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Abstract. As an organic material, asphalt binder undergoes a ageing process, the intensity of which depends on the stage of its
technological use. The binder is exposed to high temperatures, which cause its oxidation. The viscoelastic properties of the
binder deteriorate. Research is being conducted to limit the effects of asphalt ageing. One of the directions is individually dosed
chemical additives to binder. In the article, a combination of synthetic wax (SW_c) and tall oil amide polyamine (TOA) was
used for the first time in the binder, in concentrations of 1.0%, 1.5%, 2.0% and 2.5% and in amounts of 0.0%, 0.2%, 0.4% and
0.6% by weight in relation to asphalt. The function of these additives is to act as ageing inhibitors and improve the basic
properties of the binder. The resulting binders containing combinations of SW ¢ and TOA were then subjected to short-term and
long-term ageing. The effects of ageing on penetration at 25°C, softening point and dynamic viscosity were analyzed, and their
ageing indices were determined. The penetration index and plasticity range of the modified asphalt were also determined. A
synergistic effect of SW\ ¢ and TOA was observed at the recommended amounts of 2.0% and 0.4% relative to asphalt, which
ensured a favorable change in the analyzed binder parameters. The results obtained are therefore of significant importance for
road engineering practice in the design and construction of durable and sustainable road pavements and the possibility of using
this type of binder in the environ mentally friendly Warm Mix Asphalt technology.

Key words: Warm Mix Asphalt (WMA), ageing inhibitors, sustainable pavements, bio-based additives, rheological
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1. INTRODUCTION

The durability of asphalt pavement structures is contingent on
the quality of the asphalt mixture utilized and its resistance to
deterioration. Asphalt plays a decisive role in ensuring the
required quality of the asphalt mix and guaranteeing the long-
term service life of asphalt pavements. At the same time, the
environmental aspects of its use must be taken into account.

as the UN Sustainable Development Goals and the European
Green Deal.

Asphalt plays a pivotal role in ensuring the required quality of
the asphalt mixture and guaranteeing its long service life.
Consequently, it is imperative that asphalt should exhibit the
most favorable physical and mechanical properties.

For this purpose, modifying additives are used, such as

For this reason, innovative asphalt mixtures have been
developed, which are produced and used at lower
manufacturing temperatures. They are referred to as warm mix
asphalt (WMA) or half-warm mix asphalt (HWMA), as
opposed to conventional hot mixes. Lowering the
technological temperature of asphalt reduces greenhouse gas
emissions, especially CO,, by about 20-30%, nitrogen oxides
by 60-70%, as well as energy consumption during production
by about 20-35% [1], which has a significant impact on
mitigating climate change on Earth. This type of action is
aligned with global sustainable development frameworks such
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synthetic wax, which increases the asphalt mixture's resistance
to permanent deformation [2], natural and waste plastics,
which improve the rheological characteristics of the binder [3],
and various chemical compounds, as demonstrated by Leng et
al. [4], which improve the basic and rheological properties of
the binder. At the same time, these additives aim to lower the
technological temperatures required for the production and
installation of the asphalt mixture. To this end, Van De Ven et
al. [5] have also developed a technology for foaming asphalt
with water.
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During the transportation of the asphalt from the
petrochemical plant to the mixing plant, its storage, and
subsequent production of the asphalt mixture, the material is
exposed to elevated temperatures of up to 180°C. Subsequent
exposure to solar radiation, oxygen in the atmosphere, and
prevailing climatic conditions during pavement operation
further contributes to the deterioration of the asphalt. These
factors cause unfavorable changes in asphalt properties as
presented in the study by Malinowski et al. [6], which cause
degradation of the asphalt pavement. These factors cause
adverse changes in the properties of asphalt [6].

As asphalt is an organic material, the processes it undergoes
are referred to as technological and operational ageing, which
is defined as the occurrence of physical and chemical changes
leading to a deterioration in its performance properties, as
demonstrated in analyses carried out by Tauste et al. [7]. The
physical and chemical changes associated with asphalt ageing
mainly concern the oxidation of its components, in particular
the volatilisation of low-molecular-weight fractions, as
demonstrated by studies conducted by Pei et al. [8]. These
processes cause an increase in the stiffness and brittleness of
the binder and a reduction in its adhesion to the aggregate. As
a result, the quality of the asphalt mixture embedded in the
pavement structure deteriorates, which is the result of the
oxidation of asphalt components by atmospheric oxygen, as
shown by research conducted by Gamarra and Ossa [9]. In
order to limit this adverse ageing process of the binder,
research is being conducted on the use of various types of
agents. The purpose of these agents is twofold: firstly, to
improve the physical and mechanical properties of the binder,
as discussed earlier; and secondly, to increase the resistance of
asphalt to ageing. This objective is achieved through the
development of modern additives or modifiers for asphalt.
Much of the recent research has focused on the use of various
substances as ageing retardants. This is achieved through the
use of a range of organic and inorganic chemical compounds
or inhibitors. Mineral-based materials, whose effectiveness
was demonstrated in studies by Zhang et al. [10], and
nanomaterials, as presented in studies by Zhou et al. [11], were
used, which effectively slow down the aging process of
asphalt. It is worth noting that in the field of organic
compounds, the anti-aging effectiveness of SBS (styrene-
butadiene-styrene) copolymer was identified based on the
research of Xu et al. [12], a compound often used as an asphalt
modifier to improve its physical and rheological properties.
Unfortunately, it is only used in traditional hot mix asphalt
technology. At the same time, in addition to the beneficial
effect of delaying asphalt ageing, the additives used may have
a less favorable effect on reducing the technological
temperatures and the compaction process of the asphalt
mixture. The studies conducted have generally focused on the
use of only one WMA additive to asphalt. Preliminary studies
conducted on the simultaneous use of two additives, namely
F-T (Fischer-Tropsch) synthetic wax and a surfactant derived
from tall oil amidopolyamine, have yielded intriguing results.
It was found that the effect of these additives on the binder is
complementary, with one additive compensating for the
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adverse effects of the other, thereby enhancing their beneficial
effects [13].

The work was based on the following hypotheses:

1. The addition of low carbon footprint synthetic wax (SWyc)
and tall oil amide polyamine (TOA) has a positive effect on
the performance properties of asphalt.

2. The synergy between SWic and TOA slows down the
ageing process of asphalt.

In order to verify the above hypotheses, research was
conducted on the use of both WMA additives to modify
asphalt, taking into account the ageing process. These studies
also aim to recommend additives for use in WMA technology.
The use of the developed binder should ensure long-term
durability of the asphalt pavement, taking into account the
beneficial environmental effect.

2. MATERIALS AND METHODS

2.1. Materials.

The asphalt employed in the present study was asphalt binder
50/70, derived from the Orlen Asfalt S.A. petrochemical plant
in Ptock. This particular asphalt is widely utilized as a
fundamental component in the composition of asphalt mixtures,
which are commonly employed in the construction of the upper
layers of pavement structures within Central European
countries. However, asphalts with similar properties are used in
other regions of the world.

In contrast, WMA (Warm Mix Asphalt) additives were utilized
to modify the asphalt properties. The additives employed
included synthetic wax with a reduced carbon footprint and tall
oil amidopolyamine. The synergy of these additives is such that
they regulate the ageing process of the asphalt and counteract
unfavorable changes in its physical-mechanical properties.

2.2. Synthetic wax LC.

A novel generation of synthetic wax F-T (WS.c) was utilized
as an additive for 50/70 asphalt, distinguished by its
diminished "carbon footprint" in comparison to conventional
additives employed in contemporary road practices. The
material was introduced into road practice in 2023 as a
material that meets the current high environmental
requirements (Table 1).

Table 1. Basic properties of WS, ¢ synthetic wax [14]

Property Unit Value
Appearance Solid, white or yellowish
Flash point °C 285
Solidification point °C 95
Density at 25 °C Mg/m? 0.9
Molecular weight g/mol ca. 1000

Synthetic F-T wax differs significantly from natural paraffin,
which is found in petroleum. It is a long-chain hydrocarbon
(with hydrocarbon chains comprising between 40 and 115
carbon atoms) that is obtained via the Fischer-Tropsch
synthesis process from carbon monoxide (CO) and hydrogen
(H2). In comparison to natural paraffin, which contains
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hydrocarbon chains comprising between 15 and 50 carbon
atoms, synthetic F-T wax exhibits a more finely crystalline
structure. Its molecular weight is approximately 40% higher
than that of the natural waxes found in asphaltene. The long
hydrocarbon chains of synthetic F-T wax crystallise at higher
temperatures, while the short chains crystallise at lower
temperatures [1].

2.3. Tall oil amidopolyamines.

Tall oil amidopolyamines (TOA) are insoluble in water but
soluble in certain organic solvents (e.g. toluene, paraffin,
trichloroethylene). It has been demonstrated that TOA can
reduce the surface tension of the asphalt binder, thereby
enhancing the efficacy of aggregate grain wrapping with
asphalt during the production of asphalt mixtures. It is used as
a surface-active agent SAA. The primary properties of the
TOA employed in the present study are outlined in Table 2

Table 2. Properties of TOA [15]

Property Unit Value
Appearance Liquid, brown
Density 20°C Mg/m? 0.98
Pour point °C <20
Flash point °C >218

2.4. Synthetic wax LC and tall oil amidopolyamines
TOA — modified bitumen preparation.

Two asphalt binders additives were utilized in the study, and
particular emphasis was placed on achieving homogeneity in the
modified binder. In pursuit of this objective, 1000 g of 50/70
asphalt was incorporated with TOA. The resulting binder was
then subjected to a heating process at approximately 160°C,
followed by blending in a blender at 150 rpm for 30 seconds and
subsequently at 600 rpm for 270 seconds. Subsequently,
analytical samples were prepared for testing in accordance with
EN 12594. Subsequently, SWyc in liquid form was added to the
binder, which had been prepared through the heating process.
The binder was then subjected to a second round of mixing, in
accordance with the previously outlined procedure. Following
the acquisition of the binder modified with SW\ ¢ and TOA, a
macroscopic evaluation of the surface of the obtained binder
samples was conducted to assess their homogeneity. Binder
samples that satisfied the specified requirements were selected
for further testing:

+ short-term testing (technological ageing RTFOT (Rolling

Thin Film Oven Test)) according to EN 12607-1;
» long-term testing (operational ageing PAV (Pressure
Ageing Vessel)) according to EN 14769.

Subsequently, the properties of the modified asphalt binder
50/70 were tested.

2.5. Design of experiment.
The experimental plan was based on the assumptions of the
factorial experimental plan algorithm [16]. The properties of
the modified asphalt 50/70 with the addition of SW ¢ and
TOA were determined on the basis of the assumed 4x4
factorial plan, according to the adopted test programme (Fig.
1).
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Fig.1. Experimental plan for bitumen modification

The asphalt binder was modified with SW ¢ and TOA prior to
and following RTFOT and PAV ageing simulations. The
analysis was conducted in terms of penetration, softening
temperature and dynamic viscosity. The experimental
programme involved the analysis of nine samples within a
specified series of binder combinations. Penetration of the
asphalt binder was determined in accordance with EN
1426:2009 at 25°C using a semi-automatic penetrometer. The
softening point of the asphalt binder was determined using the
"ring and ball" method in accordance with EN 1427:20009,
while the dynamic viscosity of the asphalt binder was
determined using a DSR viscosity meter at T = 135°C in
accordance with ASTM D 4402. Utilizing the results obtained
for the aged and unaged binder, quantitative ageing indices [6]
were determined, i.e. PRR, SPI and VAI, which were
calculated according to Eq. (1), (2), (3):

PenetrationrTFOT or RTFOT+PAV
PRR = oL or -100% (1)
Penetrationynaged

SPI=Softeing pointrrroT or RTFOT+PAY — SOfteing point unaged (2)

VISCOSItYRTFOT or RTFOT+PAV - Viscosityynaged

VAI = -100% (3)

Viscosityynaged

During the tests, the penetration index Pl values were found
as in equation (4) by determining the asphalt temperature
susceptibility taking into account its 25°C penetration grade
(Pen) and softening point (Tres) and using the formula
according to EN 12591 Eq.(4):

__ 20-TRgp+500-log(Pen)-1952
T Tgrep+50-log(Pen)—120

PI 4

The calculation was based on the assumption that the
penetration of the asphalt is 800 (0.1 mm) at the softening
point Treg, and the lower the PI value, the more easily the
binder changes its consistency with temperature.

Also designated the temperature range of plasticity (plasticity
range PR) of the asphalt, dependent on its softening point
(Tres) and breaking point (Trraass), Was determined by Eqg. (5)
according to the following formula:

PR = Trg — Trraass (°C) Q)
In order to comprehensively describe the change in the value
of the parameter under investigation (y) in 50/70 asphalt
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binder as a function of SWc and TOA content, a statistical
model using a second degree polynomial [16] was adopted
according to Eg. (6):

Y =bo+ Xy by X+ Ny bimj - X X+ Xiiy by - x7(6)

where: x;i = synthetic wax - SW ¢ (%), x; = tall oil
amidopolyamines - TOA (%), bo-bs — regression coefficients

Estimation of polynomial coefficients was based on ANOVA
analysis of variance. Parameter approximation was based on
the method of least squares [16]. Results were visualised using
Statistica software [17].

To assess the significance of the effects of SW\ ¢ and TOA on
asphalt binder properties, Pareto analysis was used. This
allows not only to determine whether a factor (SW.c and
TOA) was significant, but also to determine the strength of the
influence of a given model parameter and the direction of the
trend. The values in the Pareto plot correspond to the
standardized values of the relative effect evaluation [18].

3. RESULTS AND DISCUSION

The effects of short term (RTFOT) and long term
(RTFOT+PAV) ageing on the changes in penetration at
temperature (Pen25), softening temperature (Tres) and
dynamic viscosity (m135) of 50/70 asphalt were carried out
according to the test plan. Tests were carried out on nine
specimens in a given series [16]. The change in penetration
with temperature (Pen25) of asphalt 50/70 in terms of SWc
and TOA was characterized by the ageing indices PRRrrroT
and PRRgrroT+pav USing ANOVA analysis of variance. The
parameters of the regression models using relationship (6) in
the form of response plots were generated using Statistica [17]
and are summarized in Table 3 and Table 4 and graphically
presented in Figure 2b,d.

Table 3. Fit function parameters for the PRRrrrot

PRRgrroT (%), R?= 0.56; PE MS = 33.354

Model
-95% +95%

parameters RC SE C.Limit C.Limit Pvalue
Intercept 34.617 5.938 22.875 46.358 <0.001
(DSWic (L) | 42195 6.890 28.571 55.819 <0.001
SWic (Q) -10.166 1.925 -13.972 -6.359 <0.001
(2 TOA(L) [15221 10.106 | -4.762 35.206 0.134
TOA (Q) -25.398 12.031 | -49.189 -1.607 0.036
1Lx2L 7.285 3.850 -0.327 14.898 0.060

Where: Q — quadratic, L — linear, RC - Regression Coefficient, SE - Std.
Error,

Table 4. Fit function parameters for the PRRgrroT+pav

PRRRTFOT+PAV (%), RZ = 070, PE MS =11.023

Model
-95% +95%

parameters RC SE C.Limit C.Limit Pualue
Intercept 7.342 3.413 0.592 14.092 0.033
(1) SWic (L) | 45.118 3.961 37.286 52.951 <0.001
SWic (Q) -10.894 1.106 -13.082 -8.706 <0.001
(2) TOA (L) 13.983 5.810 2.495 25.472 0.017
TOA (Q) -14.382 6.916 -28.059 -0.705 0.039
1Lx2L 0.034 2.213 -4.341 4411 0.987

The analysis of the statistical parameters in Table 3 and Table
4 clearly shows that SWic and TOA content only had a
significant effect on the PRRrrror and PRRrrro+pav model
parameters, as the associated p-value is lower than the selected
significance level of a = 0.05 (p-value < 0.05).

However, then analysis of the significance of the effect of
SWic and TOA on the PRRrrro and PRRgrrot+pav OF the
modified asphalt was performed using the Pareto relationship
[18] shown in Fig. 2a,c.

(1)SWyc (%)(L) lmzzm
(2)TOA (%)(L) 59153
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Fig. 2. Influence of WMA additives on asphalt binders characteristics:
a) Pareto relationship for PRRgrror; b) PRR after RTFOT; c) Pareto
relationship for PRRgrror+rav; d) PRR after RTFOT+PAV

From the Pareto analysis presented in Figure 2a,c, results
show that both SW\c and TOA have a significant effect on
the penetration ageing rates of PPRrrror and PPRRrrroT+pap
asphalt binder. It is important to note that both WMA additive
intensities show an increasing trend. As a result of the
synergy, with increasing amounts of SWyc in the range of
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2.0% to 2.5% and TOA in the range of 0.4% to 0.6%, the most
favorable effect on reducing RTFOT ageing of the binder is
observed. On the other hand, with a lower amount of SW, it
has a stiffening effect on the penetration at 25°C and the
RTFOT process further enhances this tendency, which was
also confirmed in another study [19]. On the other hand, the
addition of TOA alone has a negative effect on penetration at
25°C during RTFOT ageing, as confirmed by studies [19]. By
analyzing the results presented in Fig. 2d, results show that the
RTFOT+PAV process causes a further change in the
penetration. The trends of the effects of SWic and TOA on
penetration are similar in nature to those of the RTFOT
process. However, due to the synergistic effects of SW ¢ and
TOA, the least detrimental effect of RTFOT+PAV ageing
occurs at a SW.c concentration of 2.0% and a TOA
concentration of 0.4% by weight of binder. The observed
beneficial changes consisting in a reduction in the rate of
ageing of the binder as a result of its modification with WMA
additives may be the result of beneficial changes in its
chemical composition. They result from a slowdown in the
ageing of the carbonyl index lc=, sulfoxide index ls=o and
aromaticity index lc=c, which has also been demonstrated in
other studies [20].

The change in softening temperature (Tres) of the 50/70
asphalt binder in terms of SW c and TOA was characterized
by the ageing indices SPIrteo and SPIrtroT+pav USing ANOVA
analysis of variance. The parameters of the regression models
using relation (6) in the form of response plots are summarized
in Table 5 and Table 6 and shown graphically in Fig. 3b, d.

Table 5. Fit function parameters for the SPlrrror

SPlrtroT (%), R? = 0.501; PE MS =0.741
Model
-95% +95%
parameters RC SE C.Limit C.Limit Pvalue
Intercept 7.026 0.886 5.273 8.778 <0.001
(1) SWc (L) | 0.612 1.028 -1.420 2.646 0.552
SWic (Q) -0.857 0.287 -1.425 -0.28 0.003
(2)TOA(L) | -9.731 1.508 -12.714 -6.74 <0.001
TOA (Q) 3.869 1.795 0.318 7.421 0.032
1Lx2L 4.231 0.574 3.095 5.368 <0.001
Table 6. Fit function parameters for the SPlrrror+pav
SPlrtroT+PAV (%), R? = 0.801; PE MS = 0.743
Model
-95% +95%
parameters RC SE C.Limit C.Limit Pvalue
Intercept 9.005 0.886 7.252 10.757 <0.001
(1) SWic (L) | 7.027 1.028 4.994 9.060 <0.001
SWic (Q) -2.833 0.287 -3.406 -2.265 <0.001
(2 TOA (L) [ -11.487 1.508 | -14.462 -8.505 <0.001
TOA (Q) 14.643 1.795 11.092 18.193 <0.001
1Lx2L 1.2627 0.574 0.126 2.398 0.029

The analysis of the statistical parameters in Table 5 and Table
6 clearly shows that SWic and TOA content had a significant
effect on the SPIrtror and SPIrtror+pav model parameters, as
the associated p-value is lower than the selected significance
level of a = 0.05 (p-value < 0.05).

An analysis of the significance of the effect of SW ¢ and TOA
on SPlrtro and SPlrtroT+pav Of the modified asphalt binder
was performed using the Pareto relationship [18] (Fig. 3a,c).

N

www.journals.pan.pl

(1)SWic (%)(L)

_ i
j i

1Lwz.2L
SW, ¢ (%)(Q) -2.9837
TOA (%)(Q) 2.1547

(2)TOA (%) (L) -0.0127

P=0.05

a) Effoct

Value)

04

TOA (%) content in bitumen

1.6 B QTO 28
b) SW,¢ (%) content in bitumon

(1)SWic (%)(L)

SWic (%)(Q) ‘
TOA (%)(Q) \

1Lwz.2L

219763

(2)TOA (%)(L) -1.5314

p=0.05

C) Effoct

0.6

Value)

]
£ o4
£
s
£ o2
3
|
- -
=
- -
0.0 <
1.0 16 20 2.6_‘ >
d) SW, ¢ (%) content in bitumen =

Fig. 3. Influence of WMA additives on asphalt binders characteristics:
a) Pareto relationship for SPI RTFOT; b) SPI after RTFOT; c) Pareto
relationship for SPI RTFOT+PAV; d) SPI after RTFOT+PAV

From the Pareto characteristics shown in Fig. 3a,c results show
that the beneficial effects of the WMA additives on slowing
down the ageing rates of SPlrteor and SPlgtroT+rav binders
are characterized by a similar intensity of their effects. At the
same time, the influence of TOA is the most significant,
although it shows a decreasing trend, which most probably
results from its role as an adhesion agent lowering the bitumen
viscosity [5]. A significant synergistic effect of the two
additives on the SPlrtror and SPlrtroT+pav ageing rates is
observed (Fig. 3a,c), which most probably results from the
slowing down of the chemical changes in bitumen during the
aging process [20]. The most favorable synergistic effect of
SWic and TOA is observed at a compactness of 2.0% SWc
and TOA at 0.4% for the RTFOT process and in the entire
SWic dosage range and from to 0.4% TOA for the
RTFOT+PAYV ageing process. In contrast, in the remaining
range of SW\ ¢ dosage to the asphalt, its unfavorable stiffening
role becomes apparent [19].
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The change in viscosity at 135°C (n135) of the 50/70 bitumen
in terms of SW ¢ and TOA was characterized by the ageing
indices VAlrtro and VAlrtroT+pav Using ANOVA analysis of
variance. The parameters of the regression models using
equation (6) are summarized in Table 7 and Table 8 and
plotted in Fig. 4b, d

Table 7. Fit function parameters for the VAlgreor

VAlgreor (%); R? = 0.413; PE MS = 31.817

Model

-95% +95%
parameters RC SE C.Limit C.Limit Pvatue
Intercept 58.374 5.799 46.906 69.842 0.001
(1) SWic (L) | -15.906 6.729 -29.212 -2.600 0.019
SWic (Q) 4.810 1.880 1.092 8.527 0.011
(2) TOA (L) -23.668 9.871 -43.186 -4.149 0.017
TOA (Q) 36.173 11.751 | 12.937 59.408 0.002
1Lx2L -4.236 3.760 -11.671 3.199 0.261

Table 8. Fit function parameters for the VAlrrror+pav
VAlgreor+pay (%); R? = 0.525; PE MS = 171.46

Model

-95% +95%
parameters | RC SE CLimit | C.Limit | P
Intercept 170.289 13.464 143.667 196.911 0.001
(1) SWic(L) | 0434 15.622 | -30.455 31.3247 0.977
SWic (Q) -4.862 4.364 -13.494 3.7677 0.267
(2) TOA (L) -73.160 22.915 -118.471 -27.8491 0.001
TOA (Q) -31.706 27.280 | -85.648 22.235 0.247
1Lx2L 22.408 8.729 5.147 39.669 0.011

The analysis of the statistical parameters in Table 7 and Table
8 clearly shows that TOA content had a significant effect on
the VAlrtror and VAlrtror+pav model parameters, as the
associated p-value is lower than the selected significance level
of a=0.05 (p-value < 0.05).

However, the analysis of the significance of the effects of the
SW.c and the TOA on the VAlgrrror and the VAlgrtrot+pav Of
the modified asphalt binder was carried out using the Pareto
relationship [18], as shown in Fig. 4a,c.

(2)TOA (%)(L) --4.4w
TOA (%)(Q) ]3.07!21
SWic (%)(Q) 2.5682
1Lwz.2L -1.1265
(1)SWyc (%)(L) -0.4071
p=0.05
a) ized Effoct Value)

0.6

:
2 04
£
8
® 02
3
-
0.0 -
1.0 18 20 25 2 :’:
b) SW_c (%) content in bitumen - <30

(2)TOA (%)(L) |

(1)SWee (%)(L) | -5.0527

1Lwz.2L 2.5668

TOA (%)(Q) -1.1622

SWic (%)(Q) “1.1141

p=0.05

Effect Estimate Value)

c)

TOA (%) content in bitumen

X =
1.0 1.6 20 2.5 <160
d) SW,c (%) content in bitumen -

Fig. 4. Influence of WMA additives on asphalt binders characteristics:
a) Pareto relationship for VAlgreor; b) VAI after RTFOT; c) Pareto
relationship for VAlgrror+pav; d) SPI after RTFOT+PAV

From the Pareto characteristics presented in Fig. 4 a, c, results
show that the beneficial effect of WMA additives on slowing
down the ageing rate of VAlrrror and VAlgrror+pav binders
is characterized by a similar intensity of their effects. At the
same time, the effect of TOA is the most significant, although
it shows a downward trend, which, as mentioned earlier, is
most likely a consequence of its role as an adhesive agent. A
significant synergistic effect of both additives on the ageing
rate of VAlrrror+pav is observed (Fig. 4c), resulting in a
slowdown in the ageing process of the binder. The most
beneficial synergistic effect of SWic and TOA is observed at
a content of 2.0% SW,c and 0.4% TOA for the RTFOT
process and across the entire SW\ ¢ dosage range and from
0.4% TOA for the RTFOT+PAYV ageing process. However, in
the remaining SWyc dosage range for asphalt, its unfavorable
stiffening effect is evident [19], which may result in cracks
forming on the asphalt surface during winter [19].

The change in PR of the asphalt in terms of SW c and TOA
after RTFOT and RTFOT+PAV ageing was characterized
using ANOVA analysis of variance. The parameters of the
regression models using equation (6) in the form of response
plots are shown graphically in Figure 5b,d. On the other hand,
the significance analysis of the effect of SW.c and TOA on
PRrtrot and PRgrrroT+pav OF the binder was performed using
the Pareto relation [18] (Fig. 5a,c).
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- e
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TOA (%)(Q) 2.3658
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Fig. 5. Influence of WMA additives on asphalt binder characteristics: a)
Pareto relationship for PRgrror; b) PR after RTFOT; c) Pareto
relationship for PRgrrror+rav; d) PR after RTFOT+PAV together with the
representation of the models describing the relationship

The thermal yield range of PR is determined computationally
based on temper softening and Fraass temperature.
Consequently, the intensity characteristics of the effects of
WMA additives during RTFOT and RTFOT+PAV ageing are
a consequence of their effects on these binder properties. Thus,
a significant effect of both SW ¢ and TOA on the change in
PR during binder ageing and the synergistic effect of WMA
additives during RTFOT+PAV ageing are observed. The PR
range after RTFOT+PAV aging is reduced compared to
RTFOT aging. This proves the stiffening role of SW.c,
primarily in terms of Fraass brittleness temperature, which is
the result of the formation of synthetic wax crystals in the
binder [19]. The most beneficial effect of SW\ ¢ and TOA on
the change in PR during aging is observed in the range of doses
from 1.0% to 1.5% and from 0% to 0.6%, respectively. This is
because an increase in SWyc content causes the binder to
stiffen due to the formation of wax crystals [19].

The change in P1 of asphalt binder in terms of SW ¢ and TOA
after RTFOT and RTFOT+PAV ageing was characterized
using ANOVA analysis of variance. Regression models using
relationship (6) are shown graphically as response plots in Fig.
6b, d. On the other hand, the significance analysis of the effect
of SWic and TOA on PlrTro and PlrTrOT+PAV of modified
asphalt was performed using the Pareto relationship [18] (Fig.
6a,c).
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Fig. 6. Influence of WMA additives on asphalt binder characteristics: a)
Pareto relationship for Plgreor; b) Pl after RTFOT; c¢) Pareto
relationship for Plgrror+pav; d) Pl after RTFOT+PAV together with the
representation of the models describing the relationship

From the analysis of the Pareto plot (Fig. 6a,c) results show
that there is a significant beneficial effect of both SW,¢ and
TOA with an increasing trend and that there is an initial
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synergy of these two additives in terms of Pl in both RTFOT
and RTFOT+PAYV ageing. It can be clearly stated that as a
result of the use of SWic and TOA, 50/70 asphalt meets the
criteria for modified asphalt for which P1>1. Therefore, it can
be used in asphalt pavements subjected to heavy traffic. The
change in PI during ageing is most favorably influenced by
SW.c content in the range of 1.0% to 1.5% and TOA in the
range of 0.0% to 0.6% of the binder mass. This is most likely
a consequence of the slowing down of chemical changes in
asphalt as a result of such additive content [20].

In summary, from the evaluation of the bitumen properties
analyzed, the SW ¢ and TOA contents of 2.0% and 0.4%
respectively have the most favorable effect in reducing the
effects of RTOT and RTFOT+PAV ageing on the binder
properties. This is most likely the result of beneficial changes
in the chemical composition of the modified asphalt. It is
related to the reduction in the rate of change of the carbonyl
index, sulfoxide index and aromaticity index. The developed
model showing the effect of SW ¢ and TOA on the analyzed
properties of asphalt after ageing can also be used to obtain the
required binder compositions. The binder developed in this
way can be used, for example, in the construction of asphalt
pavements with increased resistance to permanent
deformation or with greater resistance to low temperatures and
moisture.

4. CONCLUSIONS

Based on the first-ever studies out on the influence of SWc
synthetic wax and TOA tall oil amidopolyamines on the
analyzed change in asphalt binder parameters during RTFOT
and RTFOT+PAYV ageing, the following conclusions can be
drawn:

1. The WMA additives used in the recommended quantities
have a significant beneficial effect on the change in
penetration at 25°C, reducing its value by approximately 20%,
causing an increase in softening temperature of up to 25% and
a reduction of approximately 15% in dynamic viscosity at
135°C, as well as an increase in the penetration index and
plasticity temperature range of the asphalt binder.

2 .In terms of SW\ ¢ and TOA content of 2.0% and 0.4% by
weight of the asphalt binder, respectively, there is a significant
beneficial synergistic effect of the WAM additives used in the
binder in relation to their impact during RTFOT ageing to
approximately 26% and RTFOT+PAV to 27% on the analyzed
parameters of the asphalt binder.

3. The WMA additives used slow down the RTFOT and
RTFOT+PAYV ageing process as a result of their synergistic
effect, thus acting as asphalt binder ageing inhibitors.

4. The developed models characterizing the effect of WMA
additives on the properties of asphalt, taking into account the
ageing process, enables the development of a modified binder
composition depending on its intended use in asphalt
pavement.

Asphalt modified with optimal amounts of SW\ ¢ and TOA,
2.0% and 0.4% respectively, will have a significant impact on
the technological process of asphalt mixture production. The
use of modified binder will reduce the technological
temperatures of asphalt mixture production to 30°C compared
to traditional methods, while maintaining its required
properties. At the same time, it will meet the high requirements
for use in sustainable road construction based on a circular
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economy. Slowing down the binder aging process will also
ensure the durability of the asphalt pavement. Reducing the
technological temperatures of asphalt mixture production will
contribute to improving environmental protection by reducing
greenhouse gas emissions.
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