Al-Nahrain Journal for Engineering Sciences NJES 28(2)224-232, 2025
doi.org/10.29194/NJES.28020224

http:

/\%9)

Dynamic Advanced Analysis and Maintenance Strategies for Airport

Pavements: A Comprehensive Literature Review

Authors affiliations:

1) Department of Civil
Engineering, Al- Nahrain
University, Baghdad -Iraq.
st.mustafa. A.A.
uiq

nahrainuniv.ed

2*) Department of Civil
Engineering, Al- Nahrain
University, Baghdad -Iraq.
alaa.h.abed@nahrainuniv.edu.iq

Paper History:
Received: 2°¢ Aug. 2024

Revised: 29 Sep. 2024

Accepted: 12 Nov. 2024

Mustafa I. Ahmed', Alaa H. Abed >

Abstract

Flexible and rigid pavements are commonly built for airport
pavements to support the moving loads of aircraft during the pavement
design life. Airport pavements represent a cornerstone of the aviation world.
Their condition profoundly impacts safety, operational efficiency, airport
capacity, and financial well-being. These meticulously engineered surfaces
must withstand the immense stresses generated by aircraft during takeoff,
landing, and taxiing. At the planning stage, the pavement structure,
materials, aircraft loads, environmental conditions, and pavement damage
models should be evaluated. Comparing with road pavement design, airport
pavement structural design is unique in terms of the traffic loads supported
by pavements with high load magnitude, significant tire pressure, and
dynamic traffic conditions. Over time, deterioration stemming from
environmental exposure, aircraft loading, and other factors becomes
inevitable. This study aims to explore the various factors influencing airport
pavement performance, review the existing methodologies for pavement
design and maintenance, and propose enhancements to current practices to
ensure long-term durability and safety of airport pavements. This study aims
to explore the various factors influencing airport pavement performance,
review the existing methodologies for pavement design and maintenance,
and propose enhancements to current practices to ensure long-term
durability and safety of airport pavements.

Keywords: Dynamic Advanced, Analysis and Maintenance, Airport Pavements,
Impact loading, Flexible Pavements, Rigid Pavements, Composite Runway.
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1. Introduction:

Airport runway pavement is always subjected to
multi levels of impact loadings due to hard landing of
exceptionally large and heavy weighted aircrafts and
can be subjected to high velocity and heavy falling
objects during accident, terrorist attack etc.
Consequently, the structural degradation of runway
pavement is triggered by deflection [1]and cracking [2]
and the dynamic stiffness of the distressed runway
pavement is reduced exponentially with the age of the
runway pavement [3] due to the repetitive incidents. In
addition, the high speed and heavy aircrafts exert huge
contact pressure [4] on the runway pavement during
the take-off and after the landing of aircrafts
frequently. As a consequence, surface depression,
rutting and potholes [5] are often visible for heavily
serviced runway pavements. See Fig.1.

Figure (1): illustrates common damages of runway
pavement.

The repair works within the arrival and departure
of aircrafts are difficult and also significantly increase
the service life cost of the infrastructures. Moreover,
the damaged condition of runway pavement can be the
reason of accidents during landing as from records
maximum accidents of aircraft occur during the
landing time of aircrafts, See Fig.2. [6].
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Figure (2): Accident records of aircrafts [7]

Therefore, The Federal Aviation Administration
(FAA) plays a crucial role in safeguarding the quality
and longevity of airport pavements through
comprehensive standards addressing design, materials,
construction, inspection, and maintenance. Adherence
to FAA standards is paramount to protect investments
and ensure optimal performance [8].

In general, the maximum stress of rigid pavements
is significantly lower than the strength for concrete.
Compared with bridge design or other structural
designs where the design stress typically is based on
the worst loading scenario, the design of rigid
pavements for crack prevention is based on load
repetitions, which affect the pavement’s fatigue
behavior. The principle of cumulative damage, or
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Miner’s law, is the fundamental principle that underlies
airport rigid pavement structural design [9].
Influenced by the lateral distribution of aircraft
wheel wander, plate geometry, and the aircraft load
configuration, the cumulative damage of rigid
pavements has significant spatial heterogeneity. The
current methods that typically are used to calculate
cumulative damage require several simplifications to
address the wheel wander effect and stress response
calculations, which leads to either conservative or
radical runway rigid pavement design. [10], [11].

2. Pavement Types:

Historically, airport pavements fell into two main
categories: flexible (often asphalt-based) and rigid
(Portland cement concrete). However, advancements
in materials and construction methods have led to a
wider array of options, including overlays and complex
composite structures tailored to specific needs. And
they are listed in Table 1. [12].

Table (1): Comparison of Pavement Types

Pavement .
Type Advantages Disadvantages
Flecible F/eleaz./@/ under ./mzd, Susceptible to weather-
easter to repair related damage
Rivid High strength, durable,| Expensive to construct,
& long lifespan difficult to repair
Combines benefits of Complexity in
Composite | flexible and rigid | construction, potential for
pavements reflective cracking

2.1. Flexible Pavements:

Pavement Types Comparison Flexible pavements
are made up of multiple layers to accommodate loads
over a wide area. This top layer is usually asphalt
concrete, meaning it consists of a material that is
cemented together using bitumen or tar on the bottom
and then graded stone on top. The flexible under-load
nature of these pavements can help save them from
crumbling or associated cracking. Flexible pavements
Mere use of advanced materials which include polymer
modified asphalt and warm-mix asphalt further Power
this performance. See Fig.3. [13].

- —

Figure (3): Flexible Pavements
2.2. Rigid Pavements:

Rigid pavements - as the name suggests, were made
of Portland cement concrete and have high strength
and long life. These are less flexible but it is very strong
and stable surface. The load distribution in rigid
pavements is the function of slab action, so they are
more effective for heavy traffic loads. Addition of
additives namely fly ash and slag to the concrete mixes
can also induce improved durability and
environmental resistance of rigid pavements. See

Fig.4. [14].
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2.3. Composite Pavements:

Composite pavements are intended to blend or
combine characteristics of both flexible and rigid
paving. They are typically made up of a concrete base
with asphalt overlay as the standard. These design
takes the flexibility of asphalt and strength of a
concrete, as well are giving you some kind if strong
solid plane that is durable resilient. The composite
pavements can be particularly effective in extending
service life of older pavements which might start to
show signs of distress. See Fig.5 [15].

Figure (5): Composite Pavements

3. Design Considerations:

Key design considerations include ensuring the
pavement has the necessary load-bearing capacity for
anticipated aircraft types, a smooth and stable surface
for safe operations, adequate skid resistance to prevent
incidents, and long-term durability to withstand
repeated loads and environmental factors [16].

4. Environmental Considerations:

Environmental factors such as temperature,
humidity, and precipitation significantly impact
pavement performance. Pavements must be designed
to withstand local climate conditions, including freeze-
thaw cycles, extreme temperatures, and heavy rainfall.
Implementing designs that account for climate change
and variability is becoming increasingly important. [17]

Temperature variations can significantly affect
airport runway pavement response. High temperatures
can cause asphalt to become softer, increasing the risk
of rutting and decreasing pavement evenness, which
can affect traffic safety. High temperatures can also
increase the urban heat island effect [18] See Fig.6.
Table 2: Environmental Impacts on Pavements
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Pavement Temperature °C
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Figure (6): pavement temperature profile from
temperature estimate model for pavement structures

19].
Table 2: Environmen[tal ]Impacts on Pavements
Factor Impact
Temperature Can canse asphalt to soften or crack,
Variation leading to rutting and nneven surfaces
Moisture Ievels Alfffects the strength and .xtczbz'/z'g/j/ of
pavement materials
Freeze-Thaw Can cause cracking and damage to both
Cycles flexcible and rigid pavements
UV Exposure Causes oxz'da.tz'on and /mrdem'ng. of
asphalt, leading to surface cracking

5. Pavement Structure Types:

Airport runway pavement generally can be of three
categories, flexible runway pavement, concrete runway
pavement and Composite pavement. Flexible runway
pavement is comprised of three layers - surface layer,
base layer and sub-base layer and therefore considered
as multi-layer composite pavement, Table 3: show the
Comparison of the three categories [20].

Table 3: Comparison of Pavement Types

Pa;;::nt Advantages Disadvantages
Flexibility under Susceptible to
Flexible load, easier to weather-related
repair damage
High strength, Expensive to
Rigid durable, long construct, difficult to
lifespan repair
Combines benefits Complexity in
Composite of flexible and construction, potential
rigid pavements | for reflective cracking

5.1. Rigid Runway Pavements Rigid:

pavements, constructed from Portland cement
concrete (PCC), offer strength and durability, see Fig.7
They rest on a subbase or directly on the subgrade,
transmitting loads through slab flexure. Concrete
runways consist of PCC slabs that are typically 38 cm
thick for the surface layer, supported by a 40 cm-thick
lime and fly ash stabilized gravel base course, and a 10
cm-thick granular subbase. [21]
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Figure (7): Typical Layers of Rigid Runway
Pavement [22]
5.2. Flexible Runway Pavements:

Flexible pavements, consisting of multiple asphalt
layers as showing in Fig.8., distribute aircraft wheel
loads across their depth. The underlying soil strength
is a crucial design consideration. [23]

ASPHALT INTERMEDIATE LAYER

ASPHALT BASE LAYER

AGGREBATE BASE

Figure (8): Typical Layers of Flexible Runway
Pavement [24]
5.3. Composite Runway:

Pavements Composite pavements combine the
features of both flexible and rigid pavements, typically
consisting of an asphalt overlay on a concrete base.
This design leverages the flexibility of asphalt and the
strength of concrete, providing a durable and resilient
surface, see Fig.9. [25]

Figure (9): Typical Layers of Composite Runway
Pavement

6. Impact Load:

airport runway pavement generally undergoes
impact loading. This research is briefly analyzing the
effect of high velocity moving aircraft loading on
runway pavement and mainly focused on the effects of
impact loading on runway pavement. Impact load
generally produces a short duration dynamic response
of structure. This type of loading is caused by the force
due to the collision between a moving object and a
stationary target like moving aircraft in high speed and
runway pavement respectively. See Fig.10. [20]
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Figure (10): Acceleration graph at impact of aircraft
on ground [27].
7. Advanced Materials
Design:
7.1. Polymer-Modified Asphalt:
Polymer-modified asphalt (PMA) is a significant
advancement in flexible pavement materials. See
Fig.11.The addition of polymers enhances the
elasticity and resilience of the asphalt, improving its
resistance to deformation and cracking under heavy
loads and varying temperatures. [28].

in Pavement
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Figure (11): flexible pavement materials (PMA)
7.2. Recycled Materials:

Incorporating  recycled materials, such

as
reclaimed asphalt pavement (RAP) and recycled
concrete aggregate (RCA) as showing in Fig.12, in

pavement  construction not only  promotes
sustainability but also reduces costs and resource
consumption. Studies have shown that recycled
materials can perform comparably to virgin materials
when properly processed and incorporated into the

pavement design. [29].

Figure (12): Recycled Concrete Aggregate (RCA)

7.3. Geosynthetics:

Geosynthetics,  including  geotextiles  and
geomembranes, are used to reinforce and stabilize
pavement layers. They improve load distribution,
reduce deformation, and enhance drainage, thereby
extending the service life of pavements. See Fig.13.

[30]

sec)
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Figure (13): Geosynthetics

7.4. Comparison Advanced Materials in
Pavement Design:

The comparison shows in Table 4 between the
type of Advanced Materials in Pavement Design.

Table 4: Advanced Materials in Pavement Design

Material Benefits Applications
Polymer-Modified |  Increased elasticity, | Surface layers in
Asphalt resistance to deformation| high-traffic areas
Reclaimed Asphalt Cost-effective, Base and surface
Pavement (RAP) sustainable layers
Recycled Concrete | Reduces waste, cost Base layers,
Aggregate (RCA) savings subbase layers
. . Base layers,
Geosynthetics Remforcj{me@ b improved xubgrjde
rainage o
stabilization

8. Maintenance and Rehabilitation

Techniques:

When airport pavement systems with aging
concrete approach the end of their life, applying an
asphalt overlay is a cost-effective rehabilitation
method. Table 5 shows the Comparison of
Rehabilitation Techniques. However, this method
risks causing reflective cracking due to movements in
the underlying concrete joints. [31].

Table 5: Comparison of Rehabilitation Techniques

Technique Advantages Disadvantages
Asphalt | Cost-effective, quick Risk of reflective
Overlay to apply cracking

Long-term solution,

Full Depth Expensive, time-
Repair addresses root consuming
problems
Crack Prevents moisture Temporary sol}lthn,
. . frequent reapplication
Sealing ingress

needed

9.Factors Influencing Pavement

Response:

Airport runway pavement response is influenced
by a variety of factors, including layer properties and
contact interactions. Understanding the impact of
these factors is crucial for ensuring the durability and
safety of airport runways. By gaining a deeper
understanding of these factors, optimize the
construction and performance of airport runway
pavements, ultimately enhancing the safety and
efficiency of air travel the factors influencing airport
runway pavement response include temperature, load,
material, and design. [32] The increased magnitudes of
aircraft wheel loads that result from aircraft modes of
operation and the dynamic load phenomena associated
with the materials used in the construction of both
rigid and flexible pavements are significant influences
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on pavement response to dynamic loads. The modulus
of elasticity of asphaltic concrete and temperature have
a curvilinear relationship, and the moduli are such that
a straight-line relationship exists between moduli and
the multiplicative, temperature-deflection adjustment
factors. in Fig. 14 show the relation between
temperature stress of pavement with changing of
flexural tensile modulus. [33].
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Figure (14): Relation between temperature stress of
pavement with changing of flexural tensile modulus

[34]

10.Modeling Airport Runway Pavement:

Ensuring the safe and efficient operation of an
airport requires close attention to the structural
integrity of its runway pavement. Different analysis
methods for modeling airport runway pavement
approaches can be classified according to load transfer
mechanisms,  pavement  material  properties,
environmental factors, and aircraft characteristics in
terms of accuracy and constraints. These methods
include theoretical, numerical, and experimental
techniques.
10.1.Load transfer mechanisms:

One factor that significantly affects the design and
modeling of airport runway pavement is load transfer
mechanisms. Load transfer mechanisms refer to how
loads from aircraft are transferred through the
pavement layers to the undetlying soil or subgrade.
[35]. Various load transfer mechanisms can be present
in airport runway pavement, including flexural and
shear mechanisms.

10.2 Rigid Pavement Joints:

Load transfer in rigid airport pavement joints is a
significant aspect of runway design, involving
mechanisms for transferring wheel loads between
adjacent panels and preventing differential movement
or cracking [35]. The rigid airfield pavement design
procedure developed by FAA assumes a 25%
reduction in the maximum stresses thus accounting for
load transfer across the joint. Load transfer can vary
with concrete pavement temperature, age, moisture
content, construction quality,
repetition of load, and type of joint.
10.3.Pavement material properties:

Another factor that affects the design and
modeling of airport runway pavement is the material
properties of the pavement. The material properties of
the pavement, such as modulus of elasticity, Poisson's
ratio, and thickness, play a crucial role in determining
its response to loadings and the overall performance
of the pavement. Therefore, it is important to

magnitude and
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accurately determine these material properties through
testing and incorporate them into the modeling
approach. The physical properties of airport pavement
structures significantly influence both the response of
the pavement to applied loads and the long-term
performance of the pavement. [17]
10.4.Environmental Factors:

Environmental factors significantly impact airport
runway pavement design and modeling. Climate
conditions, including temperature variations, freeze-
thaw cycles, and moisture infiltration, influence
pavement behavior and deterioration over time. These
factors must be carefully considered to ensure analysis
accuracy. Airfield pavements need to function in
various environmental conditions supporting multiple
aircraft types worldwide.

Climate conditions can substantially affect
pavement materials, impacting performance and
lifespan. Strength and load-bearing capacity are also
influenced by climate factors combined with traffic
loads, construction methods, materials, and
maintenance strategies.

The most notable environmental factors that affect
pavement performance include temperature variations
precipitation subsurface-moisture and freeze-thaw
cycles. Airfield pavements must be designed to
withstand various environmental conditions and
support different types of aircraft globally.

Environmental factors, such as climate, can greatly
influence the performance and longevity of pavement
surfaces by affecting their strength and load-bearing
capacity. Climate effects may be compounded by
traffic loads, construction methods, materials, and
maintenance strategies. Temperature, precipitation,
subsurface moisture, and freeze-thaw cycles are among
the key environmental factors that significantly impact
pavement performance over time.

Pavements exposed to weather or
conditions are vulnerable to deterioration and
deformation in the long term. Taking these factors into
account is essential for engineers to create more
appropriate pavements for existing climatic conditions
[36], [37].

10.5. Aircraft Characteristics:

Aircraft Features: The features of an aircraft, such
as wheel setups, tire pressures, and landing gear
arrangements can impact the distribution of forces on
the pavement. It is essential to grasp these features for
accurately simulating how the pavement responds to
aircraft movements and landings. Furthermore, when
choosing an appropriate analysis method, it's
important to consider the type and frequency of
aircraft operations at a specific airport.

The characteristics that need defining for any given
aircraft include load repetitions over its structural
design lifespan, total weight with portion carried by
main landing gears, tire pressure for main landing gear
wheels, and configuration of the main landing gear
(including number and spacing of wheels). Different
software programs handle these aircraft attributes in

climate

varied ways; for instance, Airport Pavement Structural
Design System (APSDS) requires explicit entry of load
repetitions while FAARFIELD allows separate inputs
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for annual departures number as well as structural
design life and growth rate per annum.

Moreover, the dynamic response of the pavement
under aircraft loading is influenced by factors such as
aircraft speed, tire pressure, and wheel configuration.
To accurately assess the load-carrying capacity of
airport  runway  pavement, a comprehensive
understanding of aircraft characteristics is necessary.
[38]

11. Theoretical Approaches to Runway
Design:

Theoretical methods for runway design involve
using mathematical equations and models to
determine the best pavement thickness and structural
design that can support expected aircraft loads. These
methods are vital for ensuring airport runways'
strength and safety. Understanding the connection
between aircraft characteristics and how pavements
respond is crucial in this context.

Factors like aircraft weight, wheel setups, and tire
pressures have a significant impact on how loads are
distributed on the pavement's surface. Precise
modeling of these interactions is essential for creating
and maintaining airport pavements that can meet the
demands of modern aviation. Numerical techniques
such as finite element analysis are commonly applied
in analyzing runway pavement [39], [40].

12. Innovations in Pavement Maintenance
12.1. Predictive Maintenance:

Predictive maintenance
analytics and technologies
pavement conditions in real-time. By analyzing trends
and predicting potential failures, maintenance activities
can be scheduled proactively, minimizing downtime
and repair costs. [41].

12.2. Cold In-Place Recycling:

In self-healing asphalt, Asphalt Research is

working on the development of materials capable to

involves using data

sensor to monitor

spontaneously recover stiffness cracks and minor
damage. Add microcapsules that contain healing
agents to the asphalt mix, and when cracks develop in
the pavement then these will heal themselves helping
give a much longer life. Table 6 Comparison of the
Innovations in Pavement Maintenance [42], [43].
12.3. Self-Healing:

Asphalt Research in self-healing asphalt aims to
develop materials that can automatically repair cracks
and minor damages. Incorporating microcapsules
filled with healing agents into the asphalt mix allows
the pavement to heal itself when cracks occur,
significantly extending its lifespan. Table 6 shows the
comparison of the Innovations in Pavement
Maintenance [44].

Table 6: Innovations in Pavement Maintenance

Technique Benefits Applications
Predictive | Reduces downtime, | Airports with high
Maintenance cost-effective traffic volumes
Cold In-Place Ei;}?el”zzlrnezéiily Pavement
Recycling : 4 rehabilitation
savings
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. Extends pavement | High-stress areas,
Self-Healing | . p gh-stre. ’
lifespan, reduces critical
Asphalt . L.
repairs infrastructure

13. Environmental and Economic
Impacts
13.1. Life Cycle Cost Analysis:

Life cycle cost analysis (LCCA) is a key tool in the
pavement management. It estimates lifetime costs of a
pavement associated with construction, maintenance,
rehabilitation and disposing. LCCA helps to make
financially informed decisions which address
economic & environmental sustainability in the long
run [45], [46].

13.2. Sustainability Assessments:

Carbon footprints, resource consumption and
waste generation are set to be the measurements used
during sustainability assessments of pavement
projects. Using recycled materials and construction
methods that consume less energy when creating
airport pavements can really help minimize the
environmental burden as well. Table 7: Comparison of
Environmental and Economic Impacts. [47].

Table 7: Environmental and Economic Impacts

Ass?rsos(r)rllent Benefits Applications
Life Cycle 'Cost Informed decision- Paveme'nt design
Analysis ki [ savi and maintenance
(LCCA) making, cost savings planning
Reduces
Sustainability | environmental impact, All phases of
Assessments promotes pavement lifecycle
sustainability

14. Modeling Approaches:

Different analysis methods for modeling airport
runway pavement approaches can be classified
according to load transfer mechanisms, as showing in
Table 8. pavement material properties, environmental
factors, and aircraft characteristics. These methods
include theoretical, numerical, and experimental
techniques. [48].

Table 8: Comparison of Modeling Approaches

Approach Description

Utilizes mathematical equations to predict

Theoretical .
pavement bebavior

Tnvolves computational methods such as finite

Numerical .
element analysis

Experimental Based on physical testing and data collection from

real-world scenarios

15. Results and Discussion

e Pavement Response Factors The response of
airport runway pavement is affected by many factors
such as layer properties, and contact interactions. This
knowledge is essential for construction of durable, safe
airport runways.

Associated  airside
elements are influenced by airport runway pavement
response environmental impacts. Higher temperatures
cause the asphalt to soften and thus it has an increased
likelihood of rutting, which negatively impacts on

e Temperature Variations
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pavement smoothness that can lead up safety issues in
traffic.

e New Design Protocols That Recognize the
Climate Variability Inclined process of designing
pavements, these systems now include climate change
and appreciates fluctuating temperatures, diverse
moisture conditions as well extreme occurrences like
floods. The goal of this campaign is to improve
pavement durability in a changing climate.

16. Conclusion:

* Airport runway pavement response is influenced
by various factors including layer properties and
contact interactions. Understanding the impact of
these factors is crucial for ensuring the durability and
safety of airport runways.

= Additional research is necessary to evaluate the
performance of emerging maintenance and design
techniques. The durability of airport pavements with
respect to dynamic and environmentally sensitive
design approaches is crucial. It is. also critical for
researchers, engineers and policymakers to work
together on standards development that aligns with the
changing requirements of airport infrastructure

* An airfield pavement structure is designed to
support aircraft live loads for a specified pavement
design life [49]. Computer codes are available to assist
the engineer in designing an airfield pavement
structure. Pavement structural design is generally a
function of five criteria: the pavement structural
configuration, materials, the applied loading, ambient
conditions, and how pavement failure is defined. The
two typical types of pavement structures, rigid and
flexible, provide load support in fundamentally
different ways and develop different
distributions at the pavement — based interface.
® Methods such as polymer modified asphalts, reuse
of materials and even self-repairing technologies
present encouraging prospects for better pavement
life-cycle and more sustainable outcomes. In addition,
predictive maintenance technologies using real-time
data and sophisticated analysis tools provides new
ways to increase pavement life while minimizing
downtime and costs. [50].

stress
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