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Abstract Segregation of asphalt concrete mixtures is
one important aspect affecting durability and performance
of pavement structures. Aggregate  segregation,
temperature segregation, and mechanical spreading
segregation are some of its different types. A review of
segregation is carried out in the current study to have a
better understanding of mechanism, types, measurements,
likely causes (such as rutting, fatigue, cracking, raveling,
and tire-pavement interaction noise potentials), and
solutions to segregation problem. Performance and
durability of asphalt pavements can be greatly improved by
addressing these issues through proper compaction
methods, quality control procedures, and optimal mixing
processes. Asphalt concrete mixtures segregation is a
complex issue that calls for a multidisciplinary strategy to
successfully handle. Development of assessment
techniques, construction practice optimization, material
innovation, and use of technology for real-time monitoring
should be the main areas of future study. Measurement of
segregation in asphalt concrete mixtures, requires a
multipronged strategy that integrates conventional
approaches with cutting-edge imaging and mechanical
methodologies. By integrating these techniques, a
thorough assessment of segregation is possible,
considering  variables such aggregate gradation,
temperature fluctuations, and mechanical characteristics,
making it easier to spot possible problems before they
cause serious pavement failures. Performance and lifespan
of pavement structures can be greatly enhanced by asphalt
concrete mixtures industry by solving these issues, which
will ultimately result in safer and more resilient roads. In
order to overcome segregation and guarantee durability

and sustainability of asphalt concrete in road construction,
future research should keep investigating novel approaches
and technological advancements.

Keywords Segregation, ACMs, Mechanism, Types,
Measurements, Causes, Solutions

1. Introduction

One of the most important issues in civil engineering,
especially when it comes to pavement design/construction,
is the segregation of asphalt concrete mixtures (ACMs).
Uneven distribution of aggregate particles in ACM is
known as segregation, and it can cause serious
performance problems, such as decreased pavement
durability, increased crack susceptibility, and premature
pavement failure. A number of variables, such as aggregate
gradation, compaction techniques, and actual mixing
process, might affect this phenomenon. Developing
practical ways to reduce segregation and improve asphalt
pavement performance requires an understanding of these
aspects. Research on segregation of ACMs has several
objectives, including improving durability/performance
characteristics, optimizing material composition, and
assessing mechanical properties. Segregation in asphalt
mixes is an important topic of research in materials science
and civil engineering since it can have a big impact on
durability/quality of pavement.

Aggregate gradation used in ACMs is one of the main
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causes of segregation. According to Wu, et al. [1],
gradation segregation can negatively impact asphalt mixes'
mechanical characteristics, highlighting the necessity of
closely monitoring aggregate sizes during mixing.
Inadequate gradation can result in notable differences in
mechanical performance, according to research using
discrete element method (DEM) to assess structural
properties of ACMs. Rehman's [2] work also shows that
techniques involving imaging may be used to measure
aggregate orientation and internal segregation, which
offers important information about microstructural
behavior of ACMs.

Additionally, compaction techniques play arole in ACM
segregation. According to Amoussou, et al. [3], quality of
recycled aggregates can be improved by using pulsed
power technology to efficiently separate aggregates from
asphalt concrete (AC). This creative method emphasizes
how crucial compaction methods are to getting a consistent
material distribution throughout mixture. Furthermore,
research by Khodary [4] demonstrates that specific gravity
of ACMs decreases as replacement ratio of recycled
aggregates rises, indicating that selection of materials and
compaction techniques can have a substantial impact on
ACM's overall performance.

Furthermore, segregation is also significantly impacted
by temperature during mixing/compaction processes.
Effect of thermal segregation on asphalt paving is
examined by Tanquist, et al. [5] pointing out that poor
temperature control might result in decreased in-place
densities and inadequate pavement performance. The study
highlights that in order to reduce possibility of segregation,
accurate temperature control is required during
production/application stages.

Apart from these considerations, segregation in ACMs
can also be lessened by application of additives/modified
binders. As investigated by Handayani, et al. [6], use of
polymer-modified asphalt binders has been demonstrated
to improve durability and resistance of asphalt pavements
against a variety of damage types, such as
cracking/permanent deformation. By making ACM more
workable, this alteration can lessen possibility of
segregation during the compaction process. Additionally,
possibility of improving performance of warm mix asphalt
by addition of natural zeolite has been studied, indicating
that novel materials can be crucial in resolving segregation
problems [7].

Segregation can have long-term effects on asphalt
pavement sustainability in addition to its immediate
performance implications. Possibility for recycling
resources to create high-quality ACMs is highlighted by
Ignatiev, et al. [8] on granulated asphalt mixes using
domestic/industrial waste. By cutting waste and preserving
natural resources, this method not only solves segregation
but also encourages sustainability in pavement
construction.

Understanding connection between ACM composition
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and mechanical/physical properties is also essential to
understand segregation. Variations in ACM composition
can result in under-compaction and reduced performance,
according to Trautvain, et al. [9]. In order to guarantee best
performance/durability of asphalt pavements, it is crucial
to adhere to specified material compositions. Another
example of how microstructural features might affect
overall performance of ACMs is the study of aggregate
segregation and its effect on permeability carried out by
Zhang, et al. [10].

Understanding effects of gradation segregation on
mechanical characteristics of asphalt mixes is conducted
by the study of Wu, et al. [1] that assessed structural
properties of ACMs using discrete element modeling
(DEM), which found that changes in aggregate gradation
can result in notable variations in mechanical performance.
Findings of Trautvain, et al. [9] support this, stressing
significance of ensuring consistency in ACMSs to guarantee
best possible mechanical/physical properties. Since
variations from specified gradation might result in
under-compaction and decreased  durability, the
relationship between ACM composition and performance
is critical.

To look into how compaction techniques affect ACM
segregation, pulsed power technology has ability to
separate aggregates from ACM, which might speed up
recycling and enhance quality of reclaimed materials,
according to Amoussou, et al. [3]. The study conducted by
Ignatiev, et al. [8] on granulated asphalt mixes showed that
internal structure/performance of ACMs can be greatly
impacted by production method. According to the study by
Rehman, et al. [11], it has also been demonstrated that
application of various compaction techniques, such as
Marshall and Gyratory compaction, affects distribution of
aggregates within asphalt samples. This suggests that
minimizing segregation and guaranteeing consistency in
ACMs depend heavily on compaction method selection.

Potential for almost zero waste in asphalt production is
highlighted by Khodary [4] on utilization of recycled
crushed concrete aggregates in ACMs. This is in line with
objectives of sustainability in construction, where
production of ACM can have a smaller environmental
impact through efficient use of recycled materials.

Deicing chemicals and freeze-thaw cycles have been
shown to have a substantial negative impact on asphalt
pavement performance, according to research on their
impacts on stability [12]. In order to ensure
durability/functionality of ACMs in practical applications,
it is vital that research be directed toward improving their
resilience to environmental challenges.

Since air voids in ACMs can affect how densely graded
ACM cracks at low temperatures, microstructure and
composition of ACMs are critical factors in their cracking
behavior, according to Zhang et al. [10], who also
suggested that careful control of air void content is
necessary to preserve integrity of asphalt pavements.
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Similarly, it has been demonstrated that adding
nanoparticles, like crumb rubber, to asphalt pavements
enhances their overall performance and skid resistance
[13].

Obijectives of research on ACMs segregation are broad
and cover a variety of topics, such as durability, material
composition, mechanical characteristics, and
environmental sustainability. Addressing issues related to
asphalt segregation requires incorporation of cutting-edge
technology and novel materials, which will ultimately
increase durability/performance of asphalt pavements.
Current study will be essential to improve ACMs and
increase  their  resistance to a range  of
mechanical/environmental factors as field develops.

2. Definition and Factors Affecting
Segregation

One important factor influencing
durability/performance  of asphalt pavements s
segregation of ACMs. According to Mahoney, et al. [14],
segregation is uneven distribution of coarse/fine aggregate
components in ACMs, which can result in rutting,
decreased density, and structural deterioration. This
phenomenon, which is impacted by factors like aggregate
gradation, mixing temperature, and compaction
techniques, can happen during production, shipping, and
placement of ACMs [11]. Improving quality/durability of
asphalt pavements requires an understanding of
mechanisms underlying segregation.

Two main categories of segregation mechanisms are
compaction segregation and gradation segregation.
Gradation segregation happens when aggregate sizes in
mixture are not evenly distributed, frequently as a result
of incorrect mixing or handling procedures. This kind of
segregation can have a big effect on ACMs mechanical
characteristics because pavement's durability and
load-bearing capacity are directly impacted by distribution
of aggregate sizes [1,15]. Conversely, compaction
segregation occurs during compaction process, where
heavier coarse aggregates tend to settle to bottom of
mixture, resulting in an uneven distribution of density
[11,16]. These two forms of segregation together can
make ACM's overall performance problems worse.

Studies have indicated that segregation of asphalt mixes
is significantly influenced by gradation of aggregates.
According to their specified aggregate compositions,
usage of stone mastic asphalt (SMA), open-graded friction
course (OGFC), and dense-graded AC can result in
different levels of segregation [15]. In contrast to
gap-graded mixtures like SMA, which mostly depend on
coarse aggregates for structural integrity, dense-graded
mixtures, which include a broad range of aggregate sizes,
could be less likely to segregate [17]. Additionally,
temperatures at which asphalt binder is mixed and
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compacted are crucial factors that determine its viscosity,
which in turn affects its workability and segregation
potential during construction.

Another important aspect that contributes to
segregation is effects of temperature differentials during
construction. Temperature variations can affect asphalt
binder's viscosity, which can result in an uneven
distribution of aggregates in mixture [14]. According to
Mahoney, et al. [14], temperature variations associated
with construction might worsen segregation and result in
isolated patches of pavement instability. This raises
possibility of segregation-related failures, which is
especially problematic in areas with large temperature
variations.

Many strategies have been put forth to lessen impacts
of segregation. Optimizing aggregate gradation and
making sure mixing process well-controlled are two
efficient strategies. Researchers have more successfully
analyzed and tracked segregation within ACMs by using
non-nuclear densitometers and advanced digital image
processing techniques [1]. Furthermore, maintaining
appropriate ratios of aggregate components during
production might lessen chance of segregation by
implementing quality assurance techniques [18].

Furthermore, degree of segregation may also be
impacted by compaction method selection. Research has
indicated that several compaction methods, including
vibratory and gyratory compaction, can result in varying
degrees of aggregate segregation and orientation [16]. In
contrast to other methods, slab-compacted specimens
typically show a more random aggregate orientation,
which could aid in lowering segregation [16]. As a result,
choosing right compaction method is essential to get a
consistent aggregate distribution in ACM.

Segregation may also be influenced by chemical
composition of asphalt binder in addition to these
mechanical factors. Modified asphalt binders, like those
that contain polymers or recycled materials, can improve
asphalt mastic-aggregate bonding qualities and possibly
lower probability of segregation [7].

Additionally, segregation of ACMs may be impacted
by environmental conditions that exist during construction
period. Variables including humidity, wind speed, and
temperature can affect how quickly asphalt cools, which
impacts binder's viscosity and segregation potential
[14,18]. Thus, reducing segregation-related problems
during paving process requires careful planning and
environmental condition monitoring.

3. How to Measure Segregation

In order to guarantee quality/performance of asphalt
pavements, it is essential to measure segregation of ACMs.
Segregation has a major impact on ACMs total service
life, durability, and mechanical characteristics. To
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evaluate segregation, a number of methods and
technologies have been created, concentrating on various
forms of segregation.

Reduced stiffness, increased permeability, and early
failures like cracking and rutting are just a few of serious
performance problems that can result from segregation,
which is non-uniform distribution of coarse/fine aggregate
components within ACM [5]. Segregation has been
evaluated using a variety of techniques, two of which are
popular: visual inspection and mechanistic surface texture
indicators.

One conventional technique for assessing segregation
in ACMs is visual inspection. Using this technique,
surface properties/texture are evaluated to find
inconsistencies that might point to segregation. By
offering quantitative measurements of surface texture,
laser-based instruments such as Florida Texture Meter
(FTM)/Circular Track Meter (CTM) have been shown to
improve precision of visual inspections. Visual inspection,
however, can be arbitrary and might miss small variations
in aggregate distribution. As a result, more advanced
methods like image processing and digital imaging are
frequently added to it [19]. By examining spatial
distribution of aggregates within mixture, these
techniques can offer a more objective assessment of
segregation. Real-time detection of segregation during
paving process is now possible thanks to recent
developments in digital imaging technology. Researchers
have created techniques to dynamically monitor
segregation using four-side static moment analysis, which
yields useful information that can guide construction
practices and enhance quality of ACMs [19]. In order to
avoid segregation throughout construction phase and
ultimately provide more dependable and long-lasting
pavements, this real-time monitoring capability is
essential.

Another useful tool for assessing segregation is a
mechanistic surface texture indicator. Several quantitative
evaluations of surface texture are examples of these
indicators, which are essential for understanding
performance characteristics of ACMs. Zhang's research
[20], for instance, shows that stronger anti-skidding
performance is correlated with rougher surface textures,
indicating that texture characteristics of separated mixes
might have a considerable impact on their functional
performance.

Additionally, to improve accuracy of segregation
evaluations based on spatial grid analysis, Li et al. [21]
discuss use of image processing technology that enables
assessment of mixture segregation by examining patterns
of aggregate distribution, offering a more sophisticated
understanding of ways in which segregation impacts
overall quality of pavement. Zhang et al. [22] presented a
statistical evaluation technique that concentrates on
component distribution properties of ACMs, offering a
numerical framework for evaluating construction
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homogeneity. = These  developments  demonstrate
possibility of incorporating computer science methods
into assessment of ACM segregation.

Indicators like Marshall Stiffness (MS), which
represents stability/plastic flow properties, can also be
used to assess mechanical performance of ACMs [4].
Because segregation can result in changes in stiffness and
other mechanical properties, which ultimately affect
pavement's durability/service life, this mechanical
evaluation is crucial. Gradation segregation affects ACMs
mechanical characteristics, emphasizing necessity of
careful monitoring throughout construction to lessen
consequences of segregation [1].

Furthermore, it has been suggested that segregation can
be detected more successfully by integrating cutting-edge
technology like thermal imaging and ground penetrating
radar. These nondestructive techniques can detect
aggregate segregation and temperature that conventional
visual inspection could miss [23]. For example,
temperature differences that often accompany segregation
can be detected by thermal imaging, enabling prompt
interventions during paving process [23]. Infrared thermal
imaging and X-ray computed tomography are two recent
developments in imaging technologies that have shown
promise in offering more objective assessments of
consistency of ACMs [1,22]. Examples include analysis
of temperature segregation using infrared cameras and
guantification of aggregate gradation distribution in
ACMs using image processing techniques [1]. Mixtures
with poor gradation may become more prone to
segregation during construction, thus compromising
asphalt's mechanical characteristics [24]. To reduce
likelihood of segregation, aggregate gradation must be
carefully considered at design stage.

Alongside these strategies, image segmentation
techniques have become a viable way to measure degree
of segregation. Researchers can create indices that
precisely represent level of segregation seen in ACMs
examining distribution of aggregate sizes and their
gradation [22]. Understanding how segregation impacts
pavement's mechanical characteristics and overall
performance requires this quantitative analysis.

Researchers have looked into using mechanical
characteristics to assess segregation in addition to imaging
techniques. For instance, research on effects of gyratory
compaction method on ACM segregation has shown that
inadequate compaction can result in serious segregation
problems [11]. Final characteristics of ACMs are greatly
influenced by distribution of aggregate particles
throughout mixing/compaction procedures. Controlling
elements like aggregate gradation and mixing temperature
is crucial since segregation during construction can result
in early failures such rutting and decreased density.

Furthermore, segregation affects mechanical
characteristics of asphalt mixes. According to studies,
gradation segregation can negatively impact ACM
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performance, resulting in problems such as cracking and
decreased durability [25]. Moreover, segregation can be
detected by rheological characteristics of ACMs. With use
of specialist testing equipment, shear modulus, phase
angle, and viscosity of ACM may be determined, offering
valuable information about material's behavior in various
scenarios [26]. When assessing ACMs overall quality and
vulnerability to segregation-related problems, these
rheological properties are crucial.

Furthermore, poor thermal control during mixing and
laying operations, for example, might result in
temperature segregation, which causes uneven asphalt
cooling/hardness [27]. This phenomenon has potential to
worsen aggregate segregation's impacts, which could
negatively affect pavement performance even further.
Incorporating phase-change materials into asphalt mixes
can help assess their thermal insulating qualities by
reducing temperature dissipation during mixing/laying
[27]. Degree of segregation is also greatly influenced by
aggregate gradation and adhesive qualities of bituminous
binders, according to research on impact of vibratory
loading on aggregate segregation [28].

4. Types and Probable Causes of
Segregation

Understanding different types of segregation is crucial
for guaranteeing durability/performance of asphalt
pavements. Three main types of segregation are
longitudinal, random, and truckload interval. Each type
has particular features/effects on overall performance and
mechanical characteristics of ACMs.

Variations in material characteristics of ACM resulting
from variations in loading/unloading processes are known
as truckload interval segregation. Because ACM may have
a non-uniform mix during transit, modes of movement
can make this type of segregation worse. Wu, et al. [1]
point out that segregation can have a big impact on ACMs
mechanical characteristics, especially if aggregates'
gradation is inconsistent. According to the study,
distribution of aggregate particles is a critical factor in
determining ACM's overall performance, and any
inconsistencies may result in early failures such rutting
and decreased density [11].

Conversely, unpredictable distribution of coarse/fine
aggregates in ACM is a characteristic of random
segregation. Mixing procedure, compaction methods, and
construction site circumstances are some of variables that
might cause this type of segregation. Overall integrity and
durability of pavement may be impacted by parts of
pavement that are either excessively dense or too porous
due to random nature of this segregation, which can be
challenging for prediction and control.

Because it appears along direction of traffic flow and
causes longitudinal cracking and other types of distress,
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longitudinal segregation is especially worrisome. This
type of segregation is frequently associated with paving
process, where uneven ACM distribution may result from
poor material handling or inconsistent paving speeds. In
order to detect and lessen longitudinal segregation, Zhang
et al. [22] address a new evaluation technique for
evaluating  construction homogeneity. The study
emphasizes how crucial it is to keep an eye on how
components are distributed throughout ACM to guarantee
a consistent application, which lowers chance of
longitudinal cracking and improves pavement's overall
performance.

In a study on fracture behavior of ACM with varied
aggregate gradations, Fu et al. [15] discovered that
segregation had a major impact on mixture's performance
characteristics under various loading scenarios. According
to the study, a well-graded mixture has better mechanical
characteristics,  including  greater  resistance to
cracking/deformation, because it is less likely to segregate.
The work of Yu, et al. [25] investigated gradation
segregation characteristics and their effect on ACM
performance, supporting this finding by concluding that
appropriate gradation is necessary for best performance.

Furthermore, performance of asphalt pavements is
significantly influenced by thermal characteristics of
segregation. Tanquist et al. [5] highlighted that thermal
segregation can result in notable differences in in-place
asphalt densities by introducing Thermal Segregation
Index, which measures thermal uniformity of asphalt
pavement. Pavement's structural integrity may be further
jeopardized if this thermal inconsistency worsens
mechanical segregation.

Mechanical characteristics of ACMs are significantly
influenced by gradation of aggregates. Wu et al. [1], for
example, showed that aggregate segregation negatively
impacts ACMs fatigue life and moisture resistance,
emphasizing significance of maintaining consistent
aggregate gradation during mixing and paving operations.
Additionally, Mahoney et al. [14] found that temperature
variations during paving process were a major cause of
aggregate segregation, especially in mat's cooler regions
where air voids were consistently higher than in nearby
locations.

According to Li, et al. [21], aggregate segregation may
cause pavement's structural integrity to deteriorate,
potentially reducing its service life by up to 50% in
extreme circumstances. Physical characteristics of
materials, mixing process, and circumstances during
transportation/placement are some of many factors that
contribute to aggregate segregation. For example, research
has demonstrated that aggregate gradation significantly
influences mechanical characteristics of ACMs, with poor
gradation increasing likelihood of segregation [1,25].

Another important consideration is temperature
segregation, which results from changes in ACMs
temperature during placement and production. Different
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cooling rates brought on by this kind of segregation may
have an impact on asphalt binder's viscosity and, in turn,
aggregates' ability to bond. Tanquist et al. [5] stressed that
poor material production and distribution methods can
cause both mechanical and thermal segregation, which
will ultimately result in reduced in-place asphalt densities
and decreased pavement performance. Additionally, Zhao
et al. [29] support this by showing that temperature
segregation occurs frequently during ACMs production
and transportation, which can negatively affect mixtures'
overall performance. A model that considers a number of
variables influencing asphalt mixes' low-temperature
performance was put out by Zhao, et al. [29]; this model
might be used as a basis for models that address
segregation.

Temperature segregation happens when mixture has
large temperature variations, frequently as a result of poor
mixing or prolonged transportation times. Poor pavement
performance may result from this type of segregation
since it can negatively impact  asphalt's
workability/compaction [30]. Since temperature changes
can result in notable variances in final pavement's
mechanical properties, it is imperative to maintain
effective temperature control during mixing/placing in
order to alleviate this issue [27].

Cooler sections of asphalt may not compact as well
when applied at different temperatures, resulting in a
heterogeneous mixture [1]. According to research,
avoiding segregation and guaranteeing a uniform
distribution of aggregates during mixing/laying process
depend on keeping a consistent temperature [1].
Furthermore, to better understand and control temperature
variations during paving process, use of thermal imaging
and other cutting-edge monitoring techniques has been
suggested [1].

ACM placing techniques have an impact on mechanical
spreading segregation. Distribution of aggregate particles
in mixture can be greatly impacted by compaction method,
whether it be gyratory or vibratory, varied compaction
techniques result in varied levels of aggregate
orientation/segregation; vibratory/gyratory compaction
techniques show higher levels of segregation than
slab-compacted specimens, according to research by
Hunter, et al. [16]. This result emphasizes how crucial it is
to choose right compaction methods in order to reduce
segregation and guarantee consistency in ACMs.

Methods that are applied when placing ACMs are
connected to mechanical spreading segregation. This type
of segregation can happen when mixture is not distributed
uniformly over pavement surface, frequently as a result of
equipment or techniques that operators are using [28]. A
non-uniform distribution of aggregates might result from
vibratory loading during placement process, for example,
which can cause segregation by making larger aggregates
settle more quickly than finer materials [28]. Degree of
mechanical segregation may be influenced by design and
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operation of paving equipment, including placement
speed [30].

Apart from these mechanical/thermal factors,
segregation is also greatly influenced by characteristics of
ACM. Mixture's susceptibility to segregation can be
influenced by aggregate gradation, kind of asphalt binder
utilized, and mixture's overall composition. For example,
differences in settling rates during placement and
transportation may make mixtures with a large range of
aggregate sizes more likely to segregate [11,25].
Additionally, specific gravity and overall behavior of
ACM can be impacted by use of recycled materials, such
as crushed concrete aggregates, which, if improperly
managed, could result in increased segregation [4].

Consistency of ACMs is greatly impacted by aggregate
handling/stockpiling practices. Poor stockpile
management can cause segregation, in which aggregates
of various sizes or types separate from one another,
producing inconsistent mixture characteristics. For
example, it has been demonstrated that using crushed
asphalt in place of some natural aggregates improves
workability; but, at greater replacement percentages, there
is a risk of bleeding and segregation [31]. This suggests
that in order to avoid segregation throughout mixing
process, aggregate handling needs to be carefully
controlled.

Segregation of ACMs is also significantly influenced
by methods of production. To create a homogenous
mixture, mixing process must guarantee that each
component is distributed uniformly. According to studies,
energy used for mixing can have an impact on ACM's
characteristics, such as how easily it segregates [32].
Significance of improving mixing conditions to reduce
segregation hazards is shown by thermodynamic
evaluation of mixing energy consumption [32].

Storage procedures also have a significant impact on
segregation. Improper storage of ACMs can cause
segregation due to temperature and composition changes.
It has been demonstrated that adding recycled materials,
like recycled concrete aggregates, to ACMs increases
their sustainability; nevertheless, segregation must be
avoided during storage, which calls for careful
management [33]. By enabling lower mixing/laying
temperatures, warm-mix asphalt technologies can also
reduce segregation and maintain mixture homogeneity
[34].

In order to avoid segregation during transit, truck
loading practices are crucial. If not done correctly, process
of loading asphalt mixes onto trucks might result in
segregation. For example, mixture may not be uniform
when it gets to the construction site if heavier aggregates
settle to bottom during loading. Using recycled materials
contributes to this problem because their characteristics
might differ greatly, making it more difficult to keep a
consistent mixture [35]. Thus, standardizing loading
practices is essential to reduce risk of segregation.
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Preventing segregation also depends on construction
methods, such as how ACMs are placed. Asphalt's
workability and segregation susceptibility may be
impacted by temperature at time of application. According
to research, using binders modified with polymers can
improve ACM performance in a range of temperature
conditions, which lowers possibility of segregation during
construction [36].

To avoid segregation, equipment must be adjusted to
maximize mixing/laying processes. When using recycled
aggregates or other specific materials, mixing equipment's
operation and design must be customized to manage
specific characteristics of materials being utilized. It has
been demonstrated that using nanomaterials as modifiers
enhances rheological characteristics of asphalt mixes,
potentially lowering segregation during mixing and
application [37].

Existence of voids and air pockets brought on by
segregation may allow water to penetrate in, worsening
pavement's degradation [2].

Furthermore, compaction plays a crucial part in
preventing segregation. ACM may become less cohesive
and develop voids as a result of insufficient compaction,
which increases likelihood of segregation. Research has
demonstrated that asphalt-aggregate ratio and compaction
efforts have a major impact on horizontal uniformity of
ACMs, highlighting necessity of closely monitoring these
factors throughout construction [38]. By putting best
practices in compaction techniques into practice, asphalt
pavement performance can be improved and impacts of
segregation can be lessened.

Asphalt binder's adhesive qualities are just as important

to segregation as its mechanical characteristics. Chen et al.

[28] revealed that vibratory loading can cause aggregate
size segregation, and that adhesive properties of
bituminous binders utilized have a significant impact on
degree of segregation. In order to avoid segregation
during mixing/compaction processes, it is suggested that
binder selection and its suitability for aggregate gradation
are crucial considerations.

Furthermore, ACMs microstructural properties may
also play a role in segregation. According to Zhang, et al.
[22], segregation has a negative impact on pavement's
mechanical characteristics since indirect tensile strength
of segregated ACMs is much lower than that of
non-segregated  mixtures. Arrangement of coarse
aggregates has a considerable impact on mixture's
performance, according to Rehman's [2] study on
microstructure of asphalt samples. This implies that
improved performance prediction models based on
segregation features may result from a more thorough
understanding of microstructural behavior of ACMs. By
offering in-depth insights into underlying structure of
ACMs, methods like X-ray computed tomography could
help with this understanding [1].

Environmental factors like humidity and temperature
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during construction might make segregation problems
worse. Hadiwardoyo et al., [13] for instance, observed
that temperature affects slip resistance of ACMs because
higher temperatures might soften asphalt and decrease its
capacity to connect with aggregates. This effect may
enhance likelihood of segregation, especially during hot
weather paving activities or in warmer climates.

Furthermore, using recovered materials—Ilike reclaimed
asphalt pavement, or RAP—can change characteristics of
ACMs and may cause segregation. Since incorrect
handling might result in segregation and reduced
structural integrity, Li et al. [39] discussed the need of
using appropriate sampling techniques for RAP to
guarantee consistent performance in regenerated ACMs.
This emphasizes how important it is to carefully evaluate
sources of materials and handling procedures while
making ACMs.

5. Problems Caused by Segregation

5.1. Rutting

Asphalt mixes' gradation and homogeneity have a
significant impact on their mechanical characteristics and
are crucial in deciding how resistant they are to rutting
[1,22].

Numerous studies have been conducted on effects of
segregation on mechanical characteristics of ACMs. For
example, Wu et al. [1] showed that gradation segregation
had a considerable impact on ACMs indirect tensile
strength, with segregated mixtures exhibiting a noticeable
reduction in strength when compared to their
non-segregated counterparts. This strength loss is
significant since it is directly related to material's
vulnerability to permanent deformation. Additionally,
Zhang et al. [22] emphasized that asphalt mixes' vertical
heterogeneity coefficient might be an accurate indication
of their performance/quality of construction, indicating
that higher homogeneity results in better resistance to
rutting. Therefore, it is clear that segregation and rutting
performance are related, meaning that eliminating
segregation is crucial to improve durability of asphalt
pavements.

Mechanisms that cause rutting are complex and include
not just characteristics of ACM but also outside variables
including environmental factors and traffic loads. Because
these characteristics affect material's capacity to tolerate
load-induced stresses, Guler et al. [40] stressed that poor
mix design and inadequate compaction can greatly
contribute to rutting. Furthermore, viscous flow of asphalt
can be made worse by environmental factors, especially
high temperatures, which increases risk of rutting when
traffic loads are high. This emphasizes how important it is
to carefully consider both material characteristics and
environmental factors while designing and maintaining
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asphalt pavements.

Furthermore, overall performance of pavement is
significantly influenced by size, shape, and distribution of
aggregates used in ACMs. Depth of rutting in asphalt
pavements is greatly influenced by form and composition
of aggregates, according to Laurinavic¢ius and Oginskas
[41]. Higher quality aggregates result in shallower ruts.
This result emphasizes how crucial it is to choose right
materials at mix design stage in order to reduce chance of
rutting.

It has been demonstrated  that  adding
additives/modifiers to ACMs improves their resistance to
rutting in addition to material selection. For instance,
research has shown that utilizing polymer modifiers can
greatly enhance ACM performance in hot weather,
lowering likelihood of rutting [42]. Resistance of mixture
to permanent deformation is influenced by rheological
characteristics of asphalt binder, namely its low shear
viscosity. Engineers can produce more resilient ACMs
that can survive stresses caused by traffic and
environmental factors by maximizing these features
through use of particular additives.

Additionally, use of modern testing techniques to assess
ACMs rutting performance is becoming more popular in
industry. Methods like Hamburg wheel-track test offer
important information about how asphalt deforms in
traffic simulations, enabling a more precise evaluation of
a mixture's performance [42]. These testing techniques are
crucial for creating prediction models that can direct
material selection and design strategies meant to reduce
asphalt pavement rutting.

5.2. Fatigue

In ACM, variations in mixture composition are one of
the main reasons for fatigue. Inconsistencies in material
characteristics may arise, for example, when recycled
ACM is added, as it may contain aggregates and binders
from various sources. According to Amoussou, et al. [3],
accidental mixing of debris and various asphalt waste types
can cause recycled asphalt mixes to behave in an
unpredictable way, which negatively impacts their fatigue
resistance. Mechanical characteristics of ACM may
become uneven as a result of this variability, increasing
likelihood of fatigue cracking under heavy traffic loads.

Furthermore, ACMs fatigue performance is greatly
influenced by their structural properties. According to
Mirhosseini et al. [43], thickness of pavement layers, mix
volumetrics, and particular mixture type employed all have
an impact on fatigue cracking resistance of asphalt
pavements. This suggests that a well-engineered ACM
with right volumetric characteristics and layer thickness
can improve pavement's resistance to fatigue. On the other
hand, badly constructed mixtures could tire quickly,
making maintenance extremely difficult.

Fatigue behavior of ACM is also greatly influenced by
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mechanical characteristics of asphalt binder. According to
research by Motamedi et al. [44], mastic and composition
of entire mixture affect fatigue response in addition to
asphalt binder. According to the study, fatigue resistance of
ACM can be increased by making changes to asphalt
binder, such as adding synthetic polyurethane or
nano-silica. This implies that certain binder changes can
lessen fatigue-related problems and increase asphalt
pavement lifespan.

Fatigue performance of ACM is influenced by
environmental factors in addition to material composition.
Sarsam [45] mentioned how environmental factors, like
aging and moisture damage, can have a big impact on
durability of ACMs. Wet conditions can cause asphalt to
separate from aggregates, weakening bond and raising risk
of fatigue cracking. Additionally, ACMs mechanical
characteristics may change with age, increasing their
susceptibility to fatigue under load. This emphasizes how
crucial it is to take environmental concerns into account
when designing and maintaining asphalt pavements.

Understanding performance of ACMs also depends on
testing procedures used to assess their fatigue behavior.
Fatigue resistance of asphalt mixes is evaluated using a
variety of laboratory experiments, including Flexural
Fatigue Beam and Indirect Tensile Fatigue experiments
(ITFT) [43]. These tests offer useful information on
performance of asphalt pavements by simulating
conditions they encounter under traffic loads. However,
Zhang [46] points out that depending on testing parameters,
including temperature and loading frequency, outcomes
can differ greatly. The need for consistent testing
procedures to guarantee precise evaluations of fatigue
performance across various ACMs is highlighted by this
variability.

Furthermore, according to Arabzadeh and GUer [47],
ACM's resistance to fatigue cracking and heat can be
greatly impacted by type and gradation of aggregates used.
For instance, when it comes to thermal fatigue performance,
gap-graded aggregates frequently outperform
dense-graded aggregates. This implies that fatigue
resistance of ACMs can be improved by carefully choosing
aggregate types and gradation, extending pavements'
service life.

The way ACMs behave under fatigue is also greatly
influenced by interactions between their various
constituents. Effective binding of aggregates by binder is
essential for preventing cracking and other distresses
brought on by repeated loading. Wen & Bahia [48] stress
the need of appropriate material selection in mixture design
by emphasizing that different asphalt binders can produce
differential fatigue resistance in asphaltic mixtures. This
suggests that maximizing fatigue performance of ACM
requires an understanding of interactions between binder
and aggregates.

Furthermore, a crucial factor to consider is how
temperature affects ACM fatigue performance. According
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to Sarsam's [45] research, temperature variations can have
a big effect on ACM's stiffness and fatigue life. Increased
deformation under load may result from asphalt binder's
decreased viscosity as temperatures rise. On the other hand,
binder might become brittle at lower temperatures, which
would raise possibility of cracking. Because of this
temperature-dependent behavior, climate conditions must
be considered while designing and assessing ACMs.

It has been demonstrated that adding modifiers, like
polymers or carbon nanotubes, improves ACMs
fatigue/fracture characteristics. According to research by
Ameri et al. [49], adding carbon nanotubes to ACMs might
increase their resistance to cracking and, consequently,
their fatigue performance. According to Medina et al. [50],
polymer-modified asphalt has also been shown to have
better fatigue resistance than traditional ACMs. According
to these results, using modifiers appropriately can help
reduce fatigue-related problems in asphalt pavements.

5.3. Cracking

One of the most common types of asphalt pavement
distress, especially in colder areas, is low-temperature
cracking. Low-temperature cracking characteristics of
dense-graded ACM are greatly influenced by existence of
air voids in concrete. Composition ratios and
microstructure of constituents that make up ACM are
important factors in determining how easily it would crack
when exposed to thermal stress [10]. Complicated
interactions between these constituents are frequently not
adequately captured by laboratory testing, underscoring the
need for more thorough assessment techniques to
accurately predict cracking behavior [10].

It has been demonstrated that adding polymer-modified
asphalt binders enhances low-temperature characteristics
of ACMs, lowering likelihood of thermal cracking.
Improvement of asphalt performance through polymer
modification is especially advantageous in areas like
Canada and northern United States where low-temperature
cracking is a major problem [51]. These changes extend
pavement's lifespan by improving asphalt's ability to
dissipate stresses caused by thermal contraction.

Furthermore, cracking performance is also significantly
influenced by properties of aggregates used in ACMs.
Aggregates’ gradation, lithology, and morphological
characteristics can have a big impact on ACM's overall
fracture resistance. Research has indicated that
characteristics of coarse aggregates play a crucial role in
determining how resistant asphalt mixes are to cracking at
low temperatures [52]. Overall mechanical behavior of
ACM under stress is influenced by interaction between
aggregates and asphalt mastic as well as voids that are
present.

Another major issue is reflective cracking, which is
especially serious when thin asphalt overlays are placed
over hard pavements. Early deterioration results from this
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kind of cracking, which happens when preexisting cracks
in underlying pavement spread through overlay. According
to research, overlay's cracking performance can be
significantly impacted by materials chosen and design [24].
By reducing likelihood of reflective cracking, good
material  selection/design  techniques can increase
pavement's service life [24].

Understanding mechanical behavior of ACM under
external loads is essential for understanding cracking
mechanisms, in addition to material characteristics.
According to studies, when ACMSs are subjected to
compressive loads, cracks may form and spread, especially
when viscoplastic deformation becomes close to saturation
[53]. This emphasizes how crucial it is to consider
mechanical loading circumstances that asphalt pavements
will encounter throughout course of their service life.

Additionally, a more precise evaluation of ACMs
resistance to cracking is made possible by use of advanced
testing techniques like Fénix test. This test evaluates how
different elements, such as kind/amount of binder, affect
ACM's ability to crack [54]. Development of more resilient
ACMs that can endure rigors of mechanical and stresses
depends on such creative testing techniques.

In order to improve cracking resistance, fiber
incorporation into ACMs has also been investigated. Fiber
addition has been demonstrated to enhance ACM's
resistance to rutting, fatigue cracking behavior, and
moisture sensitivity [55]. This shows that fiber reinforcing
might be a good way to reduce asphalt pavement cracking,
especially in places that are subject to bad weather and high
traffic.

For ACMs to perform at their best, link between their
composition and physical-mechanical properties is
essential. Under-compaction and increased susceptibility
to cracking may result from departures from necessary
composition [9]. Therefore, in order to maintain intended
qualities/performance levels, strict quality control
procedures are necessary throughout preparation of ACMs.
Segregation is more likely to occur in locations with large
amounts of coarse aggregates and low binder content,
especially when construction quality is compromised.

5.4. Raveling, and Tire-Pavement Interaction Noise
Potentials

A fundamental distress mechanism in asphalt pavements,
raveling is defined by aggregate particles' dislodgment
from top layer. Because segregation can result in an
unequal distribution of coarse/fine aggregates, this
problem is made worse. According to research, gradation
segregation can seriously degrade ACMs mechanical
characteristics, decreasing their indirect tensile strength
and making them more prone to raveling [1,22]. The need
for uniform aggregate distribution to maintain structural
integrity was highlighted by Wu et al.'s [1] demonstration
that existence of gradation segregation significantly
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reduces service performance of asphalt pavements.
Moreover, Zhang et al.'s [22] work highlights that indirect
tensile strength of segregated mixes decreases with
increasing segregation, which is directly related to
probability of raveling.

Another significant factor causing raveling is effect of
segregation on adhesion between aggregates and asphalt
binder. A loss of adhesion due to moisture susceptibility,
which is frequently made worse by segregation, raises
possibility of surface distresses including raveling and
pothole development [56]. It has been demonstrated that
adding modifiers, like plastic waste, improves asphalt
mixes' resistance to moisture, which increases adhesion
and lowers likelihood of raveling [56]. Even these
modifications, though, might not be enough to stop distress
if segregation is extreme.

Apart from raveling, tire-pavement interaction noise is
also influenced by segregation. When a vehicle is operating,
noise is largely produced by texture of pavement surface,
which is influenced by aggregate distribution. Although a
rougher surface texture is frequently linked to improved
skid resistance, contact of tires with pavement can also
result in higher noise levels [25].

6. How to Solve the Segregation
Problem

Adding modifiers/additives to ACMs is another
practical way to lessen segregation. By encouraging a
more even distribution of materials within mixture, fiber
additions, for instance, have been demonstrated to
enhance mechanical characteristics and durability of
asphalt pavements [2]. Similarly, it has been found that
adding crumb rubber improves ACM performance by
decreasing shape changes and boosting fracture resistance
[57]. These changes enhance pavement's overall
performance in addition to reducing segregation.

Additionally, lower mixing/compaction temperatures
made possible by warm mix asphalt technology may
minimize chance of segregation during construction [58].
Required workability/performance characteristics can be
attained while reducing segregation by carefully choosing
right additives, such as thermoplastic polymers or natural
zeolite [17]. By improving adhesion between aggregates
and binder, these additives can also increase ACM's
stability.

Research indicates that adding recycled crushed
concrete aggregate to ACMs maintains their mechanical
characteristics while lessening their environmental impact
[4]. Ratios of recycled materials must be carefully
controlled, nevertheless, to prevent negative effects on
mixture's performance. Furthermore, adding recycled
materials to ACMs has become a sustainable method, yet
there are segregation issues. The study carried out by
Behnia et al. [59] pointed out that although using
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Recycled Asphalt Pavement (RAP) can save money and
improve the environment, using too much of it may
reduce ACMs ability to crack at low temperatures. This
emphasizes necessity of carefully weighing material
guantities in order to minimize segregation hazards and
maximize recycling advantages

According to Hunter, et al. [16], distribution of
aggregates in ACMs can be greatly impacted by various
compaction methods used. For example, compared to
specimens that are slab-compacted, vibratory/gyratory
compaction methods have been associated to higher levels
of segregation. To get best results, it is crucial to choose
right compaction method depending on specific mixture
and environmental circumstances.

The segregation of asphalt mixtures can be greatly
impacted by truck loading and unloading practices. Larger
aggregate particles may roll to the bottom and sides of the
truck bed as a result of improper loading, such as
dropping the mix in one big pile, which can result in
segregation. Similarly, if the mix is not carefully unloaded
into a paver hopper, it may also contribute to segregation.
In order to reduce segregation and guarantee a uniform
asphalt mixture, multiple-drop loading and unloading
methods and appropriate paver operation are essential.

Asphalt segregation, or the uneven distribution of
aggregates and temperature fluctuations within the
mixture, is greatly influenced by the paver. Segregation
can be made worse by improper paver operation, which
can hasten pavement deterioration. Although segregation
is impossible to completely eradicate, it can be reduced
with proper paver operation. The paver shall be in a good
condition to minimize segregation by consistent operation,
proper material handling, consistent speed/thickness, and
temperature monitoring.

Furthermore, segregation problems can be found and
fixed in real time throughout construction phase with aid
of continuous monitoring and quality control. Pavement
performance can be greatly enhanced by putting in place a
strong quality assurance program that involves regular
testing and assessment of ACMs [9]. This proactive
strategy lowers possibility of long-term damage from
segregation by enabling prompt interventions.

7. Case Studies

Khedaywi and White [60] developed/analyzed
laboratory techniques for simulating segregation. In
addition to control asphalt mixture, four artificially
segregated asphalt mixtures were made to replicate
different levels of coarse and fine fraction segregation. To
ascertain stability and compactibility indices, specimens
for fine mixtures were compacted using U.S. Corps of
Engineers gyratory testing machine as part of the study.
Indirect tensile testing was also used to prepare and test
specimens. A laboratory linear compactor was used to
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compact slabs of each of the five mixtures. These slabs'
vulnerability to moisture and rutting were then assessed
using Purwheel tracking device. Findings show that
segregation has an impact on asphalt concrete mixtures'
moisture susceptibility, rutting potential, air voids, unit
weight, stability index, compatibility index, residual
asphalt content, and gradation. The mixture of fine
material and extra asphalt due to segregation increased the
risk of rutting. As the quantity of coarse aggregate
increased, the gyratory stability index and the
compactibility index dropped. Air voids were high for
segregated coarse material and low for segregated fine
material. When the quantity of coarse aggregate increased,
the indirect tensile strength first rose then declined. With
an increase in coarse aggregate, the inverse creep slope,
stripping inflection point, and inverse stripping slope first
increased then decreased. Table 1 shows observations of
stripped and flushed fines for the five mixes.

Table 1. Observations of stripped asphalt and flushed fines

Mix No. Free asphalt Flushed fine
Yes No Yes No

1 X X

2 X X

3 X X

4 X X

5 X X

Khedaywi and White [61] studied the effect of
segregation on fatigue performance of asphalt paving
mixtures segregation. In addition to the control asphalt
mixture, four artificially segregated mixtures were made
to replicate different degrees of coarse and fine
segregation. The Purdue linear compactor was utilized to
compact slabs for each of the five mixtures. To test the
fatigue characteristics of the five distinct asphalt concrete
combinations, these slabs were cut into beams. When the
flexural stiffness was one-third and one-half of the
initially stiffness at 200 load applications, fatigue limits
were investigated. The investigation's findings showed
that there was a substantial impact on the fatigue life of
segregated asphalt concrete mixtures. The five mixtures'
results show that log e and log N have a linear
relationship. Table 2 shows the results of fatigue testing.
The asphalt concrete mix's fatigue life is significantly
impacted by overall segregation. For the tested mix design,
the fatigue life was shorter for the more coarsely
segregated asphalt mixture with correspondingly less
asphalt percentage. Longer fatigue life is shown by the
more finely segregated asphalt mixture; nevertheless, a
high asphalt concentration combined with a lack of coarse
aggregate in the mineral aggregate skeleton would make
the mix more prone to rutting.

Table 2. Fatigue test results at 50% and 30% of initial load

Sample No. Strain %10 Nt
50% 30%
Mix No. 1
1 0.701 112586 182543
2 0.896 39097 71276
3 1.183 6427 10700
4 1.435 4848 8535
5 1.823 4175 6950
6 2.413 2604 3902
7 3.784 908 1399
Mix No. 2
1 0.706 33824 40529
2 0.971 10714 22600
3 1.132 5225 9415
4 1.183 3986 7569
5 1.399 2309 6103
6 1.850 1361 2058
7 2415 736 1068
Mix No. 3
1 0.462 27518 48546
2 0.552 18258 27382
3 0.699 5266 13820
4 0.946 3813 6136
5 1.142 3146 5420
6 1.875 678 1021
7 2.313 438 653
Mix No. 4
1 0.458 10963 12266
2 0.699 2000 6954
3 0.906 1864 3108
4 1.125 727 1855
5 1.406 650 900
6 2.018 528 698
7 2473 178 278
Mix No. 5
1 0.256 13200 24300
2 0.344 10685 19085
3 0.468 5840 10162
4 0.718 1804 2982
5 1.006 1024 1965
6 1.151 497 1255
7 1.938 215 306
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8. Conclusions

The following conclusions are reached:

Gradation segregation has a major impact on
mechanical characteristics of ACMs and can result in
localized areas of pavement failure. A non-uniform
distribution of aggregate sizes due to incorrect
gradation can impact ACM's overall performance.
Segregation is more likely to occur in locations with
large amounts of coarse aggregates and low binder
content, especially when construction quality is
compromised.

Under-compaction and heightened susceptibility to
segregation can result from ACM compositions
deviating from specified values.

Compaction methods play a crucial role in reducing
segregation.  Different compaction methods,
including Marshall and Gyratory compaction,
produce varied degrees of segregation in asphalt
mixes.

Poor compaction parameter control may worsen
segregation, resulting in serious performance
problems like decreased density and a higher chance
of premature failures.

Even distribution of fiber additives in ACMs can
improve durability and mechanical characteristics,
potentially lowering risk of segregation-related
failures.

Another important factor affecting segregation is
temperature at which ACMs are made and
compacted.

Temperature variations can worsen segregation by
altering viscosity of binder and mixture's overall
workability.

Adding recycled materials to ACMs has become a
sustainable method, yet there are segregation issues.
Although using Recycled Asphalt Pavement (RAP)
can save money and improve the environment, using
too much of it may reduce ACMs ability to crack at
low temperatures.

Use of cutting-edge technologies in assessing and
addressing segregation has become increasingly
common in recent years. Imaging techniques,
including X-ray computed tomography, to assess
ACM homogeneity, offers a new way to detect and
measure segregation in mixtures. This technical
development makes it possible to comprehend
internal structure of ACM with greater accuracy,
which improves quality control throughout
production process.

Thermoplastic additives can increase material's
resistance to rutting and overall durability. By
improving mechanical characteristics of asphalt
matrix, thoughtful application of additives can lessen
negative effects of segregation.
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