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Abstract

This study investigates the feasibility of using Kraft lignin in Hot and Warm Mix Asphalt
(HMA and WMA), with a particular focus on its integration alongside Sasobit®. The
research aims to evaluate the impact of Kraft lignin and Sasobit, individually and in combi-
nation, on the construction temperatures, compactability, and physical properties of asphalt
mixtures. The experimental program included a reference HMA and modified mixes with
20% Kraft lignin, 3% Sasobit, and their combinations. These mixes were designed and
subjected to tests to assess their volumetric and mass properties and to determine the
construction temperatures using the Superpave Gyratory Compactor (SGC). The results
demonstrated that adding Kraft lignin increased construction temperatures, while Sasobit
effectively reduced these temperatures by lowering binder viscosity. When used together,
Sasobit offset the increase in construction temperatures caused by Kraft lignin, resulting
in compaction temperatures similar to the reference HMA mix. Additionally, Kraft lignin
increased air voids, leading to reduced compactability at higher gyration levels. It also
exhibited indications of a dual role, functioning as both a binder replacement and a filler. In
conclusion, the combination of 20% Kraft lignin with 3% Sasobit offers a promising solution
for enhancing the sustainability of asphalt mixtures.

Keywords: Kraft lignin; Sasobit®; Hot Mix Asphalt; Warm Mix Asphalt; volumetric
properties; construction temperatures

1. Introduction

Roads and highway networks have significantly enhanced global connectivity, making
the world more interconnected than ever. In recent decades, growing traffic volumes have
made highway expansion and the rehabilitation of existing roads and streets imperative [1].
Asphalt pavements are preferred for their cost-effectiveness, smooth surfaces, and efficient
load distribution characteristics [2]. Despite these benefits, asphalt pavement contributes
significantly to the environmental challenges of road construction due to its air pollution,
energy consumption, and reliance on natural resources. Growing awareness of these
impacts has shifted the focus of the asphalt industry toward sustainable development [3].
Sustainability involves balancing economic, social, and environmental considerations to
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promote long-term development [4]. For asphalt mixes, sustainable practices aim to reduce
greenhouse gas (GHG) emissions, lower resource consumption, reduce the dependency on
natural resources, and enhance pavement durability through the application of advanced
techniques and additives [5,6].

In light of increasing global environmental concerns, advancements in technologies
aimed at reducing the environmental footprint of asphalt pavements have gained mo-
mentum. Two key approaches to enhancing sustainability involve the implementation of
energy-efficient production methods and the incorporation of additives that help reduce
the environmental footprint [7]. One of the most effective strategies for advancing sus-
tainability in asphalt production is through innovations in the asphalt mix’s construction
temperatures, which have a direct and significant impact on both energy consumption
and emissions.

2. Background
2.1. Classification of Asphalt Mixtures by Construction Temperatures

Asphalt mixtures are classified by their construction temperatures into four main
types: (1) Hot Mix Asphalt (HMA) is produced at temperatures ranging from 150 to 200 °C;
(2) Warm Mix Asphalt (WMA) is produced at temperatures 1045 °C lower than HMA;
(3) Half Warm Mix Asphalt (HWMA) is produced at temperatures below 100 °C; and
(4) Cold Mix Asphalt (CMA) is produced without heating the aggregates [8]. HMA pro-
duction is one of the major sources of GHG emissions, releasing substantial amounts of
CO; (carbon dioxide), CHy (methane), and N> O (nitrous oxide), and requiring high energy
consumption due to the high construction temperatures [9].

2.2. Warm Mix Asphalt (WMA)

WMA has emerged as a sustainable technology through substantial reductions in en-
ergy consumption and GHG emissions while enhancing working conditions by producing
and placement of asphalt mix at lower mixing and compaction temperatures [10]. This
technology was initially developed in Europe in the 1990s and subsequently adopted in the
United States in 2002 [11]. WMA has gained widespread adoption due to its significant
environmental and economic benefits, making it a viable alternative to conventional HMA.
Jamshidi et al. [12] observed that lowering the production temperature by 10 °C results
in a reduction in heavy oil consumption by 11.8 kWh and decreases CO, emissions by
1 kg per ton of asphalt. These energy savings also contribute to lower overall construction
costs, typically reducing production expenses by approximately 15-25% depending on
fuel prices and plant efficiency. Evaluations conducted in several European countries have
shown that WMA technologies can significantly reduce harmful emissions during asphalt
production [13]. T. Calabi-Floody et al. [14] conducted a comparative study evaluating gas
emissions and energy consumption between WMA, WMA-RAP (WMA with reclaimed
asphalt pavement), and HMA. The findings revealed that CO; emissions were reduced by
up to 37% in WMA-RAP with 20% RAP, while energy consumption showed reductions
ranging from 5 to 13%.

WMA additives are generally categorized into organic additives, chemical additives,
and foaming technologies. Organic additives, such as Sasobit®, reduce the viscosity of
the binder at elevated temperatures. Chemical additives, such as Evotherm®, improve
the adhesion between the binder and aggregates without altering the binder’s viscosity.
Foaming technologies include both additives and asphalt plant modifications. Additives
such as Advera® and Asphamin®, introduce water into the binder, generating steam
that temporarily expands the binder, thereby enhancing aggregate coating at reduced
temperatures. Additionally, some foaming techniques involve directly injecting water into
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the asphalt mix during production, which requires plant modifications [15]. The proper
selection and application of these additives are critical to optimizing the performance of
WMA. Various types of WMA additives have been extensively evaluated from multiple
perspectives, including their sustainability and environmental impacts, as well as their
mechanical performance. Key factors such as rutting resistance, moisture susceptibility,
fatigue, and thermal cracking have been thoroughly investigated across a wide range of
studies. Several comprehensive review papers provide valuable insights into these aspects,
providing in-depth analysis and critical evaluations [12,16-22].

2.3. Sasobit®

Among all WMA additives, Sasobit stands out as a key organic additive frequently
applied in WMA technology and its impact on binder and asphalt mixture properties
has been extensively studied. Sasobit melts at approximately 100 °C, aligning with the
typical temperature range for WMA production. As the temperature drops, it forms a
crystalline network within the binder, enhancing its stiffness, particularly at the in-service
temperatures of the pavement [23]. The main role of Sasobit is to reduce the viscosity of
asphalt binders, resulting in lower construction temperatures [24]. This reduction in viscos-
ity directly contributes to the sustainability of asphalt mixtures. Based on literature and
manufacturer guidelines, the recommended dosage of Sasobit should not exceed 4% of the
binder’s weight, with 3% being commonly recommended as the optimal amount [12,25,26].

Research on Sasobit can be categorized into two primary areas. The first area focuses
on its use in WMA and its effects on the performance of asphalt mixtures. Sasobit has been
shown to enhance rutting resistance by improving the high-temperature performance of the
asphalt binder. At intermediate temperatures, it does not significantly affect the binder’s
resistance to fatigue cracking. However, at low temperatures, Sasobit can negatively
impact binder performance, potentially reducing its resistance to cracking [24,27,28]. The
second area investigates Sasobit’s function as a viscosity-reducing agent, and compaction
aid, in various modified binders and asphalt mixtures, such as polymer-modified and
rubber-modified binders [29-32]. This property has been investigated and utilized in some
recent studies to improve binder workability, reduce mixing and compaction temperatures,
and enhance high-temperature performance while maintaining acceptable mechanical
behavior [33-35]. These studies demonstrated that Sasobit effectively lowers viscosity and
energy demand during production, mitigates aging effects, and improves stiffness and
rutting resistance without significantly compromising fatigue resistance.

2.4. Lignin

The incorporation of bio-based additives, such as lignin, further enhances the sustain-
ability of asphalt mixes by offering renewable alternatives or extenders to conventional
petroleum-based binders. Kraft lignin, an organic byproduct of the paper industry, is
derived from either softwood or hardwood [36]. While current production costs are high
due to limited industrial scale, lignin has the potential to become an economically feasi-
ble material as production scales up. As a renewable, non-toxic substance sourced from
biomass [37], lignin presents a promising solution for sustainable asphalt modification,
particularly in countries such as Canada, where the vast availability of forest resources pro-
vides a significant green alternative. In recent years, significant attention has been focused
on investigating the use of lignin in the asphalt industry. Research studies consistently
indicate that incorporating lignin into the binder enhances performance at intermediate
and high temperatures, though it can adversely affect low-temperature performance and
cause challenges in compaction due to increased air voids. A major challenge with lignin
as a binder additive is its tendency to increase viscosity, resulting in higher construction
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temperatures, which contradict sustainability objectives [38-53]. In the author’s previous
studies [54,55], a significant increase in the viscosity of lignin-modified binders was ob-
served. This finding led to further research, incorporating Sasobit as a viscosity-reducing
agent in the bitumen.

Previous studies have mainly examined lignin or Sasobit individually, each with
distinct benefits and limitations. This study advances beyond these by combining the
two additives, using Sasobit to offset lignin-induced viscosity increases, thereby achieving a
more sustainable system that combines bio-based modification with warm-mix technology.

2.5. Mix Design

The design of asphalt mixtures is the foundation of pavement engineering, aimed
at achieving durability, stability, and optimal performance under diverse traffic loads
and environmental conditions. Over the decades, various mix design methods have
been developed, each catering to specific requirements. One of the most widely used
methods is the Marshall mix design. This method focuses on creating a durable mix with
an optimal air void content, generally around 4%, while minimizing asphalt binder use
to ensure good rutting resistance. Another notable approach is the Hveem mix design,
which prioritizes stability, cohesion, and durability by ensuring adequate binder coating
on aggregates to promote long-term performance. The Superpave (Superior Performing
Asphalt Pavement) method represents a performance-driven approach. It integrates the
selection of performance-graded (PG) asphalt binders and aggregates with compaction
using the Superpave Gyratory Compactor (SGC). Superpave evaluates mix properties
under targeted traffic and environmental conditions, using compaction effort levels [56,57].

The LC (Laboratoire des Chaussées) Method, developed by Quebec’s MTMD (Ministére
des Transports et de la Mobilité Durable), has a hybrid approach, incorporating elements of
both the Superpave and the LCPC (Laboratoire Central des Ponts et Chaussées) methods. One
of the significant distinctions of the LC method is its reliance on the volume of effective
binder (Vy,) for calculating the binder content, rather than the commonly used voids in
mineral aggregate (VMA) and voids filled with asphalt (VFA). The LC method’s main
features include setting the Vi, according to the specific type of mixture to be designed
and optimizing the aggregate grading to meet air voids specifications (V,) at a given
level of compaction energy. This volumetric approach ensures the mix achieves the de-
sired performance and durability characteristics. Although similar to Superpave, the LC
method is tailored to Quebec conditions and enables more precise control of binder content
through Vy,., which is particularly beneficial when incorporating additives with different
specific gravities.

The mix design process for WMA is fundamentally the same as that for HMA includ-
ing aggregate gradation, binder content, and performance evaluations, except for lower
construction temperatures [58]. In most cases, WMA technologies, such as Sasobit, are
incorporated into the mix without altering the core design parameters used in conventional
HMA [59]. The standard method for determining the construction temperatures of HMA is
the equi-viscous (EQ) method [60]. This method relies on measuring the viscosity of the
binder using results from the Brookfield Rotational Viscometer (BRV) test. However, it
is well established among researchers that the EQ method is not suitable for asphalt mix-
tures produced with modified binders, such as polymer-modified and warm mix-modified
asphalt binders, as it often results in unrealistically high temperatures [24,61,62]. This
limitation has led to widespread recognition that viscosity-based methods are less effective
in evaluating WMA, as several studies have confirmed their insensitivity to WMA technolo-
gies [27,63-65]. As a result, several alternative methods have been proposed to overcome
the limitations of the EQ method for WMA mixtures. Among these alternative methods,
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the most prominent include the analogy, the phase angle, the CEI & TDI, and the air voids
methods [22]. Between those, the air voids method has emerged as the most reliable and
widely used approach for determining WMA construction temperatures [66]. The air voids
method determines construction temperatures by evaluating the compaction behavior of
asphalt mixes at various temperatures. This approach involves measuring the air voids
content at different compaction temperatures and selecting the temperature at which the
desired air voids level, typically the same as that of a reference mix, is achieved. Although
this method does not directly measure binder viscosity, the compaction behavior reflected
by air voids indirectly captures the binder’s effective viscosity at different temperatures.

In summary, the introduction of bio-based additives like lignin, along with advanced
technologies such as WMA with Sasobit, represents a significant step forward in the pursuit
of more sustainable road construction practices. By lowering construction temperatures,
reducing energy consumption, and decreasing reliance on petroleum-based binders, these
innovations contribute to environmental sustainability, reducing the ecological impact of
road construction.

3. Experimental Campaign

In this study, asphalt mixes were prepared using varying proportions of Kraft lignin
and Sasobit. The preparation, design, testing, and evaluation of these mixes were carried
out to assess their volumetric and mass properties, with a focus on the effects of these
materials on construction temperatures. The following sections provide objectives and
scope, details on the materials used, mix compositions, and the methodologies employed
for testing.

3.1. Objectives and Scope

The objective of this research is to investigate the novel idea of incorporating Sasobit,
a WMA additive, into lignin-modified asphalt mixes. More specifically, this study aims
to investigate the individual and combined use of Kraft lignin and Sasobit in asphalt
mixes to evaluate the volumetric and mass properties and address challenges related to
construction temperatures.

This study focuses on two sustainable approaches: first, the utilization of Kraft lignin
in asphalt mixes to reduce environmental impact; and second, the reduction of construc-
tion temperatures of lignin-modified mixes, which results in decreased fuel consumption,
energy use, and emissions. Combining these two approaches, the study aims to determine
whether the addition of Sasobit can effectively compensate for the increased construction
temperatures caused by Kraft lignin, thereby enabling a more sustainable and efficient as-
phalt production process. Key questions addressed in this research include whether Sasobit
can mitigate the negative effects of lignin on construction temperatures and how these
two materials interact in an asphalt mix in terms of volumetric properties. Additionally,
the study aims to understand the role of Kraft lignin within the mix—whether it behaves
more like a binder or a filler. The challenge is to develop an optimized mix design that
incorporates both materials while achieving desired performance outcomes.

The scope of this study covers mix design formulation, assessment of volumetric and
mass properties, and the analysis of compaction test results using the Superpave Gyratory
Compactor (SGC). The study also evaluates the construction temperatures required for
each mix while maintaining consistent air voids content, a crucial parameter in asphalt mix
performance and sustainability. The findings are expected to provide valuable insights into
the behavior of Kraft lignin and Sasobit in asphalt mixes, the optimal mix design strategies
for incorporating these materials, and the potential for reducing construction temperatures.
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The overall goal is to contribute to the development of more sustainable infrastructure by
optimizing asphalt mix designs with innovative materials.

3.2. Materials

Four distinct types of aggregates were used for the asphalt mix, including 5-10 mm,
0-5 mm wash and 0-5 mm non-washed aggregates, and limestone filler. To determine
the physical properties of these aggregates, various tests were conducted. The specific
gravity and water absorption tests were performed on all aggregate types according to
Quebec’s LC 21-065 [67], LC 21-066 [68], and LC 21-067 [69] test methods. Sieve analyses
were also carried out in accordance with Quebec’s LC 21-040 [70] test method. Each test was
conducted with two replicas (1 = 2) to ensure the reliability of the results. The sampling of
aggregates from the quarry followed Quebec’s LC 21-010 [71] test method, ensuring that the
material was representative of the source. For testing and subsequent use in asphalt mixes,
aggregate samples were reduced using a splitter, following Quebec’s LC 21-015 [72] test
method. The detailed properties of the aggregates are shown in Table 1.

Table 1. Properties of aggregates.

Sieve Analysis (% Passing by Mass) Specific Gravity (—) Water
Agg;%g*gleag’l’e Sieve Size (mm) Bulk  Apparent  Absorption
28 20 14 10 5 25 125 0.630 0315 0.160 0.080 (Ggp) (Gsa) (%)
L
Stone 100 100 100 85 8 3 2 2 2 2 1.7 2.706 2.752 0.61
5-10 mm
L
Stone 100 100 100 100 97 58 27 12 9 7 6.2 2.688 2.758 0.95
0-5 mm W.
Sand
0-5 mm N.W. 100 100 100 100 98 75 56 43 34 27 212 2701 2.758 0.77
< L
Filler 100 100 100 100 100 100 100 100 99 93 79.0  2.700 2.775 1.00
0-315 um

L 1 imestone; W.: Washed; N.W.: Non-Washed.

The Kraft lignin used in this study (Figure la) was obtained from FPInnova-
tions in Canada. The product is extracted from softwood and is provided as a fine,
sticky brown powder. Additionally, it has been investigated in previous laboratory
studies [38,42,54,55,73]. The particle size distribution analysis revealed that the parti-
cle size ranged between 1 and 100 um, with 80% of the particles falling between 5.47 and
48.7 um. Additionally, the Kraft lignin has a density of 1.2-1.3 g/cm?® and a potential of
hydrogen (pH) ranging from 3 to 4. More details regarding its properties are available in
the author’s earlier publications [54,55].

Sasobit, a long-chain aliphatic hydrocarbon wax, was used (Figure 1b) in this study.
The Sasobit used was sourced from Sasol Wax in South Africa. According to the manu-
facturer’s recommendation, optimal results are achieved with a 3% addition of Sasobit by
weight of the bitumen. This amount can significantly lower the maximum construction
temperatures required for asphalt mixes [74].

In this study, an unmodified PG 585—28 bitumen was utilized. This bitumen
grade is suitable for standard (S) traffic levels and cold climates in Montreal area
(Canada). Due to the manufacturer’s specification sheet, this bitumen has a flashpoint of
273 °C (ASTM D92 [75]), and a density of 1.021 g/ cm? at 25 °C (AASHTO T 228 [76]). Other
notable properties include storage stability of 0.3 °C (LC 25-003 [77]), an ash content of
0.28% (ASTM D8078 [78]), and a | G*| /sin (8) value of 1.54 kPa at 58 °C, as per AASHTO
T 315 [79].
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Figure 1. (a) Kraft lignin and (b) Sasobit incorporated in this study.

According to the author’s previous study [55], a comprehensive evaluation of the
viscosity properties of this bitumen and its modified versions incorporating Kraft lignin
and/or Sasobit was conducted. The viscosity of the bitumen samples was determined using
the BRV test, following the LC 25-007 [80] Quebec test method. Four selected results from
that study are utilized in the application of the EQ method, including virgin bitumen (VB) as
a reference (REF), bitumen modified with 20% Kraft lignin (20L), bitumen modified with
3% Sasobit (3S), and a combined system of bitumen modified with 20% Kraft lignin and 3%
Sasobit (20L3S). The viscosity measurements of these samples are detailed in Table 2.

Table 2. Viscosity test results for VB (REF), 20L, 3S, and 20L3S bitumen samples.

Viscosity (mPa-s)

Cod
ode At135 (°C) At 165 (°C)
VB (REF) 305 86
20L 568 166
3S 254 76
20138 404 128

3.3. Asphalt Mixes

In this study, an ESG-10 (Enrobé Semi-Grenu) asphalt mix—a surface mix with a nominal
maximum aggregate size (NMAS) of 10 mm—was chosen in accordance with MTMD
standard 4202 [81]. To evaluate the effects of Kraft lignin and Sasobit on the properties
of asphalt mixes, four distinct mixes/samples were prepared. These mixes include both
HMA and WMA variants, each with varying contents of Kraft lignin and Sasobit. The
HMA samples include a reference mix (HMA-REF), and a mix modified with 20% Kraft
lignin (HMA-20L). The WMA samples consist of a mix with 3% Sasobit (WMA-3S) and a
mix with both 20% Kraft lignin and 3% Sasobit (WMA-20L3S). The selected proportions
of Kraft lignin and Sasobit were determined based on previous studies and experimental
observations [38,42,54,55,73]. A 20% lignin replacement was identified as an optimal
level that provides significant modification to binder properties while maintaining storage
stability. Table 3 summarizes the composition and coding of each sample throughout
the study.



Infrastructures 2025, 10, 327 8 of 25
Table 3. Composition and coding of asphalt mixes.
. e Kraft Lignin Sasobit
Mix Description (Wt%) 1 (Wt%) 2 Code
Hot Mix Asphalt 0 0 HMA-REF
(HMA) 20 0 HMA-20L
Warm Mix Asphalt 0 3 WMA-3S
(WMA) 20 3 WMA-20L3S

! The Kraft lignin content is a percentage of the total binder weight (considering Kraft lignin as 100% binder).
2 Sasobit content is expressed as a percentage of the total binder weight.

3.4. Mix Design

The LC method was employed for the mix design, emphasizing a volumetric approach
to optimize binder content and achieve target air voids (V,) under specified compaction
energy levels. This method ensures that the volume of the effective binder (Vj,) for ESG-10
meets a minimum value of 12.2%. The V, requirements with the Superpave Gyratory
Compactor (SGC) are defined as follows: greater than 11% at 10 gyrations, between 4 and
7% at 80 gyrations (Ngesign), and above 2% at 200 gyrations. Gradation requirements are
provided in the next Section 3.4.1.

3.4.1. Reference Hot Mix Asphalt (HMA-REF)

The HMA-REEF serves as a baseline to evaluate the performance and characteristics of
modified asphalt mixes. The mix design process followed the requirements for gradation
to meet control points (Figure 2), ensuring compliance with the mix design method. Once
the gradation was finalized, the bitumen content was determined to achieve a fixed Vi, as
per the requirements. This V},, was verified using the theoretical maximum specific gravity
(Gmm). Following that, SGC tests were conducted to ensure adequate compactability of
the mix. The final mix design selected for the HMA-REF utilized a total binder content of
5.67% of the total weight of the asphalt mix (V}, required of 12.2%). Figure 2 shows the
detailed particle size distribution for the targeted mix and Table 4 represents the proportion
(%) of each material in the HMA-REF mix.

Sieve Size (mm)

22 3
Sz 2 063 125 25 5 10| 14
100 C | | R ‘
% Control points ‘
T P \ 52<x<65 92<x<100 '
i Maximum density line o i i
< 60 o ;
en P ' !
2 Restricted area | T
< (— V | |
A 40 R !
4<x<10 |
20 A ¢ ;
0 1= _T_ S — T T = T T — T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Sieve Sizes™0.45 (mm)

Figure 2. Particle size distribution of all asphalt mixes with the requirements of MTMD standard
4202 [81]. The dotted line represents the maximum density line.
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Table 4. Proportion of binder and aggregates in HMA-REF.

Proportion of Materials in HMA-REF (%)

Binder (P},) 5.67
5-10 mm 35.84
0-5mm W. 34.91
0-5 mm N.W. 22.64
Filler 0.94

W.: Washed; N.W.: Non-Washed.

3.4.2. Methodology to Determine the Construction Temperatures

For HMA-REF and HMA-20L mixes, the EQ method was used to establish the mixing
and compaction temperatures. However, for the WMA-35 and WMA-20L3S mixes, it
became clear that the EQ method was not effective. While the EQ method was initially
applied to determine the construction temperatures, the temperatures were subsequently
adjusted based on the air voids content. The temperatures were modified until the air
voids content matched the reference mix. This continuous process helped determine the
construction temperatures at which the air voids were the same as the reference mix.

3.4.3. Modified Mixes with Kraft Lignin and Sasobit

In the LC mix design method, the specific gravity of the binder (Gy) plays a crucial
role in formulating the mix design. One of the critical considerations in this process is
how to accurately account for the impact of Sasobit and Kraft lignin, given their distinct
properties in the asphalt mix. Possible approaches for integrating Kraft lignin into the mix
can be considered: (1) as a binder substitute, (2) as a filler, or (3) as a hybrid, where Kraft
lignin serves as both binder and filler in varying proportions. A similar approach was
adopted for Sasobit, where it was considered both as a binder substitute and an additive in
different configurations.

Upon evaluating these scenarios, it was determined that both Kraft lignin and Sasobit
would be treated as replacements for bitumen in the binder composition for mix design
calculations, enabling the same volume of binder to be used in the mixtures. This requires
calculating the Gy, of the binder by incorporating the proportion of these materials, as
outlined in Equation (1).

Gy = Py P, Lo P, 1)
/G1+ /G2_|_..._|_ /Gn

where P, is the proportion (by mass) of each component in the binder, and Gy, is the
specific gravity of each corresponding component. Following the calculations, the results
are summarized in Table 5, showing the G, value and the binder composition for each mix,
which are directly influenced by the varying proportions of Kraft lignin and Sasobit. For
the HMA-REF mix, which contains only bitumen, the G, remains at 1.024, reflecting the
typical specific gravity of unmodified bitumen. In the HMA-20L miXx, the incorporation of
20% Kraft lignin increases the Gy, to 1.065, attributed to the higher specific gravity of Kraft
lignin (1.267). Conversely, in the WMA-3S mix, the addition of 3% Sasobit, with its lower
specific gravity (0.592), reduces the G, to 1.002. The WMA-20L3S mix, which incorporates
both 20% Kraft lignin and 3% Sasobit, results in a G, of 1.041, reflecting the combined
influence of both materials on the binder’s composition and properties. These values are
crucial for accurately understanding the behavior of the modified mixes, as the G}, directly
affects the overall volumetric properties of the asphalt mix.
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Table 5. Calculated specific gravity and binder composition for all mixes.

Specific Gravity at 25 °C Binder Composition (% by Mass)
Material .
(Unitless) HMA-REF HMA-20L WMA-3S WMA-20L3S
Bitumen 1.024 100 80 97 77
Kraft lignin 1.267 0 20 0 20
Sasobit 0.592 0 0 3 3
Binder (Gy,) calculated with Equation (1) 1.024 1.065 1.002 1.041

The variation in binder content of the four mixes is primarily due to the inclusion
of Kraft lignin and Sasobit. In the HMA-20L mix, the binder content increased to 5.82%,
compared to 5.67% in the HMA-REF mix. This increase is necessary to compensate for
the higher specific gravity of Kraft lignin (1.267) compared to bitumen (1.024), ensuring
consistent volumetric properties across the mixes. Similarly, in the WMA-3S mix, the binder
content was reduced to 5.50%, reflecting the addition of 3% Sasobit, which has a much
lower specific gravity (0.592). In the WMA-20L3S mix, the combination of 20% Kraft lignin
and 3% Sasobit required a reduction in binder content to 5.63%.

3.5. Preparation of Samples

The addition of Kraft lignin and Sasobit to bitumen can significantly alter its viscosity,
directly impacting the mixing and compaction processes. Therefore, before producing the
asphalt mixes, it is crucial to determine the mixing and compaction temperatures for all
the mixtures. The Superpave system recommends specific viscosities for optimal mixing
and compaction, with target values of 0.17 & 0.02 Pa-s for mixing and 0.28 £ 0.03 Pa-s for
compaction. These temperatures are usually determined by evaluating the viscosity at
two standard temperatures of 135 and 165 °C, using the BRV test.

As mentioned previously, viscosity measurements of the four bitumen samples—
VB (REF), 20L, 3S, and 20L35—were conducted (Table 2). Using these viscosity values,
each sample’s corresponding mixing and compaction temperatures were calculated and
presented in Table 6.

Table 6. Mixing and compaction temperatures of VB (REF), 20L, 3S, and 20L3S bitumen samples
using BRYV test results and EQ method, (LC 25-007 [80]; see Section 3.2).

Calculated *

Code
Tmixirug, O Tcompaction O
VB (REF) 1480 1370
20L 164 *16 151 *14
3S 144 4 133 4
20L3S 157 *9 144 *7

* Superscript value: temperature difference with REF bitumen.

It is important to note that in this study, the dry mixing process (dry method) was used
by adding both Kraft lignin and Sasobit directly into the mixes, and the following protocol
was implemented to ensure the proper incorporation of all materials. Given the requirement
to heat all components to the target mixing temperature, an additional 15 °C was applied
to compensate for heat loss during mixing, as per the LC 26-003 [82] Quebec test method.
Special consideration was given to the Kraft lignin, which contained 2.6% moisture [38].
Initially, heating the Kraft lignin for one hour was attempted to eliminate moisture. How-
ever, a preliminary lab test revealed that this process caused odor emission, darkening
of the Kraft lignin, and the formation of clumpy masses, which prevented proper mixing
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with the aggregates and bitumen. As a result, the Kraft lignin was used at room tem-
perature during the mixing process. For the HMA-20L mix, after adding Kraft lignin to
the aggregates, it was manually blended with the aggregates in the mixing bowl using a
spoon for a few seconds before adding the bitumen. This step was deemed necessary after
visual observations indicated that it helped achieve a more uniform distribution of the
Kraft lignin throughout the aggregate matrix. This ensures better interaction between the
Kraft lignin, aggregates, and bitumen during mixing. In the WMA-35 mix, Sasobit prills
were directly added to the bitumen after it was added to the aggregates. This approach
is critical for lowering the binder’s viscosity effectively. Adding Sasobit directly to the
aggregates in advance would cause rapid melting, reducing its impact on the viscosity
of the bitumen. For the WMA-20L3S mix, a combination of the processes used for the
HMA-20L and WMA-3S mixes was implemented, as shown in Figure 3. This protocol
might be an effective procedure for this type of mixer (countertop mixer: Hobart model
A200). For mixers equipped with heating systems, this might yield even better results.

(d) (e) )
Figure 3. Mixing protocol of mix containing lignin and Sasobit (WMA-20L3S): (a) adding aggregates,

(b) adding Kraft lignin, (c) mixing aggregates and Kraft lignin, (d) adding bitumen, (e) adding Sasobit
prills and, (f) mixing all materials with a mechanical mixer.

Following the mixing process, the loose asphalt mixes were cured at the compaction
temperature for two hours, as specified by the LC 26-003 [82] Quebec test method. This
curing process allows sufficient time for the aggregates to absorb the binder and better
simulates in-situ conditions, ensuring more representative test results. To ensure proper
coating and uniform distribution of the binder, visual inspections were conducted before
and after curing to ensure the aggregates were fully coated. Adequate coating of the
aggregates is essential for the asphalt mix’s structural integrity and long-term durability.

3.6. Testing
3.6.1. Maximum Specific Gravity (Gmm)

The maximum specific gravity (Gmm), also known as Rice density, is a crucial parame-
ter in designing and analyzing asphalt mixtures. For HMA and WMA, the Gnm quantifies
the maximum density that a specific mix can achieve. According to LC 26-045 [83] Quebec
test method, it is measured by weighing the loose asphalt mix (uncompacted) in air and in
water (volumetric method with a glass container and a glass plate). Accurate determination
of Gmm is vital for subsequent volumetric property calculations of the mix (average of
two replicates: n = 2).
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3.6.2. Superpave Gyratory Compactor (SGC)

The SGC is a crucial device used to compact asphalt mixtures in the laboratory, simu-
lating the compaction that occurs in the field during pavement construction. This test is
essential for evaluating key properties of asphalt mixtures, such as bulk density (Gy,), air
voids content (V,), and the compaction curve (gyration number versus V,). During the
SGC test, the device applies a vertical pressure of 600 kPa while simultaneously rotating the
sample at an angle of 1.16 degrees. The compaction is performed at a rate of 30 gyrations
per minute with specific numbers of gyrations selected to simulate various compaction
levels. For ESG-10 HMA, the gyration levels are 10 (Ninitia1), 80 (Ngesign), and 200 (Nmax),
corresponding to N1, Ngg, and Nyqg, respectively.

The SGC accommodates two mold sizes of 150 and 100 mm. The 150 mm mold is
more commonly used, especially for asphalt mixes containing large aggregates, although it
requires a greater quantity of material compared to the smaller mold. Due to the limited
availability of materials for this study, a 100 mm mold was used. To ensure that the air
voids content of these smaller samples aligns with the requirements of the LC mix design
method, additional tests were performed using the standard 150 mm mold. This approach
was implemented to provide a comparative analysis and allow the determination of a
conversion factor for adjusting the air voids content results from the 100 mm mold to those
of the 150 mm mold. Consequently, tests were conducted on both 100 and 150 mm molds
for the HMA-REF and HMA-20L samples. The SGC tests were conducted in accordance
with the LC 26-003 [82] Quebec test method. Each mix was tested at least three times
(average of n = 3) to ensure the repeatability and reliability of the results.

3.6.3. Volumetric and Mass Properties

The evaluation of volumetric and mass properties is essential for understanding the
overall behavior, durability, and performance of asphalt mixtures. These properties provide
insights into the interaction between aggregates, binder, and additives, playing a critical
role in determining the compaction, stability, and longevity of the asphalt pavement. Since
aggregates are the largest portion of the asphalt mix, they have a significant influence on
the engineering properties of the asphalt mix [84]. Here, various volumetric and mass
properties were examined, such as the maximum specific gravity (Gmm), binder absorbed
by the aggregate (Vy,,, Ppy and My,), air voids content (V,), volume of effective binder (Vp,),
voids in mineral aggregate (VMA), and voids filled with asphalt binder (VFA), mass of
effective binder (My,e) and mass of aggregate (M,gg) etc. are also analyzed to capture the
overall volume and mass distributions within the mix. Figure 4 shows the terminology of
volumetric and mass properties for the components of a compacted asphalt mix.

100%] %1 IM,
= VMA 3 X ) ) A 4
VFA Vi Effective Bitumen M,
\ 4 2 MI)
Y I ' | Absorbed Bitumen [ [ M, |

: Aggregate

y A

Figure 4. Volumetric and mass components of a compacted asphalt mix.



Infrastructures 2025, 10, 327

13 of 25

4. Test Results and Discussion
4.1. SGC Test Results

In this study, the majority of SGC tests were performed using 100 mm molds due
to material limitations. However, 150 mm molds are typically employed in standard
practices, as they provide a more representative evaluation of mix performance, especially
for mixes with larger aggregates. To ensure the results from the 100 mm molds align with
the requirements of the LC mix design method, it was essential to determine a conversion
factor. This factor facilitates the accurate interpretation and comparison of results between
the two mold sizes. The subsequent subsections detail the determination of this conversion
factor and the influence of Kraft lignin on the compactability of asphalt mixes.

4.1.1. Conversion Factor for Air Voids Content Between 100 and 150 mm Molds

The SGC test results for the 100 and 150 mm molds for HMA-REF and HMA-20L
mixes are presented in Table 7.

Table 7. Air voids content (mean + standard deviation) and conversion factors of HMA-REF and
HMA-20L mix using 100 and 150 mm molds at different gyration levels.

G . Desi t Air Void (%) Conversion Air Void (%) Conversion
yration esignation HMA-REF ! Factor 2 HMA-20L 1 Factor 2
(#: Term) N;)
1003 1503 1003 1503
10: Ny Ninitial 1621 £0.18  14.69 + 0.22 0.91 16,15+ 035  14.77 + 0.64 0.91
80: Ngp design 6.27 +0.18 5.43 4+ 0.27 0.87 6.12 4+ 0.40 5.74 + 0.51 0.94
200: Nago max 291+ 0.17 262+ 0.17 0.90 320+ 0.37 3.25 4+ 0.34 1.02

1 Compaction temperatures of 137 °C for HMA-REF and 151 °C for HMA-20L mixes. 2 Conversion factor: % air
voids with 150 mm mold/% air voids with 100 mm mold. 3 Mold diameter in mm.

The analysis of these results revealed a conversion factor of 0.9, which was determined
to adjust the air voids content from a 100 mm mold to a 150 mm mold for both HMA-REF
and HMA-20L asphalt mixes. The differences in air voids content are due to variations in
stress distribution and particle arrangement during compaction [85]. While both molds
receive the same compaction energy—pressure of 600 kPa combined to gyration number
(1 to 200)—the larger diameter of the 150 mm mold allows for more even stress distribution
and better particle packing. This leads to fewer air voids compared to the 100 mm mold,
which has a higher surface-to-volume ratio, resulting in more voids around and within the
sample. Consequently, the 150 mm mold achieves a denser structure. Using the conversion
factor of 0.9, the air voids content measured in the 100 mm mold was correctly aligned
with the requirements of the LC mix design method. As a result, the adjusted air voids
content was confirmed to meet the specified ranges of >11% at Njg, 4-7% at Ngg, and
>2% at Nppp, ensuring compliance with the mix design criteria. Based on the assumption
that the WMA-35 and WMA-20L3S mixes exhibit similar behavior under the same testing
conditions, the same conversion factor of 0.9 was applied to verify compliance with the
mix design criteria for these mixes as well. This demonstrates the effect of mold size on
compaction efficiency and air voids distribution.

4.1.2. Kraft Lignin Behavior on Compactability of Asphalt Mixes

An in-depth analysis of the data highlights the impact of Kraft lignin on the asphalt
mix and clarifies its role within the mixture. The test results show that both HMA-REF
and HMA-20L have similar air voids conversion factors (Table 7) at lower gyration levels
(N1p), but the differences become more pronounced at higher compaction levels (Ngp and
Nogp). This suggests that the presence of Kraft lignin in the HMA-20L mix impacts the
compaction characteristics.
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Indeed, at a low gyration level (N1p), both HMA-REF and HMA-20L show similar
conversion factors of 0.91. This suggests that, at the early stages of compaction, the presence
of 20% Kraft lignin in the HMA-20L mix does not significantly alter the air voids distribution
compared to the HMA-REF mix. Both mixes behave similarly under initial compaction
stresses. At higher gyrations (Ngg and Npgp), the HMA-20L mix with Kraft lignin shows
higher conversion factors with 0.94 at Ngp and 1.02 at Nygg, compared to the HMA-REF mix,
which has conversion factors of 0.87 at Ngy and 0.90 at Nygg. A higher conversion factor
indicates that the air voids content is higher and the material achieves less compaction in
the 150 mm mold.

The increased air voids in the HMA-20L mix at higher gyration levels, compared
to HMA-REF, can be attributed to the presence of Kraft lignin, despite the fact that the
compaction temperature was increased by 14 °C (151 vs. 137 °C). This behavior could be
linked to the increased viscosity of the binder due to the addition of Kraft lignin, or the
partial role of Kraft lignin acting as a filler. Although this filler effect might help to fill
voids between aggregates, the increased viscosity likely hinders effective compaction by
reducing the mobility and rearrangement of particles within the mix, thereby reducing the
compactability of the HMA-20L.

This dual effect—where Kraft lignin may function both as a binder replacement and
a filler—complicates the compaction dynamics. This highlights the complex interplay of
factors introduced by Kraft lignin in the compaction process of asphalt mixes. It should be
noted that this interpretation is qualitative, inferred from compaction behavior, and the
potential dual role of Kraft lignin is attributed to its physical interaction with bitumen, as
no chemical reaction was observed in previous FTIR analyses [54,55].

4.2. Determination of Optimal Construction Temperatures

To determine the optimal construction temperatures for the asphalt mixes while
achieving consistent air voids content, the following steps were conducted. The first step
involved conducting the SGC test on the HMA-REEF as the reference mix. In this mix, the air
voids at 10, 80, and 200 gyrations (N19, Ngo, and Npgo) were considered the baseline values.
The mixing and compaction temperatures for HMA-REF were determined based on the EQ
method using the BRV test results (refer to Section 3.5). As presented in Table 6, the mixing
and compaction temperatures for this mix were set at 148 and 137 °C, respectively. Figure 5
shows the SGC test results for the HMA-REF mix, where the air voids at Nyg, Ngg, and
Nygpp were 16.2, 6.3, and 2.9%, respectively. For the HMA-20L mix, the same procedure was
followed, with the mixing and compaction temperatures set at 164 and 151 °C, respectively.
The air voids content for 10, 80, and 200 gyrations were 16.1, 6.1, and 3.2%, which are nearly
identical to the reference mix.

As shown in Figure 6, for the WMA-3S mix, the initial construction temperatures
were selected based on the BRYV test results, which were 144 °C for mixing and 133 °C for
compaction. As mentioned earlier, the EQ method does not apply to mixes containing
Sasobit, so these temperatures were used as a starting point. At these initial temperatures,
the air voids content at Ngy was 5.4% (red curve: Figure 6a), which did not align with the
reference mix, indicating that a reduction in temperature was necessary for mixes with
Sasobit. Consequently, the temperatures were lowered to 133 and 122 °C. However, the
air voids content at these temperatures (Ngg = 5.9%: blue curve in Figure 6a) still did not
match the reference values. Further adjustments were made, setting the temperatures to
117 °C and 108 °C, which resulted in a significant increase in air voids content at Ngy,
reaching 8.2% (green curve: Figure 6a). Through interpolation of the data, the optimal
temperatures were determined to be 127 °C for mixing and 116 °C for compaction (grey
curve: Figure 6a). At these optimized temperatures, the samples were produced, and air
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voids content were 16.2, 6.3, and 3.0% for Nyo, Ngp, and Ny, respectively, matching the
reference mix. Thus, the appropriate construction temperatures for the WMA-3S mix were
successfully identified.
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Figure 5. Final air voids content at different gyrations for all mixes and related construction tempera-

tures [Tmixing/ Tcompaction]-
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Figure 6. Air void content at 80 gyrations for: (a) WMA-3S and, (b) WMA-20L3S mixes at varying
construction temperatures [Tmixing, Tcompaction]-

For the final mix, WMA-20L3S, the initial construction temperatures were set based
on the BRV test results, which indicated 157 °C for mixing and 144 °C for compaction.
The air voids content at these temperatures did not match the reference mix (Ngy = 5.9%:
red curve), as shown in Figure 6b. Given the findings from the WMA-3S mix, it was evident
that the EQ method is not accurate for mixes containing Sasobit, requiring a reduction in
temperatures. When the construction temperatures were reduced to 148 °C for mixing
and 137 °C for compaction (grey curve: Figure 6b), the air voids content for the WMA-
20L3S mix was 16.2, 6.2, and 3.2% for Njg, Ngo, and Nygg, respectively, which closely
matched the HMA-REF mix and met the target air voids requirements. It is important
to note that changes in mixing temperatures lead to slight variations in the calculated
binder content (Pp,) due to their impact on the measured Gym. These changes must be
carefully considered when recalculating mix proportions to ensure compliance with the
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target volumetric requirements. The final air voids content for all mixes are presented
in Figure 5.

Binder Compositions and Final Construction Temperatures of Asphalt Mixes

After determining the optimal mixing and compaction temperatures to achieve con-
sistent air voids content across all mixes, the final construction temperatures and binder
compositions were identified as shown in Figures 7 and 8.

170
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Compaction temperature ~ |®
160 +
— | +14 148 148 °
8 1504 L A
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2 140
5 oo & __ & ______________{
g 137 137°
& 1301 127 2
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Figure 7. Final construction temperatures of all mixes (superscript value: temperature difference
with HMA-REF).
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Figure 8. The final binder composition of all mixes.

For the HMA-REF mix, the construction temperatures were set at 148 °C for mixing and
137 °C for compaction, with a binder content of 5.67%, which consists entirely of bitumen.

In the HMA-20L mix, the inclusion of 20% Kraft lignin led to an increase in con-
struction temperatures. The mixing and compaction temperatures increased to 164 and
151 °C, respectively, representing an increase of 16 and 14 °C compared to the HMA-
REF mix (Figure 7). The binder content for this mix is 5.82%, comprising 4.65% bitumen
and 1.17% Kraft lignin (% mass). It is notable that the addition of Kraft lignin reduced
the bitumen content from 5.67% in the HMA-REF mix to 4.65% in the HMA-20L mix, a
decrease of 1.02% (Figure 8). This reduction in bitumen usage is significant and high-
lights the resource-saving potential of using Kraft lignin, despite the undesired increase in
construction temperatures.

For the WMA-3S mix, the results show that mixing at 127 °C and compaction at 116 °C
achieved the same air voids content as the HMA-REF mix (Figure 5). As expected, these
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lower construction temperatures align with the role of Sasobit in reducing viscosity and
promoting workability at reduced temperatures. The temperatures were lowered by 21 °C
for both mixing and compaction (Figure 7), consistent with findings from previous studies
and the manufacturer’s recommendations [74]. The binder content in the WMA-3S mix
was reduced to 5.50%, with bitumen and Sasobit contents of 5.33 and 0.17%, respectively
(Figure 8). The decrease in bitumen content by 0.34% compared to the HMA-REF mix
represents a positive outcome, demonstrating the efficiency of using less bitumen.

The WMA-20L3S mix achieved construction temperatures identical to those of the
HMA-REF mix—148 °C for mixing and 137 °C for compaction (Figure 7). This result
is particularly promising from a sustainability perspective. While the HMA-20L mix
showed higher temperatures due to the presence of Kraft lignin, the addition of 3% Sasobit
in the WMA-3S mix successfully reduced the temperatures. The combination of these
two materials in the WMA-20L3S mix led to a remarkable outcome as the Sasobit effectively
offset the increase in construction temperatures caused by the 20% Kraft lignin. This finding
is valuable, as it suggests that Sasobit can counterbalance the undesirable effects of Kraft
lignin in terms of increased viscosity and higher construction temperatures. Another
significant observation is the reduction in bitumen content when using both materials.
The bitumen content in the WMA-20L3S mix dropped to 4.33%, compared to 5.67% in
the HMA-REF mix, which is a reduction of 1.34% (Figure 8). This substantial decrease
in bitumen usage is highly desirable, as its reduction contributes to more sustainable
pavement solutions.

To sum up, the addition of 3% Sasobit to lignin-modified mixes (WMA-20L3S) proves
to be an effective strategy for compensating for the increased construction temperatures
associated with Kraft lignin, allowing the mix with 20% Kraft lignin to achieve the same
construction temperatures as the reference mix. Moreover, the combined use of Sasobit
and Kraft lignin in asphalt mixes not only reduces the construction temperature but also
significantly decreases the bitumen usage in the binder, further enhancing the sustainability
of the mix.

4.3. Volumetric and Mass Analysis

The volumetric and mass properties of a compacted mix and understanding these
parameters provide essential insights into the performance and durability of the mixtures.
The detailed numerical values for all mixes are calculated and presented in Table 8. The
analysis reveals several key observations regarding the behavior of the mixes.

Table 8. Volumetric and mass properties of all mixes (results represent the average of two tests;
variations were negligible).

Parameters HMA-20L HMA-REF WMA-20L3S WMA-3S
Gumm (11 = 2) 2,515 2,511 2510 2.507
Specific  Ppa (7=2) 0.69 0.74 0.60 0.66
Gravity (% of aggregate) ’ : :
=) Gee (1=2) 2.746 2.752 2.741 2.747

G ! (1 =2) 2.361 2.353 2.354 2.350
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Table 8. Cont.
Parameters HMA-20L HMA-REF WMA-20L3S WMA-3S
Va 6.1 6.3 6.2 6.3
Vie 11.45 11.43 11.44 11.43
Vbe 0%Va 3 12.2 12.2 12.2 12.2
Vflgmetric VMA 17.57 17.71 17.64 17.71
(%) VFA 65.17 64.57 64.86 64.57
Vba
(% of aggregate) 1.76 1.96 1.56 1.77
ng 82.43 82.29 82.36 82.29
M, 0.00 0.00 0.00 0.00
Mpe 5.17 497 5.06 4.88
Mass M
ba
(0/0) 2 (0/0 of total mass) 0.65 0.70 0.57 0.62
M, (Py) 5.82 5.67 5.63 5.50
Magg 94.18 94.33 94.37 94.50

L Gpp at Nesign (80 gyrations) from SGC results. 2 Values calculated based on the Gy, obtained at Nesign

(80 gyrations), except for Ve gopva- 3 Vi value was determined with the 0% air voids (V,). V,: Volume of
air voids for 100 mm mold at Ngesign (80 gyrations). Vpe: Volume of effective binder. VMA: Voids in Mineral
Aggregate. VFA: Voids Filled with binder. V},,: Volume of absorbed binder. V,: Aggregate volume by bulk
specific gravity. M,: Mass of air. Mpe: Mass of effective binder. My,: Mass of absorbed binder. My,: Total Mass of
binder. Magg: Mass of aggregate.

4.3.1. Gmm Test Results and Analysis

The Gmm is influenced by several factors, including binder type, the binder content
(Pp), absorbed binder by the aggregates (P},), and the viscosity of the binder [86]. Other
variables, such as aggregate properties, gradation, and mixing conditions remain consistent
across the mixes in this study. Generally, an increase in P}, higher Py,,, and a greater specific
gravity of the binder (G, ) will result in a higher Gy, value. In the case of the HMA-20L mix,
despite a slight reduction in Py, compared to the HMA-REF mix, the Gym increased slightly
due to the higher P, of 5.82% and the increased specific gravity of the binder resulting
from the addition of Kraft lignin. In the WMA-3S mix, both Py, and P}, were reduced,
and the specific gravity of the binder also decreased, leading to a corresponding reduction
in Gmm. For the WMA-20L3S mix, the combination of Kraft lignin and Sasobit resulted
in a lower Py, but nearly identical P, value to that of the HMA-REF mix. While Sasobit
reduced the specific gravity of the binder compared to the HMA-20L mix, it remained
higher than that of the HMA-REF mix. As a result, the Gp,m value for WMA-20L3S closely
matched the reference mix (HMA-REF). This outcome, where the G values for both
the HMA-REF and WMA-20L3S mixes are essentially the same, is desirable for ensuring
consistent mix performance.

4.3.2. Binder Absorption (Py,) Test Results and Analysis

In asphalt mixes, the percentage of binder absorbed by the aggregate, known as Py,
is a mass property that influences the performance and durability of the pavement. This
parameter reflects the amount of bitumen absorbed into the aggregate pores by mass,
affecting the effective binder content and the overall workability and compactability of the
mix. Understanding the behavior of Py, in different mixes is essential for optimizing the
mix design, especially when incorporating materials like Kraft lignin and Sasobit. Figure 9
shows the test results of Py, for all mixes.
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Figure 9. Percentage of binder absorbed by the aggregate (Py,,) for all mixes.

The HMA-REF with 5.67% Py, results in a Py, of 0.74%. In the HMA-20L mix, the
binder content is slightly increased to 5.82% and test results show a decrease in Py, to 0.69%,
which is lower than the reference mix (HMA-REF). Notably, the addition of 20% Kraft
lignin required an increase in construction temperatures to achieve the desired binder
viscosity. Despite this increase, the binder absorption by the aggregates did not increase
proportionally. The presence of Kraft lignin reduces binder absorption, which may be
attributed to the complex structure of Kraft lignin with some elements acting as a filler,
thereby preventing the aggregates from absorbing the binder.

For the WMA-3S mix, the binder content is 5.50%, with significantly reduced con-
struction temperatures. Test results indicate that P}, decreased from 0.74% in HMA-REF
to 0.66% in WMA-3S. This reduction in the absorbed binder may be due to the lower
construction temperature or the reduced binder content, but the exact reasons require more
research study.

The WMA-20L3S mix results in a binder content of 5.63% with the same construction
temperatures as the reference mix. Regarding P},, this mix exhibits the lowest binder
absorption at 0.60%, compared to the other mixes. When comparing WMA-20L3S to HMA-
REF with the same construction temperatures, the lower bitumen content and the inclusion
of both Kraft lignin and Sasobit contribute to the reduced P},,. Similar to the HMA-20L mix,
a portion of the Kraft lignin potentially acts as a filler, reducing binder absorption, while
the reduced bitumen content in WMA-20L3S further lowers the Py,.

In short, the reduction of Py, in the asphalt mix may be beneficial as it enhances the
availability of effective binder, improving the durability, workability, and compaction of the
mix. This also leads to cost efficiency by reducing the required binder content. However, it’s
important to note that Kraft lignin does not act entirely as a binder; instead, a portion of it
functions as a filler, preventing the binder from penetrating the aggregates. Maintaining an
optimal balance is crucial to ensure adequate interaction between the binder and aggregates,
preventing potential issues like stripping or insufficient bonding.

4.3.3. Analysis of Additional Volumetric and Mass Properties

For volumetric parameters, the air voids (V,) were maintained nearly identical, and
the effective binder volume (Vi) remained identical, as intended during the design of the
mixes. The VMA, which measures the voids space in the aggregate structure, also exhibited
minimal variation across the mixes, confirming the uniformity in aggregate gradation and
compaction. These consistent values indicate that the design process effectively controlled
the aggregate structure and binder content, maintaining the target values for all key
volumetric parameters. For the VFA, slight deviations were observed. In the HMA-20L mix,
the VFA was slightly higher due to the increased binder content (P},) and slightly reduced air
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voids (V,), resulting in more voids being filled with binder compared to the reference mix.
In contrast, the WMA-35 mix exhibited a reduced binder content (Py, = 5.50%) yet achieved
a VFA similar to the reference mix. The reduced binder viscosity, owing to the Sasobit
addition, facilitated better compaction and voids filling despite the lower binder content.
The WMA-20L3S mix displayed similar behavior, with slight differences in VFA compared
to the reference mix, demonstrating the effectiveness of the Sasobit in maintaining proper
compaction and voids filling. The Vg, (Aggregate volume by bulk specific gravity) and
Magg (Mass of Aggregate) values were also almost identical across all mixes, confirming
consistency in aggregate content.

In summary, the volumetric and mass properties of the mixes, particularly Gmm, Ppa,
and VFA, indicate that the addition of Kraft lignin and Sasobit in varying proportions has a
measurable impact on the binder absorption, effective binder content, and compaction. No-
tably, Kraft lignin does not act entirely as a binder; instead, a portion of it functions as a filler,
preventing the binder from penetrating the aggregates. Despite these variations, the results
demonstrate that the WMA-20L3S mix closely mirrors the performance of the reference mix
(HMA-REF), maintaining key volumetric properties and meeting target performance levels.
It should be noted that this analysis focuses on compactability and physical properties,
while mechanical performance aspects such as rutting, moisture damage, and fatigue were
beyond the scope of this study and should be addressed in future studies.

5. Conclusions

This study evaluated the impact of incorporating Kraft lignin and Sasobit into asphalt
mixtures, specifically focusing on their influence on compaction behavior, construction
temperatures, and the volumetric and mass properties of the mixes. The findings reveal
several important insights regarding the performance of these materials in sustainable
asphalt production.

First, the SGC test results showed that the compactability of the HMA-20L mix was
reduced compared to HMA-REEF, as indicated by higher air voids content at higher gyration
levels. The observed compaction behavior and P, parameter demonstrated that Kraft
lignin may play a dual role in the asphalt mix, acting as both a binder replacement and
a filler.

The determination of optimal construction temperatures for the various mixes high-
lighted the ability of Sasobit to effectively reduce the construction temperatures of lignin-
modified mixes. The combined use of Kraft lignin and Sasobit in the WMA-20L3S mix
allowed for the successful mitigation of the increased temperatures caused by Kraft lignin,
resulting in construction temperatures identical to the HMA-REF mix.

From a sustainability perspective, both materials demonstrated their potential to
reduce bitumen content. The reduction in bitumen content, particularly in the WMA-
20L3S mix, highlights the resource-saving benefits of these materials. Kraft lignin, as
a renewable material, offers an eco-friendly alternative to petroleum-based binders,
while Sasobit enhances the energy efficiency of the construction process by lowering
production temperatures.

The volumetric and mass analyses showed that the WMA-20L3S mix closely mirrored
the reference mix, maintaining consistent performance despite the addition of Kraft lignin
and Sasobit. Kraft lignin role as a partial filler reduced binder absorption.

Finally, the addition of 20% Kraft lignin and 3% Sasobit proved to be a viable strategy
for producing sustainable asphalt mixtures. The WMA-20L3S mix, in particular, exhibited
performance characteristics closely aligned with the reference mix, making it a promising
candidate for environmentally friendly pavement solutions. Further research is recom-
mended to explore the mechanical performance of these modified asphalt mixtures.
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Overall, this study advances previous research on lignin and Sasobit by demonstrating
that their combined use can counterbalance the effects of lignin in asphalt mix and shows
potential for improving sustainability in asphalt production.

6. Further Developments

While this study provides valuable insights into the effects of Kraft lignin and Saso-
bit on asphalt mixtures, there are several areas for further development to enhance the
understanding and application of these materials in sustainable pavement solutions.

1.  Comprehensive Mechanical Performance Testing: In addition to the findings from this
study, future research should include a comprehensive evaluation of the mechanical
performance of asphalt mixtures containing Kraft lignin and Sasobit. This should
cover key aspects such as water susceptibility, low-temperature cracking resistance,
fatigue performance, and rutting resistance to ensure these mixtures perform well
under diverse environmental and loading conditions.

2. Long-Term Field Performance: Although the laboratory results demonstrate the
potential benefits of incorporating Kraft lignin and Sasobit into asphalt mixtures, pilot-
or field-scale trials are needed to validate these findings under real construction and
service conditions.

3. Complementary Investigations: Additional complementary studies are recommended
to broaden the understanding of lignin- and Sasobit-modified asphalt mixtures. These
include conducting life-cycle and economic assessments to quantify sustainability
benefits, exploring alternative bio-based or chemical additives to further enhance per-
formance, and evaluating large-scale production feasibility for industrial application
of Kraft lignin.

By addressing these areas of further development, the asphalt industry can continue
to move towards more sustainable and efficient pavement solutions, reducing the environ-
mental footprint of road construction while maintaining high performance standards.
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