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Abstract

In railway engineering, waterproofing layers (or blankets), composed of bitumen and
mineral aggregates, are a viable and promising solution, but further innovation is needed
to achieve higher mechanical characteristics and a better balance between virgin and recy-
cled materials. Based on the above, this study investigates the potential improvements in
rheological properties of a railway-oriented hard bitumen, HD, modified with a ternary
system consisting of an organic compound (OC), a multifunctional additive (MA), and a
modified fibrous additive (MFA) obtained from the utilisation of organic waste. In this
context, comprehensive empirical, rheological, and chemical tests were performed on
reference and modified bituminous blends. Results confirmed that a synergistic blend of
0.5% MA, 2% OC, and 3% MFA achieved a high R% (93.99) and G*, as well as minimal Jnr,
which resulted in the best rank. This ternary combination increased viscosity by 124.97% at
150 ◦C, improved rutting resistance by 60.69%, and improved binder-level fatigue indicator
(G*sinδ) by 45.40% under the unaged DSR sweep conditions. A mechanistic interpreta-
tion was provided. These findings support the use of OC, MA, and MFA as sustainable
modifiers to enhance the high-temperature rheological performance of HD binders for
railway waterproofing layers and sub-ballast applications. Future research should evaluate
(1) long-term field performance and compatibility with ballast and subgrade materials, and
(2) moisture damage resistance. Indeed, this cannot be inferred from binder rheology alone
and should be verified through mixture-level moisture susceptibility and binder–aggregate
adhesion tests.

Keywords: rheological properties; bitumen modification; rutting; fatigue; organic additive;
multifunctional additive; railway; waterproofing layer

1. Introduction
Passenger and freight demand for rail transportation continues to rise, prompting

many railways to increase axle loads and speeds. When axle loads exceed 25 t/axle, the
dynamic stresses on the track components intensify, causing conventional ballast–subgrade
systems to experience rapid settlement and structural degradation [1]. Consequently,
there is renewed interest in asphalt track systems, which use bituminous sub-ballast and
waterproofing layers to distribute loads more uniformly and provide moisture isolation.
Improved modified asphalt mixtures and multifunctional additives have played a decisive
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role in revitalising asphalt track research; Na, et al. [2] observed that the popularity of
asphalt tracks has increased as additives and modifiers have become widely available,
offering improved fatigue and rutting performance relative to unmodified asphalt. The
present manuscript, therefore, focuses on rheological enhancement of bitumen specifically
for railway track applications.

Although asphalt sub-ballast layers improve load distribution and vibration damping,
rail infrastructure still suffers from drainage problems, ballast degradation, and subgrade
settlement. Water trapped in poorly drained layers reduces bearing capacity, while fouling,
cyclic loading, and climate variations accelerate degradation, leading to high maintenance
costs [3,4]. To counter these issues, Castro, et al. [5] emphasised that effective waterproofing
layers should have residual air voids between 3% and 8% to promote drainage but inhibit
moisture ingress; they also found that bituminous sub-ballast layers were more effective
than granular layers and that optimum performance was achieved with relatively thin high-
modulus hot mix asphalt (HMA) layers. Therefore, developing high-density HMAs capable
of withstanding heavy dynamic loads while preventing moisture infiltration remains crucial
for high-speed and heavy-haul railways.

Emerging research is exploring sustainable additives and fibres to enhance bitumen
performance. Natural fibres (e.g., coir, lignin, bamboo) can improve stiffness and reduce
cracking, but dosing must be optimised to avoid excessive air voids. Synthetic fibres such as
polyester, polypropylene, and aramid provide chemical resistance and durability. A recent
mechanistic study, Cao and Wang [6], found that polyester fibres interspersed into asphalt
via aromatic ring interactions, yielding a higher complex shear modulus and lower phase
angle than straw fibre-modified asphalt; at 64 ◦C, the polyester-modified binder showed a
phase angle 4.29◦ lower and exhibited lower creep compliance at low temperatures. Biochar
addition has also been shown to increase rotational viscosity and rutting resistance while
enhancing fatigue and low-temperature performance [7]. Crumb rubber modification is
another sustainable approach: crumb rubber particles swell when blended with asphalt
and absorb maltenes, thereby increasing the asphaltene-to-maltene ratio; Sukkari, et al. [8]
reported that crumb rubber combined with warm-mix additives improves rutting and
fatigue resistance while lowering binder viscosity.

Polymer and nanomaterial modifications have been widely investigated. ASA
polymer-based modifiers improve fatigue and rutting resistance at optimal dosages, while
excessive polymer can reduce performance; nanosilica and other nanomaterials can reduce
rutting depth and improve high-temperature rheology, particularly when used alongside
polymers [9]. However, differences in oil sources and filler composition can cause com-
patibility issues, and there is a continuing need for eco-friendly high-viscosity modifiers
that can resist oxidation and ultraviolet ageing [10]. These findings suggest that synergistic
combinations of fibres, bio-based additives, crumb rubber, polymers, and nanoparticles
may offer enhanced rheological and mechanical properties for asphalt track binders.

Accurate assessment of these modified binders requires rigorous rheological test-
ing. Standard protocols such as EN 13702, EN 16659, and FGSV 722 use Dynamic Shear
Rheometer (DSR) tests to determine phase angle (δ), complex shear modulus (G*), and
dynamic viscosity (η) across a range of temperatures and frequencies [11,12]. Correlations
have been established between viscosity and rutting performance: Sybilski [13] found
that higher viscosities at 60 ◦C correlate with improved rutting resistance, while Morea,
et al. [14] noted that rutting increases sharply when viscosity falls below 2000 Pa·s. High-
viscosity additives can elevate viscosities from 249 to over 2 × 106 Pa·s at 53–71 ◦C [15].
Multiple Stress Creep Recovery (MSCR) tests further quantify polymer-modified binder
performance via percentage elastic recovery (R%) and non-recoverable creep compliance
(Jnr). Building on these methodologies, the present study evaluates how multifunctional
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additives, organic compounds, and fibre modifiers influence the rheological behaviour
of bitumen for railway applications. To clearly position the present work and its novelty
with respect to existing studies on bio-additives, fibres, and multifunctional modifiers for
bituminous binders, a short comparative synthesis is first required. Previous investiga-
tions have made important contributions by demonstrating the potential of individual
sustainable additives (e.g., biochar, crumb rubber, fibres) or limited binary systems to
enhance specific rheological or chemical properties of asphalt binders. However, these
studies are generally constrained by one or more of the following aspects: (i) focus on
single-modifier or binary configurations without explicitly addressing multi-component
synergy, (ii) limited consideration of railway-oriented hard (HD) binders and their strin-
gent performance requirements, and (iii) partial performance evaluation, often restricted to
selected rheological indicators without a systematic interaction-based framework.

Table 1 summarizes the main characteristics of selected key references and highlights
how the present study advances beyond them, particularly in terms of modifier configu-
ration (systematic comparison of single, binary, and ternary blends), interaction analysis
(explicit identification of synergistic effects rather than additive responses), and perfor-
mance evaluation (combined use of DSR temperature sweeps, MSCR parameters, and
FTIR analysis to link macroscopic rheology with chemical changes). By adopting a waste-
derived ternary system (OC + MA + MFA) and a railway-specific experimental perspective,
the present work extends existing knowledge toward a more integrated and application-
oriented understanding of modified binders for waterproofing and sub-ballast layers.

Table 1. Positioning of the present study relative to key literature on bio-based and multifunctional
asphalt modifiers.

Reference Modifier
System

Waste-
Derived

Includes Ternary
Interaction MSCR (R%, Jnr) FTIR Linked

to Rheology
Main Limitation

in Prior Work
Advance in
This Paper

Xiao, Cai, Lou, Shi
and Xiao [4] Review - - - -

Review/no
factorial

interaction

Experimental
quantification +

interaction effects

Cao and Wang [6] Fibre/polymer
interactions Partial - Sometimes Sometimes Not railway HD

+ not ternary

Railway-oriented
HD + full

interaction matrix

Martinez-Toledo,
Valdes-Vidal,

Calabi-Floody, Gonzalez
and Reyes-Ortiz [7].

Biochar Yes - Sometimes Sometimes Single additive Adds ternary synergy
+ MSCR + FTIR link

Sukkari, Al-Khateeb,
Zeiada and Ezzat [8] CR + WMA Partial Binary only Yes Yes No

fibres/ternary
Extends to ternary

incl. fibres + ranking

Thus, the valorisation of modified bitumen systems in railway infrastructure is a key
step toward mitigating the challenges posed by rising axle loads and changing conditions.
This study integrates an organic compound (OC), multifunctional additive (MA), and
modified filamentous additive (MFA) with advanced rheological characterisation to en-
gineer durable, high-performance bituminous systems for waterproofing and sub-ballast
applications. Simultaneously, research on incorporating waste-derived modifiers promotes
sustainability alongside mechanical resilience. Addressing existing gaps in understand-
ing long-term performance, bitumen ballast interaction, and environmental impacts will
advance the design of reliable, low-maintenance railway systems.

The primary objective of this study was to evaluate the rheological properties of
bitumen modified with OC, MA, and MFA valorisation of organic-based waste additive
materials for potential application in asphaltic waterproofing layers used in railway tracks.
Figure 1 shows the experimental design flowchart for this study.
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Figure 1. The experimental design flowchart of this study.

To achieve this objective, the research proceeded through the following stages:

• Comprehensive literature review—a survey of existing research on modified bitumen
and fibre-reinforced binders (see Section 1).

• Experimental design and testing—selection of materials, preparation of modified
binders, and execution of rheological tests (see Section 2).

• Data analysis and interpretation—analysis of rheological test results and formulation
of key conclusions (see Sections 3 and 4).

This work provides binder-level performance indicators relevant to waterproofing/sub-
ballast applications; however, track-level performance depends on mixture composition,
ageing, and structural interaction with ballast and subgrade and is therefore outside the
scope of the present experimental program.

2. Materials and Methods
2.1. Raw Materials

Two bitumen types were used: 50/70 penetration-grade from Perretti Petroli S.P.A.
(Puglia, Italy) and HD asphalt binder meeting ANAS (Italy) standards. HD is typical for
high-stiffness pavements, while B50/70 served as a reference for rheological comparison.
Empirical properties are shown in Table 2.

Table 2. Empirical characteristics of reference bitumen B50/70 and HD.

Properties pen@25 SP pen@25, RTFOT SP, RTFOT FBP ER@25

Standard EN 1426 EN 1427 EN 1426 EN 1427 EN12593 EN13398

Unit 0.1 mm ◦C % ◦C ◦C %

B50/70 54 48.7 ≥40 ≤9 ≤−8 -

HD 56 76.1 ≥40 ≤5 ≤−12 ≥80
Symbols. pen@25: penetration at 25 ◦C. SP: softening point. pen@25, RTFOT: penetration at 25 ◦C after rolling
thin film oven test. SP, RTFOT softening point increase after rolling thin film oven test. FBP: Fraass breaking point.
ER@25: elastic recovery at 25 ◦C.

In addition, the HD bitumen was modified at various additive contents based on the
evaluation of three different waste materials. Figure 2 presents the additives used in this
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study: (A) OC, derived from organic materials, containing nitrogen, carbon, and oxygen.
(B) MA, surfactant, based on phosphate esters. (C) MFA, cellulose fibre, obtained from
cardboard waste, having a size of 0.2–0.6 mm.

Figure 2. OC, MA, and MFA used in this study.

2.2. Bitumen Modifications

The HD asphalt binder was heated to 160 ◦C, and additives OC (2%), MA (0.5%),
and MFA (3%) by bitumen weight were incorporated. The OC (2%), MA (0.5%), and
MFA (3%) dosages were selected based on a prior pre-screening campaign performed
within the LIFE SILENT project and the MOST project, in which multiple candidate contents
were evaluated based on production process (dispersion during mixing, avoidance of
excessive viscosity) and performance prediction based on preliminary knowledge. In the
present manuscript, these values are therefore adopted as fixed target dosages to isolate the
role of each additive and quantify interaction effects through single, binary, and ternary
blends. Homogeneous dispersion was achieved by mixing at 160 ◦C at 1000 rpm for 15 min.
Sample codes and blend details are in Table 3.

Table 3. Sample codes.

No Samples ID List of the Tests Carried Out (Including Standards)

1 B

Penetration at 25 ◦C, 0.1 mm (EN 1426).
Softening point, ◦C (EN 1427).

Dynamic viscosity (η, mPa·s) at 60 ◦C, 100 ◦C and 150 ◦C,
UNI EN (13702:2018).

Complex shear modulus (G*, Pa) and phase angle (δ, ◦) at
30–90 ◦C, FGSV 722.

Percent elastic recovery (R%), non-recoverable creep
compliance (Jnr, kPa−1) at 0.1 kPa and 3.2 kPa, and at 60 ◦C,

and Jnr-diff, EN 16659.

2 HD

3 HD + 2%OC

4 HD + 0.5%MA

5 HD + 3%MFA

6 HD + 2%OC + 0.5%MA

7 HD + 2%OC + 3%MFA

8 HD + 0.5%MA + 3%MFA

9 HD + 2%OC + 0.5%MA + 3%MFA
Symbols. B: B50/70 bitumen. HD: hard bitumen. HD + 2%OC: hard bitumen + 2% organic compound additive.
HD + 0.5%MA: hard bitumen + 0.5% multifunctional additive. HD + 3%MFA: hard bitumen + 3% modified
filamentous additive. HD + 2%OC + 0.5%MA: hard bitumen + 2% organic compound additive + 0.5% multi-
functional additive. HD + 2%OC + 3%MFA: hard bitumen + 2% organic compound additive + 3% modified
filamentous additive. HD + 0.5%MA + 3%MFA: hard bitumen + 0.5% multifunctional additive + 3% modified
filamentous additive. HD + 2%OC + 0.5%MA + 3%MFA: hard bitumen + 2% organic compound additive + 0.5%
multifunctional additive + 3% modified filamentous additive.

For penetration at 25 ◦C, 0.1 mm (EN 1426), this is associated with the softness of the
bitumen and the climatic conditions in which it is used. Under common environmental
conditions, in Italy, the grade 50/70 is often used.

For softening point, ◦C (EN 1427), low values are associated with mixture rutting and
bleeding. HD bitumen must have a value in the range 70–90 ◦C, and B50/70 must have a
value in the range 45–60 ◦C.

For dynamic viscosity (η, mPa·s) at 60 ◦C, 100 ◦C, and 150 ◦C, UNI EN (13702:2018),
its dependency on temperature is crucial. At high temperatures, it is associated with the
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mixing and compaction temperatures that affect the workability of the mixtures. In more
detail, for compaction, the viscosity should be 0.28 ± 0.03 Pa·s, while for mixing, it should
be 0.17 ± 0.02 Pa·s.

For complex shear modulus (G*, Pa) and phase angle (δ, ◦), (1) at high temperatures
(30–90 ◦C (4)), FGSV 722, high G*/sinδ (>1 kPa) is needed; (2) at medium temperatures,
low G*sinδ (<5000 kPa) is needed. This is associated with high rutting resistance (at high
temperatures) and high fatigue resistance (at medium temperatures, after the pressure
ageing vessel, PAV, ageing), respectively, according to the elastic response under oscillating
loads at given temperatures.

For non-recoverable creep compliance (Jnr, kPa−1) at 0.1 kPa and 3.2 kPa, and at 60 ◦C,
EN 16659, low Jnr at 3.2 kPa at high temperatures (<0.5–4 kPa−1, as a function of traffic level,
from extremely heavy to standard) is associated with high rutting resistance under light
and heavy traffic at high temperatures. For the corresponding Jnr-diff, low values (lower
than 75%) correspond to a low susceptibility to load changes. For the corresponding percent
elastic recovery (R%), high values (>30%–45%, as a function of Jnr, cf. FHWA-HIF-11-038)
are associated with low rutting.

2.3. Testing Methods and Procedures

Figure 3 presents a three-phase experimental framework evaluating bitumen modified
with eco-friendly, waste-derived additives under varying temperatures and traffic condi-
tions. Phase 1 characterises virgin (B50/70, HD) and HD-modified binders via empirical
tests. Phase 2 analyses rheological behaviour under controlled conditions, assessing OC,
MA, and MFA effects on viscoelastic and thermoplastic properties, with correlations vi-
sualised through heat maps. Phase 3 investigates chemical interactions among reference
bitumen, modifiers, and blends using FTIR spectroscopy, based on infrared light absorption
(700 nm–1 mm) linked to molecular vibrations, identifying functional group changes.

 

Figure 3. The framework of the experimental study.

2.3.1. Empirical Tests

The basic physical properties of bitumen binders were first evaluated using empirical
tests. These included the needle penetration test at 25 ◦C according to EN 1426 and
the softening point test using the Ring and Ball method according to EN 1427 to assess
consistency at medium and high service temperatures.
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2.3.2. Rheological Analyses

In this study, to determine the rheological properties of reference and modified bitu-
men, time-dependent flow behaviour tests, temperature-dependent and shear behaviour
tests, and MSCR tests were conducted in a laboratory environment using a DSR.

(a) Time-dependent flow behaviour test

The time-dependent flow test, following EN 13702:2018, evaluates viscosity under
constant shear and isothermal conditions as a preliminary assessment of material flow at a
fixed temperature. Using a DSR SmartPave 92 (Anton Paar) with PP25 plate geometry and
1 mm gap, tests were conducted at 60 ◦C, 100 ◦C, and 150 ◦C. After 10 min of temperature
equilibrium, viscosity was measured for 400 s at shear rates of 0.05, 50, and 500 s−1. This
approach provides insight into bitumen behaviour under controlled conditions, supporting
material optimisation and quality assurance.

(b) Temperature dependency and shear behaviour test

In this case, the modified bitumen samples were prepared in accordance with FGSV
722, which defines the determination of deformation behaviour to remove air, poured into
silicone moulds (AASHTO T 315), cooled, and stored for 2 h for virgin and 12 h for polymer-
modified bitumen (maximum 36 h). DSR testing used a 25 mm plate geometry with a
1 mm gap, controlled by a Peltier system (±0.1 ◦C). Temperature sweeps (30–90 ◦C) fol-
lowed FGSV 722, within the linear viscoelastic range, using 1.59 Hz oscillation (≈10 rad/s,
≈90 km/h traffic speed). Parameters G* (total resistance to deformation) and δ (viscous
response; 0◦ = elastic, 90◦ = viscous) were recorded. These procedures ensured reliable,
reproducible characterisation of modified bitumen rheology under varying temperatures,
aligning with standardised testing protocols.

(c) Multiple Stress Creep Recovery (MSCR) test

MSCR, as defined by EN 16659, was employed to evaluate the viscoelastic behaviour
of bituminous binders under repeated loading and unloading cycles, each cycle lasting 10 s.
Using a DSR, the test was conducted at 60 ◦C to determine key parameters: R% (percent
recovery) and Jnr (non-recoverable creep compliance).

The R% value is calculated from stresses and shear strains using Equation (1):

RN
σ =

ϵN
1 − ϵN

10

ϵN
1

× 100 (1)

where RN
σ is the percentage recovery at the applied stress σ (kPa) after N-th loading cycles,

ϵN
1 is the shear strain at the first load, and ϵN

10 is the shear strain, measured after recovery at
the tenth of the N-th cycle. The average percentage recovery at the given stress level is then
calculated as follows:

Rσ =
1

10

10

∑
N=1

RN
σ (2)

The non-recoverable creep compliance at a given stress is calculated using Equation (3):

JnrN
σ =

ϵN
10
σ

(3)

where ϵN
10 is the non-recoverable strain at the N-th cycle, and σ is the applied stress. The

average Jnr at a stress of 0.1 kPa is given by the following:

Jnrave =
1

10

10

∑
N=1

JN
nr, 0.1kPa (4)
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The nonlinearity and elastic recovery of the binders were evaluated using the
following parameters:

Jnr − di f f =
Jnr@3.2kPa − Jnr@0.1kPa

Jnr@3.2kPa
× 100 (5)

R − di f f =
R@0.1kPa − R@3.2kPa

R@0.1kPa
× 100 (6)

where Jnr − di f f is the percentage difference in Jnr between stress levels of 0.1 kPa and
3.2 kPa, indicating the nonlinearity of the binder, and R − di f f represents the binder’s
ability to retain elastic behaviour between these stress levels. These parameters quantify
the elastic recovery and the susceptibility to permanent deformation, respectively, under
controlled stress levels. Consequently, they pertain to the resistance to plastic deformation.
Lower Jnr corresponds to higher rutting resistance and vice versa. Consequently, the aim is
to have lower Jnr requirements when heavy traffic is expected (e.g., 1–2 kPa−1 instead of
4.5 kPa−1 [16]. The supplementary requirement is that the Jnr-diff should not be greater
than 75%. The R-diff% quantifies the drop in elastic recovery between low and high stress
levels (R%@0.1kPa vs. R%@3.2kPa) and thus serves as an indicator of stress-sensitivity in
the binder’s recovery behaviour. A high R-diff% value implies a large loss of recoverability
under increased stress (i.e., the binder is less able to “spring back” when subjected to
heavier loads), which may signal a reduced resistance to permanent deformation. Jnr-diff
refers to non-recoverable strains and R-diff to elastic strains. For both, the higher the Jnr-diff
and R-diff is, the greater the sensitivity to changes in stress levels.

2.3.3. Chemical Analyses: FTIR

FTIR analysis using multiple reflection ATR (Anton Paar Lyza 7000, Anton Paar,
Ashland Graz, Austria) was conducted to characterise the functional groups of B50/70,
HD, and HD modified with OC, MA, and MFA. Pure and modified bitumen samples
were dissolved in cyclohexane at a 1:3 (bitumen: cyclohexane) ratio and left for 24 h. A
0.1 mL aliquot was placed on the crystal, and after solvent evaporation, a 35 µm film
was formed for FTIR examination. Each sample underwent three measurements with
32 scans in the 400–4000 cm−1 range and 1.33 cm−1 resolution. Transmission spectra were
converted to absorbance spectra, focusing on the 2500–3600 and 690–1800 cm−1 ranges.
According to the literature [17,18], main detectable components include (1) hydrocarbons
(CH2, CH3) at 2850–2920 and 1380–1600 cm−1; (2) carbonyls (1655–1730 cm−1); (3) aromatics
(~1600 cm−1); (4) sulfoxides (1030–1260 cm−1); and (5) polyaromatics (<1000 cm−1). These
components are key indicators of reclaimed asphalt pavement content and bitumen ageing.
Functional group wavelength ranges for B50/70 are presented in Table 4 and referenced in
subsequent analyses.

Table 4. Functional groups in bitumen.

Wavenumber cm−1 Functional Group Vibration Type

720 Alkyls γ (CH2n) Hydrocarbon
750 Aromatic γ CHaro Hydrocarbon
810 Sulphate Ester ν S–O–C SCC
870 Aromatic γ CHaro Hydrocarbon
910 Alkene δ (CH) Hydrocarbon

1030 Sulfoxides ν S=O SCC
1060 Sulfones ν SO2 (in-phase) SCC
1120 Sulphate ester νas SO2 (out-of-phase) SCC
1260 Sulphate ester νas SO3 SCC
1380 Alkyls δas CH2/CH3 Hydrocarbon
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Table 4. Cont.

Wavenumber cm−1 Functional Group Vibration Type

1455 Alkyls δas CH2/CH3 Hydrocarbon
1600 Aromatic ν C=Caro Hydrocarbon
1655 2-Quinoline ν C=C Carbonyl
1700 Ketone ν C=O Carbonyl
1730 Carboxylic acids ν C=O Carbonyl
2850 Alkyls νas CH2/CH3 Hydrocarbon
2920 Alkyls νas CH2/CH3 Hydrocarbon

Note ν: stretching vibration; νas: asymmetric stretching; γ: out-of-plane bending; δ: in-plane bending; δas: asym-
metric bending; SCC: sulphur-containing compound.

3. Results and Discussion
3.1. Empirical Test Results

According to the empirical test results in Figure 4, although the softness of HD bitumen
is similar to B50/70 bitumen, the temperature required to transition from a solid or semi-
solid state to a viscous state is 67% higher. Indeed, it should be noted that the softening
point of hard bitumen exceeds 80 ◦C. This situation should be considered because of the
temperatures (60–80 ◦C) of common tests (DSR, MSCR, etc.) used to determine rheological
properties. Moreover, an examination of the average difference results (Figure 4c) for
modified HD binders relative to HD bitumen shows that all additives reduce penetration
values while increasing softening points. Among the additives, MFA demonstrated the
most significant influence on penetration and softening points, whereas OC exhibited the
least effect.

  
(a) (b) 

 
(c) 

Figure 4. Empirical test results for reference and modified bitumen, (a) penetration, (b) softening
point, and (c) average effect of additives in percentage.

3.2. Time-Dependent Flow Behaviour

The results of the time-dependent flow behaviour test are shown in Figure 5. The
obtained viscosity results highlighted the difference in the flow behaviour of modified
HD asphalt binders (with OC, MF, and MFA) at different temperatures compared to the
reference HD asphalt binder. With respect to HD, for HD + 2%OC, the viscosity slightly
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decreased at 150 ◦C but increased at 100 ◦C and at 60 ◦C. This indicated that OC im-
proved the flow ability of bitumen at elevated temperatures, which is consistent with the
findings of Dyuryagina, et al. [19] and Li, et al. [20]. It should be emphasised that this
refers to the OC-only blend (HD + OC), while combined blends (including also OC but
not only OC) do not necessarily preserve the reduction observed for OC alone. In the
case of HD + 0.5%MA, a slight decrease in viscosity was observed at 150 ◦C (−5.03%),
with only minor variations at lower temperatures. MA appeared to enhance the elasticity
of bitumen, particularly at higher temperatures, as reported by Fazaeli, et al. [21] and
Remisova, et al. [22]. The addition of 3% MFA (HD + 3%MFA) resulted in a substantial
increase in viscosity across all temperatures, with the most pronounced effect at 100 ◦C
(32.41%). This behaviour was attributed to the formation of a structural network within
the bitumen by MFA, which increased stiffness and thickness, as supported by Mirsep-
ahi, et al. [23]. The HD + 2%OC + 0.5%MA blend exhibited the most significant viscosity
increase at 150 ◦C, suggesting that the two additives acted synergistically to improve
the strength and thermal stability of the bitumen, in agreement with Dyuryagina, By-
zova, Ostrovnoy, Demyanenko, Tyukanko and Lutsenko [19] and Li, Liu, Xiao, Li, Wang
and Peng [20].

Figure 5. Dynamic viscosity (η) of the HD asphalt binders under different temperature conditions
(60 ◦C, 100 ◦C, 150 ◦C).

The mixing and compaction temperatures required for producing asphalt mixtures
with reference and modified asphalt binders increase as the rate of decrease in vis-
cosity with rising temperature (Table 5). Consequently, modified bitumen (such as
HD + 2%OC + 0.5%MA, which exhibits the highest viscosity at 150 ◦C) requires signif-
icantly higher mixing and compaction temperatures compared to the other binders. In
contrast, the HD + 2%OC binder needs lower temperatures due to its relatively lower vis-
cosity at the same test temperature. This finding can indicate that the OC additive improves
workability. However, the inclusion of modifiers such as MFA enhances the stability of the
mixture, though MFA-modified HD binders can require higher temperatures to achieve
sufficient fluidity and ensure effective mixing with aggregates. Importantly, it is noted
that a viscosity reduction can also be obtained through different mechanisms that are not
easily detected through bitumen-related analyses (surfactants, working at the micro-scale
between bitumen and aggregates). These results are consistent with empirical test results
of MFA-modified HD binders, which revealed increased hardness (lowest penetration and
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highest softening point). To support this study, it is noted that while Rodríguez-Alloza and
Gallego [24] emphasised the reduction in mixing and compaction temperatures with the
addition of the organic additives, Crispino, et al. [25] reported that cellulose-based fibres
increased the required temperatures.

Table 5. Mixing and compaction temperatures of asphalt mixtures with different additive.

Sample T Compaction (◦C) T Mixing (◦C)

B 147 158
HD 170 184

HD + 2%OC 168 181
HD + 0.5%MA 169 183
HD + 3%MFA 174 188

HD + 2%OC + 0.5%MA 185 201
HD + 2%OC + 3%MFA 181 196

HD + 0.5%MA + 3%MFA 173 187
HD + 2%OC + 0.5%MA + 3%MFA 184 199

In general, the higher mixing and compaction temperatures required for both reference
and modified HD bitumen, compared to B, may require greater energy and temperature
control in mixing plants and on-road applications. This increases fuel consumption and
costs, as well as CO2 emissions. Furthermore, insufficient fluidity makes bitumen difficult
to pump or spray. High hardness can also hinder adequate adhesion to aggregate. Fur-
thermore, a hard binder can increase the risk of cracking at low temperatures. However, it
does increase rutting resistance, but this advantage must be balanced against application
challenges. Against these observations, it is important to highlight that the tests above
do not offer the possibility to come to conclusions in terms of adhesion but mostly focus
on cohesion.

3.3. Temperature Dependency and Shear Behaviour Test

Temperature dependence and shear behaviour testing is performed using a DSR to
investigate the elastic response under oscillating loads at high (30–90 ◦C) service tempera-
tures. The parameters (G*, δ) obtained from oscillation test results are given in Figure 6.
According to Figure 6, the reference HD asphalt binder exhibited much higher G* values
than B50/70 bitumen at elevated temperatures, reflecting its inherent characteristics as
a hard binder commonly used in road pavements requiring strength and rutting resis-
tance. However, temperature effects significantly influenced this behaviour, with higher
temperatures facilitating molecular mobility and amplifying the reduction in G*. This
was consistent with rheological models showing shear thinning (where the viscosity de-
creases under shear strain) for high temperatures [12,26]. In addition, its rutting resistance
diminished at higher temperatures, as evidenced by the rising δ values with increasing
temperature. As an interesting finding, it should be noted that only δ values of the reference
B50/70 and HD asphalt binders increased with increasing temperature after 40 ◦C, while
the phase angle of all modified bitumen decreased. In modified binders, the polymer
network or crosslinking may become more dominant at higher temperatures, resisting
viscous flow and thus making the behaviour more elastic (lower δ). Some modified binders
show a bimodal δ trend (increase then decrease) at high temperatures [27–30]. Among the
modified bitumen, HD + 3%MFA showed the highest G* values across the 30–90 ◦C range,
clearly indicating better stiffness and rutting resistance, while its phase angle changed
only slightly with temperature increase. This demonstrated that MFA effectively enhanced
binder performance by reducing bitumen viscosity even under high temperatures, thereby
improving resistance to deformation. These findings corroborated prior work on modified
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asphalt rheology, which noted improved flexibility and delayed structural breakdown due
to material composition [31,32]. Moreover, δ analysis showed that samples with higher OC
content had lower δ values, signifying enhanced elasticity at elevated temperatures.

(a) 

 
(b) 

Figure 6. Temperature dependency and shear behaviour test results: (a) complex moduli, G*;
(b) phase angel, δ.

The results of the rutting (G*/sin δ) resistance parameters showed in Figure 7 that
all HD bitumen exhibited significantly higher resistance (at least 106 times) than B50/70
bitumen across all temperatures. Among the modified samples, the HD + 3%MFA blend
demonstrated the greatest improvement, with rutting resistance value 60.69% higher than
reference HD bitumen. This indicates that HD + 3%MFA provides the highest overall resis-
tance, achieving a favourable elasticity and stiffness, particularly under high-temperature
and heavy-traffic conditions. However, it is noteworthy that the G* values of HD bitumens
are quite higher than that of B50/70 bitumen, causing these bituminous blends to behave
more brittle and thus reducing fatigue cracking resistance. As seen in Figure 8, fatigue
cracking resistance (G*sinδ values) decreased with increasing temperature for all asphalt
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binders, and B50/70 bitumen showed the best performance, followed by HD + 0.5%MA
and HD + 0.5%MA + 3%MFA.

 
Figure 7. Rutting resistance parameter (G*/sinδ) of the samples.

 
Figure 8. Fatigue cracking resistance parameters (G*sinδ) of the samples.

Figure 9 shows the average difference (%) in rutting and fatigue cracking resistance
of each asphalt binder with temperature change (from 30 to 90 ◦C). Notably, the inclusion
of OC lowered temperature sensitivity; for example, the HD + 2%OC blend exhibited the
smallest change in rutting and fatigue resistance with increasing temperature. Furthermore,
as the temperature increased from 30 ◦C to 90 ◦C, the average reduction in rutting resis-
tance observed with each additive separately (60.22%) was less pronounced (57.38%) in the
sample containing all three additives. Consequently, the HD + 2%OC + 0.5%MA + 3%MFA
blend provided a more balanced temperature-dependent performance, combining elasticity
and stiffness in a way that enhanced both rutting resistances. These findings are consistent
with prior research. Li, Liu, Xiao, Li, Wang and Peng [20] and Erkuş, et al. [33] emphasised
the role of organic and multifunctional additives, as well as fibres, in enhancing the rheolog-
ical performance, stiffness, and elasticity of bitumen. Similarly, Rodríguez-Alloza, et al. [34]
reported that organic additives improve softening points and penetration resistance, while
Xiao, Cai, Lou, Shi and Xiao [4] highlighted the contribution of fibres to mechanical prop-
erty enhancement under heavy-load conditions. However, although it was determined
that B50/70 bitumen showed a superior performance in fatigue resistance, the effect of HD
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bitumen and OC, MA, and MFA additives on fatigue resistance decreased by 16.96% with
increasing temperature.

Figure 9. Average difference (%) in rutting and fatigue cracking resistance of each asphalt binder
with temperature change.

3.4. MSCR Test Results

Figure 10 illustrates the time-dependent shear strain behaviour of HD asphalt binders
under MSCR testing. The results demonstrated significant differences in shear strain
accumulation and recovery characteristics between the reference asphalt binders. Over time,
the highest shear strain values reached up to 52% in reference B50/70 bitumen, whereas
in reference HD asphalt binder, this value did not exceed 15%. This result confirms that
HD bitumen is less susceptible to permanent deformation under cyclic loading compared
to B50/70 bitumen. However, the absence of additives in reference HD asphalt binder
resulted in limited structural support and a reduced ability to effectively resist creep
deformation. As reported by Porot, et al. [35], unmodified bitumen lacked polymeric
or chemical modifications that enhance elasticity and improve resistance to rutting at
elevated temperatures.

Figure 10. Time-dependent shear strain behaviour of base and modified HD asphalt binders.

The incorporation of additives significantly improved the performance of HD asphalt
binders by reducing shear strain, although the extent of improvement varied with the
type of additive. OC and MFA demonstrated the most notable effects, lowering strain
to approximately 4% and 3.25%, respectively, thereby providing superior resistance to
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permanent deformation through enhanced stiffness and elasticity [35–37]. MA modification
yielded a moderate reduction in strain (≈6%), functioning primarily as a modifier that
increased stiffness while maintaining partial elastic recovery [38]. Overall, MFA and OC
exhibited comparable levels of improvement, whereas MA showed less pronounced but
still beneficial effects. The results clearly demonstrated that among the modified HD asphalt
binders, the ternary additive-modified binder (HD + 0.5%MA + 2%OC + 3%MFA) exhibited
the best performance, with a shear strain value below 1.7%. This outcome highlighted the
cumulative effect of the additives in enhancing both stiffness and elastic recovery. Such
performance rendered this binder highly suitable for applications demanding best rutting
resistance under high stress and elevated temperature conditions. These findings align with
the existing literature. Organic additives, as demonstrated by Alisov, et al. [39], improve
elasticity by forming a viscoelastic network. Similarly, MFA enhances stiffness, as noted
by Porot, Zhu, Wang and Cannone Falchetto [35], who emphasized the superior rutting
resistance of modified binders. Multifunctional additives, according to Habbouche, Hajj,
Sebaaly and Piratheepan [38], strike a balance between elasticity and stiffness, making them
critical for high-performance applications. The synergistic effect of using OC, MFA, and
MA together further confirmed the findings of Sybilski [13], who highlighted the significant
improvements achieved by integrating multiple modifiers.

Figure 11 shows the comparison of R% and Jnr values at 0.1 kPa and 3.2 kPa stress
levels for modified HD asphalt binders. The reference HD asphalt binder exhibited weak
elasticity (R%: 60.81 at 0.1 kPa; 49.97 at 3.2 kPa) and poor resistance to permanent defor-
mation (Jnr: 0.2891 and 0.4043). The addition of 2% OC significantly improved elasticity,
increasing R% to 85.71 and 88.85 while reducing Jnr by 72%–84%. A similar trend was
observed with 3% MFA, which achieved slightly higher elasticity (R% ≈ 88.7 at both stress
levels) and stronger Jnr reductions (≈82%–85%). This shows that both modifiers alone con-
tribute markedly, with MFA being marginally more effective in reducing Jnr and OC slightly
stronger in elasticity recovery. When combined (2%OC + 3%MFA), the improvements were
far greater than with individual additives: R% values reached 94.9 and 95.54, reflecting
synergistic elasticity gains of 56% and 91% over reference HD. Meanwhile, Jnr dropped
even further, and the best performance was obtained with samples containing all addi-
tives (HD + 0.5%MA + 2%OC + 3%MFA), yielding the lowest Jnr values (0.019 and 0.02),
corresponding to >93% reduction.

Hard, low-penetration/high-softening-point modified HD binders exhibited anoma-
lous MSCR behaviours upon testing in two viscoelastic regimes (0.1 kPa and 3.2 kPa). It
should be pointed out that certain studies report constraints in using the Jnr-diff parameter
in the MSCR test, particularly for hard binders with very low Jnr values at both 0.1 kPa and
3.2 kPa, where Jnr-diff values may be extremely low or even negative [40–42]. In this case,
nonlinear viscoelastic response, stress sensitivity changes of the microstructure/network,
and elastic mechanisms that are stress- and binder chemistry-dependent (e.g., entropy-type
and energy-type elasticity) may have caused Jnr and R to respond in opposing directions
with increasing stress [43–45]. The 0.1 kPa stage exercises linear (or nearly linear) viscous-
dominated response, 3.2 kPa forcing the binder into an elastic energy storage-dominated
nonlinear regime in which several relaxation paths dominate [46]. This stress dependence
is the key objective of the MSCR methodology and the reason that parameters can reverse
direction with stress [47,48]. That is, the MSCR protocol applies a low stress and subse-
quently a higher stress to the material to reveal stress-dependent nonlinear behaviour.
Certain binders, therefore, show unusual Jnr or R trends across these levels, e.g., negative
percent differences when the high-stress response is more elastic or less compliant than
the low-stress response, contrary to the usual expectation that Jnr increases with stress
and R decreases with stress [29]. Recent comparative literature reports at least two elastic

https://doi.org/10.3390/coatings16020208

https://doi.org/10.3390/coatings16020208


Coatings 2026, 16, 208 16 of 31

contributions: a form of entropy elasticity (recoverable network behaviour) and a form of
energy elasticity (stiffer, perhaps brittle response) [49]. Their relative magnitudes can vary
with stress or composition such that compliance or recovery may react non-monotonically
across stress levels [50]. A stiff modified binder may contain rigid fractions or transient
networks that are relatively inactive at very small applied stress but become engaged
under higher applied stress, producing more instantaneous elastic recovery and thus lower
determined Jnr at 3.2 kPa than measured at 0.1 kPa in some cases [37,40]. Therefore, their
Jnr vs. stress curves are not monotonically decreasing. Some materials exhibit lower Jnr at
one stress level while deteriorating at another, as network integrity can be a function of
stress amplitude [51].

  
(a) (b) 

(c) (d) 

  
(e) (f) 

Figure 11. Comparison of R% and Jnr values at different stress levels (0.1 kPa and 3.2 kPa) for
modified HD asphalt binders: (a) Jnr at 0.1 kPa; (b) Jnr at 3.2 kPa; (c) R% at 0.1 kPa; (d) R% at 3.2 kPa;
(e) Jnr-diff%; and (f) R-diff%.

3.5. FTIR Test Results

Figure 12 and Table 6 show the FTIR analysis results of the reference and modified
bitumen, where FTIR plots graphically illustrate the (chemical bond) absorbance (of specific
frequencies of infrared light) as a function of the wavenumber (reciprocal of the wavelength
absorbed), with emphasis on the three main areas considered. At the same time, Table 6
reports the relative quantification of these areas.
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Figure 12. FTIR analysis results.

By referring to FTIR-related analyses, it is important to highlight that three analy-
ses were carried out in this study: (A) comparing the HD spectrum with other spectra
(Section 3.5.1), (B) comparing the HD spectrum with the B50/70 spectrum (Section 3.5.2),
and (C) analysis of the Pearson coefficients between areas and percentage of single compo-
nents (Section 3.7).
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Table 6. Area absorbance × wavenumber in the FTIR plot.

Specimen (Blend)
Hydrocarbon Area (Rose,

870, 910, 1380–1600,
2850–2920 cm−1)

Carbonyl Area (Green,
1655–1730 cm−1)

Sulphur Area (Bleu,
1030–1120 cm−1)

50/70 46.01 4.32 20.73
HD 47.09 5.96 28.36

HD + 2%OC 60.12 7.88 36.15
HD + 0.5%MA 56.98 7.25 33.08
HD + 3%MFA 53.14 6.45 27.39

HD + 2%OC + 0.5%MA 56.78 7.19 31.54
HD + 2%OC + 3%MFA 56.97 6.91 30.25

HD + 0.5%MA + 3%MFA 53.60 6.53 28.79
HD + 2%OC + 0.5%MA + 3%MFA 58.92 7.20 38.12

Note. Areas have the units of measure of a.u. × wavenumber, where a.u. stands for arbitrary unit, and
wavenumbers are expressed in cm−1.

In the first analysis, the HD spectrum is used as the baseline to quantify changes
induced by the additives. On the contrary, the second analysis compares the reference
50/70 binder against HD to highlight differences between base binders. In the analyses
above, for each spectrum, several metrics were used to quantify similarity or difference.
The metrics are defined as follows:

1. Root-mean-squared deviation (RMSD)—Measures the typical size of the deviations
between two spectra. It is the square root of the mean of the squared differences:

RMSD =

√√√√ 1
N

N

∑
i=1

(si − ri)
2 (7)

This Equation (6) corresponds to the standard definition of RMSD used for spectral data.
2. Mean absolute deviation (MAD)—Computes the average magnitude of the differences

without squaring, making it less sensitive to outliers. It is given by Equation (8).

MAD =
1
N

N

∑
i=1

|si − ri| (8)

3. Pearson correlation coefficient (Corr)—Evaluates the similarity in spectral shape,
independent of absolute intensity. It is the normalized covariance between the
demeaned spectra:

Corr =
∑N

i=1 (si − smean)(ri − rmean)√
∑N

i=1 (si − smean)
2
√

∑N
i=1(ri − rmean)

2
(9)

where si denotes the absorbance at the i-th wavenumber for the sample spectrum, and ri

represents the absorbance at the corresponding wavenumber of the reference spectrum.
Both spectra are sampled at N identical wavenumber points; smean and rmean are the mean
absorbance values of the sample and reference spectra, respectively.

It may be observed that high values of RMSD or MAD correspond to high differences
between the FTIR areas of the concerned couple of blends (e.g., HD vs. B50/70). On the
contrary, high absolute values of the correlation coefficient correspond to a strong linear
relationship between the concerned couple of blends. In other terms, higher values of
RMSD and MAD indicate larger overall differences, while correlation coefficient (corr)
quantifies the similarity of the overall spectral shapes (1 = identical); for integrated area
under the absolute absorbance curve (computed by trapezoidal integration), a larger area
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reflects a greater total absorbance and hence more or stronger polar functional groups; and
for number of prominent peaks identified via peak-finding (prominence threshold 0.02), a
higher count implies a more complex spectrum.

3.5.1. Analysis Relative to HD

In this analysis, the HD spectrum served as the baseline. Table 7 summaries the
deviation metrics for each modified sample relative to HD. Integrated area values for
the absolute absorbance of each spectrum are also included for context. All modified
binders have larger integrated areas than HD (334.58 AU·cm−1). The largest increase
(around 27%) is observed for HD + 2%OC, implying the OC additive introduces numerous
polar functional groups or enhances existing absorbance. MFA yields a modest area
increase, whereas MA contributes strongly when combined with OC or MFA. The number
of significant peaks increases slightly with additives, reflecting new vibrational modes. The
combination of OC with MA and MFA produces the most peaks, indicating overlapping
contributions from sulphur- and silica-containing groups.

Table 7. Deviation metrics of modified binders relative to HD.

Sample RMSD vs. HD MAD vs. HD Corr vs. HD Area
(AU·cm−1) Peaks Key Observations

HD + 2%OC 0.031 0.025 0.94 425.43 15

Largest increase in area;
new peak near 1030 cm−1

(sulfoxide) and
low-wavenumber

Si–O–Si bands.

HD + 0.5%MA 0.028 0.022 0.93 413.77 14
Additional carbonyl peaks
near 1695–1730 cm−1 due

to MA.

HD + 3%MFA 0.014 0.012 0.97 371.92 15

Highest correlation with
HD; mainly intensifies

existing peaks; area
increases modestly.

HD + 2%OC +
0.5%MA 0.022 0.017 0.94 395.40 19

Exhibits both sulfoxide
(1030 cm−1) and carbonyl

peaks; increases
low-wavenumber peaks

due to fillers.

HD + 2%OC +
3%MFA 0.022 0.016 0.93 392.15 19

Similar to above but with
more peaks; suggests

overlapping contributions
from fillers and OC.

HD + 0.5%MA
+ 3%MFA 0.015 0.012 0.98 375.97 17

Slight increase in area and
peaks; spectrum remains

highly correlated with HD.

HD + 2%OC +
0.5%MA +
3%MFA

0.029 0.022 0.95 415.28 14
Combined additives yield
a significant area increase
and moderate deviation.

Samples containing the OC additive exhibit a pronounced peak around 1030 cm−1,
corresponding to the S=O stretching of sulfoxide groups [52]. This peak is a recognised
marker for oxidation; its presence in OC-modified binders suggests that OC either in-
troduces sulphur-bearing species or promotes oxidation. Importantly, increases in the
sulfoxide (S=O) and carbonyl (C=O) regions should be interpreted cautiously. These bands
are widely used as indices of oxidative ageing in bitumen. In more detail, surface-sensitive
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spectroscopy studies have shown that oxidised sulphur- and carbon-containing compounds
can increase under mild heating and UV irradiation, with negative consequences in terms
of surface adhesion [53]. Therefore, the FTIR results above are interpreted as evidence of
chemical change (additive-derived and/or oxidation-related) rather than direct proof of
enhanced or reduced long-term durability. The literature notes that the sulfoxide index
increases with ageing rather than additives [54], so the peak may also signal accelerated ox-
idative interactions during blending. The MA-modified spectra show increased absorbance
near 1695–1730 cm−1. Unaged bitumen normally exhibits a weak carbonyl peak around
1695 cm−1 [52]. Maleic anhydride produces strong peaks at 1850, 1780, and 1730 cm−1,
which explains the moderate RMSD and MAD values of MA-containing samples. The
combination of MA with OC or MFA further strengthens these carbonyl bands. The HD
spectrum and several modified spectra display peaks between 450 and 470 cm−1. These
correspond to bending vibrations of Si–O–Si and O–Si–O groups in silica or aluminosil-
icate fillers [55,56]. Their prominence in the HD reference implies that the base binder
already contains a micro-filler component, and the peaks intensify in MFA-containing sam-
ples, confirming the inclusion of silica-rich materials. It is observed that the wavenumber
~2300–2380 cm−1 region appears in the modified bitumen sample but not in the unmod-
ified one; several possible reasons arise. Based on typical FTIR interpretation, that band
in most FTIR cases is attributed to ambient CO2, especially the strong asymmetric stretch
near ~2350 cm−1 [57]. The peak observed around 2350 cm−1 in the modified bitumen
may be due to CO2 adsorption or trapping inside the material. Some additives used for
modification, such as porous, mineral, or amine-based materials, can hold small amounts of
CO2 on their surfaces [58]. This can produce a real absorption band near 2350 cm−1. Such
behaviour is common in materials that can adsorb gases, like minerals or catalysts, and
may also happen in modified bitumen. Therefore, the presence of this peak in the modified
sample may result from CO2 trapped by the additive, not just from air in the instrument.

3.5.2. Comparison of B50/70 and HD

To understand the differences between the reference binders, the 50/70 spectrum
was compared directly with the HD spectrum. Table 8 summarises their metrics (both
directions are shown because area and peak counts depend on the test spectrum). The
HD binder has a larger area and more peaks, indicating a richer chemical composition.
Both binders display strong bands at 2920 and 2850 cm−1 (asymmetric and symmetric
–CH2 stretch) and at 1455 and 1375 cm−1 (–CH2/–CH3 bending) [52]. These peaks reflect
the long-chain hydrocarbon backbone, common to all bitumen. The HD spectrum shows
a subtle 1030 cm−1 band and a weak 1695 cm−1 band, while the 50/70 binder does not.
According to FTIR studies, the sulfoxide peak at 1030 cm−1 and the carbonyl peak at
1695 cm−1 are markers of oxidation [52]. Their presence in HD suggests that this binder
may contain oxidised components or sulphur-bearing additives. HD exhibits a distinct
band between 450 and 470 cm−1 linked to silica fillers [55,56]. This band is absent in
50/70 binder, indicating that the HD product incorporates inorganic micro-fillers, which
can enhance rutting resistance and durability. The 50/70 binder’s spectrum contains six
prominent peaks, whereas HD has nine. The additional peaks in HD align with silica-
related vibrations and weak oxidative bands, supporting the interpretation that HD is a
more complex, possibly polymer- modified, binder.

Overall, the analysis of the FTIR dataset with HD as a reference shows distinct additive
effects. OC increases total absorbance and introduces a sulfoxide band at 1030 cm−1, while
MA produces strong carbonyl peaks near 1730 cm−1. MFA mainly intensifies peaks and
adds low-wavenumber silica bands, keeping spectra close to HD. Combined additives
yield cumulative effects, with OC + MFA showing the highest peak count. Compared to
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50/70, HD binder displays greater absorbance, more peaks, and silica vibrations, indi-
cating a complex, polymer-modified system, whereas 50/70 remains simpler with fewer
functional groups.

Table 8. Metrics for the 50/70 vs. HD comparison.

Reference Test RMSD MAD Corr Area (AU·cm−1) Peaks Notes

HD 50/70 0.02665 0.01976 0.853 279.68 11 (1)
50/70 HD 0.02665 0.01976 0.853 334.58 15 (2)

(1) The 50/70 binder has around 17% lower total absorbance and fewer peaks than HD. Major bitumen peaks at
2920 and 2850 cm−1 are present, but HD shows additional low-wavenumber Si–O–Si bands and slightly stronger
carbonyl and sulfoxide signals. (2) When HD is the test spectrum, the area is higher and more peaks (nine) are
detected, reflecting the presence of silica fillers and additional functional groups not found in 50/70.

3.6. Pearson Analyses

The Pearson correlation matrices presented in Figure 13a,b provide valuable insights
into the linear relationships between variables, highlighting significant trends between
reference and modified bitumen and their rheological behaviour. The following variables
are considered: HD: percentage of HD; HD*OC: bitumen modified with organic compound;
HD*MA: bitumen modified with multi-functional additive; HD*MFA: bitumen modified
with modified filamentous additive; HD*OC*MA: combined modification with organic and
multi-functional additives; HD*OC*MFA: combined modification with organic and modi-
fied filamentous additives; HD*MA*MFA: combined modification with multi-functional
and modified filamentous additives; and HD*OC*MA*MFA: combined modification with
all three additives. The heat maps were constructed by scaling Pearson correlation co-
efficients (r) from −1 (strong negative correlation, shown in blue) to +1 (strong positive
correlation, shown in red), as illustrated in Figure 13.

Only the reference HD bitumen exhibited negative correlations with viscosity across
all temperatures, with the strongest relationship observed at 100 ◦C (r = −0.92). In contrast,
the OC additive exhibited stronger positive correlations with viscosity among all additives,
particularly at 150 ◦C (r = 0.63). This behaviour indicates that OC-blended mixtures
may allow reduced mixing and compaction temperatures, an effect that was especially
pronounced in the HD*OC*MA*MFA mixture at 150 ◦C (r = 0.99). Despite these differences,
all additives generally increased viscosity, which is associated with improved resistance to
rutting and permanent deformation, particularly at 60 ◦C.

The weak correlation of HD with G* can be attributed to its inherent stiffness, which
limits viscoelastic deformation across temperature variations. By contrast, the moderate
correlation between HD and δ at higher temperatures indicates binder softening, which
enhances viscoelastic response. At lower temperatures, stiffness dominates, resulting in
weaker correlations with δ. Interestingly, while a positive relationship was observed only
between HD bitumen G* and phase angle, the incorporation of additives reversed this
trend, yielding negative correlations for both G* and δ. These negative correlations became
more evident at elevated temperatures (60–90 ◦C). The most significant case was found in
HD*OC interactions, where a strong negative correlation with phase angle was recorded
(r = −0.81). This suggests that OC significantly disrupted the network structure and phase
stability of HD, resulting in reduced shear resistance and viscoelasticity. Consequently,
mixtures containing OC exhibited a greater reduction in phase angle than other mixtures,
contributing to an elastic storage modulus. Abe, et al. [59] emphasized that biomateri-
als used as additives can decrease bitumen stiffness while improving flexibility through
network modifications.
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Figure 13. Pearson correlation: (a) rheological properties (η, G* and δ); (b) performance indicators
(G*/sinδ, G*sinδ, R% and Jnr); (c) FTIR chemical indices.
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In terms of MSCR parameters, reference HD bitumen showed strong negative correla-
tions with percent recovery (R%) (r = −0.78 and r = −0.71) and strong positive correlations
with non-recoverable creep compliance (Jnr) (r = 0.81 and r = 0.72). These relationships indi-
cate poor elastic recovery and higher susceptibility to permanent deformation, explaining
the greater rutting and fatigue vulnerability of the unmodified binder. The incorporation of
most additives, except MFA, reversed these trends by producing positive correlations with
R% and negative correlations with Jnr. The most pronounced improvements were observed
for HD*OC and HD*MA mixtures individually, whereas the combined HD*OC*MA*MFA
system provided only limited enhancement in rutting and fatigue resistance. This highlights
the nonlinear and sometimes antagonistic interactions that can arise when multiple addi-
tives are used simultaneously, emphasizing the need for careful selection and proportioning
to balance stiffness and elasticity.

Figure 13c presents the Pearson correlation coefficients linking the FTIR absorbance
areas (hydrocarbon, carbonyl, sulphur) with different binder/additive combinations
(HD, HD*OC, HD*MA, HD*MFA, etc.). For the hydrocarbon region, the HD*OC blend
shows a strong positive correlation (r ≈ +0.71), whereas HD alone shows a moderately
negative correlation (r ≈ −0.48). In the carbonyl region, again the HD*OC case dominates
with r ≈ +0.68, while HD*MFA has a modest negative correlation (r ≈ −0.28). In the
sulphur region, the largest positive correlation occurs for HD*OC*MA*MFA (r ≈ +0.67),
whereas HD*MFA alone is slightly negative (r ≈ −0.17).

These patterns suggest that the organic compound additive (OC) significantly increases
aliphatic C–H content (hydrocarbon band) yet also correlates with stronger oxidation
signals (carbonyl and sulfoxide bands). This supports the view that oxidation products
(C=O, S=O) can be tracked via FTIR indices, as shown by Nie, et al. [60], who found that
normalised A1700 and A1030 (carbonyl and sulfoxide indices) reliably reflect binder ageing.
In contrast, the modified filamentous additive (MFA) tends to suppress the carbonyl and
sulfoxide responses (negative or weak correlations), implying a potential anti-oxidation
effect; this is in line with Maciejewski, et al. [61] who observed certain additives reduce
carbonyl/sulfoxide growth. The four-way mix (OC + MA + MFA) shows enhanced sulphur-
region correlation but less so carbonyl, hinting at a complex interplay where sulphur-
bearing functional groups dominate the oxidation signature in that system. Overall, OC
intensifies FTIR ageing markers, MFA moderates oxidation, and combined additives alter
the dominant chemical ageing pathways, in agreement with established FTIR-based ageing
indicators [60,62].

3.7. Ranking of Blends

In order to rank the mixtures from an ideal standpoint, the following considerations
were taken into account (cf. Tables 9 and 10):

• The R%@3.2kPa, % = EL, elasticity (cf. Table 9), recovery at high temperatures, which
represents the elasticity of the blend, should be maximised (as per FHWA-HIF-11-038,
Table 3). This complies with the specification limits summarised above.

• The ratio, G/sinδ@high temperature = RR, rutting resistance, which is inversely
proportional to the work dissipated per load cycle (for a given stress applied during
load cycle), should be maximised in order to have a better rutting resistance and
a lower dissipated work. This complies with the PG bitumen chart (ASTM D6373,
Standard Specification for Performance-Graded Asphalt Binder).

• The product G*sinδ (medium temperatures), which is proportional to the work dis-
sipated per load cycle (for a given constant strain γ = 1.59 Hz applied during load
cycle), should be minimised in order to have a better fatigue resistance and a lower
dissipated work. Conversely, (G*sinδ)−1 = FR, fatigue resistance, should be maximised.
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This partly complies with the PG bitumen chart (ASTM D6373), where the boundary
condition refers to PAV-aged binder.

• The mixing temperature, which is proportional to CO2e emissions, should be min-
imised, for environmental concerns [63]. Conversely, T−1 = SU, sustainability, should
be maximised.

• The Jnr-diff (percent difference in non-recoverable creep compliance, at high temper-
atures), which expresses an increase in the plastic percentage with stress, should be
minimised to ensure an asphalt binder has low stress sensitivity and will not exhibit ex-
cessive permanent deformation (rutting) under heavy traffic loads. This complies with
FHWA-HIF-11-038, AASHTO TP70, Standard Method of Test for Multiple Stress Creep
Recovery (MSCR) Test of Asphalt Binder Using a Dynamic Shear Rheometer (DSR),
and AASHTO MP19 (AASHTO MP 19-10, Standard Specification for Performance-
Graded Asphalt Binder Using Multiple Stress Creep Recovery (MSCR)). Conversely,
(Jnr-diff)−1 = LS, low stress sensitivity, should be maximised.

Table 9. Standardised performance indicators and scores for different asphalt binder blends.

Blends
Indicators Standardized Indicators Ranking

EL RR FR SU LS EL RR FR SU LS RA RB

B50/70 2.14 5.05 × 102 2.07 × 10−6 0.01 5 - - 0.51 1.00 0.18 0.34 0.29

HD 50.04 1.63 × 107 5.37 × 10−10 0.01 3 0.51 0.65 0.00 0.34 0.15 0.33 0.41

HD + 2OC 87.80 6.73 × 103 2.48 × 10−6 0.01 −5 0.92 0.00 0.61 0.41 0.05 0.40 0.34

HD + 0.5MA 87.36 1.78 × 103 3.94 × 10−6 0.01 −2 0.91 0.00 0.97 0.36 0.08 0.47 0.34

HD + 3MFA 89.18 2.50 × 107 3.33 × 10−10 0.01 −3 0.93 1.00 - 0.26 0.07 0.45 0.57

HD + 2OC + 0.5MA 91.04 2.79 × 103 3.90 × 10−6 0.00 2 0.95 0.00 0.96 - 0.13 0.41 0.27

HD + 2OC + 3MFA 95.64 3.16 × 103 3.11 × 10−6 0.01 −9 1.00 0.00 0.77 0.09 - 0.37 0.27

HD + 0.5MA + 3MFA 90.89 1.95 × 103 4.06 × 10−6 0.01 −2 0.95 0.00 1.00 0.26 0.08 0.46 0.32

HD + 0.5MA + 2OC + 3MFA 93.99 4.25 × 103 2.86 × 10−6 0.01 71 0.98 0.00 0.71 0.04 1.00 0.55 0.51

Symbols: EL = R%@3.2 kPa, elasticity; RR = (G*/sinδ)@80 ◦C, rutting resistance; FR = (G*sinδ), fatigue resistance;
SU = T−1, sustainability; LS = 1/Jnr-diff, low stress sensitivity, RA = ranking considering all the five indicators;
RB = ranking considering four indicators (No FR).

Table 10. One-parameter ranking.

Elasticity Rutting Fatigue Sustainab. Low Stress Sensitivity

R%@3.2kPa (G*/sinδ)@80 1/(G*sinδ)@30 1/Tmix 1/Jnr-diff

1st Best HD + 2%OC + 3%MFA HD + 3% MFA HD + 0.5%MA +
3%MFA 50/70 HD + 0.5%MA + 2%OC

+ 3%MFA

2nd HD + 0.5%MA + 2%OC
+ 3%MFA HD HD + 0.5%MA HD + 2%OC 50/70

3rd HD + 2%OC + 0.5%MA HD + 2%OC HD + 0.5%MA + 2%OC HD + 0.5%MA HD

4th HD + 0.5%MA +
3%MFA

HD + 0.5%MA + 2%OC
+ 3%MFA HD + 2%OC + 3%MFA HD HD + 2%OC + 0.5%MA

5th HD + 3%MFA HD + 2%OC + 3%MFA HD + 0.5%MA+ 2OC +
3%MFA

HD + 0.5%MA +
3%MFA HD + 0.5%MA + 2%OC

6th HD + 2%OC HD + 2%OC + 0.5%MA HD + 2%OC HD + 3%MFA HD + 0.5%MA

7th HD + 0.5%MA HD + 0.5%MA +
3%MFA 50/70 HD + 2%OC + 3%MFA HD + 3%MFA

8th HD HD + 0.5%MA HD HD + 0.5%MA + 2%OC
+ 3%MFA HD + 2%OC

9th worst 50/70 50/70 HD + 3%MFA HD + 2%OC + 0.5%MA HD + 2%OC + 3%MFA
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Under these hypotheses, the ranking can be carried out through an equal-weight
multicriteria process, where the indicators above are considered (first matrix), standardised
through a max–min procedure, and a score (running sum) is derived (Table 9). Under these
hypotheses, the ranking is as follows (ranking A, RA):

HD + 0.5MA +2OC + 3MFA > HD + 0.5MA > HD + 0.5MA + 3MFA > HD +
3MFA > HD + 2OC + 0.5MA> HD + 2OC > B50/70 > HD

The ranking RA is based on the assumptions that fatigue is inversely proportional
to G*sinδ and that lower mixing temperatures enhance sustainability. However, fatigue
specifications apply to aged asphalt (after PAV), while the current study uses unaged binder.
Excluding fatigue, the supplementary ranking, RB (cf. Table 9), identifies HD + 3%MFA
and, again, HD + 0.5%MA + 2%OC + 3%MFA as optimal and HD + 2%OC + 0.5%MA
and HD + 2%OC + 3%MFA as least effective (Table 10). MA primarily reduces mixing
temperatures and enhances binder–aggregate adhesion, emphasising that binder-only
evaluation of MA-containing blends is insufficient.

It is noted that (1) HD ranks among the worst in terms of elasticity and fatigue
resistance. While the need for further investigations for fatigue resistance was discussed
above, the unsatisfactory % elastic recovery for a blend with an elastic recovery higher
than 80% (RE = d/L, cf. EN 13398) poses some issues on the real significance of the R%
as per FHWA-HIF-11-038/AASHTO TP70/AASHTO MP19 and the correlation between
these two indicators of elasticity. (2) The “plain” B50/70 seems to have only two points of
strengths, i.e., low mixing temperature and low susceptibility to load change. (3) The blend
containing the organic compound and the fibres, though resulting in the worst blend for
load susceptibility, is on average in the middle of the ranking. (4) The addition of fibres
implies a high resistance to rutting, which complies with a lower sustainability when the
mixing temperature is considered.

3.8. Mechanistic Interpretation and Limitations

The observed rheological changes can be interpreted through at least four concurrent
mechanisms:

(1) Creation of a three-dimensional network due to the addition of polymers. This
mechanism is out of scope for this study and gives bitumen the ability to stretch and
recover (EL, cf. Table 9), thereby performing better under traffic loads and extreme
temperatures than unmodified bitumen (RR, cf. Table 9). At the same time, this implies
the need for higher production temperatures and, consequently, lower sustainability
(SU, cf. Table 9).

(2) Compositional/phase modification of the maltene–asphaltene balance. This mecha-
nism could be based on the composition of OC, able to act on HD asphaltenes, modify
the asphaltene–maltene balance, and increase stiffness and viscosity (cf. Table 9). This
is consistent with Cuadri Vega, et al. [64].

(3) Formation of a reinforcing micro-network. This is linked to MFA (which implies
high elasticity, cf. Table 9), to MFA + MA (which leads to high elasticity and fatigue
resistance, cf. Table 9), and to MFA + MA + OC (which implies high elasticity, high
fatigue resistance, and low stress sensitivity, cf. Table 9). In more detail, MFA (alone)
produces the largest stiffness/viscosity increase and the highest rutting resistance
across 30–90 ◦C, indicating a dominant reinforcement mechanism. When coupled
with OC and MA, this can create a three-dimensional network that restricts shear
deformation, leading to increased G* and lower Jnr (cf. Table 9).

(4) Enhanced polar interactions linked to surfactants (MA, with polar head and non-
polar tail) and the consequent ability to bond with bitumen polar groups (where HD
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asphaltenes and resins play an important role), which increases recoverable response.
The same presence of MA seems to imply (cf. Table 9) higher elasticity (even though
this is mainly controlled by HD) and fatigue resistance.

In order to better analyse the results, the following observations must be considered:

(A) Overall, the ternary blend achieved the lowest Jnr and very high R%, suggesting that
MFA provides the backbone network, while OC and MA improve compatibility and
stress-recovery behaviour, resulting in a combined system with both high stiffness
and high recoverability. This explains why the ternary formulation outperformed
single-additive binders in MSCR performance and provided a balanced ranking when
multiple performance indicators were considered.

(B) At the same time, while OC/MA/MFA improved high-temperature rheology and
MSCR performance, waste-derived modifiers may introduce trade-offs that should be
acknowledged. First, the increased viscosity and mixing/compaction temperatures
observed for several blends can raise energy demand and production emissions and
may reduce constructability if temperature control is insufficient. Second, the higher
stiffness and lower penetration associated with some formulations may increase
susceptibility to low-temperature or thermal cracking, especially for hard binders
used in climates with large temperature gradients.

(C) From a durability standpoint, improved rutting resistance does not necessarily imply
improved moisture damage resistance. Therefore, moisture susceptibility should be
verified using mixture-level tests (e.g., ITSR/TSR, Hamburg wheel-tracking in water,
or boiling test/rolling bottle test for binder–aggregate adhesion).

(D) OC, MA, and MFA appear difficult to exhibit leaching behaviour. To address this im-
probable occurrence, leachate testing (e.g., EN 12457 or TCLP-type screening adapted
to asphalt materials) is recommended, together with ecotoxicity screening where
required by local regulation.

(E) The high stiffness and low Jnr values observed for MFA-containing and ternary blends
indicate excellent resistance to permanent deformation at elevated temperatures.
However, increased stiffness could also elevate brittleness and cracking suscepti-
bility under cyclic loading and/or at low to intermediate temperatures. Although
in the present study fatigue was discussed using binder parameters from unaged
DSR sweeps (e.g., G*sinδ), standard fatigue specifications are commonly assessed on
aged binders and/or through dedicated damage tests. Therefore, future work should
include short- and long-term ageing (RTFOT and PAV) followed by cracking/fatigue
characterisation using tests such as LAS (fatigue life), DENT (ductility/strain toler-
ance), and low-temperature rheology (e.g., BBR where applicable), complemented by
mixture-level cyclic fatigue (4PB/SCB) to verify that rutting gains do not compromise
cracking performance.

(F) Regarding ageing, FTIR results indicated changes in the carbonyl- and sulfoxide-
related regions of the modified binders. However, FTIR analysis alone does not
demonstrate either long-term ageing resistance or weakness. Consequently, it is neces-
sary to evaluate whether the additives increase oxidation susceptibility under RTFOT
and PAV ageing, as well as under UV exposure representative of service conditions.

(G) At the same time, because the proposed ternary system targets railway waterproofing
and sub-ballast applications, durability must also be considered in terms of (i) re-
sistance to moisture ingress and loss of adhesion at the binder–aggregate interface
and (ii) resistance to oxidative-driven ageing (and UV-driven near-surface regions).
The present work provides binder-level rheological indicators (G*, δ, MSCR) and
FTIR fingerprints, which are necessary but not sufficient for quantifying moisture-
damage resistance. From a mechanistic standpoint, two opposite mechanisms can
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be pointed out: (1) The MA additive is expected to influence binder–aggregate adhe-
sion by modifying interfacial polarity and wettability. Therefore, MA may improve
initial adhesion and reduce water displacement potential, particularly on mineral
aggregates. (2) At the same time, FTIR changes in the carbonyl/sulfoxide regions
are consistent with oxidation-related chemical evolution; such oxidation products
could alter acid–base interactions, contributing to adhesion loss under water and en-
vironmental exposure, based on binder chemistry and aggregate type. The literature
on surface-sensitive spectroscopy also indicates that oxidised sulphur- and carbon-
containing compounds may accumulate near the binder surface under environmental
exposure and that strong surface oxidation can coincide with a pronounced drop in
adhesion after UV exposure. Therefore, to avoid over-interpretation, the expected
performance of the ternary binder should be verified through a combined program
including (a) short- and long-term ageing (RTFOT and PAV), complemented, where
relevant, by UV ageing of thin films; (b) binder–aggregate adhesion testing before
and after conditioning (rolling bottle/boiling tests, pull-off/surface energy methods);
and (c) mixture-level moisture susceptibility tests (e.g., ITSR/TSR and/or Hamburg
wheel-tracking in water). These tests will clarify whether the observed binder-level
rutting resistance gains translate into improved long-term waterproofing performance
without moisture-induced debonding.

4. Conclusions
This study examined the improvement of HD bitumen rheological properties at

medium-to-high temperatures through incorporating OC, MA, and MFA, using waste-
derived additives aimed at railway waterproofing and sub-ballast applications. The key
conclusions reached are listed below.

• Time-dependent flow behaviour results indicate that adding OC to HD mixtures
may reduce mixing and compaction temperatures, while MFA can increase them.
Overall, the higher viscosity of modified HD bitumen may necessitate a wider range
of mixing and compaction temperatures, requiring greater energy input and more
precise temperature control in both mixing plants and road applications.

• Oscillation test results conducted at elevated temperatures (up to 90 ◦C) showed that
HD bitumen had significantly increased rutting resistance compared to B50/70 bitumen,
as evidenced by increased G* and lower δ values. Moreover, it is interesting that all
additives caused a decrease in δ values after the test temperature exceeded 40 ◦C.
In other words, the modified mixtures exhibited a more elastic behaviour. At all
temperatures, the addition of MFA provided a more stable structure according to the
base matrix.

• During the creep-recovery periods of the MSCR test, MFA increased the viscoelastic
response, OC reduced temperature sensitivity, and MA improved rutting performance
by increasing the mix’s stiffness at elevated temperatures. Consequently, the mix
modified with OC, MA, and MFA demonstrated improved shear resistance with lower
Jnr values, and R% values increased by around 40% compared to HD bitumen. As a
result, the HD + 2%OC + 0.5%MA + 3%MFA mix combined elasticity and stiffness to
enhance both rutting and fatigue resistance, providing a more balanced temperature-
dependent performance.

• FTIR analysis confirmed that the HD binder exhibits a more complex and oxidized
chemical structure than the 50/70 base binder, characterized by stronger carbonyl-,
sulfoxide-, and silica-related peaks, indicating polymer modification.

• FTIR analyses indicated that OC-, MA-, and MFA-containing blends exhibit changes in
polar functional groups, including stronger absorbance in the carbonyl (~1700 cm−1)
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and/or sulfoxide (~1030 cm−1) regions and low-wavenumber silica-related vibra-
tions. Even if carbonyl and sulfoxide bands are commonly associated with oxida-
tion/ageing markers, these FTIR observations cannot be interpreted either as im-
proved or as reduced durability. Rather, they indicate chemical modifications and/or
oxidation-related changes that must be validated through dedicated ageing and mois-
ture/adhesion testing.

Overall, the experimental results show that while each organic-based waste additive
enhances HD bitumen performance individually, their combined use offers superior rutting
and fatigue resistance. This supports the application of modified HD bitumen in railway
systems, though further studies are needed on long-term cyclic loading, ballast interaction,
and environmental sustainability. Interestingly, bitumen with high softening points and
very low Jnr values exhibited negative Jnr-diff, contrary to the literature, suggesting com-
plex behaviour under stress. As network integrity depends on stress amplitude, further
investigation is warranted. These findings establish a foundation for advancing high-
performance, durable railway bituminous systems. Because the present work is limited
to binder-level rheology and FTIR, moisture damage resistance (water stability/stripping)
cannot be concluded from these results. A dedicated verification through mixture-level
moisture susceptibility (e.g., ITSR/TSR or Hamburg wheel-tracking in water) and/or
binder–aggregate adhesion tests (e.g., rolling bottle or boiling test) is recommended as the
next step.
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