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Multi-additive modification of bitumen is increasingly adopted to tune rheological performance, but the com-
bined influence of rigid mineral/oxide phases and elastomeric modifiers, along with the way processing con-
ditions shape rutting—fatigue trade-offs, is still not fully understood. This study examines the behavior of bitumen
co-modified with iron (III) oxide (Fe;O3), wollastonite (CaSiO3), and microwave-activated crumb rubber
(MACR), using a Taguchi L25 design to screen six formulation and processing variables. Twenty-five modified
binders, and a neat (unmodified) binder as reference, were characterized through conventional binder tests and
dynamic shear rheometer (DSR) measurements, frequency sweep, Multiple Stress Creep Recovery (MSCR), and
Linear Amplitude Sweep (LAS). Microstructural analysis was conducted to determine whether the performance
changes were driven by chemical interactions or primarily by the distribution and dispersion of additives within
the binder. The results show that MACR exerts the strongest influence on MSCR outcomes and high-temperature
viscoelastic behavior, while fatigue-related indicators appear more sensitive to processing, especially mixing
temperature, and shear intensity. Because the measured responses did not improve together, the competing
performance indicators were evaluated within a multi-response framework. The neat binder retained the highest
LAS life at 15% strain, demonstrating that improved rutting resistance did not translate directly into large-strain
damage tolerance. A desirability model, ranking under Dirichlet-distributed weight uncertainty, and Pareto
screening identified U6 (2% FepOs, 5% wollastonite, 12% MACR, 185 °C, 60 min, 6000 rpm) as the leading
screening candidate. U6 achieved Ju52 = 0.49 kPa™ , R3» = 14.78%, a geometric-mean LAS fatigue-life metric
N geo =~ 953, and composite desirability D = 0.6869. These findings provide a starting point for subsequent work
on aged binders, mixture-scale validation, and the incorporation of additional functional additives such as fire-
retardant or anti-aging modifiers.

1. Introduction modification at the center of asphalt research, particularly approaches

aimed at improving resistance to permanent deformation without

Modern asphalt pavements are increasingly required to perform
under heavier traffic loads and wider thermal fluctuations, yet con-
ventional paving-grade bitumen remains highly susceptible to temper-
ature. At elevated temperatures, asphalt mixture softens and becomes
more prone to rutting, whereas at lower and intermediate temperatures
it stiffens and turns more brittle, accelerating fatigue damage and
thermal cracking. This basic tension in performance has kept binder

creating excessive trade-offs in workability or damage tolerance [1,2].

Among these approaches, crumb rubber (CR) derived from end-of-
life tires remains one of the most established modifiers, as it can
enhance elasticity and offers a practical route for waste reutilization
[3-5]. During blending, CR is known to absorb the lighter maltene
fractions and swells, which typically raises viscosity and stiffness while
also improving elastic recovery [6,7]. Those benefits, however, may
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come with disadvantages such as storage instability caused by phase
separation and the elevated viscosity that can make mixing and
compaction more difficult [8,9]. Equally important, improvements in
rutting resistance do not consistently carry over to fatigue resistance,
especially in cases where stiffening becomes the dominant response
[10].

Microwave activation has therefore been proposed as a pretreatment
method to enhance the performance of CR in bitumen [11]. By gener-
ating rapid volumetric heating, microwave treatment can produce sur-
face cracking and partial devulcanization within CR particles, which in
turn increases surface roughness and creates additional interaction sites
on the particle surface. These changes may improve the compatibility of
CR with bitumen and lessen the tendency toward phase separation [12].
Earlier studies have reported that microwave-activated crumb rubber
(MACR) can enhance high-temperature rheological behavior and, in
some cases, aging resistance relative to systems containing untreated
rubber. Even so, the reported outcomes are not fully consistent, since
they depend on activation conditions, rubber gradation, blending tem-
perature, and shear history [13,14]. The basis of these changes is still not
fully clear, particularly when MACR is used alongside other modifiers.

Mineral and oxide additives have also been studied as reinforcement-
type modifiers that increase stiffness and limit flow [15]. Wollastonite
(CaSiO3) can improve stiffness and resistance to deformation through
particle interlocking and more efficient stress transfer, although exces-
sive stiffening may also increase susceptibility to cracking if the
formulation is not carefully balanced [16]. Iron(II) oxide (Fe2O3) has
similarly been linked to gains in stiffness and deformation resistance in
asphalt materials. At the binder scale, these effects are generally inter-
preted in terms of physical reinforcement and interfacial interactions
rather than substantial chemical transformation [17]. Such additives are
therefore plausible complements to rubber-modified systems, yet their
combined behavior with MACR has not been studied.

Hybrid crumb-rubber/mineral binders are already established in the
literature. Nanoclay has been incorporated into asphalt rubber to
investigate storage stability and rheology [18], microwave-activated
rubber has been combined with nanosilica to examine
high-temperature behavior and interaction mechanisms [19], and
crumb-rubber/nanocomposite-clay binders have been evaluated under
different curing and blending conditions [20]. These studies demon-
strate that secondary inorganic phases and processing history can in-
fluence the phase stability and rheological response of rubberized
binders. However, these effects are system-specific, the behavior of
layered clays or nanosilica cannot be assumed to transfer directly to
acicular wollastonite and Fe;Os.

The selection of the three modifiers was based on a testable perfor-
mance hypothesis. MACR was selected because rubber swelling and
elastic response can contribute to recoverable deformation, wollastonite
was selected because its acicular calcium-silicate morphology offers
morphology-based reinforcing potential, and Fe;O3 was selected
because previous binder studies reported increased softening point and
complex modulus together with improved J,- and rutting-related
behavior [15-17,21-23].

Microwave activation has been reported to roughen the crumb-
rubber surface and promote partial cleavage of S-S and C-S bonds,
thereby affecting rubber swelling, surface activity, and compatibility
with bitumen [11-14]. These effects are sensitive to microwave expo-
sure and subsequent blending conditions. The present rationale there-
fore does not presume that MACR, wollastonite, and FeyO3 act
independently or interact favorably. Their simultaneous use may pro-
duce competitive, synergistic, antagonistic, or processing-induced ef-
fects involving binder-fraction uptake, particle wetting, adsorption,
agglomeration, interfacial reorganization, or minor oxidation.

Wollastonite (CaSiOs), an acicular calcium-silicate mineral, was
selected as a potential reinforcing phase capable of increasing consis-
tency and supporting stress transfer through particle interlocking,
whereas FeoO3 was selected as a rigid oxide phase capable of restricting
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viscous flow [17,21,23]. Their use with MACR was motivated by func-
tional complementarity: the rubber phase was expected to govern
swelling, elastic recovery, and high-temperature viscoelasticity, while
the mineral and oxide phases provided secondary reinforcement. Mi-
crowave treatment can create cracks and porosity and can partially
devulcanize rubber by disrupting sulfur-containing C-S and S-S cross-
links, thereby increasing surface roughness, available surface area, and
surface activity and changing the uptake of lighter bitumen fractions
during swelling [11,13,14,19,24]. These surface changes provide a
plausible basis for altered wetting or retention of wollastonite and Fe,O3
near rubber-binder interfaces. This is treated as a working hypothesis.
The rationale does not presume that the three modifiers act indepen-
dently or that their combination is chemically inert. Competitive, syn-
ergisticc and processing-induced interactions remain possible,
accordingly, FTIR and local SEM/EDS observations are used to assess
consistency with possible interactions.

Accordingly, the purpose of this study was to map the coupled for-
mulation-processing response and the resulting performance trade-offs
rather than to assign a unique reaction pathway.

The knowledge gap is not purely compositional, since binder per-
formance is shaped by the coupled effects of formulation and processing
variables, including additive dosage, blending temperature, mixing
duration, and shear conditions [25]. Because these factors do not
operate independently, asphalt binder research has increasingly relied
on structured experimental design to screen variables efficiently and
identify robust formulation windows [26]. Taguchi design is especially
useful at the binder scale, since orthogonal arrays allow multiple factors
to be screened with limited experimental availabilities [27,28]. In
asphalt studies, Taguchi methods are often used alongside
signal-to-noise (S/N) analysis and analysis of variance (ANOVA) to
identify the factors most strongly affecting penetration, softening point,
viscosity, modulus, phase angle, and related indicators [29-32]. Their
use has been particularly common in CR-modified, polymer-modified,
and filler-enhanced binders, especially in cases where modifier dosage
serves as the main control variable and processing conditions exert a
secondary, though still meaningful, effect [27,30,31,33].

At the same time, the Taguchi literature has long acknowledged the
method’s limitations. Orthogonal arrays are efficient for estimating
main effects, but higher-order interactions are often confounded unless
the design is set up specifically to disentangle them. This is particularly
consequential in hybrid binders, where performance may be governed
by synergistic or antagonistic interactions among modifiers [27,34].
Another recurring issue concerns multi-response optimization. Asphalt
binders are expected to meet competing requirements related to rutting,
fatigue, and durability, yet many studies still treat each response in
isolation or combine several responses into a single index without stat-
ing the underlying trade-offs explicitly or testing whether the selected
formulation remains stable when response priorities change [35-37].
This is particularly important in binder selection, where the importance
assigned to rutting resistance, elastic recovery, fatigue tolerance, stiff-
ness, and chemical indicators is not constant across applications. For
that reason, Taguchi design is better understood as an efficient tool for
screening and early-stage optimization than as a complete framework
for mechanistic modeling or uncertainty-aware decision-making [38,
39].

Although the performance and modification mechanisms of crumb
rubber, wollastonite, and iron oxides continue to be studied individu-
ally, no systematic binder-scale assessment has jointly mapped MACR,
wollastonite, and Feo,O3 across both composition and processing vari-
ables. Composition and processing must be considered together because
rubber swelling, binder-fraction uptake, particle wetting, agglomerate
breakup, and interfacial development occur concurrently. The present
Taguchi L25 study jointly screens three modifier dosages and three
processing factors and uses conventional tests, frequency sweep, MSCR,
LAS, FTIR, and local SEM/EDS to compare the resulting for-
mulation-processing states. An uncertainty-aware multi-response
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workflow is then used to identify conditional performance compromises
[40-44].

The specific gap is the integrated mapping of a three-phase
MACR-~wollastonite-Fe;O3 binder in which all three modifier dosages
and the principal thermal-shear processing variables are varied within
one experimental design. Existing hybrid studies have generally focused
on one secondary inorganic modifier and narrower objectives such as
storage stability or high-temperature response [18-20], whereas the
wider MACR literature demonstrates that mixing temperature, duration,
shear speed, and rubber pretreatment jointly govern swelling, degra-
dation, and rheological response [24]. The present Taguchi L25 study
therefore screens three modifier-dosage factors and three processing
factors together, compares conventional properties, frequency-sweep,
MSCR, LAS, FTIR, and local SEM/EDS responses, and applies
uncertainty-aware multi-response and Pareto analyses to examine rut-
ting-recovery-fatigue trade-offs. The contribution is thus a coupled
composition—processing screening and decision framework for this
specific material system.

2. Materials and methods

Fig. 1 outlines the overall workflow, which is discussed in more
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detail in the sections that follow. Each section (row) of Fig. 1 addresses a
specific part of the methodology, including material selection, experi-
mental design, binder preparation, testing procedures, and the multi-
response decision-making process. Taken together, they offer a
sequential account of how the final formulation was evaluated and
selected.

2.1. Materials

A Class 320 (C320) bitumen, widely used in Australian road pave-
ments, was adopted as the base (neat) binder, and its properties are
listed in Table 1.

Wollastonite (CaSiO3) and Fe;O3 both passed a 0.075 mm (75 pm)
sieve. Wollastonite was used as an acicular mineral reinforcement, while
Fe;O3 was used as a rigid oxide phase with potential filler-like and
interfacial effects [17,21-23]. The crumb rubber had a nominal 30-mesh
size (approximately 600 pm) and was microwave-activated before
blending. The crumb rubber was first dried at 60 °C for 30 min, then
exposed to microwave irradiation at 800 W for 90 s and subsequently
stored in a desiccator for 24 h before use. This pretreatment was
intended to modify the rubber surface structure and thereby improve its
compatibility with bitumen [45,46]. The modifier powders and the

MATERIALS
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Fig. 1. This study’s workflow.
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Table 1
Properties of the neat binder.
Characteristics Standard Experimental
values
Viscosity at 135 °C (Ps.s) AS 2341.4 0.60
Viscosity at 60 °C (Ps.s) AS 2341.2 632
Penetration at 25 °C [100 g, 5 s], AS 2341.12 69
(0.1 mm)
Fuming Intensity Index NRDL- 1
ITM—-003
Smoke Point Test NRDL- 205
ITM—-004
Density at 15 °C (kg/m>) AS 2341.7 1048.8
Matter Insoluble in Toluene (%mass) AS 2341.8 0.0
Flashpoint, Cleveland Open Cup (°C) ASTM D92 > 350

microwave activation procedure are presented in Figs. 2 and 3.
2.2. Experimental design using Taguchi method

A Taguchi design of experiments was used to study the combined
influence of composition and processing conditions without making the
test matrix impractically large [47]. This method was selected because it
offers a compact and reasonably balanced screening framework for
systems governed by multiple control factors, making it possible to
examine the main effects of additive dosage and processing variables
without the large experimental burden of a full factorial design. Com-
parable Taguchi-based approaches have been applied in bitumen and
asphalt-material optimization when multiple formulation variables need
to be screened efficiently under limited laboratory resources [27,36].

Six control factors were examined: Fe;O3 dosage, wollastonite
dosage, MACR dosage, mixing temperature, mixing duration, and rota-
tional speed. The five levels assigned to each factor were literature-
informed. The Fe;O3 levels were established from studies of ferric-
oxide- and metal-oxide-modified binders [17,23], the wollastonite
levels from research examining wollastonite as a bituminous or mineral
reinforcement [21,22], and the MACR levels from wet-process and
microwave-activated crumb-rubber studies [11-14,45,46].

The processing levels 155, 165, 170, 175, and 185 °C, 10, 20, 30, 45,
and 60 min, and 1000, 2000, 3000, 4500, and 6000 rpm, were selected
by considering the preparation conditions reported across these
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After

Before
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800 W for 90

seconds

Cooling down
in a desiccator
for 24 hours

Drying at 60 °C

for 30 minutes

Fig. 3. Microwave activation process of crumb rubber.

additive-modification studies [11-14,17,21,23,45,46], together with
the operating range of the laboratory equipment and binder-handling
feasibility. These settings represent discrete low-to-high screening con-
ditions within the Taguchi L25 design [47].

Six control factors were considered: Fe;Os content, wollastonite
content, MACR content, mixing temperature, duration, and rotational
speed. Each was studied at five discrete levels (Table 2). Modifier con-
tents are reported as wt% of the total binder blend, this mass basis differs
from mineral-filler contents expressed relative to aggregate or total

Table 2
Parameters and levels considered in the Taguchi design.
Levell Level2 Level3 Level4 Level5

Iron (III) oxide (Fe,03, wt%) 2 4 6 8 10
Wollastonite (%) 1 2 3 4 5
MACR (wt%) 4 6 8 10 12
Mixing temperature (°C) 155 165 170 175 185
Mixing duration (minutes) 10 20 30 45 60
Mixing rotational speed 1000 2000 3000 4500 6000

(rpm)

Name(s) Wollastonite Name(s) Iron (III) Oxide, RIO
Calcium Metasilicate, REST, Fe203
Calcium Silicate Proportion 100%
Mineral, CaSiO3 Physical Solid, red, orourless
Proportion 98% min description
Physical description Fine white powder with Exposure limits 5 mg/m3 (as Fe)
no odour (OES TWA)
Company PELTECH Pty Ltd Meltlr}g point > ?000 °C. )
Supplier Prince Minerals Australia
Pty Ltd
a b

Fig. 2. Modifier powders: (a) wollastonite, and (b) iron(Ill) oxide (Fe,O3).
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asphalt mixture, and the numerical percentages are therefore not
directly equivalent. The dosage bounds were selected primarily as
literature-informed laboratory screening limits. Nano-Fe;O3 has previ-
ously been evaluated at 1%, 3%, and 5% in bitumen [17], while he-
matite and other iron-oxide modifiers have been examined at 5-30 parts
by mass per 100 parts of base bitumen (phr), including 10 phr (equiv-
alent to approximately 9.1 wt% of the total modified-binder blend) [23].
A binder-scale nanowollastonite study reported an optimum close to 4%
[21]. Accordingly, 10 wt% Fe,O3 and 5 wt% wollastonite were selected
as deliberately severe upper screening levels intended to reveal exces-
sive reinforcement, agglomeration, or deterioration of damage toler-
ance. Because particle characteristics and dosage bases differ among the
cited studies, these values provide literature precedent for the investi-
gated order of magnitude.

All modified binders remained sufficiently mobile for laboratory
mixing and pouring under their assigned preparation conditions. Its
successful laboratory preparation demonstrates only laboratory-scale
handling feasibility. Therefore, the upper factor levels are interpreted
as screening bounds, and practical production and constructability at
these dosages require viscosity-controlled binder testing and mixture-
scale validation.

A full factorial design would require 5° = 15,625 experimental
combinations. To reduce this burden while preserving balanced
coverage of the design space, an L25 orthogonal array was used. This
design enables efficient screening of the main effects of the selected
factors, but higher-order interactions cannot be estimated separately
unless they are explicitly assigned within the array. The OA produced 25
modified binders (U2-U26). A neat binder (Ul) was retained as the
reference, giving 26 binders in total (Table 3).

For each response, the conventional Taguchi smaller-is-better or
larger-is-better S/N expression was selected [27,47]. Because each DSR
response was measured once per formulation, the resulting S/N value is
only a monotonic transformation of that single observation.

2.3. Binder preparation

All binders were prepared using a Silverson L5M-A laboratory high-
shear mixer equipped with a rotor—stator workhead and a square-hole
high-shear screen. Each batch was prepared in an individual tapered
stainless-steel vessel with an upper diameter of approximately 104 mm,

Table 3
Taguchi L25 orthogonal array and corresponding binder formulations.
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a base diameter of 67 mm, a height of 175 mm, and a nominal capacity
of 887 mL. The estimated batch mass was approximately 500 g. Neat
C320 binder was heated at 150 °C for 60 min to obtain a pourable
condition and was then brought to the run-specific target temperature.
During mixing, the vessel was actively heated on a hot plate, but tem-
perature control was manual. A thermocouple was inserted periodically
to check the binder temperature. Fe;O3 and wollastonite were added
gradually, followed immediately by MACR. The vessel opening was
covered around the mixer shaft as far as practicable to reduce heat loss
and direct air exposure. Nitrogen or another inert gas was not used. After
mixing, each formulation remained in its individual vessel, cooled
naturally to room temperature, and was stored under ambient labora-
tory conditions.

The 25 formulations were prepared over approximately two weeks.
Testing was subsequently conducted by method for the complete sample
set: penetration and softening point were tested first, followed by FTIR,
SEM/EDS, and finally DSR frequency sweep, MSCR, and LAS. Binders
were reheated only as required to pour or form specimens for the rele-
vant tests.

2.4. Conventional binder tests

Conventional tests were carried out on neat and modified binders.
Penetration at 25 °C was measured in accordance with AS 2341.12, and
softening point was measured in accordance with AS 2341.18 [48,49].
Both tests were performed in triplicate and mean values are reported.
The penetration index (PI) was calculated from penetration P (0.1 mm)
and softening point SP (°C) using the Pfeiffer-Van Doormaal relation-
ship shown below. Higher PI values indicate lower temperature sus-
ceptibility [50,51]. PI is used as a supplementary consistency descriptor
rather than a direct stiffness measurement.

py _ 1952 — 500log,,(P) — 20SP
" 50log,,(P) — SP+120

@

2.5. Rheological testing

Rheological characterization was conducted using an Anton Paar
MCR 302e DSR. Frequency-sweep, MSCR, and LAS protocols were per-
formed once for each of the 26 binders, comprising the neat reference

Sample ID Fe;03 (Wt%) Wollastonite (wt%) MACR (wt%) Mixing temperature (°C) Mixing duration (min) Mixing speed (rpm)
U2 2 1 4 155 10 1000
U3 2 2 6 165 20 2000
U4 2 3 8 170 30 3000
us 2 4 10 175 45 4500
U6 2 5 12 185 60 6000
u7 4 1 6 170 45 6000
us8 4 2 8 175 60 1000
U9 4 3 10 185 10 2000
U10 4 4 12 155 20 3000
Ul1 4 5 4 165 30 4500
U12 6 1 8 185 20 4500
U13 6 2 10 155 30 6000
U14 6 3 12 165 45 1000
U15 6 4 4 170 60 2000
Ule 6 5 6 175 10 3000
u17 8 1 10 165 60 3000
u18 8 2 12 170 10 4500
U19 8 3 4 175 20 6000
U20 8 4 6 185 30 1000
U21 8 5 8 155 45 2000
U22 10 1 12 175 30 2000
U23 10 2 4 185 45 3000
U24 10 3 6 155 60 4500
U25 10 4 8 165 10 6000
U26 10 5 10 170 20 1000
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binder Ul and the 25 modified binders U2-U26 generated by the
Taguchi L25 array. The L25 array was used as an exploratory screening
design. Although each factor level occurs in five different trials and
therefore permits comparison of factor-level means and relative main-
effect contributions under an additive-effect assumption, these occur-
rences represent different formulation—processing combinations and are
not independent replicates of the same binder.

The single-measurement strategy was adopted because testing 26
binders using frequency-sweep, MSCR, and LAS protocols resulted in an
extensive rheological program. Pilot repeatability checks and previous
testing of comparable modified binders using the same Anton Paar MCR
302e rheometer provided confidence in instrument and procedural
consistency [52,53]. However, instrument repeatability does not replace
independent replication and does not quantify variability arising from
binder preparation, sampling, specimen formation, storage, or reheat-
ing. Accordingly, the calculated S/N values were used only as
response-ranking metrics and were not interpreted as measures of
robustness against experimental variability. The ANOVA-style sum-
s-of-squares decompositions were used descriptively to partition the
observed response variation and rank relative factor contributions. Any
pooled residual represents variation not assigned to the retained
main-effect terms and may contain interactions, omitted factors, stor-
age/reheating effects, and measurement variability.

To minimize procedural variability, geometry, gap, temperature,
equilibration, loading, trimming, reheating, and timing conditions were
kept consistent within each method. A run was repeated only when
invalidated by an identifiable experimental artifact, such as visible
slippage, loss of plate contact, or an instrument discontinuity. Such
repetitions replaced invalid runs and were not treated as independent
experimental replicates. The DSR results, factor contributions, and
multi-response rankings are therefore interpreted as screening-level
contrasts within the investigated dataset.

2.5.1. Frequency sweep

Linear viscoelastic behavior was evaluated by frequency sweep over
0.2-30 Hz at 5, 15, 25, 40, 60, and 80 °C [54,55].

Tests at 5, 15, and 25 °C were conducted using an 8 mm parallel-
plate geometry with a 2 mm gap and 0.05% strain, whereas tests at
40, 60, and 80 °C were conducted using a 25 mm parallel-plate geom-
etry with a 1 mm gap and 0.1% strain.

2.5.2. Multiple stress creep recovery

High-temperature permanent deformation resistance was evaluated
by MSCR at 60 °C following AASHTO [56], using 25 mm plates with a
1 mm gap. The test sequence consisted of twenty creep-recovery cycles
at 0.1 kPa, followed by ten cycles at 3.2 kPa, with each cycle including
1 s of creep loading and 9 s of recovery. Percent recovery (R%) and
non-recoverable creep compliance (J,r) were taken as the principal
response variables, representing elastic recovery and susceptibility to
permanent deformation, respectively.

2.5.3. Linear amplitude sweep

Resistance to fatigue-related damage was examined at 25 °C using
the AASHTO LAS procedure [57]. Each test began with a
small-amplitude frequency sweep at 0.1% strain and was then followed
by a strain-controlled amplitude sweep at 10 Hz, with strain increasing
from 0.1% to 30% over 310 s. Viscoelastic Continuum Damage (VECD)
analysis was applied to derive o (damage evolution parameter), the
damage characteristic curves, and the strain-life parameters used for
fatigue life (Ny) estimation. Because LAS-derived Ny can be sensitive to
specimen preparation and to nonlinear behavior at high strain, test
validity was assessed by verifying stable plate contact, the absence of
visible edge slip or premature edge fracture, a smooth progression of |G*|
and phase angle during loading, and the absence of abnormal torque or
noise discontinuities. Runs that showed clear artefacts, including loss of
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contact, irregular jumps in phase angle, edge slip, or nonphysical fluc-
tuations in stiffness, were repeated when necessary.

2.6. FTIR characterization

FTIR spectroscopy [58] was employed to examine changes in the
functional groups of the modified binders relative to the neat binder,
with emphasis on bands typically linked to oxidation-related species in
bitumen. Spectra were collected using a single-bounce ATR accessory
over the range 4000-600 cm™ at a resolution of 4 cm™ , with 24 scans
recorded for each sample. An identical baseline-correction procedure
was applied to all spectra. Since ATR-FTIR absorbance intensity is sen-
sitive to sample-crystal contact, applied pressure, and surface condition,
quantitative assessment was based on calculated FTIR indices rather
than absolute peak intensities alone. The analysis centered on the
dominant hydrocarbon profile together with the carbonyl, sulfoxide,
and hydroxyl regions, from which comparative indices were derived.

2.7. Microstructural characterization

SEM was employed to examine formulation-dependent morphology,
phase heterogeneity, and agglomeration within the binder matrix [59].
The samples were mounted on standard stubs and sputter-coated with
Gold/Palladium for 30 s to minimize charging. Imaging was carried out
using a Phenom XL G2 desktop SEM in both backscattered (BSD) and
secondary electron (SED) modes at approximately 630 x , 5000 x , and
30,000 x under fixed operating conditions (15 kV, ~ 39.7 mm working
distance, ~ 0.10 Pa chamber pressure). To maintain comparability, both
detector order and magnification sequence were kept constant for all
samples. BSD imaging was used to accentuate compositional contrast,
whereas SED imaging was used to capture surface-morphology detail.
EDS point spectra and elemental maps were acquired from representa-
tive bright regions and from adjacent matrix areas to confirm Fe-rich
domains associated with iron oxide and Ca-Si-rich domains associated
with wollastonite.

Backscattered (BSD) images at 5000 x were examined using
intensity-based segmentation. Bright regions were used as an opera-
tional proxy for higher-atomic-number inorganic contrast. EDS, rather
than brightness alone, was used for local elemental identification. Nu-
merical descriptor extraction was performed on the single displayed
5000 x BSD field for each selected formulation. Images acquired at
other magnifications or using the secondary-electron detector were used
for qualitative morphological context.

The image workflow comprised region-of-interest selection, gray-
scale conversion, mild denoising, percentile-based bright-feature
thresholding, speckle removal, and connected-component labeling [60,
61]. Area fraction (AF), agglomeration index (AI), and dispersion uni-
formity index (DUI) were then calculated as local image descriptors [61,
62]. These values characterize segmented bright inorganic-contrast
features within the analyzed 2D field.

2.8. Multi-response optimization framework

The measured rheological and chemical responses do not necessarily
improve in parallel. A formulation may increase stiffness and rutting
resistance while reducing strain-controlled damage tolerance. Accord-
ingly, the quantitative multi-response analysis combined (i) desirability
normalization with an equal-weight reference baseline, (ii) ranking
sensitivity under uncertainty in the response weights, and (iii) Pareto
screening of the principal rutting—fatigue trade-off. SEM/EDS observa-
tions and AF/Al/DUI descriptors were used only for illustrative mech-
anistic context and were not inputs to the quantitative ranking.

2.8.1. Desirability normalization and baseline composite score
Each test result was transformed into a dimensionless desirability
measure, d; € [0, 1], where 0 represents the least desirable outcome and
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1 the most desirable. The properties considered were percent recovery R,
fatigue life Ny, and complex modulus magnitude |G*|, for which higher
values were favored, together with non-recoverable creep compliance
Jur, phase angle 8, and selected FTIR indices, for which lower values
were preferred. In this baseline framework, the min—max desirability
functions were defined as linear first-order transformations of the
measured responses. This offers a transparent basis for comparing for-
mulations, but it also implies that the decision value assigned to a given
numerical change remains constant across the observed response range.
For larger-the-better responses, normalization was performed as

Yo @
j = max min
Yit 7Y
whereas smaller-the-better responses were normalized as
B X’min _ yj 3
) _yl_nax 7y1_11in ( )
j j

For Ny and |G*|, which spanned wider numerical ranges, logarithmic
scaling was applied before normalization so that these variables would
not dominate the composite measure. The individual desirability values
were then aggregated into an overall baseline composite score using a
weighted geometric mean,

D—eXp<ijwjln(¢-)>v w1 )

2.8.2. Ranking under weight uncertainty

Equal weights were retained only as a transparent reference baseline
reflecting the absence of declared response-specific priorities. For the
weight-sensitivity analysis, the weight vector was sampled from a
symmetric Dirichlet distribution with concentration vector & = (1, ...,1)
[63-65]. This distribution has constant density with respect to volume
over the feasible simplex, assigns every response the same marginal
weight distribution and expected weight, and guarantees non-negative
weights summing to one. It was selected as an exchangeable reference
scenario. For each of 10,000 draws, desirability and rank were recal-
culated. Win frequency is the proportion of draws in which a formula-
tion ranked first, and expected rank is its mean rank across draws. Both
are conditional sensitivity indices under the selected weight
distribution.

For a symmetric Dirichlet model, concentration parameters below
one place greater emphasis on sparse or extreme weight combinations,
whereas parameters above one increasingly concentrate the sampled
weights around equality. The present a = 1 analysis lies between these
cases and was used to explore the full simplex without assigning
different prior distributions to named responses.

2.8.3. Pareto analysis and decision workflow

Pareto dominance was used to map the principal trade-offs in the
dataset, most notably the balance between rutting resistance and fatigue
response [66]. The decision workflow accordingly moved from desir-
ability normalization to baseline aggregation, then to weight-sensitivity
analysis, and finally to Pareto-based verification, as shown in Fig. 4.
Pareto screening does not require a prior distribution over response
weights, although the resulting non-dominated set still depends on the
responses selected for comparison. The purpose was to identify

Compute
baseline
composite
index and
Taguchi level
means

Perform
robust ranking

using random
weight
sampling
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conditional candidates within the tested binder design space.
3. Results and discussion
3.1. Conventional binder properties

The conventional tests show a consistent stiffening effect across the
modified binders. Compared with the neat binder, Ul, all modified
formulations produced higher softening points and lower penetration
values (Figs. 5-7), indicating that the combined addition of FeyOs,
wollastonite, and MACR shifted the binders toward a more structured
state with less tendency to flow, in line with the conventional use of
penetration and softening point as descriptors of binder consistency.
Softening point increased from 42.95 °C for U1-45.45-52.50 °C for U2-
U26, while penetration decreased from 68.60 dmm to 39.88-65.27
dmm. The largest shifts were observed for U6, which reached the highest
softening point (52.50 °C, +22.2%), and for U14, which showed the
lowest penetration (39.88 dmm, —41.9%). In the sorted bar plots, these
relative differences are reported directly as ASP(%) and APen(%) on
each bar, calculated with respect to U1, so that the magnitude of change
can be compared visually across formulations. By comparison, U2, U3,
U15, and U19 remained closer to the neat binder, indicating that the
extent of stiffening was governed strongly by the formulation-processing
combination rather than by any simple additive effect.

Penetration and softening point are empirical consistency measures
and cannot, by themselves, distinguish physical restructuring from
chemical modification. The observed changes are compatible with
physical contributions from MACR swelling and uptake of lighter
bitumen fractions, rigid-particle reinforcement by Fe;O3 and wollas-
tonite, and changes in particle dispersion and colloidal organization [8,
13,14,17,21,23]. However, blending was conducted at 155-185 °C for
10-60 min without an inert-gas atmosphere. Oxygen was therefore not
excluded. Under these conditions, volatilization and oxidation may
occur, while microwave activation may alter the rubber surface through
chain scission, partial devulcanization, and changes in
oxygen-containing functional groups [11,13,14,18,45,67,68]. Adsorp-
tion of polar bitumen fractions on the mineral and oxide surfaces,
together with other polar or interfacial interactions, may also affect
binder consistency [21,23].

The penetration index followed a different pattern. While the neat
binder gave PI = 1.035, the modified binders covered a range of
0.376 —1.068 (Fig. 8). U2 showed the highest PI, whereas U13 gave the
lowest, and several formulations remained below the neat binder despite
marked stiffening in both penetration and softening point. This non-
monotonic behavior is not surprising, since PI is controlled by the bal-
ance between penetration and softening point rather than by either
parameter alone. Within this dataset, PI is therefore more appropriately
interpreted as a supporting indicator of temperature susceptibility than
as a proxy for stiffness. Taken together, the conventional tests point to a
consistent increase in the consistency of the unaged binders across the
modified formulations. Still, these stiffness-oriented descriptors alone
are not sufficient to capture the rheological trade-offs that become
apparent later under performance-relevant loading conditions.

Select mixture
with highest
robustness and
balanced
performance

Verify results
using Pareto
dominance

Fig. 4. Multi-response optimization workflow of this study.
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Fig. 6. Penetration of all binders.

3.2. Frequency sweep and MSCR response

3.2.1. Temperature-dependent viscoelastic response

The DSR frequency sweep results show that the multi-additive sys-
tem changed the viscoelastic response across the tested temperature
range of 5-80 °C. Because the subsequent MSCR analysis focuses on
rutting resistance, the discussion below emphasizes the response at 60
°C and 10 Hz, however, the lower- and intermediate-temperature data
are also relevant for interpreting stiffness development and possible
damage sensitivity. In the black diagrams of Fig. 9, most modified
binders move toward higher complex shear modulus (|G*|) values than
Ul across the measured frequency range, pointing to greater stiffness
and reduced deformation susceptibility. This stiffening effect is partic-
ularly evident at 60 °C and 10 Hz (Figs. 10-11), in which U1 shows the

lowest |G*| of 3.03 kPa and the highest phase angle () of 86.06°, while
many modified binders display both higher modulus and lower phase
angle. U26 attains the highest |G*| (9.10 kPa), whereas U6 pairs a high
modulus with one of the lowest phase angles (64.66°), consistent with a
more elastic response and reduced viscous dominance at elevated
temperature.

Across the design space, |G*| and § did not change in perfect parallel.
Some formulations reached very high modulus with only limited re-
ductions in phase angle, whereas others showed a stronger elastic shift
without producing the highest modulus. This indicates that the additives
are not necessarily acting in the same way. MACR appears to drive the
main change in viscoelastic balance, while the mineral and oxide phases
mainly contribute through filler-like stiffness reinforcement. The
behavior is therefore better described as that of a composite material,
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Fig. 8. Penetration index of all binders.

rather than a simple sum of the individual components.

A similar filler-like effect may also influence the response at low and
intermediate temperatures, although its engineering implications differ
from those observed at high temperature. Under elevated-temperature
conditions, increased stiffness together with a lower phase angle is
generally favorable for rutting resistance. At low and intermediate
temperatures, however, excessive stiffening may reduce the material’s
ability to accommodate strain and, in turn, compromise damage toler-
ance. The temperature-dependent frequency-sweep response should
therefore be understood as reflecting a trade-off between improved
resistance to high-temperature deformation and a possible increase in
damage sensitivity under conditions where viscous flow is less
dominant.

The pooled Taguchi decomposition provides a descriptive ranking of

the assigned main-effect sums of squares (Table 4). MACR accounts for
61.9% of the observed |G*| variation and 76.3% of the observed phase-
angle variation at 60 °C and 10 Hz. Fe;O3 and mixing duration
contribute 16.8% and 10.0%, respectively, to |G*|, while their phase-
angle contributions are smaller. The remaining pooled residual is vari-
ation not assigned to these retained main effects and may include in-
teractions, omitted factors, storage/reheating history, and measurement
variability.

3.2.2. Rutting resistance and elastic recovery

The MSCR results show the same overall trend when rutting behavior
is evaluated in a performance-based framework (Fig. 12-14). The neat
binder gives the poorest response, with J,, = 2.41kPa"? and R3 5 = 0%,
which points to a high susceptibility to permanent deformation and
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Fig. 10. Complex modulus magnitude |G*| at 60 °C (10 Hz) for all binders.

virtually no recoverable strain at 60 °C under a 3.2 kPa stress level. Most
of the modified binders shift in the expected direction, with lower J,,
and higher R values, but the magnitude of that improvement differs
markedly across the design space. U6 demonstrates the strongest overall
performance in the MSCR dataset, with the lowest J,, (0.49 kPa™') and
the highest recovery (14.78%). U18 and U26 also perform well in terms
of Jur (0.50 and 0.56 kPa™!, respectively), while U5 and U10 remain
among the better-performing binders in recovery % (5.52% and 5.20%,
respectively).

Although MACR clearly improves the MSCR response relative to the
neat binder, the recovery values remain lower than those reported for
some CR-modified binders at comparable rubber contents [5,55]. One

10

possible explanation is that microwave activation alters part of the
rubber network in a way that enhances binder-rubber interaction and
dispersion, while at the same time reducing some of the recoverable
elastic contribution. On that basis, the main effect of MACR in this
dataset is better understood in terms of improved rutting resistance and
formulation compatibility, rather than as a route to maximizing elastic
recovery.

These results reveal two descriptive patterns. First, the hybrid
modification strategy improved the observed rutting-related responses
relative to the neat binder. Second, the observed improvement was not
shared equally among the modifiers. In the main-effect sums-of-squares
decomposition, MACR accounts for 64.6% of the observed J,, 32 varia-
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Fig. 11. Phase angle () at 60 °C (10 Hz) for all binders.

Table 4
Descriptive pooled main-effect decomposition for |G*| and phase angle at 60 °C
and 10 Hz.

|G| at 60 °C, 10 Hz

Source DF  Assigned main- Descriptive share of total
effect SS SS (%)

MACR 4 4443916606 61.8647

Fe,03 4 1203759291 16.7578

Mixing duration 4 718256250 9.9990

Unassigned pooled 12 817356600 11.3776

residual
Total 24 7183288746 100.0000

Phase angle at 60 °C, 10 Hz

Source DF  Assigned main- Descriptive share of total
effect SS SS (%)

MACR 4 266.6600 76.2539

Fe,03 4 11.6600 3.3343

Mixing duration 4 15.2900 4.3723

Unassigned pooled 12 56.0800 16.0395

residual
Total 24 349.7000 100.0000

tion and 70.7% of the observed Rs, variation, whereas the assigned
shares of FepO3 and wollastonite are substantially smaller. The mineral
phases may provide secondary reinforcement and restriction of viscous
flow, while the recoverable response appears to be governed primarily
by the rubber phase within the tested dataset.

The Taguchi stress-sensitivity analysis adds an important qualifica-
tion. Increasing MACR improves absolute rutting resistance through
lower J, values, but it may also increase stress sensitivity, as indicated
by the stress sensitivity parameter (J,.qf) response. In other words,
binders with higher MACR contents can show better overall resistance to
creep while also responding more nonlinearly as stress increases. A
modified binder may therefore perform very well in terms of J,, at a
single stress level and still be more stress-dependent than an alternative
binder. The modified system strengthens rutting control, but high-
temperature behavior cannot be reduced to a single scalar indicator.

3.3. LAS response and rutting—fatigue interaction

The LAS results show why multi-additive binder design cannot be
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judged from high-temperature stiffness and MSCR alone. Given the
preparation sensitivity of LAS-derived fatigue metrics, these results are
interpreted comparatively across consistently prepared binders rather
than as absolute specification or acceptance values. The damage char-
acteristic curves (Fig. 15) exhibit the expected monotonic reduction in
normalized stiffness with increasing damage intensity, but the degree of
separation between mix combinations becomes more pronounced at
higher damage levels. That divergence points to differences in how
rapidly the internal structure degrades under continued loading. While
these curves are informative for tracking stiffness retention through the
damage process, the fatigue-related summary metrics provide the
clearer basis for interpretation.

Fig. 17 presents the geometric-mean LAS fatigue life (N g.,) for all
binders. The neat binder, Ul, remains the strongest performer in this
fatigue summary metric, with Nfg, ~ 1756. The modified binders
occupy a markedly lower range, from approximately 714 for U26-1310
for U17 (Figs. 16-18 and Table 5). Within the modified set, U17 and U11
are near the upper end of fatigue performance, whereas U26, U20, U13,
U7, and U9 cluster toward the lower end. U6 falls in the middle-to-upper
part of the modified-binder distribution, with Ny ¢, ~ 953. Selection was
not based on fatigue life alone: although U11 has a higher LAS fatigue
metric than U6, its poorer rutting-related performance gives a lower
overall desirability once all responses are considered under weight
uncertainty.

Fig. 16 presents damage intensity at failure (Dy), the relative damage
state reached at the LAS-defined failure point.

Fig. 18 compares the calculated LAS fatigue lives at 1.0%, 2.5%,
5.0%, and 15.0% strain. For every binder, Ny decreases sharply as strain
increases, while the relative differences among formulations become
more consequential at the higher strain levels. Several modified binders
perform favorably at low strain. At 15% strain, however, the neat
binder, U1, retained the highest LAS life, demonstrating that improved
rutting resistance did not translate directly into large-strain damage
tolerance.

At 1% strain, several modified binders show higher model-derived
LAS lives than Ul, consistent with beneficial reinforcement and
rubber-mediated load sharing under small deformation. This strain-
dependent reversal may have several non-exclusive explanations.
Rigid Fe;O3/wollastonite inclusions and MACR domains create greater
local stiffness contrast, under severe cyclic strain, this heterogeneity
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Fig. 13. Jyr32 at 60 °C (3.2 kPa) for all binders (sorted).

may localize deformation, while any incompletely dispersed domains
may act as local stress concentrators. A second, non-exclusive explana-
tion is the sensitivity of the model-derived fatigue life to the fitted LAS/
VECD damage relationship and selected failure criterion [57]. Ul’s
higher 15% LAS life is therefore interpreted as greater large-strain
tolerance under the adopted LAS criterion.

The neat binder gives m ~4.52 and C~ 6.5x 10°, while the
modified binders span m ~ 4.47 —5.12 and C ~ 2.8 x 10°> — 8.6 x 10°.
The relatively limited variation in mmm suggests that many formula-
tions preserve strain sensitivity broadly comparable to that of Ul. By
contrast, the wider spread in C indicates that formulation and processing
mainly shift fatigue capacity upward or downward, depending on how
effectively the modifier network forms and disperses. Still, the upper end
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of the modified range (m > 5) shows that some binders become more
strain-sensitive, which is consistent with the pronounced drop in life at
high strain seen in Fig. 18. Table 5 provides additional context for this
reversal. Ul has m~ 4.52 and C ~ 6.5 x 10°, whereas the modified
binders span m ~ 4.47 —5.12 and C ~ 2.8 x 10° — 8.6 x 10°. Because
LAS fatigue life at a prescribed strain is calculated from the fitted
strain-life relationship, the combined differences in m and C are
amplified at 15% strain, formulations with larger m values are partic-
ularly strain-sensitive. U1’s high-strain advantage therefore arises from
the combined fitted parameters rather than from a directly measured
fracture threshold. This sensitivity makes the formulation ranking con-
ditional on the adopted LAS/VECD model and failure criterion [57].
Considered together, Fig. 18 and Table 5 indicate that fatigue
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performance within this design space does not collapse to a single
ranking metric. Binders that perform well at low to moderate strain are
not always the ones that preserve tolerance under large deformation, so
interpreting this trade-off requires attention to both C and m.

At low strain amplitudes, several modified binders perform better
than U1, suggesting that a reinforced multiphase structure can enhance
endurance under small strains. At 15% strain, the ranking changes
sharply. The neat binder performs best, while many of the more struc-
tured modified binders fall to very low fatigue lives. Structural rein-
forcement and elastic-network formation may improve rutting
resistance and support fatigue response at moderate strain levels, but
under severe deformation the same structural features appear to reduce
large-strain tolerance. This interpretation depends on the failure

13

criterion adopted here. Other fatigue criteria may yield different but
complementary rankings and should be considered in future sensitivity
analyses of modified binders. The LAS results should therefore not be
interpreted as a single, strain-independent fatigue ranking. At low strain,
several modified binders show model-derived lives comparable to or
greater than that of Ul, whereas at 15% strain Ul has the highest
calculated life. The mineral/oxide and rubber network may support
deformation at small or moderate strain but become less tolerant of
severe cyclic strain because of local stiffness contrast and strain locali-
zation. Incomplete dispersion could intensify this response, but that
mechanism cannot be established from the local SEM fields. Moreover,
alternative fatigue definitions or failure criteria may produce a different
formulation ordering [69]. The present results consequently
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Fig. 17. Geometric-mean fatigue life (Nyg,) for all binders (sorted).

demonstrate a strain-dependent LAS response rather than direct evi-
dence of embrittlement.

The pooled main-effect decomposition for Ny, (Table 6) differs
from the high-temperature results. Mixing temperature and rotational
speed account descriptively for 32.2% and 29.6% of the observed vari-
ation, respectively, while wollastonite accounts for 14.7%, the unas-
signed residual represents 23.5%. Temperature and shear may jointly
affect wetting [67], agglomerate breakup [70], rubber swelling [71],
and interfacial organization [68], while uncontrolled storage and
reheating histories may also contribute to the unassigned variation.

Fig. 19 confirms that the rutting—fatigue relationship depends on
strain level. At 5% strain, some modified binders combine low J,, with
mid-to-upper LAS life within the modified group. At 15% strain, the
most rut-resistant formulations generally occupy the low-life region.

14

This separation is consistent with a stronger network that restricts creep
but may intensify local strain under severe deformation.

3.4. Taguchi screening of governing factors

The Taguchi response tables, and main-effects plots (Fig. 20 and
Table 7) summarize the observed factor-level contrasts. MACR produces
the strongest monotonic change in Jnr, |G*|, and recovery, while Fe;O3
and wollastonite act as secondary tuning variables. Because DSR re-
sponses were measured once per formulation, the factor-level means,
and S/N values are descriptive screening summaries.

Based on results presented in Fig. 20 and Table 7, the pattern is
different for the LAS fatigue metric, in which, mixing speed ranks first
and mixing temperature second, whereas additive levels are less
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Table 5
LAS strain-life parameters (m, C) from LAS regression.

Binder category Damage exponent (m) Intercept (C)

6.5x 10°
2.8x 10° - 8.6x 10°

Neat (U1)
Modified binders (U2-U26)

~4.52
~4.47-5.12

Table 6
Descriptive pooled main-effect decomposition for Ny g,.

Source DF  Assigned main- Descriptive share of total SS
effect SS (%)
Mixing speed 4 221573 29.6072
Mixing 4 240650 32.1563
temperature
Wollastonite 4 109989 14.6970
Unassigned 12 176163 23.5395
residual
Total 24 748376 100.0000

decisive. The favorable region is associated with moderate-to-high
processing intensity rather than with the maximum level of each addi-
tive. In this dataset, fatigue therefore appears to depend more on
processing-induced dispersion and phase organization than on material
content alone. A similar contrast is evident in the stress-sensitivity
response. Higher MACR can strengthen absolute rutting resistance, but
it can also intensify nonlinear behavior under elevated stress. The design
space is therefore shaped by two distinct mechanisms, one primarily
influenced by composition and associated with rutting behavior, and the
other primarily influenced by processing and associated with fatigue
damage tolerance.
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3.5. Chemical and microstructural interpretation

3.5.1. FTIR response

Across all binders, the baseline-corrected FTIR spectra ( Fig. 21)
retained the expected hydrocarbon-dominated profile of bitumen. No
modified formulation exhibited a new dominant band pattern that
would indicate extensive formation of a new chemical network. This
observation, however, does not demonstrate that modification during
blending was entirely physical. Chemical changes occurring at low
concentration, within overlapping bitumen bands, or locally at mod-
ifier-binder interfaces may not produce a distinct new band. The vari-
ations in the carbonyl, sulfoxide, and hydroxyl regions are compatible
with differences in oxygenated functionalities and polar or interfacial
interactions, but these indices are not reaction-specific and cannot
distinguish oxidation from adsorption, modifier contributions, or other
interfacial effects [67,68,72].

Figs. 22 and 23 show FTIR indices heatmap and scatter plots of FTIR
indices. Ul defines the lower end of the measured oxygenated-index
range, whereas U18 and U24 show higher values, principally through
their sulfoxide contributions. Because the formulations differed in ad-
ditive composition, processing conditions, storage duration, and
reheating history, these indices should be interpreted as comparative
oxygenated signatures rather than direct measurements of reactions
occurring during blending. Similarly, the moderate FTIR indices of U6
indicate that it did not possess an unusually strong oxygenated signature
at the time of FTIR testing, but they do not establish the absence of
limited blending-induced chemistry. Since paired spectra immediately
before and after blending were not obtained, the present data cannot
quantitatively separate physical restructuring from chemical or inter-
facial contributions.

3.5.2. SEM, SEM-EDS, and image-based dispersion descriptors
SEM provides local structural context for the FTIR and rheological
results. In the displayed BSD fields, Ul is comparatively uniform,
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Fig. 19. MSCR-LAS performance maps: (a,b) Ju0.1 versus Ny (5% and 15% strain), (c,d) Ju3.2 versus Ny (5% and 15% strain).

whereas selected modified binders contain bright inorganic-contrast
features ( Fig. 24). The representative U6 field contains a finer-
appearing bright-feature population than the shown U1l4 and U18
fields. This visual pattern is consistent with, but does not prove, better
local breakup under the U6 thermal-shear condition.

Local SEM-EDS spectra support the assignment of selected bright
regions to Fe-rich and Ca-Si-rich inorganic domains. Ul showed no
added Fe, Si, or Ca in the sampled region, whereas the selected modified
fields contained formulation-dependent local signals.

AF, AL, and DUI were calculated from 5000 x BSD field for each of
the 26 binders, comprising the neat binder Ul and the 25 modified
binders U2-U26. Fig. 25 presents selected image and segmentation ex-
amples only, illustrating the calculation of these descriptors and the
range of local morphologies observed across the complete sample set.
Within the displayed examples, U2 and U8 exhibit lower Al and higher
DUI than U13 and U18, indicating a finer local bright-feature size dis-
tribution in the particular analyzed fields. U1 illustrates why AI should
not be interpreted as a modifier-dosage metric: despite its low bright-
phase area fraction, its analyzed field is dominated by one detected
feature. Although descriptors were obtained for all 26 binders, each
value characterizes only one local 2D field and therefore does not
constitute a statistically estimate of bulk dispersion. The descriptors
were not included in the desirability, Pareto, weight-uncertainty, or
Taguchi rankings. Consequently, they suggest formulation- and
processing-dependent differences in local phase organization but cannot
establish that one formulation is more uniformly dispersed throughout
the bulk binder.

3.5.3. Microstructure—property interpretation

Taken together, the rheological results establish a formulation-and
processing-dependent performance response, FTIR constrains but does
not eliminate possible chemical contributions, and SEM/EDS supplies
illustrative local context. A plausible interpretation is that MACR gov-
erns much of the high-temperature viscoelastic response while the
mineral/oxide phases provide secondary reinforcement.

16

3.6. Multi-response optimization and selection of optimal formulation

3.6.1. Baseline composite ranking

No single response captures the complete material trade-off. In the
equal-weight baseline (Table 8), U6 ranks first (D = 0.6869), followed
by U14 (0.6790), U21 (0.6612), and U17 (0.6324). Equal weighting is
used as a transparent reference benchmark rather than as a claim about
field priorities. Because the weighted geometric mean penalizes very
poor normalized responses, the leading formulations have compara-
tively balanced measured profiles rather than maximizing every crite-
rion. The resulting ordering remains conditional on the included
responses, normalization functions, and equal-weight assumption.

The Taguchi main-effects analysis of composite desirability (Fig. 26)
identifies the factor-level combination corresponding to U6 as the
leading equal-weight screening condition. Mixing temperature produces
the largest observed factor-level contrast, followed by MACR, wollas-
tonite, duration, speed, and Fe;Os3. These are descriptive contrasts
within the tested factor levels and equal-weight decision model.

3.6.2. Ranking under weight uncertainty and Pareto validation

The baseline ranking was recalculated for 10,000 wt vectors sampled
from the feasible simplex using the symmetric Dirichlet reference sce-
nario described in Section 2.8.2. ( Table 9) Under this scenario, U6 has
the highest win frequency (0.4050), whereas U14 has the slightly better
expected rank (2.7364 compared with 2.8666 for U6). Ul7 and U21
form the next tier. These values quantify ranking sensitivity to weights
under the specified distribution. They are conditional on the Dirichlet
concentration vector, included responses, normalization functions, and
candidate set.

Pareto analysis in the rutting-fatigue plane (Fig. 27) serves as an
external check on whether the leading candidates emerge only because
the multi-response procedure reduces several metrics to a single scalar
index. As shown in Fig. 27, U6, Ul4, Ul17, and U21 fall on the non-
dominated boundary, so no other formulation achieves both a lower
Jur32 and a higher LAS Ny at 2.5% strain at the same time. U22 also
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Fig. 20. Main-effects plots (means and S/N ratios) for key responses.

appears as non-dominated in this two-objective view, but its poor
ranking once the full response set is taken into account makes the lim-
itation of that projection clear, two-objective non-dominance is neces-
sary, but not sufficient, for overall robustness. The Pareto check
therefore supports the shortlist obtained from the weight-uncertainty
ranking, while the final selection is still based on the full multi-
response framework.
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3.6.3. Mechanistic basis of U6

U6 is the leading screening candidate because it combines the lowest
Jur32 (0.49 kPa™'), the highest R3 2 (14.78%), mid-to-upper modified-
binder LAS life (Ny g, ~ 953), and the highest equal-weight desirability
(0.6869). Its moderate FTIR indices do not indicate an unusually strong
oxygenated signature. U6 was selected by the quantitative multi-
response decision model, not by AF, AI, DUIL, or visual SEM
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Table 7
Taguchi response tables (means and S/N ratios) for key responses.

Jur32 (kPa,™!, smaller is better)

Factor / statistic Level 1 Level 2 Level 3 Level 4 Level 5 Delta Rank

S/N ratio (dB)

Fey03 —1.0522 —1.7581 —1.0993 1.4543 1.0698 3.2124 3
Wollastonite —1.5014 -1.1276 —0.2853 —0.3158 1.8446 3.346 2

MACR —4.1023 —2.5648 —1.5837 2.2445 4.6208 8.723 1
Temperature 0.3022 —0.3583 —0.9628 0.3478 —0.7143 1.3107 6

Duration 0.5451 —0.4607 —1.2843 0.3367 —0.5222 1.8294 5

Speed —0.1514 —1.2853 —0.7453 0.1021 0.6945 1.9798 4

Mean response

Fe;03 1.2888 1.2883 1.2575 0.8914 0.9437 0.3974 2
Wollastonite 1.2774 1.2605 1.0894 1.1515 0.8909 0.3865 3

MACR 1.6415 1.3822 1.2656 0.7862 0.5943 1.0472 1
Temperature 1.0186 1.1474 1.3233 1.0031 1.1773 0.3201 4

Duration 1.0119 1.165 1.2294 1.0555 1.208 0.2175 6

Speed 1.1249 1.3016 1.1576 1.0886 0.997 0.3045 5

R32 (%, larger is better)

Factor / statistic Level 1 Level 2 Level 3 Level 4 Level 5 Delta Rank
S/N ratio (dB)

Fey03 3.196 6.092 —241.0 9.179 9.477 250.498 4
Wollastonite 4.793 3.396 7.656 —240.1 11.15 251.229 3
MACR —250.1 1.402 4.975 13.06 17.61 267.724 1
Temperature 7.191 5.725 —240.5 8.17 6.331 248.664 5
Duration 6.719 4.502 5.394 9.062 —238.8 247.817 6
Speed 4.483 —242.6 5.925 8.345 10.78 253.396 2
Mean response

Fe,03 4.3656 2.4687 2.7334 3.7355 3.76 1.8969 5
Wollastonite 2.769 2.7768 3.0168 3.0222 5.4782 2.7092 2
MACR 0.6859 1.4929 2.1369 4.5962 8.1511 7.4652 1
Temperature 3.2077 3.175 3.2535 3.2514 4.1755 1.0005 6
Duration 3.3297 2.7674 2.6147 3.7403 4.6109 1.9962 4
Speed 2.9984 2.7572 2.6448 3.6032 5.0595 2.4147 3
Jordiff (%, smaller is better)

Factor / statistic Level 1 Level 2 Level 3 Level 4 Level 5 Delta Rank

S/N ratio (dB)

Fe,03 —-33.71 —33.63 —31.28 —30.58 —34.90 4.32 2

Wollastonite —32.07 -32.25 —-33.01 —33.66 -33.11 1.58 6

MACR —27.68 -30.27 —32.68 —34.72 —38.75 11.07 1

Temperature —32.52 —33.06 —33.90 —32.09 —32.53 1.82 5

Duration —30.58 —32.60 —-34.21 —33.07 —33.64 3.63 3

Speed —34.19 —33.28 -32.13 —32.59 -31.91 2.28 4

Mean response

Fe,03 54.67 51.66 42.73 36.41 64.16 27.75 2

Wollastonite 48.29 42.31 51.83 52.31 54.88 12.57 5

MACR 25.00 33.92 44.35 57.16 89.20 64.2 1

Temperature 47.21 48.65 53.93 52.45 47.38 6.73 6

Duration 36.94 53.06 57.47 50.02 52.15 20.53 3

Speed 59.04 52.79 47.25 44.24 46.32 14.8 4

N geo (larger is better)

Factor / statistic Level 1 Level 2 Level 3 Level 4 Level 5 Delta Rank

S/N ratio (dB)

Fe,03 60.41 59.21 59.35 59.33 58.94 1.47 4

Wollastonite 59.96 59.11 59.22 58.72 60.23 1.51 3

MACR 59.93 59.30 60.00 58.70 59.31 1.29 5

Temperature 59.55 60.68 58.40 60.12 58.50 2.28 2

Duration 59.07 59.06 59.50 59.36 60.25 1.19 6

Speed 58.98 59.97 60.66 59.50 58.13 2.53 1

Mean response

Fey03 1052 932.1 939.8 953.6 893.5 158.5 4

Wollastonite 1015.3 918.9 922.8 867.5 1046.4 178.9 3

MACR 1001.5 944.9 1007.8 887.1 929.6 120.7 6

Temperature 961.4 1097.2 845.7 1019.9 846.8 251.5 2

Duration 916.1 908.6 969.0 939.3 1037.9 129.3 5

Speed 904.1 1009.2 1089.6 956.7 811.3 278.4 1

|G*| at 60 °C, 10 Hz (Pa, larger is better)

Factor / statistic Level 1 Level 2 Level 3 Level 4 Level 5 Delta Rank

S/N ratio (dB)

Fey03 93.79 93.83 94.29 96.37 95.76 2.58 2

Wollastonite 93.91 94.42 94.90 94.89 95.92 2.01 4

MACR 92.49 93.24 93.98 96.69 97.64 5.15 1

Temperature 95.23 94.96 94.41 95.20 94.25 0.99 5

Duration 95.89 95.18 94.05 95.11 93.82 2.08 3

Speed 95.26 94.28 94.52 95.11 94.88 0.98 6

Mean response

Fey03 50624 50922 54354 67673 63570 17049 2

(continued on next page)
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Table 7 (continued)

Jur32 (kPa,™, smaller is better)

— 25 —e—U26 carbonyls

hydroxyls

Absorbance

Wollastonite 51233 56128 57276 57860 64645 13413 4
MACR 42789 46533 51632 69140 77049 34261 1
Temperature 58941 58206 59151 58441 52404 6747 6
Duration 64705 60402 51653 59579 50804 13900 3
Speed 61221 54295 54866 60168 56594 6926 5
Phase angle () at 60 °C, 10 Hz (°, smaller is better)
Factor / statistic Level 1 Level 2 Level 3 Level 4 Level 5 Delta Rank
S/N ratio (dB)
Fex03 —37.37 —37.47 —37.53 —37.32 -37.33 0.2 5
Wollastonite —37.49 —37.48 -37.41 —37.46 -37.17 0.32 2
MACR —37.88 —37.67 —37.53 -37.11 —36.82 1.06 1
Temperature —37.34 —37.40 —37.50 —37.39 -37.39 0.17 6
Duration —37.42 —37.48 —37.53 —37.31 —37.28 0.25 4
Speed —37.51 —37.50 —37.47 —37.34 —37.19 0.32 3
Mean response
Fe20s 74.12 74.73 75.31 73.56 73.56 1.75 5
Wollastonite 75.00 74.93 74.29 74.72 72.34 2.66 3
MACR 78.40 76.48 75.29 71.71 69.39 9.01 1
Temperature 73.65 74.17 75.12 74.08 74.26 1.47 6
Duration 74.39 74.88 75.28 73.42 73.30 1.98 4
Speed 75.20 75.05 74.81 73.68 72.53 2.68 2
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Fig. 21. Baseline-corrected FTIR spectra of all binders.
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3.6.4. Decision stability

Decision stability was examined using two computational perturba-
tions: resampling of the simulated weight vectors and leave-one-
candidate-out recalculation. These analyses evaluate numerical stabil-
ity of the decision procedure, they do not remove dependence on the
Dirichlet prior, normalization choices, candidate set and included
responses.

Fig. 28 shows bootstrap win-frequency distributions for leading
formulations. Across B = 1000 bootstrap replicates, the simulated
weight scenarios were resampled with replacement and the rankings
were recomputed (Table 10). U6 remained the most frequent winner,
with mean win frequency 0.4172 4+ 0.0070, followed by U14
(0.2713 £ 0.0063). U17 and U21 formed a third tier and were nearly
indistinguishable under resampling. These bootstrap results measure the
numerical stability of the estimated win frequencies for weight vectors
generated from Dirichlet. Because the bootstrap resamples scenarios
generated from the same prior distribution, it does not evaluate
robustness to alternative Dirichlet concentration parameters and should
not be interpreted as representing uncertainty arising from different
experimental settings.

In each LOO iteration (Table 11), one formulation was removed, the
robust ranking was recomputed for the remaining candidates, and both
the winner and the top 4 set were recorded. Across the 25 iterations, U6
remained the top formulation in 23 cases, while U14 was selected in the
other 2, no other formulation reached rank—1. The top-tier set was, on
the whole, largely unchanged, which indicates that the decision is not
materially affected by small changes in the available alternatives.

SEM micrographs for neat binder Ul and selected modified binders U2, U6, U14, and U18 (BSD 630 x/5000 x, SED 30,000 x).

Taken together, the bootstrap and leave-one-out analyses show that
U6 remains the most frequent leading candidate within the stated de-
cision model and Dirichlet weight scenario. This is evidence of compu-
tational ranking stability under those assumptions, not evidence field-
performance probability, or universal multi-criteria dominance.

4. Further discussions and interpretation of results
4.1. Integrated interpretation of multi-additive modification

The main finding of this study is that the hybrid Fe,Os-wollastonite-
MACR system does not exhibit additive behavior in any simple or direct
way. When the three modifiers are introduced under different thermal-
shear histories, the response space is shaped less by isolated one-factor
effects than by interaction, competition, and sensitivity to processing
conditions. In that sense, the Taguchi design was not simply an efficient
choice. The measured responses make clear that nominal formulation
and actual processing cannot be treated as separate without stripping
the system of its physical meaning.

The conventional tests indicate a clear tendency toward greater
unaged consistency, yet the rheological results show why that charac-
terization on its own is insufficient. Across the design space, stiffness
improvement, rutting resistance, recoverability, and fatigue-related
damage tolerance do not evolve in parallel. Some formulations mark-
edly reduce non-recoverable deformation but provide only moderate
recovery or limited tolerance under large-strain fatigue loading. Others
retain more favorable fatigue behavior while offering less protection
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Fig. 25. BSD ROIs (5000 x) and bright-phase segmentation overlays for selected binders with AF, Al, and DUI shown.

Table 8
Baseline composite desirability ranking of formulations.
Rank Sample Composite Rank Sample Composite
desirability D desirability D
1 U6 0.6869 14 U23 0.3628
2 Ul4 0.6790 15 U20 0.3282
3 U21 0.6612 16 U3 0.3131
4 u17 0.6324 17 U4 0.2591
5 U5 0.6063 18 U22 0.0804
6 U10 0.5646 19 U26 0.0660
7 Ul6 0.5592 20 U19 0.0531
8 Ul1l 0.5063 21 U2 0.0510
9 U25 0.4857 22 u7 0.0481
10 us 0.4847 23 U13 0.0480
11 U9 0.4672 24 U18 0.0008
12 U12 0.4565 25 U15 0.0001
13 U24 0.4072

against rutting. This divergence is not a secondary feature of the system.
It is its defining material characteristic.

The binder is therefore best understood as a processing-dependent
multi-phase composite. Iron oxide and wollastonite function primarily
as rigid reinforcing phases that restrain viscous flow and contribute to
high-temperature stiffness. MACR serves as the main elasticity-enabling
phase and the dominant contributor to MSCR response and high-
temperature viscoelastic behavior. Fatigue-related performance, how-
ever, depends more strongly on whether these phases are brought
together into a cooperative microstructure or left in a heterogeneous,
cluster-prone arrangement. This helps explain why mixing temperature
and shear intensity emerge so clearly in the LAS-related screening re-
sults. They determine whether the additives are simply present in the
blend or are effectively integrated into the material structure.

21

4.2. Distinct controls for rutting resistance and damage tolerance

Across the formulation space examined here, the results are consis-
tent with the established distinction between rutting response and
strain-controlled damage tolerance. Rutting resistance is controlled
chiefly by the modifier package, with MACR playing the dominant role
and the mineral and oxide phases contributing a secondary reinforcing
effect. By contrast, fatigue-related behavior is driven more strongly by
processing conditions, especially mixing temperature and mixing rpm.
The contribution of this study, then, does not lie in establishing the
rutting-fatigue distinction as such, but in showing how that distinction
emerges within the Fe;O3-wollastonite-MACR system under the Taguchi
design examined here. In a hybrid binder system of this type, fatigue
tolerance therefore cannot be inferred from rutting indicators, and the
reverse is equally true.

This separation also helps clarify the behavior of formulations that
perform very well in MSCR but not in high-strain LAS. The same struc-
tural reinforcement and network development that suppress non-
recoverable creep may, when dispersion is still incomplete, introduce
local stiffness mismatch and promote strain localization. A binder that is
softer, or simply less strongly reinforced, may show better tolerance
under large strain while still failing to provide sufficient rutting resis-
tance. The formulation problem is thus unavoidably multi-objective.

4.3. Role of the mineral/oxide phases

The results indicate that the mineral/oxide additives play a sup-
porting rather than dominant role. Their most consistent effect is to
increase binder consistency and limit flow within the bitumen-rich
matrix. In practical terms, they shift the system toward lower J,, and
higher |G*|, although the magnitude of this effect depends on the quality
of dispersion and remains subordinate to the contribution of MACR in
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Fig. 26. Main-effects plots for mean composite desirability D (mean and S/N, larger-is-better).

the key high-temperature performance measures. Within this binder 4.4. Processing as a design variable
system, Fe;O3 and wollastonite do not by themselves resolve the

observed mismatch between improved rutting-related indicators and
strain-controlled damage tolerance. Their role is better understood as able, not merely as a laboratory setting. The optimum identified here

one of reinforcement, since the value they offer depends on how effec- cannot be reduced to composition alone because it reflects a coupled

tively they are distributed and how they work with the rubber-supported composition and processing state. Increasing temperature, extending
mixing time, or applying stronger shear does not automatically improve

Processing should therefore be regarded as a primary design vari-

structure.
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Table 9

Multi-response ranking under weight uncertainty (WF, ER, Pareto).
Rank Sample Win Freq Exp Rank Pareto Rank Sample Win Freq Exp Rank Pareto
1 u6 0.4050 2.8666 TRUE 14 U23 0.0000 14.7360 FALSE
2 Ul4 0.2734 2.7364 TRUE 15 U20 0.0000 15.8142 FALSE
3 u17 0.1496 4.1080 TRUE 16 U3 0.0000 16.1310 FALSE
4 u21 0.1480 2.8736 TRUE 17 U4 0.0000 17.1296 FALSE
5 U1l 0.0116 8.5584 FALSE 18 U22 0.0000 18.0140 TRUE
6 Ulé 0.0110 6.5486 FALSE 19 U26 0.0000 19.2776 FALSE
7 us 0.0004 9.7542 FALSE 20 U13 0.0000 20.2502 FALSE
8 Ul12 0.0004 11.3446 FALSE 21 U2 0.0000 20.2984 FALSE
9 us 0.0002 5.0974 FALSE 22 U19 0.0000 20.3436 FALSE
10 u9 0.0002 10.6086 FALSE 23 u7 0.0000 20.5854 FALSE
11 U24 0.0002 12.8818 FALSE 24 u18 0.0000 23.6156 FALSE
12 u10 0.0000 7.1538 FALSE 25 Ul15 0.0000 24.2736 FALSE
13 u25 0.0000 9.9988 FALSE

4.5. Implications for formulation screening and study scope
Ui7
9000 - e e -

These results support the feasibility-first decision framework adop-
= ted in this study. A formulation must remain acceptable across the
E 80004 u21 principal measured response categories before compromise-based
E ranking becomes meaningful. On that basis, U6 emerged as the lead-
5 o 2 ing conditional compromise under the equal-weight baseline and
5 7000 ‘ uniform-simplex Dirichlet sensitivity scenario. This result does not
£ establish that U6 outperforms every formulation on every response
§ 3 This exploratory study is limited to laboratory-prepared binders that
~ 6000 - were not aged using a standardized RTFOT or PAV protocol. This
s exploratory study is limited to laboratory-prepared, nominally unaged
2 binders. The DSR responses were single measurements, so within-
= 5000 formulation standard deviations and replicate-based significance tests

are unavailable. The 25 formulations were prepared over approximately
two weeks, stored in separate uncovered vessels at ambient room con-
050 0.75 100 1.25 150 175 2.00 2.25 ditions, and reheated as required for sequential test programs. These

Jnr,3.2 (kPa-1) (lower better)

Fig. 27. Pareto front of rutting—fatigue performance (J,-32 versus LAS Ny at
2.5% strain).

performance, but these parameters define the range over which
dispersion, wetting, swelling, and interfacial development can evolve
toward a more coherent internal structure. Temperature determines the
accessible microstructural window, duration provides the time needed
for that structure to form, and shear controls the fineness and uniformity
with which the phases are distributed.

conditions may permit surface oxidation, physical hardening, settling,
or thermal-history effects. Finally, the L25 array screens main effects but
cannot resolve all interactions, and the multi-response result is condi-
tional on the included responses, normalization, and uniform-simplex
weight model. Replicated DSR testing, controlled sealed storage, docu-
mented reheating, aging protocols, viscosity/workability testing, and
asphalt-mixture validation are required before specification or field
recommendations.

SEM descriptors were derived from one displayed 2D field for each
selected formulation. The fields were not statistically randomized or
replicated for quantitative analysis, therefore, AF, Al, and DUI cannot be
generalized to bulk-binder dispersion. The descriptors were not used in

500 -

400

300+

Count

2001

1001

U6 (1=0.417, 0=0.007)

U14 (1=0.271, 0=0.006)
U17 (1=0.142, 0=0.005)
U21 (1=0.142, 6=0.005)

-0.2 0.0

0.2

0.4

Win Frequency (bootstrap)

Fig. 28. Bootstrap win-frequency distributions for leading formulations.
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Table 10
Bootstrap stability summary of ranking.
Sample ID WF mean WF std Top Kprob Sample ID WF mean WEF std Top Kprob
U6 0.4171744 0.00698729 1 U9 0 0 0
U14 0.2712972 0.0063025 1 u10 0 0 0
U17 0.1422224 0.004832223 1 U12 0 0 0
U21 0.1415996 0.004956604 1 U13 0 0 0
U16 0.0159772 0.001743158 0 ul15 0 0 0
U1l 0.0103568 0.001392801 0 U18 0 0 0
us 0.0005956 0.000338793 0 u19 0 0 0
us 0.0003864 0.000282516 0 U20 0 0 0
U24 0.0002056 0.000197101 0 U22 0 0 0
U2 0.0001848 0.000184848 0 U23 0 0 0
U3 0 0 0 U25 0 0 0
U4 0 0 0 U26 0 0 0
u7 0 0 0
coordinated way. The combined evidence from conventional binder
Table 11 . . tests, DSR-based rheological measurements, FTIR, SEM/SEM-EDS, and
Leave-one-out (LOO) winners and corresponding top 4 sets. . . . . .
the multi-response decision framework supports five main conclusions.
Left Winner after  Top 4 after  Left Winner after  Top 4 after This study screened C320 binders modified with Fe,0O3, wollastonite,
Out Loo Loo Out Loo Loo and MACR across a Taguchi L25 composition—processing design. Within
U2 U6 U6,U14, U15 U6 U6,U14, the observed dataset, all modified binders had higher softening points
U17,021 v21,u17 and lower penetration values than Ul. MACR produced the largest
U3 u6 U6,U14, Ulé U6 U6,U14, . . . -
U21.U17 U21.U17 descriptive shares of the observed MSCR and 60 °C viscoelastic varia-
U4 U6 U6,U14, U17 U6 U6,U14, tion, whereas mixing temperature and rotational speed produced the
U21,U17 U21,U16 largest observed Ny, contrasts. These contributions are descriptive
Us ue U6,Ul4, uls ue ue,Ul4, screening quantities because the DSR specimens were not replicated.
U6 U1a Eﬁgg U19 U6 827[}[;‘2‘1 Fourth, rutting improvement and LAS damage tolerance did not
U21:Ul6’ U2’1,U1)7 move together. U6 achieved J,,32 = 0.49kPa~? and R3» = 14.78%, but
u7 3 U6,U14, U20 U6 U6,U14, the neat binder retained the greatest LAS life at 15% strain. The reversal
U17,021 U17,021 is consistent with a reinforcement/large-strain trade-off under the
U8 ueé u6,ul4, vzl U6 u6,ul4, adopted LAS/VECD criterion, the present data do not distinguish among
U9 U6 E?Ulljy U2z U4 Eizgg local stiffness contrast, incomplete dispersion, and model sensitivity as
U17,U21 U17,U6 causes.
U10 U6 U6,U14, U23 U6 U6,U14, Fifth, FTIR showed no new dominant functional-group pattern,
U17,021 U21,u17 although minor oxidation or interfacial chemistry during hot blending
vl e ue,ul4, v24 e u6,ul4, cannot be excluded. Local SEM/EDS observations illustrated inorganic-
U21,U17 U17,U21 o . . . .
U12 Us Us.U14, u2s U6 Ue,U14, phase organization within the analyzed fields, but the single-field de-
U21,U17 U17,U21 scriptors do not establish bulk dispersion differences and were not used
U13 83 Us6,U14, U26 U6 U6,U14, in the quantitative ranking or selection of U6.
U21,u17 u21,u17 FTIR showed no new dominant functional-group pattern that would
14 ue E;Uéil indicate extensive formation of a new chemical network, however,

the desirability, Taguchi, Pareto, or weight-uncertainty rankings.
Replicated imaging using a predefined field-selection protocol and
multiple independently sampled fields would be required for statisti-
cally supported formulation-wide microstructural comparisons.

The multi-response result is conditional on the included responses,
desirability functions, normalization method, candidate set, and weight
model. The symmetric Dirichlet distribution was used as an exchange-
able reference scenario, it should not be interpreted as an empirically
validated or uniquely non-informative prior. Alternative concentration
vectors and response constraints may change the win frequencies and
expected ranks. The bootstrap analysis quantifies numerical stability
within the selected prior and does not remove this dependence.
Application-specific decision analysis is therefore required before field
implementation. Future work should replicate DSR testing, apply stan-
dardized short-and long-term aging, and evaluate rotational viscosity,
storage stability, and asphalt-mixture performance.

5. Conclusions

This study investigated unaged bitumen modified with iron oxide,
wollastonite, and microwave-activated crumb rubber using a Taguchi
L25 design that varied both composition and processing conditions in a

24

limited oxidation, adsorption, or other interfacial chemistry during hot
blending cannot be excluded.

Finally, the study demonstrated the practical value of integrating the
Taguchi experimental design with a structured multi-response evalua-
tion framework to reduce the extent of laboratory testing required. This
approach enabled more efficient identification of suitable formulations,
leading to savings in time, energy, and experimental cost.

Under the equal-weight baseline and uniform-simplex Dirichlet
weight-sensitivity scenario, U6 (2% Fey03, 5% wollastonite, 12%
MACR, 185 °C, 60 min, 6000 rpm) was the leading screening candidate,
with Nf g, ~ 953 and D = 0.6869 in addition to its MSCR performance.
Its ranking is conditional on the tested binders, included responses,
normalization procedure, candidate set, and selected weight model.
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