PG of the
reference bitumen and the lignin-extended binder was
respectively equal to 64-16 and 76-22 [36], a testing
temperature of 21 °C was selected for both mixtures
(M50/70 and M70/100_S30) and aging conditions
(unaged and long-term aged).

The procedure includes first the application of a low
peak-to-peak strain magnitude (50-75 microstrain) to
obtain the complex modulus fingerprint of the spec-
imen in tension—compression mode of loading. The
determination of the complex modulus during the
fingerprint allows to limit the specimen-to-specimen
variability and calibrate the target strain amplitude of

the subsequent fatigue test carried out on the speci-
men. In particular, the Dynamic Modulus Ratio
(DMR) can be evaluated as the ratio between the
fingerprint modulus value |E*|4,¢/rin: and the refer-
ence modulus value deriving from the master curve at
the same temperature and frequency conditions. The
value should be between 0.85 and 1.15 for the
specimen to be considered representative. Then, direct
tension cyclic fatigue tests were run. The fatigue tests
were conducted in controlled actuator displacement,
and the amplitude of the sinusoidal strain was set
between 160 and 250 microstrain to obtain test
durations (Ny) between 2000 and 80,000 cycles, in
accordance with AASHTO TP 133 [48]. According to
the reference standard, the test is considered valid only
if a middle failure occurs (i.e., the failure surface
should be entirely included in the measurement area).
Moreover, at least three valid repetitions must be
achieved for each mixture, considering different strain
levels (i.e., different test durations).

The test data collected were then analysed accord-
ing to the VECD theory, by using the dedicated
spreadsheet FlexMAT™ Cracking (v.2.1.1) devel-
oped at North Carolina State University.

4 Results and analysis
4.1 Complex modulus

The raw results deriving from the complex modulus
tests were directly plotted in the Black diagram, i.e.,
the norm of the complex modulus IE*| as a function of
the phase angle J (Fig. 1). This representation does not
require any manipulation of the rheological data and
does not present any explicit information on the test
temperature and frequency [57, 58].

The Black curves of all the investigated mixtures
are smooth, suggesting the applicability of the Time—
Temperature Superposition Principle [41]. A shift of
the curves towards the upper left part of the graph is
observed for the bio-asphalt mixtures, which is caused
by the dual effect of the increase of complex modulus
and decrease of phase angle. The first aspect suggests a
stiffening effect due to lignin, whereas the second
aspect indicates an enhanced elastic response. More-
over, as expected, a slight shift of the Black curve
towards higher moduli and lower phase angles can be
observed for both mixtures after long-term aging.
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Fig.1 Complex modulus
results: Black diagram

The storage modulus master curves and phase angle
master curves at the reference temperature of 21.1 °C
are shown in Fig. 2a and b), respectively. All master
curves were obtained by applying the shift factors
determined from the minimisation of the error related
to E; (see Sect. 3.3). As already observed in Fig. 1, a
higher stiffness of the mixture containing lignin can be
noted, especially in the low frequency (i.e., high
temperature) domain, while the master curves tend to
converge at high frequency (i.e., low temperature). At
the same time, lower phase angles are found for M70/
100_S30 throughout the entire investigated frequency
domain (Fig. 2b), which is indicative of a more
pronounced elastic behaviour, but the gap between
the materials tends to be minimised at high frequency.
After long-term aging, as expected, an increase in E;
emerges for both materials, which is particularly
notable in the low frequency (i.e., high temperature)
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region. Moreover, the aging effects result in a shift
towards lower values of phase angle. Overall, it seems
that the reference mixture M50/70 is more sensitive to
the aging effects as compared to the lignin-based
mixture, especially at intermediate and low frequen-
cies (intermediate and high temperatures). In this
regard, the area below the log (reduced frequency)-log
(E;) curve, ranging between 1.59-10™ and 1.59~105,
was determined by using the trapezoidal method in
order to quantify the aging susceptibility of the
investigated mixtures. The results, summarized in
Table 3, confirm the lower aging susceptibility of the
mixture containing lignin, as demonstrated by the
percentage increase of E; after aging (A = 7.3% for
M50/70 vs. 1.8% for M70/100_S30). This preliminary
finding could be attributable to the recognised antiox-
idant properties of lignin [18, 59, 60], to the lower
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Fig. 2 Complex modulus results: a storage modulus master curves (experimental data and 2S2P1D model) and b phase angle master

curves at 21.1 °C
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Table 3 Area below the master curves (log (reduced fre-
quency)-log (E;))

Mixture Area Aunagedraged
M50/70_unaged 50.38 7.3%
M50/70_aged 54.04

M70/100_S30_aged 56.62 1.8%
M70/100_S30_aged 57.64

content of effective bitumen in the presence of lignin
[37] or to a combination of both effects.

In addition, Fig. 3 presents the shift factor values,
which are representative of the temperature-depen-
dency of the mixtures studied. The fitting functions are
broadly characterized by similar slope values regard-
less of the binder type and aging condition considered,
denoting a similar thermal susceptibility. Specifically,
slightly higher slopes are observed for the lignin-
containing mixture than for the reference one under
both aging conditions, denoting a slightly higher
thermal susceptibility. Moreover, the expected
reduced aging susceptibility of M70/100_S30 with
respect to the reference mixture is confirmed by the
lower variation of the slope of the fitting function after

aging.

Fig. 3 Complex modulus
results: shift factors

4.2 Fatigue behaviour

As an example of the raw fatigue data, Fig. 4 shows
the evolution of the complex modulus and the product
of stress and cycle number (whose maximum value
defines Ny) during the fatigue test for a representative
specimen of each asphalt mixture in long-term aged
conditions. Despite both specimens refer to the same
strain level (170 microstrain), the difference between
them is evident. In fact, the fatigue resistance of the
lignin-based asphalt mixture (M70/100_S30_aged) is
lower than the conventional asphalt mixture (MS50/
70_aged), as highlighted by a faster loss of stiffness
(Fig. 4a) and ultimately by a shorter fatigue life Ny
(Fig. 4b).

As for the data analysed according to the VECD
theory, the pseudo-stiffness C and the damage accu-
mulation S up to failure are plotted against each other
in Fig. 5. Specifically, Fig. 5a) shows the damage
characteristic curves for individual specimens, while
the representative fitting of each mixture is plotted in
Fig. 5b) together with the corresponding fitting coef-
ficients. The overlapped experimental curves in
Fig. 5a) demonstrate the repeatability of the tests,
which were conducted on selected specimens charac-
terised by similar air voids (i.e., 5 £ 0.5%). From the
comparison between the reference and bio-based
asphalt mixtures before aging, similar C values at
failure can be noted, but the mixture containing lignin
exhibits a greater S value at failure, which suggests
that it may be characterized by better damage
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tolerance and postponed failure, despite its higher
stiffness (which is denoted by the upper position of its
damage characteristic curve). If the reference mixture
M50/70 is observed, aging causes a shift of the C vs
S curve towards the higher part of the graph. This
finding is attributable to the stiffness increase already
observed from the complex modulus tests, which leads
to higher pseudo-stiffness values up to failure, denot-
ing a worsening of the damage tolerance capability of
the mixture. This is a typical result for conventional
asphalt mixtures, as already shown by previous
investigations [61, 62]. Conversely, a different
behaviour can be observed for the bio-based mixture,
which shows longer damage characteristic curves
(higher S values) and almost overlapped curves at both
aging conditions, confirming its lower aging suscep-
tibility. Moreover, an unexpected inversion of the
curves related to the unaged and long-term aged
conditions can also be observed for medium-high

damage levels. As a consequence, even after long-
term aging, the lignin-based mixture shows a lower
C value and a higher S value at failure with respect to
the reference mixture, which would suggest higher
tolerance to damage and postponed fatigue failure.
Based only on the C vs S curves, it may appear that the
investigated lignin-based mixture shows better fatigue
behaviour with respect to the reference asphalt mix-
ture. However, it is worth noting that the C vs S curves
alone are not sufficient to fully interpret the fatigue
behaviour of the mixtures. For this reason, they should
always be combined with the corresponding D values
(a measure of the material toughness) and used to
calculate the S,,, parameter (representative of the
fatigue performance of the material within the
pavement).

The relationships between the cumulative (1-C) up
to failure and the number of loading cycles at failure
are plotted in Fig. 6. The slope of such relationships is
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the D parameter. The results reveal higher D values
in unaged conditions for both mixtures, in accordance
with the expected trend reported in the literature
[35, 63]. As for the comparison between the two
mixtures, in both aging conditions, the reference
asphalt mixture seems to be tougher than the bio-based
one, and this result is consistent with the lower
stiffness emerged from the complex modulus master
curves (Fig.2) and the lower pseudo-stiffness
observed from the damage characteristic curves
(Fig. 5).

In Fig. 7, the fatigue performance of the investi-
gated mixtures is quantified through the apparent
damage capacity index or S,,, parameter (calculated
for a climate PG 58-10 typical of central Italy [64]),
which combines the effects of stiffness, damage
characteristics and toughness. As can be observed,

given the same aging condition, a slightly lower S,

value is observed for the mixture containing lignin
with respect to the conventional asphalt mixture.
These results are probably due to the higher stiffness
of the mixture containing lignin as compared to the
reference mixture in both aging conditions (see
Fig. 2). Moreover, as expected, both mixtures show
a reduction of the S,,, parameter after long-term
aging, as a result of binder oxidation, stiffening and
other phenomena that occur during aging [35, 65, 66].

It is also worth noting that significant efforts were
necessary to obtain at least three valid tests for the
mixture containing lignin, especially after long-term
aging, as denoted by the lower R” values in Fig. 6 and
larger standard deviations in Fig. 7. This may be
attributable to the adopted testing framework, which
may not be entirely suitable for such materials, or
other reasons that may be related to the characteristics
of the test specimens (e.g., reduced representativeness
due to the small geometry adopted). In fact, the
criterion based on the allowable maximum aggregate
size for choosing the diameter of the specimens may
not be applicable for such mixtures, which could be
characterised by a local heterogeneity due to the
inhomogeneous dispersion of lignin in the binder.
Therefore, further investigations on 100 mm diameter
specimens or 38 mm diameter specimens with a
smaller NMAS (< 16 mm) are strongly encouraged
in the future.

4.3 Linking the viscoelastic properties of asphalt
binders and asphalt mixtures

In order to verify the consistency between the results
of this study and previous findings obtained at the
binder level on the same materials, the outcomes of the
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complex modulus tests conducted with the AMPT
were compared with the results of frequency sweep
tests carried out with a dynamic shear rheometer
(DSR) in [36].

In that study, Gaudenzi et al. evaluated the effect of
the presence of lignin in a large frequency and
temperature domain (Fig. 8a, b), finding a global
stiffening effect in unaged conditions, despite both
binders (the lignin-based one and the conventional
50/70 bitumen) were characterised by the same
consistency (i.e., pen grade). The same stiffening
effect is confirmed at mixture scale, as demonstrated
by an increase in the storage modulus (E;) values
(Fig. 2a), which is particularly evident in the low
frequency (high temperature) region. Moreover, the
increase of the elastic response due to lignin, high-
lighted at the mixture level in Sect. 4.1, is also
consistent with the phase angle master curve of the
binder, whose shape is similar to a modified binder and
thus denotes substantial differences with respect to the
reference bitumen. In particular, the trend shows a
decrease of the phase angle as the frequency decreases
or temperature increases, entailing the progressive
predominancy of the elastic response (Fig. 8b). This
behaviour could be mainly attributable to the presence
of lignin particles, which give a kind of filler effect, as
already observed at the mastic level for some types of
filler [67]. In fact, analogously to the case of fillers, the
lignin particles dominate the binder behaviour in the
low frequency/high temperature region, leading to a
horizontal asymptote (Fig. 8a). This consideration on
the filler effect provided by lignin is confirmed by the
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similar complex modulus values observed at low
reduced frequencies for the unaged and long-term
aged bio-binder in Fig. 8a (which suggests that the
behaviour at such frequencies is independent of the
aging level of the binder, contrarily to the 50/70
bitumen).

In general, after long-term aging, an increase in
complex modulus was found both at binder and
mixture levels (as expected). Specifically, a lower
aging susceptibility emerged for the bio-based binder
containing lignin, which is perfectly consistent with
what found at mixture scale (Table 3). Indeed,
significant reductions in the differences between
unaged and long-term aged conditions emerged, so
that the master curves related to the lignin-based
material are very close (almost overlapped) both at the
binder and mixture levels. This behaviour can be
attributable to the well-recognised antioxidant prop-
erties of lignin [21, 68, 69].

4.4 Linking the fatigue behaviour of asphalt
mixtures according to S-VECD approach
and conventional approach

Given the promising consistency between the vis-
coelastic properties of the binders and the mixtures,
the comparison in terms of mixture fatigue behaviour
based on the S-VECD approach and the conventional
Indirect Tensile Fatigue Test (ITFT) is also presented.
The ITFT data derive from a comprehensive mechan-
ical characterization previously carried out on the
same materials [26]. It is worth recalling that the
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Fig. 8 Rheological properties of the asphalt binders studied: a complex modulus master curves and b phase angle master curves at

34 °C



82 Page 12 of 15

Materials and Structures (2023)56:82

mixtures involved in these two experimental investi-
gations were characterised by the same aggregate
gradation and binder content but different geometry
and air voids, in accordance with the corresponding
standards and/or specifications.

Figure 9 depicts the fatigue response of the lignin-
based asphalt mixture and the reference mixture
deriving from ITFT carried out at 20 °C, both in
unaged and long-term aged conditions. In particular,
the initial strain &, is plotted as a function of the
number of cycles at failure Nz Moreover, the fatigue
law and ¢4 parameter, corresponding to the strain level
calculated at 10° cycles, are also provided in the figure.
In unaged conditions, a shift of the fatigue curve of the
lignin-based mixture towards the leftmost side of the
graph is observed, together with a reduced &5 param-
eter, suggesting a penalization of the fatigue response.
Even though these results greatly depend on the stress
and strain conditions considered in the ITFT, the same
result is observed also in terms of S, parameter (S-
VECD approach), which is based on intrinsic proper-
ties of the material (i.e., damage characteristic curve
and DR). Moreover, as expected, the aged reference
mixture shows a reduced fatigue life as compared to
the unaged conditions, and this is supported by both
testing methods (S-VECD approach and ITFT). As for
the lignin-based mixture M70/100_S30, according to
the ITFT results, the mixture may be less vulnerable to
the applied strain after aging, and a lower slope of the
fatigue curve is observed as compared to the unaged
mixture [26]. In terms of &5 parameter, the lignin-
based mixture shows comparable fatigue response
between the two aging conditions contrarily to the
reference mixture characterized by a penalized per-
formance in aged state, thus confirming its lower aging
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Fig. 9 Fatigue curves from ITFT and & parameter

susceptibility attributable to the presence of lignin. On
the contrary, the results deriving from the S-VECD
analysis showed a similar reduction of the S,
parameter for both mixtures after aging, indicating a
penalisation of the fatigue resistance with respect to
the corresponding unaged conditions, which is a
typical effect of aging. However, it is worth noting
that, as already mentioned in Sect. 4.2, the application
of the S-VECD framework on lignin-based asphalt
mixtures should be further investigated to confirm the
reliability of the D® and S.pp parameters (Figs. 6 and
7) for these materials. In addition, the small geometry
of the test specimens and/or the allowable maximum
aggregate size in the S-VECD tests may have reduced
the representativeness of the specimens, thus leading
to a greater dispersion of the results.

5 Conclusions

The objective of this study was to compare a lignin-
based mixture and a conventional asphalt mixture,
particularly in terms of stiffness and fatigue properties.
The bio-asphalt mixture was produced by using a plain
bitumen (70/100 pen grade) partially replaced with
30% of lignin, thus resulting in a consistency similar to
the 50/70 pen grade bitumen used to produce the
conventional mixture. The mixtures were character-
ized by the same aggregate gradation but different
binder content, as a result of a previous volumetric
optimisation. The inclusion of lignin ultimately
resulted in 15% bitumen saving. The mixtures were
produced in the laboratory and tested in unaged and
long-term aged conditions. The analysis was con-
ducted by applying the S-VECD testing approach,
which includes complex modulus and cyclic fatigue
tests.

Despite the binders were characterised by a similar
consistency (same pen. grade), the lignin-based mix-
ture showed higher complex modulus and lower phase
angle, denoting a stiffening effect and a more elastic
behaviour attributable to the presence of lignin. The
variation of the viscoelastic properties caused by long-
term aging was lower for the mixture containing lignin
as compared to the reference asphalt mixture, denoting
its lower aging susceptibility. This finding is probably
due to lignin antioxidant properties and/or the lower
bitumen content in the bio-based mixture. In this
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regard, this study corroborates previous findings
obtained at the binder level on the same materials.

This stiffening effect probably resulted in an
embrittlement of the mixture containing lignin, which
revealed slightly penalised fatigue behaviour in both
aging conditions with respect to the reference asphalt
mixture. The outcomes obtained in unaged conditions
confirm previous findings deriving from conventional
indirect tensile fatigue tests. On the contrary, the lower
aging susceptibility was not fully confirmed by the
S-VECD fatigue tests.

Finally, it is worth noting that significant efforts
were necessary to obtain at least three valid fatigue
tests for the mixture containing lignin, especially after
long-term aging. This may be attributable to the small
geometry of the test specimens (38 mm diameter),
combined with the presence of lignin, the maximum
aggregate size and the variability attributable to the
presence of RAP, which may have reduced the
representativeness of the specimens and partly pena-
lised the repeatability of the tests. Moreover, even the
adopted testing framework, including the definition of
the parameters D* and Sapp» may not be entirely
suitable for such materials. To clarify these aspects,
further investigations on 100 mm diameter specimens
or 38 mm diameter specimens with a smaller nominal
maximum aggregate size (< 16 mm) are strongly
recommended. Moreover, it should be pointed out that
the results of this investigation cannot be generalised
to all kinds of lignin, but they are strictly related to the
specific lignin considered.
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