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Abstract: The world's road infrastructure is getting worse faster than ever since more vehicles are on the road and the weather is
changing a lot. In this case, potholes have become a very important failure criterion. The existing repair methods just fix the
surface of the road, which is not the core problem. This gives the road infrastructure a temporary fix. Because of this, the repair
methods often cause things to happen again and moisture separates. The goal of this review is to put together the most recent
changes in how to fix pavement. The review covers new developments in standard cold mix materials, polymer-modified
materials, fiber-based materials, and modular structural materials. Some of the most important changes are the use of reactive
asphalt to get traffic moving again right away after repairs, ultra-high performance concrete panels for road repairs because
they can hold more weight, and polymer-based materials for fixing pavements. Multi-criteria decision analysis and lifecycle
costing are also used to look at the repair methods. A notable research deficiency is evident as the existing studies predominantly
concentrate on altering materials rather than systems.
Keywords: Pavement maintenance, Precast concrete panels, Polymer-modified binders, High Density Polyethylene, Fiber-
reinforced composites, Load distribution analysis.

L. INTRODUCTION
A. Problem Statement and Global Impact
Pothole-induced pavement degradation is a significant global issue that adversely affects road safety, vehicle operating costs (VOC),
and sustainability. High car operational costs come from using more fuel, getting flat tires more often, and problems with the
suspension system. These impacts put a lot of stress on the economy for both road users and authorities [1-3]. Every year, road traffic
accidents kill about 1.2 million people around the world, and in some areas, more than 30% of those deaths are due to bad road
conditions[4, 5] .The costs of upkeep are high; for example, the US has to spend about $170 billion a year on capital investments to
make roads work better. [5, 6].

B. Mechanism of Pothole Formation

The structural process that leads to potholes is caused by the combined effects of traffic and environmental conditions. Pavement
fatigue weakens the structure, which leads to microcracks that let moisture into the base and subgrade layers of the pavement [7, 8].
According to surface tension theory, moisture getting into the pavement's structure makes it weaker because traffic load pushes
asphalt out of place [5] The effects of freezing, thawing, frost heave, and drainage problems make the problem worse [9].

C. Limitations of Existing Repair Methods

Emergency cold repair and other common repair methods frequently only work for a short time, and potholes come back in the same
places within a few days [5].Conventional repair procedures have been shown to lead to weak bonding, bad quality control, and
higher lifespan costs [9].

D. Research Gap and Aim of the Review

Therefore, scholarly research has concentrated on the use of innovative materials such as polymers and natural asphalt additives, in
addition to contemporary repair techniques [7, 10]. The objective of this review is to examine the existing repair techniques,
pinpoint the knowledge deficiencies related to the variability of backfilling materials, and advocate for the transition to swift,
efficient, and effective repair methods [5, 7].
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Il.  CONVENTIONAL POTHOLE REPAIRS
The traditional method of pothole repair is the most common way to keep roads in good shape around the world. This is because it is
easy to do and doesn't take long to get traffic back on the road [11]. In cities like Mumbai, where there are a lot of people and cars, the
road surface wears out quickly. This needs to be fixed right away to avoid accidents and big traffic jams [11]. Patching and sealing are
examples of routine maintenance tasks that can cost up to 90% of the overall cost of maintaining the road surface.

A. Cold Mix Asphalt (CMA) Repairs

Cold mix asphalt (CMA) is generally put down using throw-and-roll or throw-and-go methods. In these methods, CMA is put into a
hole and compacted with vehicle tires or rollers [12]. While CMA is known for its cost-effectiveness and practicality during the
monsoon season when hot mix asphalt plants are closed, it is also known as a temporary repair method that is not as stable as hot
mix asphalt [11]. The main reason why CMA fails is that it is more likely to be damaged by moisture. CMA is known for having
more air voids and a lower density, which lets water get into the base course and cause stripping and edge failure [13, 14]. Because
of this, CMA fixes don't last as long and frequently get worse in the winter and rainy seasons [11].

B. Hot Mix Patching and Spray Injection

It takes a lot of work to do traditional hot mix patching. Before the hot mix can be put on, the pothole needs to be cleaned and
squared. All of this takes a lot of time and work [12]. The biggest difficulty, though, is the frigid interface. The heated mix pulls
away from the cold concrete as it cools down. So, the heated mix doesn't stick well to the road surface [15]. The bad bonding can
cause the edges to crack, the road surface to ravel, and depressions to form [15, 16]. Spray injections are a good way to fix potholes
because they last for a long time. It fills the potholes with hot mix asphalt by applying pneumatic blows and high-speed compaction.
This means that traffic can be promptly restored with little disruption [12, 16]

C. Infrared and Cementitious Repairs

Infrared pre-heating enhances the patch's durability by softening the existing asphalt, facilitating the thermal fusion of new and old
materials, thereby eliminating the cold interface [15, 17] .On the other hand, cement-based repair materials that use Rapid
Hardening Concrete (RHC) are very durable and can be used to fix large areas of damage. However, they are expensive and take a
long time to cure, which can take up to 4 to 6 hours before traffic is allowed [11, 18].Also, RHC can split when it shrinks, which
might cause it to come loose from the asphalt surface because the concrete and asphalt have different elastic moduli[18].

1. POLYMER-BASED MATERIALS IN PAVEMENT REPAIR

The growing use of polymer materials for pavement repair is an effort to fix the problems with current materials like cement
concrete and bitumen, which tend to crack and harm the environment [19]. The need for modern infrastructure means that stronger
materials must be used to fight the effects of more wear and tear caused by more traffic and environmental factors like global
warming [20] . Polymer materials like epoxy resins, polyurethane, and acrylic are used to try to fix the basic problems with current
materials, like making them more flexible and more resistant to damage from the environment [19]. Employing polymer materials is
also a step toward sustainability because it cuts down on the quantity of waste that can't be broken down by nature and makes the
pavement network last longer [21, 22]

A. Certain Uses and Advantages of Polymers

1) HDPE-Modified Asphalt:

Adding high-density polyethylene plastic seeds to the asphalt mix can make the Marshall mix much stronger and more stable [23].
Adding these plastic seeds makes the mix stiffer and less likely to permanently change shape, like rutting, even when it is heavily
loaded. Also, the plastic's hydrophobic properties keep water from getting into the mix, which protects the asphalt from the impacts
of freezing and thawing [19, 24, 25]

2) Geosynthetics (Geogrids and Geotextiles):

These materials can make it possible to carry more weight by providing lateral constraints and stabilizing the subgrade. Polymeric
geogrids can make asphalt last up to ten times longer [26]. Geotextiles have reduced settling by an average of 47.12% in pothole
repair work [27, 28] .
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3) Economic and Environmental Impact:

Using recycled materials to make pavements is better for the environment than using petroleum-based materials like bitumen [21]. It
also helps to reduce the carbon footprint of construction activities. Using modern technology, like precast Ultra-High-Performance
Fiber-Reinforced Concrete (UHP-FRC) panels, makes it easier to build pavements. This means that the roads can be reopened more
quickly, which cuts down on the costs of closing them [20]. These new materials can employ waste materials to make better
pavements [24].

V. MODULAR AND PREFABRICATED PAVEMENT SYSTEMS
A. Overview of Modular Repair Approaches
To deal with the growing problem of traffic-related wear and tear and to keep traffic from getting stuck, pavement engineering is
moving away from traditional material-based patching and toward system-based modular repair approaches [29]. Using parts made
in controlled conditions helps keep the structure stable and speeds up construction [30]. The move toward modular repair solutions
is to get the benefits of lower user delay costs by providing pre-engineered items that may be used right away [31].

B. Precast Concrete Panel Systems

Precast concrete panel systems, like jointed plain concrete pavement (JPCP) and prestressed concrete pavement (PPCP), are better
for the structure because they use post-tensioning, which makes the pavement stronger [29].The technology makes it possible to use
a thinner pavement; for example, an 8-inch precast concrete pavement slab can last as long as a 14-inch conventional pavement
[30]. Pre-engineered goods make it possible to build faster, which means that the pavement can be opened the next day. This helps
to reduce delays caused by building on site [31]. Even though the precast concrete panel system can hold more than 100 million
vehicle loads, the initial costs of building with it are still very high [31].

C. Modular Block and Interlocking Pavement Systems

In urban and heavy-duty applications, modular pavement blocks and interlocking systems use special mechanical interlocks,
including concrete keys, to make sure that loads are transferred quickly and easily. The research on high-performance concrete
indicates that incorporating steel fibers and silica fumes enhances the rigidity and fatigue resistance of the pavement blocks. Another
benefit of modular pavement systems is that they are easy to maintain because you can repair pavement units without having to tear
down nearby buildings and you can flip and reuse pavement slabs. These combinations make modular pavement systems last up to
35 years [29, 32].

D. Military Rapid Deployment Pavement Systems

The goal of military airfield rapid deployment systems is to come up with emergency response plans that will get the airfield back to
normal operation within four hours following an attack. These solutions include filling in craters and putting in prefabricated parts
or matting, like fiberglass reinforced plastic (FRP) and AM-2 aluminum alloy, to support the heavy loads of airplanes. Reusability is
an important factor, and foldable mats and elastomeric hinges are used to make it easier to move the mats from one airport to
another [33, 34].

E. Temporary Matting and Geocell Reinforcement Systems

Temporary pavements need to be stabilized, and roadway mats and geocell systems do this quite well, especially on soft subgrade
soils or loose sandy surfaces.[35] The geocell system is a three-dimensional confinement system that holds the fill material in place
to make a semi-rigid mat. This can cut vertical subgrade stress by up to 50%. These mats are a good way to stop rutting surfaces that
aren't stable [36, 37]. Matting systems, which include high-density polyethylene or aluminum mats, have been shown to work well
at stopping rutting on unstable surfaces. They also seem to be able to be used for many different missions [38].

F. Performance Advantages of Modular and Prefabricated Systems

Compared to traditional patching methods, modular prefabricated pavement technologies have substantially improved the speed of
installation, efficiency, and upkeep of pavements [31]. The fact that these systems can change the construction environment into a
controlled one has greatly improved quality control and cut down on user delay costs [29, 30]. Because of this, these technologies
are a strong base for building both long-lasting infrastructure and making quick repairs [31].
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V.  STRUCTURAL PERFORMANCE EVALUATION METHODS

A. Structural Evaluation by Falling Weight Deflectometer (FWD):

The Falling Weight Deflectometer (FWD) test is the most non-destructive way to check the structure of flexible pavement by using
back calculation of layer moduli. It works well to simulate heavy truck loading; however, the predicted moduli may not be accurate
because of changes in temperature and layer thickness. The subgrade layer was responsible for 60% to 80% of the total center
deflection. This shows that mistakes in characterizing the subgrade layer can have a big impact on how accurate the whole process
of structural evaluation is. Also, looking at the deflection basin centroid was found to be a reliable way to judge how well a
pavement can handle load distribution and how stiff it is [39].

B. Full Depth Rutting and Wheel Tracking Performance:

Conventional testing methods may concentrate on single-layer mixtures, potentially neglecting the influence of the complete
pavement structure, including its overall thickness, on the full-depth rutting performance. The advent of full-depth wheel tracking
test methods has enabled the simulation of actual support circumstances and the integration of internal temperature gradients into
the test findings. Research employing these testing methodologies has demonstrated that the dynamic stability of the full-depth
structure may be considerably inferior to that of the isolated mixture. This underscores the necessity of evaluating full-depth rutting
performance from a structural rather than a material perspective [40].

C. Numerical Modeling and Viscoelastic Behavior:

Using the Finite Element Method (FEM) to numerically model how the pavement will behave is very important for figuring out how
permanent deformation and stress will happen when the pavement is loaded repeatedly by axles [41]. Unlike linear elastic theories,
the viscoelastic model considers the asphalt mixture's non-recoverable deformation, which is affected by the thickness of the layers
and the repetitive loading. The numerical results show that making the pavement thicker and driving faster makes the deflection
less; while making the temperature higher and the speed slower makes the settlement rate higher [42, 43].

D. Pavement Friction and Skid Resistance:

Maintaining skid resistance is very important for road safety, especially on wet roads where water works as a lubricant to lower the
friction between the tires and the tarmac. There are two main parts to pavement friction: micro texture, which has to do with
adhesion, and macrotexture, which helps water drain and causes hysteresis. There are many ways to evaluate pavement friction. For
example, the British Pendulum Tester (BPT) is portable and measures low-speed micro texture, while the Circular Texture Meter
(CT Meter) uses a laser to detect Mean Profile Depth (MPD) at high speeds. Choosing aggregates that can withstand polishing
forces is an important part of good road safety management because it keeps the pavement friction stable [44].

VI. MANUFACTURING AND SCALABILITY OF POLYMER-BASED STRUCTURAL SYSTEMS
A. Need for Scalable Manufacturing Methods
To move polymer-based structural systems from the lab to the field, we need manufacturing methods that keep the materials'
integrity at enormous scales [45]. Compression molding, specifically hot-press molding, is a way to process recycled high-density
polyethylene (HDPE) that comes from waste materials. To get the best results, the temperature must be carefully controlled so that it
reaches 180°C, which gets rid of porosity and keeps the mechanical properties of the materials consistent [46].

B. Compression Molding and Its Limitations
Hot-press molding is a good way to process recycled materials because it is flexible, but it has several problems that make it hard to
make these materials. For example, there are flashing faults and a limit on the maximum part size.

C. Injection Molding for Industrial-Scale Production

Injection molding, on the other hand, is the most important way to process these materials in industry. This is because it is very
accurate and can be done in a short amount of time, which is important for making modular pavements in large quantities. Using
two-shot processing lets you make a mix of recycled components, like a recycled core, which cuts costs without lowering the quality
of the materials.
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D. Fiber Reinforcement and Structural Performance
Also, when using fibers to support heavy loads, it is important to use lamination angle, which can increase the tensile strength of the
materials by more than 100%, especially at an angle of 45° [45].

E. Challenges in Industrial Scalability and Quality Control

The scalability of industrial processes, particularly regarding heating time, necessitates the implementation of quality control to
mitigate the presence of skin-core structures and the application of stress in materials, which impede mass production. We still need
to work on the durability of the materials and on making automated machines that can change based on the quality of the recycled
materials used to make these materials [45-47].

VIl. COMPARATIVE ANALYSIS OF RAPID AND MODULAR POTHOLE REPAIR TECHNOLOGIES
A. Installation Efficiency
The difference in how rapid patching techniques and modular systems work is how quickly they can be set up. It just takes a few
minutes to fix a pothole using the old throw-and-roll approach, which is the fastest way to do it. Reactive asphalts have been
demonstrated to enhance efficiency by facilitating the prompt restoration of traffic flow [11]. On the other hand, pre-cast concrete
pavements are deployed twice as fast as typical cast-in-place pavements [31]. Another distinction is that modular pavements can
handle bad weather better than repairs made using materials, which can be affected by monsoons or cold weather [12, 29].

B. Structural Performance and Bonding

Material patches help spread loads over small contact areas and use the idea of stacking materials to pass on stress. Precast slabs and
ultra-high-performance fiber-reinforced concrete (UHP-FRC) are both examples of modular stiff systems. These mechanisms make
sure that the stress is spread evenly throughout the whole surface of the slabs. So, the modular rigid systems spread the stress evenly
over the whole surface of the slabs [31, 48]. Using lateral confinements like geocells and geosynthetics increases the bearing
capacity by about 57% [36]. The modular systems use mechanical dowel bars and "stitch-in-time" fiberglass blades to improve load
transfer capacity. This is different from asphalt pavement, which often doesn't bond well with the cold pavement next to it [15, 17] .

C. Environmental Stability

Moisture ingress is a significant factor contributing to repair failures, compromising the integrity of the surrounding soils [5, 11, 49].
Asphalt pavements that use the pre-heating method to fix potholes are more likely to let water in because they have more air voids
[15]. Plastic asphalts, such high-density polyethylene, are better at keeping water out, which can make rut resistance up to 35% to
40% better [50]. Modular pavements are stable since they are made in a factory, which means that faults caused by weather
fluctuations during construction are less likely to happen [29].

D. Lifecycle and Economic Impact

Even though the initial expenditures may be expensive, lifecycle cost analysis (LCCA) reveals that the system is more efficient in
the long run because it costs less to maintain and users don't have to wait as long [31].Conventional repair methods have a high rate
of recurrence, but Precast Prestressed Concrete Pavements (PPCP) are made to last for 30 years or more [2, 11, 12, 29].For
specialized places like runways, reusable fiberglass or metal matting is better since it can be recovered and used again [38].

VIIL. RESEARCH GAPS IN CONTEMPORARY POTHOLE REPAIR TECHNOLOGIES
A. Material vs. System Design:
It seems that there is more scholarly interest in improvements at the material level, like adding crumb rubber or graphene to
bitumen, than in structural system design. This establishes a "siloed paradigm” that severs the connection between binder science
and the progress of integrated modular systems.

B. Reusable Modular Polymer Systems:

There is a noticeable paucity of study on reusable modular polymer systems for metropolitan roads. The current tendency in
polymer research is to change asphalt binders so that they can be used for permanent repairs instead of reusable modules. This is to
encourage circular maintenance practices during bad weather, including monsoons.
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C. Inadequate Integrated Testing:
Experimental methodologies frequently examine mechanical performance independently of environmental influences. The present
methodology disregards the “coupled action of load, water, and temperature,” resulting in "inaccurate predictions™ on material
behavior during “saturated traffic."

D. Lack of long-term field validation:

A lot of studies just look at the materials for three months or less, which doesn't show how they will hold up during multiple
monsoons or when there is a lot of traffic. Because there are no lifespan cost models, this makes it harder for municipal agencies to
use new materials.

E. Manufacturing and Scalability:

Literature evidently neglects the topic of manufacturing scalability. Pilot-scale demonstrations may validate the technological
feasibility of suggested solutions; however, insufficient focus is placed on practical challenges, including elevated prices, the
necessity for specialized equipment, and the standardization of module size for mass production.

To fill these gaps, we need to change the way we think about things so that we can connect chemical binder upgrades with macro-
scale structural engineering to make repair systems that can be used on a large scale and in a strategic way.

IX. EMERGING RESEARCH PATHWAYS IN ADVANCED PAVEMENT REPAIR TECHNOLOGIES

A. Advanced Material Innovation

e Polymer Optimization: Research on how to make high-density polyethylene (HDPE) and low-density polyethylene (LDPE)
materials better at withstanding high temperatures and rutting.

e Reinforcement and Binders: Research into fiber reinforcing methods, like employing steel, glass, and organic fibers, to make
materials more ductile, and the creation of hybrid binders that use waste polymers and bio-rejuvenators to stop brittle fracture.

e Smart and Nanomaterials: Research into nano polymers to make them better at expanding when heated, as well as smart
materials to make them better at repairing themselves and remembering their shape.

B. Structural and Multi-Physics Evaluation

e Advanced Modelling: Go from testing in the real world to finite element modeling (FEM) to make Visco elastoplastic models
that could be able to forecast long-term rutting and reflecting cracking.

e Environmental Synergies: Combine testing for thermo-mechanical fatigue with testing for moisture susceptibility to see how
they work together in real-world traffic and weather situations.

e Field Calibration: Use instruments like falling weight deflectometers and laboratory-to-field transfer models to make sure that
computerized models of damage are accurate.

C. Modular System Optimization

e Interface Bonding: Make the design of interlocking devices like female-female shear keys and staggered transverse joints better
so that they work as one piece.

e Installation Techniques: Improve the use of "stitch-in-time" fiberglass plates and infrared preheating to fix the problems with
cold joints.

e Reusability: Look at the options for reusing and fixing modular mats and panels at the production level.

D. Smart Monitoring and Digital Integration

e Embedded Sensors: Integrate fiber optic sensors or MEMS into the precast concrete panel to keep an eye on temperature,
moisture, and stress inside the panel in real time.

e Automated Detection: Use G1S-based mapping, satellite photos, and image processing to find potholes.

e Autonomous Platforms: Work on making autonomous systems that can fix themselves before they break down.

E. Manufacturing, Scalability, and Sustainability
e Industrialization: Move from pilot demonstrations to standardization and manufacturing on an industrial scale with modular
size catalogs and automated installation equipment that can be mounted on trucks.
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e Life-Cycle Frameworks: Do full Life-Cycle Assessments (LCA) and Life-Cycle Cost Analyses (LCCA) that consider things
like lower carbon footprints, social and economic issues (such less user wait), and the ability to recycle materials.

e Interdisciplinary Collaboration: Encourage the collaboration of material scientists, structural engineers, and municipal
stakeholders to enable the transition of laboratory-level innovations to standard practice.

X.  CONCLUSION

This review paper emphasizes the need to transition from temporary, function-based pavement maintenance models toward a
structural intervention approach that addresses the challenges posed by increasing vehicular loads and changing climatic conditions.
While high-performance rapid repair methods provide immediate solutions to pavement distress, structural solutions such as high-
density polyethylene panels offer more sustainable long-term performance through improved load distribution and a reduction in
repetitive maintenance cycles. A significant research gap remains in understanding the interaction between repair materials and the
overall pavement structure, highlighting the importance of validating laboratory findings through comprehensive field evaluations
rather than relying solely on isolated experimental results. Future research should therefore focus on developing smart,
commercially viable repair systems that integrate self-healing polymers with embedded microsensors, enabling the establishment of
a practical and sustainable framework for the long-term resilience of global road infrastructure.
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