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ABSTRACT 

 

 

Runway is an essential element of any airport and it significantly influences the safety 

of an aircraft that uses it. A typical flight includes various phases, but landing is 

considered as the most crucial phase of the flight. An improper landing may results in 

serious implications for safety of the aircraft and its occupants, if the runway 

condition is compromised. An aircraft imposes a tremendous load on a runway 

pavement during landing phase that causes deflection of the pavement. Consequently, 

the runway design and performance requirements are largely affected by the potential 

deflection. A critical review of the relevant literature indicates that the study of 

aircraft-runway interaction has been a challenging problem for runway designers, 

airport operators, and researchers. As a result, the design, evaluation, and performance 

reporting of a runway pavement is still based on semi-empirical approaches. A review 

of international civil aviation regulatory framework also reveals that prescriptive and 

empirical procedures dominate the field practices. This study analyses an aircraft-

runway interaction as a structure-foundation interaction problem using basic 

principles of engineering mechanics. It is based on idealisation of various 

characteristics of a runway by mechanical elements, such as Winkler springs, 

stretched elastic membranes, shear beam, and dashpot concepts while considering the 

forces applied by an aircraft on a runway pavement during landing. As a result, an 

analytically derived deflection model has been developed to examine the runway 

deflection profiles. Besides, a parametric study has also been carried out to examine 

the relationship between deflection, impact pressure, and vertical velocity of an 

aircraft during landing. Consequently, the developed analytical expression to estimate 

runway deflection is expected to be useful in designing, technical evaluation, and 

strength reporting of a runway pavement. Additionally, considering aviation 

operations as risky and safety sensitive activities, the impact of changing civil 

aviation regulatory system from prescriptive regime to an outcome based legislative 

framework on aviation safety is also investigated in this research. 
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NOTATION 

 

 

Basic SI units are given in parentheses. 

 

a Radius of the equivalent circular area (m) 

A  Equivalent area of contact between the landing gear wheels and the runway 

(m
2
).  

g Acceleration due to gravity (m/s
2
) 

h Equivalent free fall height (m) 

k Subgrade coefficient   

ks Modulus of subgrade reaction of the pavement system (N/m
3
) 

m Mass of the aircraft associated with a main landing gear leg load (kg) 

M All-up mass (kg) 

p Equivalent static contact pressure exerted by landing gear wheels on the 

runway pavement surface (N/m
2
) 

p
*
 Non-dimensional equivalent static contact pressure exerted by landing gear 

wheels on the runway pavement surface (= p/ksa) (dimensionless) 

P Landing gear leg load (= mg) 

v Total velocity of the aircraft at runway touchdown point during landing (m/s) 

vh Horizontal velocity of the aircraft at runway touchdown point during landing 

(m/s) 

vv Vertical velocity of the aircraft at runway touchdown point during landing 

(m/s) 

  
  Non-dimensional vertical velocity of the aircraft at runway touchdown point 

during landing (= vv/ga) (dimensionless) 

w Dynamic deflection of the runway pavement (m) 

w
*
 Non-dimensional dynamic deflection (= w/a) (dimensionless) 

ws Static deflection of the runway pavement (m) 
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CHAPTER 1 

INTRODUCTION 

 

 

1.1 General 

 

Air transportation is an integral part of our lives. Thousands of flights take place 

around the world every day, including commercial, military, and general aviation. 

Assuring aviation safety has become one of the foremost engineering challenges of 

the 21st Century in present era of increasing air traffic. Various national organizations 

are responsible for aerodrome management tasks together through the International 

Civil Aviation Organisation (ICAO)
1
 to develop global aerodrome regulations and 

standards. 

 

 

 

 

Fig.1.1. A view of an aircraft landing 

 

                                                 
1
 International Civil Aviation Organisation (ICAO) was formed in 1944 as a specialized agency of the 

United Nations to promote the safe and orderly development of civil aviation. The ICAO develops 

international civil aviation standards, practices, and procedures for its 189 member countries known as 

the Contracting States. 
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A runway plays a vital role in aviation safety by providing safe and efficient landing 

and takeoff of an aircraft (Fig. 1.1). Therefore, it is imperative that while designing 

the runways a serious consideration should be given to operational and physical 

characteristics of the aircraft, which is expected to use the runway. Generally, the 

runways for takeoff and landing of aircraft suffer from sinking due to ground settling, 

which is not a sought after situation. It is also desirable that the surface of the runways 

remain significantly flat throughout its length. However, it is noticed that the runways 

loose their flatness due to static and dynamic loads exerted by operations of the 

aircraft. This surface depression in the aircraft wheel path on the runway is known as 

rut or deflection. Rutting stems from a permanent deformation in any of the pavement 

layers or subgrade normally caused by movement of the materials due to aircraft 

landing loads. It is governed by amount of the loads, characteristics of runway 

materials, and strength and consolidation behaviour of subgrade soil. Besides, water 

accumulation in the sunken areas during rainy season further increases the depth of 

ruts. 

 

Runway pavement is one of the most important aspects of an airport facilities related 

to the aircraft operation. Generally, the runway pavements used in aerodromes are 

classified as flexible pavements and rigid pavements. A flexible pavement is made of 

an asphalt concrete surface layer over a granular base layer, a subbase layer, and a 

subgrade. The rigid pavements consist of a cement concrete surface layer over a 

chemically treated base layer, a subbase layer, and a subgrade (Whiteley, 2006). 

Certain military operations also use the unsurfaced runways, occasionally. These 

runways are not provided with surface layers and they are normally built in remote 

areas such as, war zones or natural disaster locations (Tingle and Grogan, 1999). 

However, it is always a demanding task to design unsurfaced runways for the heavy 

aircraft categories considering the substantial surface rutting as a result of tremendous 

landing loads and soil subgrade deformation. 

 

Airport operations are heavily dependent on runway pavement infrastructure and its 

ability to withstand aircraft takeoff, landing, and taxi loads. Since rutting is a primary 

failure criterion when determining functional capabilities of an airfield, the concept of 

total rutting plays a significant role in development of a performance prediction 
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model. An increasing demand for heavier loads and higher speeds has necessitated 

more realistic modelling of the interaction of the aircraft and runway pavements. 

 

Primarily, the methods used for reporting load-bearing capacity of an airfield 

pavement have put emphasis on development of a procedure for measuring and 

classifying the load ratings of different aircraft. The allowable bearing pressure on a 

pavement known as pavement strength, is usually defined as the load rating of the 

heaviest aircraft that can use the pavement on unrestricted basis without exceeding the 

permissible rutting (Loizos and Charonitis, 2001). Criteria recommended by the 

ICAO for pavement strength considers the aircraft mass and allowable tyre pressure 

(International Civil Aviation Organisation, 2004). The ICAO further recommends that 

the strength of a runway pavement shall be reported using aircraft classification 

number (ACN) and pavement classification number (PCN) method by indicating 

information about the pavement type for ACN-PCN determination, subgrade strength 

category, and maximum allowable tire pressure category. ACN is a number that 

expresses the relative effect of an aircraft on the pavement for a specified standard 

subgrade strength. Similarly, the PCN is to express the strength of a pavement for 

unrestricted operations. A pavement is classified as flexible or rigid for a given 

standard aircraft gear loading to determine the ACN. However, the ACN-PCN 

method is meant only for the publication of the pavement strength data in the 

aeronautical information publications (AIPs), and it is not intended for design of the 

pavements (International Civil Aviation Organisation, 1983). 

 

Though some prior analyses of aircraft-runway interaction recognise the importance 

of runway rutting in providing safe designs of the runways, much attention has not 

been given to present a simplified runway deflection model for routine design 

practices. The literature review presented in chapter 2 identifies that there is not much 

research work available on the aircraft-runway interaction area that could address the 

evaluation of runway deflection or rutting, analytically. Consequently, the runway 

designs are still based on semi-empirical approaches (Thom, 2008; Yoder and 

Witczak, 1975). In view of the importance of the runway rutting, this project makes 

an attempt to develop a runway deflection model in accordance with the principles of 

structure-foundation interaction. Therefore, this study is aimed at developing such a 

model for determination of deflection considering the aircraft-runway interaction as a 



13 

 

structure-foundation interaction problem. The runway pavement is idealised as a 

mechanical model using Winkler springs model for the purpose of this project. 

Furthermore, this research suggests that the proposed analytical deflection model can 

be used for runway pavement evaluation. Additionally, considering aviation as a 

highly regulated industry, this project also investigates the runway pavement 

regulatory standards, practices, and evolution of civil aviation regulatory regime. 

 

1.2 Objectives and scope of thesis 

 

Most critical loads on a runway occur due to gross weight of the aircraft and its high 

rate of descend (ROD) at touchdown point on a runway pavement during landing. A 

significant function of the landing gears and runway is to absorb vertical energy of the 

aircraft at touchdown during landing phase. An aircraft of a given weight and ROD at 

touchdown has a certain kinetic energy that must be dissipated by the landing gears 

and the runway. Therefore, a safe landing is highly influenced by the runway 

characteristics, especially the strength and deflection behaviour of pavement layers. 

Since, rutting (Fig.1.2) is a primary failure criterion when determining the functional 

capabilities of an airfield; the concept of total rutting plays a significant role in the 

study of aircraft-runway interaction for development of a deflection prediction model. 

The primary objectives of the research work reported in this thesis were to study the 

aircraft landing forces that causes deflection in the runway pavement, idealise the 

behaviour of runway layers, develop a simplified runway deflection model and 

examine deflection profiles, and suggest the use of deflection model for a runway 

pavement evaluation and strength reporting. 
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Fig.1.2. Rutting at a runway touchdown zone (adapted from Fotosearch, 2010) 

 

 

The earlier studies on the pavement behaviour indicate a relationship between load 

and the deflection in empirical forms. This implies that the deflection is an indicator 

of load supporting capacity of a pavement. As a result, this can also be established 

that the pavement deflection determined for a particular applied load could be 

adjusted proportionately to predict the deflection caused by other loads. The aircraft 

weight is transmitted to the runway pavement through its undercarriage during 

landing. The factors such as, number of wheels, their spacing and size, and the tyre 

pressure determine the distribution of the aircraft load to pavement. The effects of 

distributed loads from adjacent wheels of dual, dual-tandem, and adjacent legs of the 

complex aircraft undercarriages overlap at the subgrade and intermediate levels. In 

these cases, the effective forces combined from two or more wheels exert on the 

pavement structure. Falling weights on the pavement generates dynamic stresses that 

diminish away from the point of impact. Attenuation of the dynamic stress from the 

point of impact has been studied by various researchers and the studies have 

concluded that elastic theory gave reasonable predictions of stress attenuation when 

compared with measured values in granular soils (Mayne and Jones, 1983). Since the 

distribution of loads by a pavement structure is over a much narrower area on a high 

strength soil subgrade than on a low strength soil subgrade, the combining effects of 

adjacent wheels is much less for the pavements on a high strength subgrade than a 

low strength subgrade. According to Boeing Commercial Airplanes (2002), the 

subgrade conforming to California Bearing Ratio (CBR) 15 and subgrade modulus (k) 

Rutting at touchdown zone 

Runway threshold area 

Runway pavement 
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150 MN/m
3
 is classified as high strength subgrade. Likewise, the subgrade with CBR 

6 and value of k as 40 MN/m
3
 is known as low strength subgrade. 

 

For a rational analysis and design of runway, all the above mentioned aspects must be 

considered while estimating the landing load. Consequently, the key issues and 

challenges facing runway bearing strength and deflection have been identified in this 

study by a wide review of research resources. This research has been developed using 

mechanical modeling to derive an analytical expression to estimate deflection and 

study deflection profiles. Furthermore, a detailed parametric study has also been 

carried out to investigate the effects of various parameters governing the runway 

deflection model. These results may be useful in design, evaluations, and load bearing 

strength of a runway pavement. The underlying philosophy is that, if the model could 

accurately predict the deflection analytically, then it can be used in field applications. 

Subsequently, the civil aviation regulatory issues have also been investigated in this 

study. Various characteristics and landing profiles of the modern transport aircraft are 

included in this thesis to provide an understanding about the details and operational 

parameters of the aircraft during landing. 

 

1.3 Thesis Outline 

 

Chapter 1 provides an overview of this research project and it introduces the 

statement of research problem. A brief background for the research, the scope, and the 

research objectives are also mentioned in this chapter. 

 

Background information and literature review on runway pavement, regulatory issues, 

and foundation models are presented in chapter 2. Major factors influencing runway 

pavement life in view of deflection are reviewed. Observations of various researchers 

from runway pavement tests and studies are described in context of deflection and 

technical evaluation of the pavement. This chapter also reviews relevant civil aviation 

regulatory framework covering aviation operations and airports. 

 

An analytical expression to estimate runway pavement deflection caused by an 

aircraft landing load is derived in chapter 3. A simple deflection model based on 
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mathematical analysis using mechanical modelling has been developed. The runway 

pavement is idealised with Winkler spring model to develop the expression. 

 

In chapter 4, a parametric study has been carried out using the deflection model to 

analyse a relationship between deflection, impact pressure, and vertical velocity of an 

aircraft at touchdown point on a runway surface during landing phase. Likewise, some 

charts are also developed to study the deflection profiles based on the model. An 

illustrative example is also used as a part of the parametric study. 

 

Chapter 5 deals with runway pavement evaluation methods and practices. Results of 

the developed deflection model suggest that a runway pavement evaluation can be 

carried out using the analytically developed expression instead of the current semi-

empirical practices. In view of justifying the use of the deflection model for pavement 

evaluation purpose, the aircraft landing forces and standards are also discussed. 

Moreover, some current runway pavement evaluation practices of major countries and 

international recommendations of the ICAO on this issue are deliberated in this 

chapter. 

 

Influences of recent fundamental shifts of civil aviation safety regulatory framework 

related to airport and aircraft operations are discussed in chapter 6. Primarily, it 

focuses on associated effects of prescriptive and performance based civil aviation 

safety regulations related to airports and aircraft on aviation safety. Impact and 

potential risks of commercial pressure on aviation safety as a consequence of 

outsourcing and privatisation of safety sensitive activities related to airfield and 

aircraft are also investigated in this chapter. 

 

Extending the discussion on evolution of civil aviation safety regulations, chapter 7 

explores the role and necessity to expand the competency standards of aeronautical 

personnel involve in tasks associated with airworthiness of an aircraft and aviation 

safety. It investigates the possibilities of bringing various categories of aeronautical 

engineering personnel under state licensing and registration system in view of 

enhancing the aviation safety. 
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Chapter 8 examines the prospective advanced applications of the deflection model in 

the runway pavement load bearing strength reporting practices of airport operators 

under civil aviation safety regulations. An argument to use potential deflection for the 

bearing strength reporting of a runway pavement is presented in this chapter. 

 

Chapter 9 summarises the main research findings, investigation outcomes, and 

conclusions of this research. It also includes some recommendations for future 

research directions based on findings of this project. 
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CHAPTER 2 

LITERATURE REVIEW 

 

 

2.1 General 

 

Aircraft-runway interaction analysis has been a complex issue in field applications 

and the research literature is scarce in this area. This chapter provides review of 

methods of analysis based on mathematical and experimental studies on aircraft-

runway interaction as reported in the literature. This literature review also summarises 

the concepts of the available foundation models in the area of foundation-structure 

interaction that may be used for the study of the aircraft-runway interaction. The 

pavement responses from test studies and observations by other researchers are also 

included in this chapter. In view of strict regulatory nature of the aviation industry, a 

review of civil aviation regulatory framework has also been presented in this chapter. 

 

2.2 Aircraft-runway interaction analysis  

 

Chou (1983) suggested a stress factor for assessing the subgrade rutting potential of 

flexible pavements for aircraft load. It has been ascertained that the rutting of the 

pavement is directly proportional to the computed stress factor in the subgrade. 

Therefore, if several different types of pavements are designed for a given subgrade 

soil and for a given aircraft load at the same performance level, the pavement with the 

largest stress factor will most probably have the greatest potential of subgrade rutting. 

Similarly, for a given subgrade soil, if two pavements are designed for two different 

aircraft loads at the same performance level, the heavier aircraft load will have a 

greater stress factor in the subgrade. 

 

Vajarasathira, Yener and Ting (1984) presented a dynamic analysis of stresses and 

deflections induced by moving vehicles and by linear temperature variations in airport 

pavements, which lie on visco-elastic foundations. This analysis had used a direct 

numerical method that was derived from the structural impedance approach and the 

algorithm was extended to a simple model developed to sufficiently describe the 
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behaviour of airport pavements. An ideal beam supported by springs and dampers 

simulating subgrade was chosen as a tool. The beam is subjected to temperature 

differentials that cause uplift and warping. Based on this model, several numerical 

examples were solved in order to identify the factors, which influence the pattern and 

magnitude of deflections and stresses in the pavement. 

 

Tingle and Grogan (1999) evaluated the functional failure of unsurfaced airfields 

supporting operations of C-17 aircraft. The report described that the airfields failed 

prematurely despite displaying sufficient structural strength in terms of California 

Bearing ratio (CBR). The rutting observed in the field was actually a measure of the 

displaced loose material generated by the shearing action of a braking aircraft. 

Furthermore, the researchers found that the rutting noticed in the field was not the 

same as the traditional rutting (plastic deformation) documented in the literature. The 

areas of the airfield exhibiting the greatest rutting were the braking zones and the 

turnaround sections. The developed prediction model can be used to estimate the 

number of aircraft operations required to produce a specific loose till depth for a 

particular site. 

 

Using field test data, Fang (1999) plotted the variation of pavement deflections and 

strains with time as the aircraft wheels passed by. It was established that the 

deflection versus time curve had one peak for the inner loading case, and the peaks for 

the edge loading case were found to be directly proportional to the number of axles on 

the main landing gear. The peaks were located for the inner loading case and the 

transverse edge loading case that were at the geometric centre of the semi-gear and 

between any pair of dual wheels respectively. Similarly, the peak for the transverse 

loading edge case depends upon the load transfer characteristics of the joint. The 

analysis demonstrates that the maximum deflections occur between the dual wheels, 

whereas the maximum strains happen beneath one of the wheels. Likewise, the plots 

indicate the clear reversals in the longitudinal strain-versus-time curves. 

Correspondingly, the computation further shows that the load transfer efficiency for 

dummy joints is direction dependent, and that the load transfer efficiency decreases 

significantly during the first year the pavement is in service. 
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Lee, Daniel and Kim (2000) evaluated the fatigue and rutting characteristics of 

various modified and unmodified mixtures using uni-axial tension and tri-axial 

compression cyclic tests, respectively. The researchers examined the fatigue and 

healing behaviour of the mixes by using the viscoelastic continuum damage (VCD) 

model and investigated the effects of the material properties on the fatigue life and 

micro damage healing potential of asphalt concrete. The structural analysis based on 

the multi-layered elastic theory to compare the fatigue lives of the various mixes in 

pavement systems demonstrated that the modified mixtures have a better rutting 

resistance as expected. However, the ranking among the modified mixtures changes 

depending on the confining pressure. Furthermore, it was also found that the rutting 

performance of the mixtures have a linear relationship between the vertical permanent 

deformation and number of applied loads in a logarithmic scale. Similarly, the vertical 

permanent deformation increases with an increase in shear stress invariant. 

 

Ramsamooj (2000) denotes a rational method of design for the thickness of concrete 

runways and taxiways against the fatigue mode of distress based on multilayered 

elastic theory combined with fracture mechanics (EFM). The material properties used 

for the design are the tensile strength, the fracture toughness, the Young’s modulus, 

Poisson’s ratio, and the lower threshold stress intensity factor corresponding to the 

endurance limit. The stresses in the jointed pavements produced by the gear loads and 

thermal curl stress were analysed. Alike the effect of the combined thermal and 

aircraft gear load stresses including the lateral wander of the gear loads is handled 

rationally. It was found that the effect of the thermal curl stress merely increases the 

minimum level of stress resulting from the aircraft and thermal loading. This type of 

stress is less severe than an increase in the aircraft gear load stress of the same 

amount. Stresses and fracture mechanics were used to compute the fatigue life for 

several concrete thicknesses and for 500,000 applications of Boeing 777 loading. 

Additionally, a computer program was utilised to consider the lateral distribution of 

the traffic that may consist of a number of dual axle load in single or tandem or tridem 

configuration. As a result, it was stated that the design was developed for Boeing 777 

only, but a mixture of aircraft types would not pose any difficulty. The program 

provides output in the form of design stresses, deflection, and the fatigue life. 
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Gopalakrishnan (2004) compared subgrade moduli back-calculated HWD test data 

with the laboratory test results. The post-traffic subgrade characterization test results 

from subgrade trench sections were evaluated and compared with the pre-traffic test 

pit data. The evaluation of the correlations amongst subgrade soil properties was 

carried out by using the combined data. The regression analyses revealed that the 

subgrade resilient modulus is significantly related to the unconfined compressive 

strength. Therefore, it was suggested that their results could be used in the 

mechanistic-based analysis and design of airport flexible pavements for the use of the 

NGA. The subgrade resilient modulus (MR) is a required input for a priori 

mechanistic-based analysis and design of flexible pavements. This was also noted that 

the several previous studies had investigated the relationship between laboratory-

based MR and the non destructive testing (NDT) based back-calculated MR. 

 

The study of material properties such as, field density, maximum theoretical density, 

asphalt content, and aggregate gradation of airfield pavements was carried out by 

Shoenberger and DeMoss (2005). The recovered asphalt cement was also evaluated 

for penetration, viscosity, and the specific gravity. The results show that the majority 

of distresses found in the recycled asphalt concrete (RAC) pavements, as with virgin 

mixtures, were from environmental or climatic causes with very few load related 

distresses even in the parking and taxiway areas. Therefore, the use of RAC can be an 

economical solution while being beneficial to our environmentally conscious society. 

 

Gopalakrishnan and Thompson (2006) characterized the rutting behaviour of flexible 

test pavements subjected to multiple-wheel heavy aircraft gear loading at the National 

Airport Pavement Test Facility (NAPTF). Two series of traffic tests were conducted. 

During the first series, a Boeing 777 (B777) aircraft gear and a Boeing 747 (B747) 

gear were trafficked on two low-strength subgrade and two medium-strength subgrade 

flexible test sections until the test sections were deemed failed. The second series of 

traffic tests involved repeated loading of six-wheel aircraft gear (the same as B777 

gear) and four-wheel gear on low-strength subgrade test sections with variable 

granular subbase thicknesses. The results established that the mean rut depths (RD) 

accumulated under B777 loading and B747 loading were similar. For a similar 

number of load repetitions, low-strength subgrade test sections with reduced subbase 

thicknesses yielded larger rut depth. 



22 

 

 

Gopalakrishnan (2006) presented the results from airport traffic load testing using 

B777 gear and B747 gear on a low-strength subgrade flexible pavement section with a 

substantially thick unbound granular subbase layer. Data from in-situ instrumentation 

and heavy weight deflectometer (HWD) testing were analysed at different stages of 

trafficking to evaluate the pavement structural deterioration imposed by the tests 

gears. At the end of traffic testing failure mechanism of pavement structures were also 

studied. The results showed that the maximum HWD deflections, the back-calculated 

moduli, and the mean rut depths were similar for both test gears throughout the traffic 

testing. 

 

Sawant (2009) derived a solution algorithm based on the finite-element method to 

analyse rigid pavements under moving aircraft loads. The concrete pavement was 

made distinctive by thick plate elements that account for the transverse shear 

deformation and bending. The underlying soil medium was also modelled by elastic 

spring and dashpot systems. Similarly, the dynamic interaction between aircraft and 

pavement was modelled by a spring-dashpot unit. As a result, it was established that 

the maximum deflection decreased with increasing slab thickness, the time period of 

vibration increased with slab thickness, the maximum deflection decreased with 

increasing soil modulus and the velocity of moving load significantly influenced the 

pavement responses. Additionally, two clear peaks in the maximum deflection-

velocity response curve indicated that the maximum deflections at the time of the first 

peak were higher than those of the second peak for lower soil modulus, whereas 

maximum deflections at the second peak were higher than the first peak for higher 

soil modulus. 

 

Safwat et al. (2011) had evaluated an analytical approach for predicting rutting in a 

pavement and they found that under a moving wheel load, the pavement material 

moves vertically and horizontally. Therefore, it is important to consider the effects of 

lateral wandering of the traffic when calculating rutting under wheel load. The lateral 

movement of the material is induced by repeated shear stresses and the initial 

deformation zone is primarily caused by an increase in density from repeated traffic 

loading. However the researchers had established that the lateral wandering of traffic 

results in significantly less rut depth as compared with that if the wheel passages 
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loaded only the rut centre. The predictive model was based on a number of passages 

of wheel loads, the pavement structure and the material properties at various 

temperatures. 

 

2.2 Review of foundation models 

 

The real foundation soils are complex in their load-carrying capacity and load-

settlement behaviour. Therefore, the early researchers had developed the various 

elastic subgrade models of foundation soil behaviour. These subgrade models are 

known as mechanical models and they use the mechanical elements, such as springs, 

membrane, shear layer, and dashpot (Selvadurai, 1979). Though the subgrade models 

do not possess the ability to duplicate complete soil behaviour, it is expected that they 

will be useful in predicting the soil behaviour along-with the soil-structure interface in 

acceptable agreement with observed behaviour. Kerr (1964, 1965), Selvadurai (1979), 

Horvath (1989), Winkler (1867), Hetenyi (1946), Pasternak (1954), and Rhines 

(1969) presented excellent surveys of the subgrade models for unreinforced soils. 

These models were developed incorporating various aspects of the soil behaviour to 

represent its load-settlement response as accurately as possible. 

 

2.2.1 Winkler model 

 

Idealizing the behaviour of the foundation soils by mechanical models for dealing 

with the soil-structure interaction problems is a common practice. The earliest and 

simplest model, proposed by Winkler (1867) is a one-parameter model consisting of 

closely spaced, independent linear springs (Fig. 2.1). This model assumes that the 

deflection, w, of the foundation soil at any point on the surface is directly proportional 

to the stress, q, applied at that point and independent of stresses applied to other 

locations, that is, 

 

                                                        ( )       ( )                                                (2.1) 

 

for two-dimensional problems, where ks is termed as the modulus of subgrade 

reaction. An important feature of the Winkler subgrade model is that the displacement 



24 

 

occurs immediately under the loaded area and outside this area the displacements are 

zero. Additionally, the displacements of a loaded region for this model are constant 

whether the foundation soil is subjected to an infinitely rigid load or a uniform 

flexible load. Eq. (2.1) is usually the response function for the Winkler model. 

Selvadurai (1979) has reported that the Winkler model represents a very accurate 

idealization of the actual operating conditions in many engineering problems, quite 

apart from foundation soil - structure interaction. Idealizing the ground by Winkler 

springs is frequently used in the design of highway and airfield pavements for 

representing the behaviour of soil subgrades (Ashford and Wright 1992; Mallick and 

El-Korchi 2009). 

 

 

 

 

Fig.2.1. Winkler subgrade model (Winkler, 1867) 

 

 

2.2.2 Filonenko-Borodich model 

 

The model proposed by Filonenko-Borodich (1940) achieves continuity between the 

individual springs in the Winkler model through a thin smooth elastic membrane 

under a constant tension in all horizontal directions. In case of the three dimensional 

problems; for example a rectangular of circular foundations, the response function for 

this model is given by: 

 

  (   )     (   )       (   )                                        (2.2) 
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where, q is applied vertical surface pressure, T is constant membrane tension, and 

   
  

    
  

    . In case of two dimensional problems, for example, a strip foundation, 

Eq. (2.2) reduces to: 

 

  ( )     ( )    
   ( )

                                                   (2.3) 

 

2.2.3 Hetenyi Model 

 

In addition to extensive work with Winkler model, Hetenyi (1946) proposed a model, 

which assumes that the interaction between the independent spring elements is 

accomplished by incorporating a structural member, for example, an elastic beam in 

one dimensional bending problems and an elastic plate in two dimensional bending 

problems that deforms in bending only. For three dimensional problems, the response 

function for this model is given by: 

 

              (   )     (   )       (   )                                           (2.4) 

 

where, D [=     (  (    
 ))] is the flexural rigidity of the plate, Ep is the Young’s 

modulus of the plate,  p is the Poisson’s ratio of the material of the plate, h is the 

thickness of the plate, and           
  

     
  

       
  

   . For two dimensional 

problems, the Eq. (2.4) reduces to: 

 

             ( )     ( )    
   ( )

                                                    (2.5) 

 

where D (=EI) is the flexural rigidity of the beam, I is the moment of inertia of the 

beam cross-section. 
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2.2.4 Pasternak model 

 

The model proposed by Pasternak (1954) assumes the existence of shear forces 

between the springs of the Winkler model. These forces produce a coupling effect as a 

result. Originally no mechanism was postulated that could produce these forces. Kerr 

(1964) suggested a model that could produce these shear interaction would consist of 

an incompressible plate or layer that deforms in transverse shear only. This implies 

that there is no bending effect on top of Winkler model. 

 

 (   )     (   )          (   )                                         (2.6) 

 

where Gp is the shear modulus and H is the thickness of the shear layer. It can be 

observed that the response function for the Pasternak model given by Eq. (2.6) is 

identical with the response function for the Filoneko-Borodich model given by Eq. 

(2.2), if T is replaced by    . Thus the surface deflection profiles for this model are 

very similar to those obtained for the Filonenko Borodich model. Again, for the two-

dimensional problems, the Eq. (2.6) reduces to: 

 

              ( )     ( )       
   ( )

  
                                                (2.7) 

 

with the models considered so far, the Winkler model can be considered as a limiting 

case, as the T, D and     tend to zero. 

 

2.2.5 Kerr model 

 

Kerr (1965) modified the Pasternak model with another spring layer on top of the 

shear layer. The response function for this model is given by: 

 

            (  
  

 
 )   

    

 
                                                    (2.8) 

 

where, k is the spring constant of the upper spring layer and all other parameters are 

as defined previously. 
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2.2.6 Continuum models 

 

The soil media have often been idealized as three dimensional continuous elastic 

solids or elastic continua to account for the continuous behaviour. Generally, the 

distribution of displacements and stress in such media remains continuous under the 

action of external force systems. The response function for the three dimensional 

elastic soil medium is generally obtained by using the theory of elasticity solution by 

Boussinesq (1985), who analysed the problem of a semi-infinite homogeneous 

isotropic linear elastic solid subjected to a concentrated force that acts normal to the 

plane boundary. 

 

This indicates that the elastic continuum model predictions are closer to the real soil 

behaviour than those predicted by the mechanical models. These models have the 

added benefit of providing body stresses as part of the solutions, which is not possible 

by the mechanical models. However, it appears that the elastic continuum models 

have limited uses particularly for the plate, mat or raft analysis for various reasons. 

Mathematical complexity of the elastic continuum is considered as one of the 

important reasons that limit its uses. Additionally, the determination of the elastic 

parameters, Young’s modulus Es and Poisson’s ratio νs (or shear modulus Gs and Bulk 

modulus Ks) of soil deposits in field situations is difficult. These parameters vary with 

confining pressure and so is the depth of the soil deposit. Several researchers, such as 

Reissner (1958), and Vlazov and Leontiev (1966) have imposed constraints or 

simplifying assumptions with respect to the possible distribution of displacements and 

stresses upon the basic equations for a liner elastic isotropic continuum. Hence, these 

models are considered as the simplified elastic continuum models. 

 

2.2.7 Reissner model 

 

The model proposed by Reissner (1958) imposes certain possible displacement and 

stress constraints upon the basic equations for a linear elastic isotropic continuum. 

Therefore, by assuming that the in-plane stresses (in the x-y plane) throughout a soil 

layer of thickness H are negligibly small (σxx = σyy = 𝛕xy = 0) and that the 

displacement components u, v and w in the rectangular Cartesian coordinates’ 

directions x, y, z, respectively satisfy the conditions: 
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             u = v = w = 0 on z = H; u = v = 0 on z = 0                                    (2.9) 

 

It can be seen that the response function for the soil model is given by: 

 

                    
     

  

    
                                                    (2.10) 

 

where, constants c1 and c2 characterising the soil response are related to Es and Gs by 

c1 = Es/H and c2 = GsH/3  in which Es and Gs are respectively the Young’s modulus 

and shear modulus of the soil layer. It can be seen that the Eq. (2.8) and (2.10) are 

identical. For a constant or linearly varying stress, after redefining c1 = ks and c2 = Gp, 

Eq. (2.10) also becomes identical to the Eq. (2.2) or (2.6). 

 

2.2.8 Vlazov model 

 

The model proposed by Vlazov (1949a, 1949b) also imposes certain possible 

displacement constraints upon the basic equations for a linear elastic continuum. 

Vlazov’s approach to the formation of the soil model is based on the application of a 

variational method. The details of the application of general methods of analysis to 

the theory of elasticity solutions have been given by Vlazov and Leontiev (1966) in 

addition to the following assumptions for the horizontal displacement. 

 

 (   )                                                         (2.11) 

 

The vertical displacements are expressed as  

 

     (   )  ( )   ( )                                                (2.12) 

 

where, u and w are the corresponding displacement in x and z directions. The function 

h (z) describes the variation of displacement w(x, z) in the z direction. Several such 

variations have been proposed including the linear and exponential variations. 

 

             ( )  (   )  ( )       [
 (   )
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                        (2.13) 
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where,    
 

 
  and         are constants. The response function for this model is 

given by: 

 

            ( )     ( )      
     ( )

                                              (2.14) 

 

where  
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                            (2.15) 

 

   
  

    
 
 

 ,         
  

     
 are respectively the elastic modulus and Poisson’s ratio for 

the elastic material. 

 

By comparing the Eq. (2.14) with (2.2) and (2.7), it is apparent that the shear modulus 

Gp, the membrane tension T, and the spring constant ks, are directly related to the 

elastic constant Es and νs of the soil layer. Therefore, it represents a physical 

interpretation of the modulus of subgrade reaction ks. 

 

Vallabhan and Das (1991) presented a modified Vlazov’s model and they had 

developed a unique iterative technique based on variational principles to determine a 

consistent value of the γ parameter that controls the decay of stresses in the 

continuum. The model automatically gives a consistent value of γ whereas the Vlazov 

model did not give a precise value of γ; instead, it had recommended the values 

between 1 and 2 for γ. An additional feature of this new model is that the computer 

code is very small, and using even IBM PC-XT- compatible computers, the results 

can be obtained quickly. 

 

2.2.9 Elastic - Plastic models 

 

The elastic soil models do not take into account any elastic-plastic or irreversible 

behaviour of the soil medium. Therefore, the analysis of elastic-plastic soil behaviour 

can be carried out using either purely mechanical models or continuum models. The 
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basic distinction between purely elastic and elastic-plastic model is that the stresses or 

forces that can be induced in the soil medium are limited owing to the introduction of 

a yield or failure criterion in the latter case (Selvadurai, 1979). 

 

An example of a purely mechanical type elastic-plastic model is the soil model 

proposed by Rhines (1969) to account for punching shear failure in the highly 

compressible soil. This particular model uses modified Pasternak model, which is also 

called as Kerr model and it assumes that the shear layer interconnecting the springs is 

capable of sustaining finite shearing stress. The shear stress to shear strain 

relationship for the elastic layer is of an elastic-rigid plastic type. Selvadurai (1976) 

has also used modified Pasternak model in connection with the axi-symmetric loading 

of a rigid circular plate resting on an elastic-plastic Pasternak foundation. The analysis 

indicated that the yielding occurs at edges of the footing and the load displacement 

curve is bilinear. Likewise, the break that corresponds to the onset of yielding in the 

shear layer and slop of the post yield portion of the curve is less than the slop of the 

elastic portion. Further to that the maximum contact pressure for the given applied 

load after yielding is less than that it would have been, if the foundation under the 

same load remained realistic. 

 

2.3 Regulatory overview 

 

Since the beginning, the aviation industry has been highly regulated under national 

and international regulations, because of the instinctive safety risks associated with 

the operations of an aircraft. Therefore, the safety sensitive aviation activities are 

regulated under prescriptive standards and regulatory regimes. Most legal frameworks 

have a history of establishing on national basis before entering the international scene, 

but the peculiarity of aviation law is that it has been both international and national 

from the very beginning. Since the establishment of the International Civil Aviation 

Organisation (ICAO) in 1944 as a specialized agency of the United Nations to 

develop aviation standards and recommended practices (SARPS), the civil aviation 

industry has been regulated significantly by the national aviation authorities 

(Department of Infrastructure Transport Regional Development and Local 
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Government, (2008). The safety objectives are being achieved by various regulatory 

tools, such as licensing and certification of activities and infrastructure. 

 

Annex 14 contains SARPS of the ICAO as a minimum standard for aerodromes that 

includes the physical characteristics of runways (International Civil Aviation 

Organisation (2004). According to the International Civil Aviation Organisation 

(2006a), these standards apply to all contracting states under the Chicago convention. 

The ICAO also recommends that the contracting states are expected to use the precise 

wordings and phrases of ICAO regulatory standards in their national regulations. 

Therefore, the provisions of the ICAO Annexes have been written in a manner to 

facilitate incorporation without major textual changes into national legislation of the 

contracting States for harmonisation purpose. For example, the expression ‘licence’ 

used throughout the ICAO Annexes has the same meaning as the expressions 

‘certificate of competency or license’, which is used in Chicago convention 

documents. Similarly the expression ‘flight crew member’ has the same meaning as 

the expressions ‘member of the operating crew of an aircraft’. Therefore, the ICAO 

expects that the Contracting States should use these terminologies in their national 

legislations. Furthermore, under Article 38 of the convention, the contracting states 

are required to notify the ICAO of any differences between their national regulations 

and the International Standards set by the annex (International Civil Aviation 

Organisation, 2006a). 

 

Many other documents and annexes published by the ICAO cover standards and 

recommended practices related to various activities of the aviation industry. For 

example, the annex 1 encompasses the recommended competency standards for 

aeronautical personnel involve in airworthiness of aircraft and flight operations 

(International Civil Aviation Organisation, 2006c). According to the Chicago 

Convention, the contracting states of the ICAO are required to adopt these standards 

into their national legislations (International Civil Aviation Organisation, 2006a). 

Primary purpose of developing the standards and incorporating them into the national 

legislations as civil aviation regulations is to ensure safety of aviation operations 

throughout the world, consistently. However, these standards do not address the 

competency requirements related to engineering personnel who work in aircraft 

manufacturing or airport industry. A consistent international standard covering 
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competency requirements for aeronautical personnel in these segments of the aviation 

industry may further enhance aviation safety. Therefore, the developments of future 

civil aviation regulatory framework may also need to investigate the possibilities to 

include this. 

 

According to Herrera et al. (2009), a number of safety indicators are generally 

considered as a part of safety management systems. These indicators can be divided in 

two broad categories known as outcome-based indicators, which are categorised as 

reactive and activity indicators as proactive. However, the researchers have found that 

the aviation industry has focused on measuring reactive indicators as a safety 

measure. Furthermore, it has been recognized that these indicators do not provide a 

full overview of the safety level and accident and incident rate is not an excellent tool 

to measure the health of a system. Therefore, a balance between prescriptive and 

performance based regulatory framework may be required to ensure safety in the ever 

changing aviation industry. 

 

The ICAO was given the ongoing task of adopting safety-relevant SARPS in a form 

of Annexes to the Convention (International Civil Aviation Organisation, 2009a). 

While implementation of these standards is the surest way to advance safety globally, 

the SARPS are not enforceable by ICAO. Consequently, the implementation task was 

entrusted to the contracting states. Since ratification of the Chicago convention back 

in 1947, it has become increasingly difficult to know the extent to which the SARPS 

are being implemented by the contracting states. Therefore, ICAO has established the 

universal safety oversight audit programme (USOAP) to ensure compliance and 

harmonisation of aeronautical practices in national legislations of the contracting 

states to that of SARPS mentioned in the annexes. The USOAP comprises of regular, 

mandatory, systematic, and harmonized aviation safety audits of all contracting states 

(International Civil Aviation Organisation, 2009b). The objective of the ICAO safety 

oversight programme is to identify whether the Contracting States are adequately 

discharging their responsibility for the aviation safety oversight or not.  The primary 

function of the safety oversight programme is to carry out safety oversight 

assessments at state’s request. Nevertheless, the ultimate responsibility for the safety 

oversight rests with the contracting states. 
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According to International Civil Aviation Organisation (2004), the contracting states 

should certify aerodromes open to public use in accordance with the relevant ICAO 

specifications and standards through an appropriate regulatory framework. As part of 

the certification process, the states are required to ensure that the physical 

characteristics of the runway, such as pavement categories, runway strip design, and 

the pavement bearing strength (PBS) reporting procedure meets the ICAO standard 

prior to granting the aerodrome certificate to an applicant. Similarly, the legislation 

also requires that a maintenance programme for runways and related infrastructure 

should be established by the aerodrome license holder to maintain facilities in a 

condition that does not impair the safety of the aircraft. 

 

2.3.1 Technical evaluation and strength reporting of a runway pavement 

 

Health monitoring and reporting of load bearing strength of a runway pavement is an 

important part of an airport operation in the chain of flight operations. This task plays 

a significant role in ensuring safe operation of an aircraft during takeoff and landing. 

According to Stet and Verbeek (2005), the evaluation of a pavement performance 

requires an accurate site testing system that can precisely predict deterioration of the 

pavement with time and it can also ensure that any deterioration of the pavements is 

identified as early as possible, so as to minimise the requirement of any major 

reconstruction work. They also indicate that the current methods cannot adequately 

compute pavement damage caused by new large aircraft. The researchers also believe 

that some more advanced structural models may be capable of better representing the 

response interaction from landing gears of new generation aircraft (NGA). Currently, 

many studied are being carried out by various civil aviation regulatory authorizes in 

the world to address this issue. The data collected by these studies will be used to 

develop advanced failure models that are capable to the NGA. 

 

Stet and Verbeek (2005) further state that an accurate analysis of the pavement 

response to a given aircraft load is necessary, but it is not sufficient for a pavement 

design. Additionally, reliable predictions of failure of a pavement are essential. For 

example, some failure models are indicated in the form of regression functions 

relating level of strain produced by a passing aircraft landing gear to the number of 
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coverage to failure. The strain response is normally based on a mechanistic analysis, 

such as a three dimensional finite element method, while the failure models are 

suggested by traffic tests of full scale pavement structures. Consequently, it is 

considered as one of the mechanistic empirical design methods. 

 

The International Civil Aviation Organisation (2004) has recommended that the 

bearing strength of a runway pavement shall be reported using the aircraft 

classification number - pavement classification number (ACN-PCN). The bearing 

strength is the ability of a runway pavement to accept the loads imposed by an aircraft 

while maintaining its structural integrity (International Civil Aviation Organisation, 

1983). The ACN-PCN system reports a unique PCN, which indicates that an aircraft 

with an ACN equal to or less than the PCN can operate on the runway pavement 

subject to any limitation on the tyre pressure. The bearing strength of the pavement is 

reported by indicating the PCN, pavement type, subgrade category, allowable tyre 

pressure, and the basis of the evaluation. Horonjeff and McKelvey (1994) have 

reported that the ACN can be found from the runway pavement design charts or 

analytical equations. A ratio between the pavement thickness required for the aircraft 

and that required for a standard single-wheel load of 500 kg at a standard tyre 

pressure of 1.25 MPa defines the ACN. The PCN can be determined either by 

carrying out a technical evaluation of the pavement or on the basis of the aircraft load 

rating experience. 

 

The ACN is a number expressing the relative structural effect of an aircraft on runway 

pavement for specified subgrade strength in terms of a standard single-wheel load 

(Fig. 2.2 and Fig. 2.3). Similarly, the PCN is a number, which expresses the relative 

load carrying capacity of a pavement in terms of a standard single-wheel load 

(Horonjeff and McKelvey, 1994). The International Civil Aviation Organisation 

(1983) mentions that the ACN of an aircraft is numerically defined as two times the 

derived single wheel load (DSWL), where the DSWL is expressed in thousands of 

kilograms and, the single wheel tire pressure is standardized at 1.25 MPa. 

Additionally, the DSWL is a function of the subgrade strength. The ACN) is also 

defined for four subgrade categories known as k. The maximum ACN of an aircraft is 

calculated at the mass and centre of gravity (CG) that produces the highest main gear 
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loading on the pavement and the relative aircraft ACN charts show ACN as a function 

of aircraft gross mass (Table. 2.1). 

 

 

 

 

 

Fig.2.2. Boeing 747-400 Aircraft classification number - Flexible pavement 

(After Boeing Commercial Airplanes, 2002) 
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Fig.2.3. Boeing 747-400 Aircraft classification number - Rigid pavement 

(After Boeing Commercial Airplanes, 2002) 

 

 

According to the International Civil Aviation Organisation (1983), the concept of a 

mathematically derived single wheel load has been employed in ACN-PCN method as 

a means to define the landing gear-runway pavement interaction without specifying 

pavement thickness as an ACN parameter. This is done by equating the thickness 

given by the mathematical model for an aircraft landing gear to the thickness for a 

single wheel at a standard tire pressure of 1.25 MPa. The single wheel load so 

obtained is then used without further reference to thickness (Fig. 2.4). This is 

consistent with the objective of the ACN-PCN method to evaluate the relative loading 

effect of an aircraft on a pavement. 

 

The International Civil Aviation Organisation (1983) further elaborates that the 

ACN/PCN method uses eight standard subgrade values, which are four rigid 

pavement k values and four flexible pavement California Bearing Ratios (CBRs), 

rather than a continuous scale of subgrade strengths. The grouping of subgrades with 
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a standard value at the mid-range of each group is considered to be entirely adequate 

for reporting. The subgrade strength categories k are identified as high, medium, low 

and ultra-low and assigned the numerical values of k (determined using a 75 cms 

diameter plate) is 150 MN/m
3
, 80 MN/m

3
, 40 MN/m

3
, 20 MN/m

3
, respectively. A 

standard stress of ơ = 2.75 MPa for reporting purposes has been stipulated. 

 

 

Table.2.1. ACN of various types of Airbus aircraft (After Civil Aviation Safety 

Authority, 2011a)  
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Fig.2.4. Landing gear loading on a runway pavement (adapted from Boeing 

Commercial Airplanes, 2002) 

 

 

2.3.2 Aircraft landing gear configurations 

 

Landing gear or undercarriage forms the principle support for an airplane on ground. 

Several types of aircraft with various loading configurations are being used in aviation 

industry to transport passengers and cargo. The aircraft can be characterised by their 

undercarriage type and wheel arrangements. Most airplanes are equipped with a 

tricycle type of landing gear arrangement, which consists of a nose gear leg and two 

main gear legs (Federal Aviation Administration, 2012a). The number and location on 

main gear vary and some main gear legs have more than one wheel. Multiple wheels 

spread the aircraft weight over a large area in addition to providing a safety margin if 

one wheel should fail. The heavier aircraft uses four or more wheels on one main gear 

leg. Federal Aviation Administration (2012a) specifies that the mechanism is called as 

a bogie when more than two wheels are attached to one leg (Fig. 3.4). The most 
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common types of gear configurations are single, dual, and the dual tandem. However, 

the new generation large aircraft typically have a triple dual tandem wheel 

configuration (Whiteley, 2006). The number wheels required on a bogie are 

determined by the gross weight of the aircraft and the runway pavement on which the 

aircraft is intended to land. 

 

2.4. Conclusions 

 

Several studies deal with the design aspects of aircraft-runway interaction, but much 

attention has not been given to present a simplified runway deflection model for the 

routine design practices. Despite significant volumes of research existing in the areas 

of runway to aircraft interaction including pavement strength requirements for light 

aircraft and the new generation aircraft (NGA), the deliberation given to the runway 

deflection caused by the aircraft landing forces still remains limited. Similarly, the 

information and research findings regarding the runways are scarce. 

 

In conclusion, the research literature suggests that the problem of subgrade rutting is 

an important factor in the overall structural design system of the runway pavements. 

In recent years, the method of controlling the magnitude of the vertical compressive 

strain at the surface of the subgrade to a tolerable amount associated with a specific 

number of load repetitions has been proposed and adopted in some design procedures. 

Previous analyses of aircraft-runway interaction have been combined with empirical 

studies in order to provide safe designs of the runways. However, much attention has 

not been given to present a simplified runway deflection model for the routine design 

and runway pavement evaluation practices. The ACN/PCN method enables the 

evaluation of interaction between the aircraft landing gear and the runway pavement 

without a reference to the pavement thickness and the runway deflection (Stet and 

Verbeek, 2005; International Civil Aviation Organisation, 1983). Additionally, these 

prescriptive standards and procedures are mandatory in aviation industry to ensure 

safety of the aircraft and its occupants. 
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CHAPTER 3  

DEVELOPMENT OF RUNWAY DEFLECTION MODEL 

 

 

3.1 General 

 

Landing is the most crucial phase of a typical flight and the process of landing applies 

a tremendous load on the runway. The literature review shows that the estimation of 

the dynamic deflection of the runway pavement at the touchdown point caused by 

aircraft landing has not been given due attention in the past. This chapter aims at 

presenting an analytical expression for calculating the deflection of the pavement at 

the touchdown point caused by a landing gear load during aircraft landing. The 

expression may be useful for analysis and design of the runway pavements 

considering impact loads. An aeroplane is assumed to contact the pavement with a 

limit descent velocity of 10 feet/sec at design landing weight
2
 of the aeroplane 

(Federal Aviation Administration, 2012c). This imposes impact loads on the runway 

pavement, which may cause deflection and deterioration of the pavement at 

touchdown zone. The deflection of the runway pavement can be predicted using 

values of the impact load.   

 

3.2. Aircraft landing and deflections 

 

The art of landing an aeroplane consists of bringing it in contact with ground at the 

lowest possible vertical velocity and at the same time somewhere near the lowest 

possible horizontal velocity relative to the ground (Barnard and Philpott, 2006). The 

vertical velocity of the aircraft causes an impact over a finite area in touchdown zone 

(Fig. 3.1) known as touchdown point of the runway resulting in a significant 

deflection of the runway pavement. Movement of material in the runway pavement 

layers is considered as one of the principal reasons for the deflection in a runway 

pavement. The movement is manifested as strain or deflection, and it is established 

                                                 
2
 Design landing weight is the maximum weight of an aeroplane for landing conditions at maximum 

permitted descent velocity of the aeroplane during landing (Federal Aviation Administration, 2012c). 
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that an acceptable criterion of runway failure would be deflection (Horonjeff and 

McKelvey, 1994). Consequent to the difficulties in estimating the deflection, most 

pavement designs are still based on empirical knowledge and experiences (Mallick 

and El-Korchi, 2009). Normally, the pavements do not fail disastrously; instead they 

gradually wear out, deflect, and suffer a loss of serviceability over time. 

Consequently, the evaluation of pavement performance becomes difficult and no 

single analytical equation can be provided as a solution (Ashford and Wright, 1992). 

Hence, the deflection analysis of the pavement during landing can be done by various 

methods, such as analytical and numerical approaches generally used in highway 

pavement analysis. 

 

 

 

 

Fig.3.1. Landing of an aircraft on a runway 

 

 

In the simplest case, the stresses and deflections in the pavement system caused by the 

moving landing gear wheel load is analyzed by Boussinesq theory (Boussinesq, 1885) 

assuming the load to be a point load on a single layer system (Mannering et al. 2009). 

Considering a circular load, Ahlvin and Ulery (1962) presented solutions for the 

evaluation of stresses, strains, and deflections at any point in a homogeneous half 

space. Their work makes it easier to analyze a more complex pavement system than 

that considered in the Boussinesq theory. Likewise, Vajarasathira, Yener, and Ting 

(1984) presented a dynamic numerical analysis of stresses and deflections induced by 

moving vehicles in airport pavements considering inertial effects of moving vehicles 
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in order to investigate the pattern and magnitude of stresses and deflections in the 

pavement. On the basis of finite element algorithms, the dynamic analyses of rigid 

pavements to moving aircraft loads were presented by including some aspects of 

aircraft-pavement-subgrade interaction by Alvappillai et al. (1992, 1993) and Taheri 

and Zaman (1995). Taheri et al. (1990) in their study consider the aircraft and the 

concrete slab as a single system and transverse inertia effect of the aircraft is taken 

into account. The slab is modeled as a thin, rectangular, elastic orthotropic plate and it 

is supported by a linear viscoelastic foundation. Likewise, the aircraft landing gear is 

modeled as a set of independent individual units moving at the same velocity. This 

eliminates the inertia effects caused by roll, pitch, and yaw motions of the aircraft. 

The mass of the aircraft is consolidated on the suspension systems modelled as 

dampers and all movements of the suspension except the vertical motions are 

constrained. As a result, each suspension system has one degree of freedom and the 

contact between the slab and the aircraft is assumed to be a point contact. In these 

studies, the rigid pavement was modeled as a series of thin plate elements, the 

subgrade medium was idealized as a viscoelastic foundation, and the traversing 

aircraft was modeled by spring and dashpot systems. 

 

A detailed parametric study was presented by Taheri and Zaman (1995) to investigate 

the response of pavement to a traversing aircraft and a temperature gradient along the 

depth of the pavement. Using field test data, Fang (1999) plotted the variation of 

pavement deflections and strains with time as the aircraft wheels passed by. The 

analysis demonstrates that the maximum deflections occur between the dual wheels, 

whereas the maximum strains happen beneath one of the wheels. Brill and Parsons 

(2001) presented a three-dimensional finite element-based airport pavement design 

procedure for rigid airport pavements idealizing subgrade by the Winkler foundation. 

 

An alternative model representing subgrade as a linear elastic foundation with elastic 

modulus E and Poisson’s  was also used. Stress computations using both models 

show that the Winkler foundation model is more sensitive to slab size than the infinite 

element model for dual-tridem (six-wheel) aircraft gear loads. Gopalakrishnan and 

Thompson (2006) had studied the rutting behaviour of flexible test pavements 

subjected to multiple-wheel heavy aircraft gear loading. They had reported that for a 
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similar number of load repetitions, the low-strength subgrade test sections with 

reduced subbase thicknesses yielded larger mean rut depths. Similarly, Sawant (2009) 

presented a dynamic analysis of rigid pavements under moving vehicular or aircraft 

loads by providing a solution algorithm based on the finite-element method. There 

may be several possible methods available to study the load-deflection behaviour of 

the runway pavement. However, a mechanical modelling approach is preferred due to 

its simplicity for the analysis of structure to foundation interaction. This research 

idealises the soil subgrade by Winkler springs. 

 

3.3 Basic runway pavement structure and layers 

 

The runway consists of several layers including subgrade, subbase course, base course 

and surface course, which is a combination of binder and wearing courses (Fig. 3.2 

and 3.3). The behavior of any pavement depends upon the native materials of the site, 

which after leveling and preparation is called the subgrade. The subgrade is the layer 

of material immediately below the pavement structure, which is prepared during 

construction to support the loads transmitted by the runway pavement. It is normally 

the in situ soil over which the pavement is laid. However, it can also refer to the top of 

a fill over which the pavement is constructed. The subbase materials comprise natural 

sand, gravel, bricks, crushed stone, crushed concrete, crushed slag or combinations 

thereof meeting the prescribed grading and physical requirements. Water bound 

macadam (WBM), or wet mix macadam (WMM) can be used for construction of base 

course. Likewise, bituminous macadam (BM) or dense bituminous macadam (DBM) 

is used for construction of binder course. Wearing courses are provided at top of the 

pavement surfaces to have an adequate skid resistance and a waterproof surface. 

Similarly, the semi-dense bituminous concrete (SDBC), bituminous concrete (BC) or 

premix carpet (PC) can be used for the construction of wearing courses (International 

Civil Aviation Organisation, 1983). However, when the surface course is a cement 

concrete layer, the subbase course is generally not provided. 
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Fig.3.2. A typical cross-section of the bituminous concrete runway pavement 

 

 

 

 

Fig.3.3. A typical cross-section of the cement concrete runway pavement 

 

 

The runway pavement layers are complex in their load-carrying capacity and load-

settlement behaviour. According to International Civil Aviation Organisation (1983), 

most runway pavements at modern airports are classified primarily as rigid or flexible 

type. The terms attempt to characterize the response of each type to loading. The 

primary element of a rigid pavement is a layer or slab of plain or reinforced Portland 

cement concrete (PCC). It is often underlain by a granular layer, which contributes to 

the structure both directly and by facilitating the drainage of water. A rigid pavement 

responds stiffly to surface loads and distributes the loads by bending or beam action to 

wide areas of the subgrade. However, the strength of the pavement depends on the 

thickness and strength of the PCC and any underlying layers above the subgrade. 

Therefore, the pavement must be adequate to distribute surface loads, so that the 

pressure on the subgrade does not exceed its evaluated strength. Likewise, a flexible 

pavement consists of a series of layers increasing in strength from the subgrade to the 

surface layer. 
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The pavements meant for heavy aircraft usually have a bituminous bound wearing 

course. A flexible pavement yields more under surface loading merely accomplishing 

a widening of the loaded area and consequent reduction of pressure layer. At each 

level from surface to subgrade, the layers must have strength sufficient to tolerate the 

pressures at their level. The pavement thus depends on its thickness over the subgrade 

for reduction of the surface pressure to a value which the subgrade can accept. A 

flexible pavement must also have thickness of structure above each layer to reduce the 

pressure to a level acceptable by the layer. In addition, the wearing course must be 

sufficient in strength to accept without distress tire pressures of the aircraft. 

 

3.4 Analytical formulation 

 

Fig. 3.1 shows an aircraft in its final phase of landing close to the runway. The 

velocity v of the aircraft prior to landing at the touchdown point has horizontal and 

vertical components as vh and vv, respectively. A typical aircraft applies an impact 

load on the runway at the time of landing, which is transmitted to the runway 

pavement through undercarriage of the aircraft (Fig. 3.4). The number of wheels, their 

spacing, tire pressure, and size determine the distribution of aircraft load to the 

pavement. The wheel loads applied by dual, dual-tandem, and adjacent legs of 

complex undercarriages overlap at the subgrade and other pavement layers of the 

runway. Consequently, the landing load may be assumed to act uniformly over the 

touchdown point. The contact between the landing gear and the runway during 

landing being instantaneous; it is practically not possible to know the exact contact 

time-interval. This makes it difficult to determine the vertical force or the impact load 

applied by the aircraft on the runway using Newton’s second law of motion. With the 

known value of impact load, the deflection of the runway pavement can be estimated 

conveniently. However, in order to avoid calculation of impact load while estimating 

deflection, the landing impact can be considered as a free fall of the aircraft from a 

known height that results in the same vertical velocity of the aircraft as if it is 

generated prior to landing. 
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Fig.3.4. View of a main landing gear arrangement 

 

 

If m be the mass of the aircraft causing the load on one main landing gear leg, and h is 

the height of free fall, then 

 

 

 
   

                                (3.1) 

or 

 

  
  

 

  
                                                       (3.2) 

 

where g is the acceleration due to gravity. 

 

The concept of idealising the ground by the Winkler springs known as the Winkler 

foundation model (Winkler, 1867; Slevadurai, 1979) is frequently used in the design 

of highway and airfield pavements for representing the behaviour of soil subgrades 

(Ashford and Wright, 1992; Mallick and El-Korchi, 2009). Physically, Winkler’s 

idealisation of the soil subgrade consists of a system of mutually independent spring 

Main landing gear leg 

Main landing gear wheels 

Runway pavement 
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elements with a spring constant, which is expressed as pressure per unit deflection and 

called modulus of subgrade reaction. One important feature of this foundation model 

is that the displacement occurs immediately under the loaded area and outside this 

region the displacements are zero although the surface deflections may occur not only 

immediately under the loaded region but also within certain limited zones outside the 

loaded region (Selvadurai, 1979). To estimate deflection through simple analysis, the 

complete runway can be idealised by the Winkler foundation as shown in Fig. 3.5. 

This idealisation appears more realistic for a large number of unpaved runways of 

stabilized soil layers, which are often being used by military and general aviation 

aircraft throughout the world (Tingle and Grogan, 1999). 

 

 

 

 

 

Fig.3.5. Idealisation of runway pavement by Winkler foundation model 

 

 

If w be the deflection of the runway caused by the impact load, the principle of 

conservation of energy gives 

 

  (   )  
 

 
    

                                                 (3.3) 
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where ks is the modulus of subgrade reaction of the runway pavement, and A is the 

equivalent area of contact between the landing gear wheels and the runway. 

Substitution of h from Eq. (3.2) into Eq. (3.3) yields 
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Eq. (3.4) is quadratic in w, which is expressed as 
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where 

 

   
  

 
                                                                 (3.6) 

 

is the equivalent static contact pressure exerted by the aircraft landing gear at the 

touchdown point of the runway. The pressure p is basically the tire pressure (Fig. 3.4), 

which is assumed to be uniformly distributed over the contact between the landing 

gear wheels and the runway at touchdown point. This assumption is made to develop 

simple steps in the analysis as it is generally considered by practicing engineers in 

pavement engineering analysis and design. With this simplification, the tire footprint 
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of the wheels in a landing gear can be defined as an equivalent circular area A with a 

radius a calculated by 

 

  √
  

  
                                                               (3.7) 

 

Table 3.1 provides the calculation of radius a for different types of aircrafts. It should 

be noted that the radius increases with an increase in landing gear load. 

 

Since the deflection caused by impact load will always be higher than that by static 

load, the negative sign in Eq. (3.5) has no practical significance. Therefore, 

considering positive sign only, Eq. (3.5) reduces to  
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)                                                (3.8) 

Eq. (3.8) provides a general expression for dynamic deflection of the runway 

pavement at the touchdown point caused by a gear load during aircraft landing. It can 

be represented in non-dimensional form as 

 

                √(  )      
                                               (3.9) 

 

where 

   
 

 
,     

 

   
  and   

   
  

 

  
 are nondimensional parameters. 

 

It should be noted that Eq. (3.8) or (3.9) is based on some simplifying idealisations 

and assumptions. It can be used to calculate deflections of the simple runway 

pavement system, such as unpaved runway pavements constructed from stabilized soil 

layers. These types of runways are used by some military aircraft, civil aircraft for 

emergency service operations, and general aviation aircraft in remote locations. The 

equation can also be used for paved runway system to evaluate the deflection 

characteristics of the unpaved part of the runway. 
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Table.3.1. Load details for different types of aircraft and calculated value of the 

equivalent load radius of the tire footprints of the landing gears 

 

Aircraft 

type 

Landing 

gear 

Configu

ration 

All-up 

mass, 

M 

(kg) 

Load on 

one main 

landing 

gear leg,  

P = mg 

(kN) 

Tyre 

pressure 

p (MPa) 

Equivalent 

load radius of 

the tire 

footprint, a 

(m), using 

Eq.( 6) 

MD 11 Dual 

tandem 

274650 1055.095 1.41 0.488 

Airbus 320-

200 

Dual 

tandem 

73500 338.541 1.21 0.298 

Boeing 747-

400 

Boggy 395987 908.077 1.41 0.453 

Boeing 737-

200 

Tricycle 52616 234.615 0.66 0.336 

Boeing 767-

300 

Dual 

tandem 

159665 743.241 1.21 0.442 

Fokker 50 Tricycle 20820 97.529 0.41 0.275 

Fokker 100 Tricycle 44680 209.299 0.98 0.260 

Dash 7 Tricycle 19867 91.118 0.74 0.197 

  

Note: The details in first five columns are based on the information in the Aerodrome 

Design Manual (International Civil Aviation Organisation, 1983) 

 

 

3.5 Model parameters 

 

The general expression for deflection in Eq. (3.8) or Eq. (3.9) involves three 

independent parameters, namely modulus of subgrade reaction (ks), contact pressure 

(p), and vertical component of aircraft velocity (vv) prior to landing. The modulus of 

subgrade reaction (ks) is a strength parameter for the pavement idealised as a single 
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layer, linear elastic, homogeneous, and isotropic material. It can be evaluated by 

several approaches as described in the geotechnical and pavement engineering books 

(Yoder and Witczak, 1975; Selvadurai, 1979; Bowles, 1997; Mallick and El-Korchi, 

2009). 

 

3.6 Conclusions 

 

Bringing the aircraft on a runway during landing phase with the lowest possible 

vertical and horizontal velocities is considered as a technically successful landing. 

The movement of material in the runway pavement layers due to landing impact 

results in deflection in the pavement. The runway pavement layers are complex 

structure and the runway pavements are classified as rigid or flexible. 

 

Several methods to study the load-deflection behaviour of the runway pavement may 

be possible, but a mechanical modelling approach is preferred due to its simplicity for 

the analysis of structure to foundation interaction. This research has idealised the soil 

subgrade by Winkler springs and a general expression for dynamic deflection of the 

runway pavement has been derived. The expression can be used to calculate 

deflections of the runway pavements. 
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CHAPTER 4  

DEFLECTION ANALYSIS AND PARAMETRIC STUDIES 

 

 

4.1 General 

 

Deflection in a runway pavement is primarily influenced by modulus of subgrade 

reaction, the vertical velocity, and impact pressure caused by the landing loads of the 

aircraft. Therefore, it is important to consider the aircraft mass and the vertical 

velocity in deflection analysis. The vertical velocity depends upon the type of aircraft 

and its aerodynamics characteristics. This chapter analyses the relationship between 

the deflection, vertical velocity, and impact pressure. 

 

4.2 Deflection analysis 

 

The contact pressure depends on the type of the aircraft and its specific values for 

several aircraft are given in Table 3.1. The vertical velocity component of an aircraft 

prior to landing varies with the aircraft types and the landing situations at the time of 

actual landing operations. This velocity is rarely reported in textbooks or research 

publications. According to the field experience of the author as a pilot, this velocity 

generally lies in a typical range of 0 to 3 m/s. According Guillaume (2012), the 

maximum allowable vertical velocity of an aeroplane with its maximum landing 

weight (MLW) at touchdown is 10 feet/sec. Similarly, Federal Aviation 

Administration (2012c) indicates that an aeroplane is expected to land on a runway 

with a descent velocity of 0 to 10 feet/sec at the MLW. 

 

An aircraft in flight experiences three dimensional movements. Actually, everything 

above the surface of the earth is immersed in an air mass, the atmosphere. Besides, the 

lift force is needed to overcome the gravitational pull. Therefore, the aircraft uses lift 

forces produced from the difference of pressures against upper and lower surfaces of 

an aerofoil pursuant to the Bernoulli principles and pilot of the aircraft adjusts the lift 

forces using flight controls in order to minimise the load imposed by the aircraft on a 
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runway pavement during landing. As a result, the aircraft stabilises on the runway and 

it transfers the imposed load to the runway gradually (Fig. 4.0). 

 

 

 

Fig.4.0. An aircraft flight path indicating flare profile during landing 

 

 

Fig. 4.0 shows an airplane on a landing approach.  At point A, the airplane is 

following a straight approach path with angle     as indicated in the figure. The 

velocity of the airplane denoted by    at this point is required to be equal to           . 

The term        is known as stalling speed
3
 of the airplane (Anderson, 1999). At a 

distance of    above the ground, the aeroplane begins to flare, which is the transition 

from the straight approach path to the horizontal ground path. The flight path for the 

flare can be considered as a circular arc with radius R. The distance measured along 

the ground from the point A to the point of initiation of the flare is known as the 

approach distance   . Touchdown occurs when the wheels touch the runway 

pavement. The distance over the pavement covered during the flare is the flare 

distance   . The velocity of the aeroplane at the touchdown is             (Anderson, 

1999). The airplane travels on the runway for few seconds after touchdown before 

coming to rest. This is known as free-roll. The free-roll distance is very short. 

                                                 
3
 Stalling speed is a minimum speed at which an aeroplane can be flown in steady level flight. 



54 

 

Therefore, the velocity over this length is assumed constant and equal to the velocity 

at touchdown    . This phenomenon has been experienced by the author while 

landing the aircraft as a pilot. The gradual loading may be considered as static, and 

therefore the deflection caused by the aircraft landing is called static deflection (ws), 

which may be given by 

 

              
  

   
                                 (4.1) 

 

 Using Eq. (3.6), Eq. (4.1) can be expressed as 

 

    
 

  
                                          (4.2) 

 

which is basically the response function of the Winkler foundation model. 

 

During landing, it may be possible that the lift force balances the weight of the aircraft 

and brings the vertical velocity to zero almost instantly just before the touchdown. 

Therefore, it implies that the aircraft load is suddenly applied on the runway. Here, 

    , and Eq. (3.8) gives 

 

   
  

  
                                          (4.3) 

 

Substitution from Eq. (4.2) into Eq. (4.3) yields 

  

                                                   (4.4) 

 

Many times, pilots are forced to go for the heavy landing, which is not considered as 

an ideal situation, because it may damage the aircraft and it reduces life of the runway 

pavement. This situation can be compared to the free fall of an object from a finite 

height as considered in the present study. Here,     , and the general Eq. (3.8) or 

Eq. (3.9) can be used to determine the deflection of the runway pavement. 

Substitution of Eq. (4.2) into Eq. (3.8) gives 
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    {  √  
    

 

  
} 

or 

 

             √  
    

 

  
                                                  (4.5) 

 

where 

 

          
 

  
                                                             (4.6) 

 

is an impact factor. It is noticed that as vv and/or ks tends to zero, wIF approaches 2 for 

any finite value of p. This also happens when p becomes extremely large with finite 

values of vv and ks.  The impact factor wIF can become extremely large when contact 

pressure p tends to be very small and/or pavement is rigid with a high modulus of 

subgrade reaction. Practically, a very high value of vv is not allowed during aircraft 

landing, so the impact factor due to velocity cannot be expected to be extremely high. 

 

In terms of nondimensional parameters, Eq. (4.6) is expressed as 

 

                √  
  

  

  
                                      (4.7) 

 

4.3 Parametric studies 

 

The runway pavement deflection depends upon the vertical velocity of the aircraft and 

the impact pressure at the time of touchdown on runway during landing. Fig. 4.1 

shows the variation of the dynamic deflection (  ) with the vertical component of the 

aircraft velocity (  
 ) prior to landing for contact pressure   = 0.02, 0.04, 0.08, 0.1. It 

is observed that the deflection increases nonlinearly with an increase in vertical 

velocity for any value of contact pressure; the rate of increase is greater for higher 

values of vertical velocity as expected. For example, for   = 0.06, when   
  increases 
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from 0.1 to 0.2, increase in    is 0.013, whereas this increase is 0.024 for an increase 

in   
  from 0.8 to 0.9. 

 

 

 

 

Fig.4.1. Variation in dynamic deflection with vertical velocity for different contact 

pressures in their nondimensional form 

 

 

The effect of an increase in contact pressure    on the deflection can be noticed in 

Fig. 4.2. The deflection increases with an increase in contact pressure for any 

velocity, which is also an expected observation. For    less than about 0.01, the rate 

of increase in    is significantly greater for higher velocity. 
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Fig.4.2. Variation in dynamic deflection with contact pressure for different vertical 

velocities in their nondimensional form 

 

 

Fig. 4.3 shows the variation of the impact factor (wIF) with the vertical component of 

the aircraft velocity   
  prior to landing for contact pressure   = 0.02, 0.04, 0.08, 0.1. 

It is observed that the impact factor increases with an increase in vertical velocity for 

any value of contact pressure. 



58 

 

 

 

Fig.4.3. Variation in impact factor with vertical velocity for different contact 

pressures in their nondimensional form 

 

 

For   
  = 0, the impact factor is 2, irrespective of the contact pressure values, which 

can also be seen in Fig. 4.4. This clearly shows the effect of contact pressure on 

impact factor. It is important to note that getting an impact factor of 2 is a real fact 

when the runway pavement is assumed to be elastic as it has been considered by 

representing the foundation by the Winkler model. It is observed that the wIF becomes 

extremely large when contact pressure    tends to be very small. This occurs when p 

tends to become zero and/or pavement is rigid with a high modulus of subgrade 

reaction. It should be noted that values of   
  in Figs. 4.1 and 4.3 and the values of p

*
 

in Figs. 4.2 and 4.4 vary continuously within their ranges considered. 
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Fig.4.4. Variation in impact factor with contact pressure for different vertical 

velocities in their nondimensional form 

 

 

The trends of variation of dynamic deflection obtained in the present study are well 

expected and they have been visually observed by the author at several runways in his 

aviation career. However, any attempt to compare the present observations with actual 

field data is encouraged for future studies in this area. Despite some simplified 

idealisations and assumptions, the present analytical deflection model can routinely be 

used for initial design stage of all types of runway pavements. Additionally, this 

model may be considered as a base for future development of more complex analysis 

on the concept described in this study for estimation of the runway pavement 

deflection. 

 

4.4 Illustrative Example 

 

From Table 3.1, for Boeing 747-400 aircraft, 

 



60 

 

Load on one main landing gear leg, P = mg = 908.077 kN 

Tyre pressure, p = 1.41 MPa 

Equivalent radius of the tire footprint, a = 0.453 m 

 

Calculate the dynamic deflection of the runway caused by the gear load at the 

touchdown point considering the following: 

 

Modulus of subgrade reaction, ks = 75000 kN/m
3
 

Vertical component of velocity, vv = 1 m/s 

 

Also determine the impact factor. 

 

Solution:  

Using Eq. (3.8), dynamic deflection, w = 0.0665m = 66.5 mm 

Using Eq. (4.5), impact factor, wIF = 3.5353 

 

Practising engineers may use the graphical presentations of Figs. 4.1 - 4.4 as the 

design charts to solve this problem. To use these charts, contact pressure and vertical 

velocity are first calculated in their nondimensional form as follows: 

 

Contact pressure,      
 

   
        

Vertical velocity,   
  

  

  
         

 

For the preceding values of    and   
 , the dynamic deflection,     0.1468 is 

obtained from Fig. 4.1 or Fig. 4.2 with an interpolation while reading its value. Since 

   = w/a, therefore, w = 0.1468 × 0.453 m = 0.0665 m = 66.5 mm. 

 

Similarly, from Fig. 4.3 or Fig. 4.4, impact factor, wIF = 3.5353 

 

4.5 Conclusions 

 

Primarily, the analytical expression involving three independent parameters known as 

modulus of subgrade reaction (ks), contact pressure (p), and vertical component of 
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aircraft velocity (vv) prior to landing, can be used for predicting the dynamic 

deflection of the runway pavement at touchdown point caused by a gear load during 

aircraft landing. The dynamic deflection increases nonlinearly with an increase in 

vertical velocity for any value of contact pressure. Similarly, the rate of increase is 

greater for higher values of vertical velocity and it also increases with an increase in 

contact pressure for any velocity as expected. Likewise, the impact factor increases 

with an increase in vertical velocity for any value of contact pressure. For zero 

vertical velocity, the impact factor is 2, irrespective of contact pressure values, for the 

elastic runway pavement as considered in the present work. It becomes extremely 

large when contact pressure tends to zero and/or pavement is rigid with a high 

modulus of subgrade reaction. 
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CHAPTER 5 

TECHNICAL EVALUATION OF A RUNWAY PAVEMENT 

 

 

5.1 General 

 

Stringent civil aviation regulatory framework regarding aerodrome and the runway 

structure administered by national governments dominate the airport engineering 

field. The empirical methods of runway pavement’s capability and evaluations based 

on ACN - PCN are still used for reporting the bearing strength of a runway pavement 

(International Civil Aviation Organisation, 2004). In the past, the aircraft were smaller 

and lighter, but with the introduction of fast and heavy aircraft, such as Airbus 380 a 

new approach to runway evaluation is needed. 

 

Evaluation of a runway pavement is an indispensible tool in ensuring efficient 

utilization of the runway and safety of the aircraft. Primarily, it determines the 

requirements of maintenance to assess the residual qualities of the pavement with a 

view that enables technical and economic solutions. It also ascertains the type, mass 

of the aircraft that can use a particular runway, and the frequency of possible 

movements of the aircraft on a runway. Therefore, a runway pavement evaluation 

must undertake both the structural and functional characteristics of the pavement. This 

chapter is aimed at developing a new approach for technical evaluation of a runway 

pavement using deflection based analysis to predict runway capability and load 

bearing strength. 

 

A typical flight includes various phases, but landing is considered as the most crucial 

phase of a flight to be performed. Improper landing may result in serious implications 

for the safety of aircraft and its occupants, if the runway conditions or qualities are 

compromised. The aircraft imposes a tremendous load on the runway during landing 

phase that causes deflection of the runway. Consequently, the runway technical 

evaluation results are largely influenced by the potential deflection, which primarily 

depends on the load-bearing characteristics of the runway pavement layers. Achieving 
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an accurate estimation of the deflection in relation to landing loads is a fundamental 

difficulty in interaction analysis. This chapter examines the possibilities of using an 

analytically developed deflection model for runway technical evaluation in field 

applications. To this end, the study evaluates the loads imposed by an aircraft on 

runway during landing, discusses the performance of runway pavement, and reviews 

the runway evaluation practices of contracting states of the International Civil 

Aviation Organisation. Overall, the discussion instigates a new approach for technical 

evaluation of a runway pavement using deflection based analysis. 

 

According to International Civil Aviation Organisation (2004), a runway pavement 

evaluation can be carried out by technical method representing a specific study of the 

pavement characteristics. Alternately, it can be done by using the aircraft experience 

representing a specific type of aircraft satisfactorily being supported under regular 

use. The ICAO allows the use of any of these methods at the discretion of the airport 

owner. However, both of these methods are based on empirical approaches and there 

are not enough analytical data available in public domain. This study argues that the 

pavement load bearing strength and serviceability of a runway pavement can be 

predicted by calculating deflection caused by the aircraft of various masses and 

equivalent single wheel load (ESWL). The study also recommends that a maximum 

allowed deflection threshold can be agreed upon for safe operation similar to the 

deflection limits set for roads. It is believed that this new concept of pavement 

evaluation using deflection method may revolutionise the runway field practices due 

to its simplicity and desk based solution unlike the empirical methods. 

 

5.2 Runway pavement performance factors 

 

An aerodrome runway pavement should be capable of withstanding the intended 

traffic loads caused by the aeroplanes during landing, takeoff, and taxi (Fig.1.2). 

Runways shall be constructed with minimum surface irregularities and the load 

bearing strength of the pavement must be suitable for the intended aircraft type, mass, 

and other factors. The surface irregularities may adversely affect the operation of the 

aircraft by creating excessive bouncing, pitching, vibration, and uncontrollability 

during takeoff and landing. Similarly, the inappropriate load bearing strength of the 
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pavement may cause a significant deflection at the runway touchdown zone that may 

jeopardize the safety of the aircraft. Therefore, the bearing strength of the runway 

pavement is required to be reported in aeronautical information publication (AIP) of 

the concerned country (International Civil Aviation Organisation, 2004). The ICAO 

has adopted a pavement classification system for reporting airfield strength. The 

bearing strength of the pavement is reported by indicating the PCN, pavement type, 

subgrade category, allowable tyre pressure, and basis of the evaluation. 

 

Vertical velocity of an aircraft during landing is one of the important factors that 

cause deflection of the runway pavement at touchdown point. The effect that an 

aircraft has on a runway pavement varies with the aircraft’s all-up mass (AUM), tyre 

pressure, number and spacing of the wheels, and type and thickness of the pavement 

(Swatton, 2008). An undesirable amount of movement of material from the runway 

pavement due to aircraft landing loads causes distresses on the pavement. As a result, 

the runway pavement deteriorates progressively and it fails in the long run. 

Consequently, the runway design requirements and pavement evaluation are largely 

affected by the potential deflection, which primarily relates to the California bearing 

ratio (CBR) or the modulus of subgrade reaction of the soil subgrade of the runway 

(Ashford & Wright, 1992; Horonjeff and McKelvey, 1994). Therefore, the runways 

are classified according to their strength and they are given a load classification 

number (LCN) or single wheel loading (SWL) of its weakest point (Swatton, 2008). 

 

An aircraft performance operating limitations require a length of runway, which is 

enough to ensure that the aircraft can either be brought safely to a stop or complete 

the takeoff safely after starting a take-off run. For the purpose of discussion, it is 

supposed that the runway, stopway, and clearway lengths provided at the aerodrome 

are only just adequate for the aircraft requiring the longest takeoff and accelerate-stop 

distances taking into account its take-off mass, runway characteristics, and ambient 

atmospheric conditions. According to the International Civil Aviation Organisation 

(2004), the takeoff must be abandoned or completed depending upon takeoff decision 

speed, if an engine fails during the takeoff. A very long takeoff run and takeoff 

distance would be required to complete a takeoff when an engine fails before the 

decision speed is reached due to insufficient speed and reduced power. Therefore, the 
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surface characteristics and bearing strength of the runway pavement play a crucial 

role in safety of the aircraft under these emergency situations. 

 

Stress and strain caused by frequency of loading lead a structure to irreversible 

damages and failure (Kulyk et al., 2011). Therefore, the areas subjected to repeated 

loadings due to landing must be designed to accommodate stresses. According to 

International Civil Aviation Organisation (1983), the previous observations have 

shown a strong general correlation between deflection of a pavement under a wheel 

load and repetitive landing applications of that wheel load resulting in severe 

deterioration and failure of the pavement. Therefore, it can be established that the 

performance of a runway pavement is directly related to the landing loads imposed by 

the aircraft at touchdown. However, it is extremely difficult to precisely define the 

pavement functional failure, because it deteriorates gradually over a period of time. 

 

5.3 International practices of runway pavement evaluation 

 

The runway pavement is subjected to both dynamic and static loading due to the 

aircraft landing and taxiing. However, the dynamic loading has a greater effect in 

touchdown zone as compare to runway threshold area due to heavy impact load 

caused by the aircraft landing. The runway pavement evaluation has been a major 

issue since the inception of international civil aviation. Therefore, the study of runway 

pavement deterioration and the related influencing factors are important to pavement 

engineers. With an extensive network of airports with paved and unpaved runways 

around the world, the cost of maintaining or replacing the pavements can become 

astounding. Furthermore, deteriorated runway pavement affects the aircraft structure 

and the life of landing gears that ultimately affect the safety and airworthiness of the 

aircraft. These factors add to the cost of flight operations, such as fuel and aircraft 

maintenance expenses. 

 

The runway pavement evaluation starts with subgrade strength, thickness 

requirement, quality of pavement structure, and uses a design procedure pattern to 

determine the aircraft loading that a pavement can support (International Civil 

Aviation Organisation, 1983). According to Wood (2008), one of the simplest 
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methods for measuring pavement profile is the surveying equipment like the auto rod 

and level. This method can be very time consuming and requires at least two people 

for operation. The profile can also be measured by non-contact high-speed digital 

profilers. The profile measurement helps in quantifying pavement roughness, which 

provides a valuable statistics for pavement maintenance planning and repair actions. 

Therefore, an efficient method of pavement evaluation is necessary for the effective 

management of a runway pavement system. The ICAO recommended practices on 

this issue use various indices developed for runway design and pavement evaluation 

(International Civil Aviation Organisation, 1983). Though it is not within the scope of 

this project to develop additional index, this study uses those indices to discuss the 

possibility of deflection based pavement evaluation practice. 

 

Primarily, heavy loading, and a high frequency of loading deteriorate a pavement and 

they may also shorten the design life of the pavements. However, a pavement can 

sustain a definable load for an expected number of repetitions during its design life. 

Occasional minor over-loading is acceptable with only limited loss in pavement life 

expectancy, but civil aviation regulations require that the runway must be inspected 

for surface friction, slipperiness, roughness, cracks, and rutting at a predetermined 

interval (Civil Aviation Safety Authority, 2007a). Furthermore, the pavement 

structures of the runways and taxiways are required to meet the international 

standards recommended by the ICAO (International Civil Aviation Organisation, 

2004). A frequent deterioration of the pavements occurs in aircraft wheel path areas of 

a runway due to high stresses imposed by the aircraft movements on the pavement. 

This requires a closely scheduled preventive and on-condition maintenance of the 

pavement to ensure safety of the aircraft and also to meet the regulatory requirements. 

Consequently, it adds cost to the airport operations and it also causes disruption to 

flight schedules at the airports by preventing aircraft operations while the pavement is 

undergoing maintenance. 

 

In order to establish consistency in aeronautical practices related to the runway 

pavements around the world, the ICAO has formulated certain standards to be 

followed by civil airports (International Civil Aviation Organisation (2004). The 

evaluation can be carried out by representing a specific study of the pavement 

characteristics and application of pavement behaviour technology or by using an 
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aircraft representing knowledge of the specific type and mass of the aircraft 

satisfactorily being supported under regular use. According to the set criteria 

occasional movements by aircraft with ACN not exceeding ten percent above the 

reported PCN is acceptable for flexible pavement. Similarly, occasional movements 

by aircraft with ACN not exceeding five percent above the reported PCN are accepted 

as standard practices. However, if the pavement structure is unknown, the five percent 

limitation apples and the annual number of overload movements should not exceed 

approximately five percent of the total annual aircraft movements. Additionally, the 

overload movements are not normally permitted on pavements with indications of 

deterioration or weakened subgrade. ACNs of various aircraft types are linked with 

rigid and flexible pavements according to the soil subgrade categories for pavement 

bearing strength reporting purpose. Furthermore, civil aviation regulations require that 

the runway must be inspected for surface friction, slipperiness, roughness, cracks, and 

rutting at a predetermined interval (Civil Aviation Safety Authority, 2007a). 

 

Bearing strength of the pavement is reported by indicating the PCN, pavement type, 

subgrade category, allowable tyre pressure, and method of technical evaluation 

(International Civil Aviation Organisation, 2004). However, in some unavoidable 

situations, such as heavy landings the pavement deflection may become extremely 

high. This is undesirable from the point of view of service life of the runway 

pavement. Most of the pavement designs for deflection are based on prescriptive 

standards and empirical knowledge gained through long experience of the runway 

history (International Civil Aviation Organisation, 1983). The general practice is to 

present a plot of pavement thickness required to support the aircraft loading as a 

function of subgrade bearing strength for flexible pavements. Similarly, a rigid 

pavement design curve for a given aircraft is made as a plot of concrete slab thickness 

required to support the aircraft loading as a function of bearing modulus of the surface 

on which the slab rests. Though the working stresses are used for design and 

evaluation of pavement, but they have no relationship to the standard stress for 

reporting. Similarly, the results of pavement research affirm that the tyre pressure 

effects are secondary to load and they are categorized in four groups known as high, 

medium, low, and very low for reporting purpose (International Civil Aviation 

Organisation, 1983). 
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Currently, two mathematical models are used in the ACN-PCN method known as the 

Westergaard solution for a loaded elastic plate on a Winkler foundation (interior load 

case) for rigid pavements, and the Boussinesq solution for stresses and displacements 

in a homogeneous isotropic elastic half-space under surface loading for flexible 

pavements (International Civil Aviation Organisation, 1983). The use of these two 

widely used models permits the maximum correlation to worldwide pavement design 

methodologies with a minimum need for pavement parameter values. Additionally, 

the computer programmes have been developed using these mathematical models by 

various researchers, but these programmes were replaced later by reference tables for 

field use (International Civil Aviation Organisation, 1983). Similarly, the aircraft for 

which pavement thickness requirement charts have been published by manufacturers 

of the aircraft can also be evaluated using their graphical procedures. 

 

According to the International Civil Aviation Organisation (1983), a rigid pavement 

evaluation procedure uses the conversion chart as shown in Fig.5.1 and the pavement 

thickness requirement charts published by the respective aircraft manufacturers. 

Fig.5.1 relates the derived single wheel load (DSWL) at a constant tire pressure of 

1.25 MPa to a reference pavement thickness. It takes into account the four standard 

subgrade k values and a standard concrete stress of 2.75 HPa. Fig.5.1 also includes an 

ACN scale, which permits the ACN to be read directly. It may be noted that the tyre 

pressure corrections are not required under this procedure. Likewise, the flexible 

pavement procedure uses the conversion chart as shown in Fig.5.2 and the pavement 

thickness requirement charts published by the aircraft manufacturer. The reason for 

using the manufacturer’s charts is to obtain the equivalency between the effects of a 

group of landing gear wheels to a DSWL means of Boussinesq deflection factors. 
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Fig.5.1.ACN rigid pavement conversion chart  

(After International Civil Aviation Organisation, 1983) 

 

 

 

Fig.5.2. ACN flexible pavement conversion chart  

(After International Civil Aviation Organisation, 1983) 
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5.4 Practices of major states of the ICAO 

 

The evaluation of a runway pavement structure for an aircraft loading requires 

accurate information about thickness of layers within the structure as well as the 

physical properties of the materials in these layers. The International Civil Aviation 

Organisation (1983) mentions that a bore-hole survey can be conducted to determine 

this information under Canadian practice, if the information is not available from 

existing construction records. Equivalent granular thickness applied to a flexible 

pavement structure is the basis for comparing pavements constructed with different 

thicknesses of materials having different load distribution characteristics. The 

equivalent granular thickness is computed through the use of the granular equivalency 

factors for pavement construction materials listed in Table. 5.1. The granular 

equivalency factor of a material is the depth of granular base in centimeters 

considered equivalent to one centimeter of the material on the basis of load 

distribution characteristics. To determine equivalent granular thickness of a flexible 

pavement structure, the depth of each layer in the structure is multiplied by the 

granular equivalency factor for the material in the layer. The pavement equivalent 

granular thickness is the sum of these converted layer thicknesses. 

 

According to the International Civil Aviation Organisation (1983), the Canadian 

practice is to conduct measurements of bearing strength on the surface of flexible 

pavements. However, the testing is not to be conducted until at least two years after 

construction to permit subgrade moisture condition reaches an equilibrium state. 

Conversely, the bearing strength of a rigid pavement is not normally measured; as the 

strength calculated on the basis of slab thickness and estimated bearing modulus are 

considered sufficiently accurate. The standard measure of bearing strength is the load 

in kilonewtons (kN), which will produce a deflection of 12.5 millimeter for ten 

repetitions of loading when the load is applied through a rigid circular plate of 762 

millimeter in diameter. This definition applies for subgrade bearing strength as well as 

for measurements conducted at the surface of a flexible pavement. However, in actual 

practice, a variety of test methods are employed to measure bearing strength. These 

methods include both repetitive and non-repetitive plate load test procedures in which 

a range of bearing plate sizes may be used. 
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Table.5.1. Granular equivalency factor  

(After International Civil Aviation Organisation, 1983) 

 

S.No. Pavement Material Granular Equivalency Factor 

1 Selected granular subbase 1 

2 Crushed gravel or stone base 1 

3 Waterbound Macadern base 1 - ½  

4 Bituminous stabilized base  1 - ½ 

5 Cement stabilizes base 2 

6 Asphaltic concrete (good condition) 2 

7 Asphaltic concrete (poor condition) 1 - ½ 

8 Portland cement concrete (good condition) 3 

9 Portland cement concrete (fair condition) 2 - ½ 

10 Portland cement concrete (poor condition) 2 

 

 

When a bearing strength measurement has been made on the surface of a flexible 

pavement, and the equivalent granular thickness of the pavement structure is known, 

the subgrade bearing strength at that location may be estimated. The subgrade bearing 

strengths are normally established at existing airports through bearing strength 

measurement programme. Subgrade bearing strength values derived from 

measurements are used when designing new pavement facilities at the airport 

provided the subgrade soil conditions are similar throughout the site (International 

Civil Aviation Organisation, 1983). However, while evaluating pavements at an 

airport where strength measurements have not been made, a value of subgrade bearing 

strength is selected on the basis of subgrade classification. In addition to the pavement 

bearing strength evaluation, airport pavements are subject to an evaluation of surface 

conditions under Canadian practice (International Civil Aviation Organisation, 1983). 

The surface condition evaluation program consists of a visually based structural 

condition survey and quantitative measurements of roughness and friction levels on 

the runway surfaces. 
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Under French practice of a runway pavement evaluation, two approaches known as 

reverse design method (RDM) and non-destructive (NDT) plate loading tests are used 

(International Civil Aviation Organisation, 1983). The RDM uses subgrade data to 

determine a pavement structure that can bear a given traffic over a certain life, 

provided a normal maintenance of the pavement is performed. Conversely, once the 

characteristics of the subgrade and pavement structure are known, this method enables 

the traffic that can be accepted during a given time to be determined. According to 

International Civil Aviation Organisation (1983), the foregoing is the basis for 

evaluation of bearing strength of a runway pavement by means of RDM. However, 

considerable difficulties are encountered in determining the structural parameters that 

must be taken into account in evaluating a pavement and its subgrade when this 

method is used by itself. Even if the records of the pavement construction, 

maintenance, past reinforcement work, and accepted traffic are available, this method 

requires many trial borings and testing of the pavement. Moreover, the difficulties in 

obtaining some required parameters results in uncertainties under this method. 

Therefore, the RDM can only be used for a correctly constituted pavement. The NDT 

plate loading test on the surface of a runway pavement indicates an actual allowable 

load for a single wheel leg. However, the International Civil Aviation Organisation 

(1983) denotes that a NDT plate test can directly provide the allowable load for a 

single wheel at a large number of points on a flexible pavement and the allowable 

load at the corners of slabs in case of a rigid pavement. Therefore, these tests are 

insufficient to determine the allowable load for an aircraft with multiple wheels 

undercarriages. 

 

Currently, a number of computer programme based on the plate test theory, multilayer 

elastic theory, and finite element analysis are available to obtained tabulated data for a 

pavement evaluation. According to the International Civil Aviation Organisation 

(1983), a reference construction classification (RCC) system has been developed in 

United Kingdom from the British load classification number and load classification 

group (LCG). Under the system, a simple two layer model is adopted for the reaction 

of an aircraft on a rigid pavement and the model is analyzed by Westergaard centre 

case theory to establish the theoretical depth of reference construction of an aircraft 

on a range of subgrade support values equating to the ACN-PCN method of the 

ICAO. Under this analysis, the effect of adjacent landing gear wheel assembly up-to a 
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distance equal to three times the radius of relative stiffness is considered. Similarly, a 

range of equivalency factors appropriate to the relative strengths of indigenous 

construction materials is adopted to convert between theoretical model reference 

construction depths and actual pavement thickness. Consequently, the practical 

problems of the runway pavement evaluation are resolved using equivalency factors 

to relate materials and layer thicknesses to the theoretical model on which the 

reference construction depths for the aircraft are assessed. 

 

The International Civil Aviation Organisation (1983) confirms that the practices 

approved by the Federal Aviation Administration (FAA) of the United States of 

America (USA) for a runway pavement evaluation uses the aircraft gross weight and 

types of undercarriages to predict the bearing strength of the pavement. This permits 

the evaluation of a pavement in respect of its ability to support various types and 

weights of the aircraft. The FAA believes that the runway pavements are designed for 

an anticipated load carrying capacity. Therefore, they must be evaluated based on 

their respective design method originally used. Hence, the FAA recommends the use 

of RDM for evaluation of flexible pavements. Similarly, the rigid pavement design 

curves and other parameters, such as slab thickness and annual aircraft departures are 

taken into consideration to establish the load carrying capacity of a rigid pavement 

runway. 

 

5.5 Runway pavement evaluation using deflection analysis  

 

A runway pavement and the operating aircraft represent an interactive system that 

must be recognized in the pavement evaluation processes. The evaluation of a runway 

pavement is a complex engineering problem, which involves a large number of 

interacting variables. For example, the velocity of dynamic and impact loads applied 

by an aircraft on a runway pavement significantly influences the pavement responses. 

Therefore, the issues associated with both the aircraft and the pavement should be 

considered while carrying out runway pavement evaluation in order to achieve 

satisfactory results. 
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The aircraft landing phase is one of the most crucial sections of a typical flight and it 

commences when the airplane reaches 1000 feet above the ground level (AGL) and 

ends at the point where the airplane reaches to the full-stop after landing on the 

runway (Swatton, 2008). According to Kopecki (2006), aircraft disasters are much 

more frequent during approach and landing as compared to other phases of flight. A 

typical landing begins with the aircraft in approach mode and starts descending from 

50 feet AGL as shown in Fig.5.3 (Hull, 2007). The aircraft is flared to rotate the 

velocity vector parallel to the ground, as it reaches close to the runway surface and the 

landing phase ends when the aircraft comes to the rest. 

 

 

 

 

Fig.5.3. Aircraft in approach phase of landing 

 

 

In Fig. 5.4, the weight is resolved into two components that act in the same 

rectangular coordinate system as the lift and drag forces. The aircraft approach path 

makes an angle   with the horizontal. The component of weight acting in the vertical 

axis of the aircraft becomes      . This component acts through the centre of 

gravity (CG) of the aircraft opposite to the lift L. The longitudinal component of the 

weight opposite to drag D is      . Therefore, once the approach is stabilised and 

the aircraft attains the equilibrium again, the force equations become: 
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                                                                                      (5.1) 

 

                                                                                       (5.2) 

 

 

 

Fig.5.4. Forces acting on an aircraft during descent  

[Note: T = thrust, D = drag, L = lift, W = weight of aircraft, θ = angle between the 

aircraft flight path to the horizontal plane] 

 

 

Under standard aeronautical practices, the landing approaches, which are made at a 

glideslope angle of 3° or less, are classified as the normal landing approaches (Federal 

Aviation Administration. (2007). Various approach paths with respect to touchdown 

points as shown in Fig. 5.5 are possible for a typical landing. The path (a) is too steep 

with respect to the touchdown point. Therefore, the aircraft needs to descend at a high 

rate of descent (ROD). The high ROD results in a greater load factor at the time of 

landing. On the contrary, the path (c) indicates an overly flattened path and aircraft 

requires a high thrust component to reach to the touchdown point. 

 

The aeroplanes are aerodynamically designed for high lift-to-drag ratio and the lift 

coefficient decreases as this ratio decreases. As a result, the stalling speed of the 

aircraft increases. Therefore, the touchdown speed is required to be maintained 

greater than the stalling speed of the airplane (Fig.4.0). According to Hull (2007), it is 

expressed as: 

 

                                                                                               (5.3) 
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where,     and        are the speed at touchdown and stalling speed respectively. 

 

 

 

 

Fig.5.5. Various approach paths during landing 

 

 

The lift coefficient     depends on various factors including angle of attack, but the 

total lift produced by the wings can be expressed as (Barnard and Philpott, 2006): 

 

                              
 

 
                                                                (5.4)  

 

where,         are the lift, air density, speed of airplane, and the surface area of the 

wings, respectively. When an airplane is in equilibrium in straight and level flight ( 

= 0
0
), Eq. (5.1) reduces to 

 

                                                                        (5.5) 

 

From Eq. (5.4) and (5.5), 

 

                              
 

 
                                                            (5.6) 
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The aircraft experiences the reduction in lift during landing and the weight component 

becomes larger than the lift due to reduction in aircraft velocity. The velocity of the 

aircraft reduces due the reduction in thrust during landing. Therefore, 

  

                             
 

 
                                                             (5.7) 

 

Let us consider the flight of an airplane while landing under the influence of the force 

of gravity and with minimal thrust. The lift is now acting at right angle to the flight 

flared flight path, while the drag acts directly backwards parallel to the flight path. 

Therefore, it can be seen that the angle formed between the total aerodynamic forces 

is same as the angle   between the flared flight path and the runway. This angle can 

be called as the flare angle. Hence, the relationship between drag and lift can be 

expressed as: 

 

 

 
                                                                     (5.8) 

 

Therefore, the greater the value of 
 

 
 , the higher the flare angle would be. The bigger 

flare angle means the greater   . As far as possible, the lift/drag ratio at the time of 

touchdown should be at maximum in an ideal landing. 

 

The accumulated periods of over-stresses can create a detrimental effect on useful 

service life of any runway pavement structure. Due to ultimate factor of safety in 

aviation, the limit load condition is rarely used as the critical design point and the 

structure usually possess a large positive margin of the strength. This fact alone 

implies that the structure must be grossly overstressed to produce an easily detectable 

damage. Similarly, the gross weight of the aircraft and the ROD at touchdown are 

considered as the primary factors responsible for the ground loads imposed by the 

aircraft on a typical runway during landing. Overstressing due to any of these forces 

may cause damages to the aircraft structure including landing gears and it also 

contributes to runway rutting. 

 

One of the primary functions of the landing gears and a runway pavement is to absorb 

the vertical energy of the aircraft at touchdown during landing phase. An aircraft at a 
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given weight and ROD at the touchdown has a certain kinetic energy that must be 

dissipated by the landing gear and the runway pavement. The impact of falling 

weights on the earth generates dynamic stresses that attenuate away from the point of 

impact (Mayne and Jones, 1983). The load placed on the landing gear increases as the 

square of any increase in the vertical rate of descent (Rozelle et al., 2004). Therefore, 

civil aviation regulations of the USA require the landing gear of transport category 

aeroplane must withstand touchdown load at a ROD of 12 feet/sec with the aeroplane 

at its maximum landing weight with a vertical acceleration of 1.0g (Federal Aviation 

Administration, 2012c). Aircraft manufacturers publish vertical acceleration 

thresholds that can be recorded by flight data monitoring equipment in view of hard 

landing limitations. Based on load components and aircraft roll and pitch angles (Fig. 

5.6 and Fig. 5.7), the vertical acceleration can also be calculated using following 

expression (Guillaume, 2012): 

 

 

            (                                                  )            (5.8a) 

 

 

where   ,      ,     ,       are vertical acceleration, load component along 

longitudinal axis x, load component along lateral axis y, and load component along 

vertical axis z of the aeroplane, respectively (Fig. 5.6 and Fig. 5.7). Therefore, vertical 

acceleration varies in accordance with the aircraft weight, centre of gravity, pitch and 

roll motion. 
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Fig.5.6. Aircraft axis and pitch angle during descent 

 

 

 

 

Fig.5.7. Aircraft roll angle during flight 

 

 

The vertical landing loads resulting at touchdown can be simplified by assuming the 

action of the landing gear shock absorbers to produce a uniformly accelerated motion 

of the aircraft (Hurt, 1965). Therefore, the landing load factor n for touch down at a 

constant rate of descent is expressed as a ratio of the load in landing gear shock strut 

F to the aircraft weight W as given below: 
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                                                             (5.9) 

 

The landing load factor n can also be expressed as 

 

   
(                          ) 

   
                                            (5.10) 

 

where g and S are the acceleration due to gravity and effective stroke of the strut, 

respectively. 

 

Hence, the average total force        applied by the aircraft to the runway during 

landing can be calculated by multiplying the load factor n to the gross weight of the 

aircraft at the time of touchdown. Therefore,  

 

               (   )                                      (5.11) 

 

According to Eq. (5.11), the total force is directly proportional to the gross weight of 

the aircraft. Therefore, a higher gross weight produces the greater force depending 

upon the load factor. However, S will be influenced significantly by the factors, such 

as the internal friction forces within the shock absorber, the aircraft approach profile 

during landing, landing techniques, wind direction, and the wind velocity at the time 

of touchdown. 

 

The overall distribution of the aircraft mass between nose and main undercarriage legs 

depends upon the load distribution of the aircraft and its centre of gravity (CG) at the 

time of touchdown on runway. According to the International Civil Aviation 

Organisation (1983), five percent and ninety five percent of the gross weight of a 

conventional aeroplane aircraft is carried by the nose leg (maximum forward load 

distribution) and the main undercarriage legs (maximum rearward load distribution), 

respectively. Therefore, the runway pavement design and evaluation are carried out 

using these figures of load distribution. However, the effect of braking action is not 

taken into account in evaluation of pavement. It plays a role only in specific studies, 

such as investigating the behaviour of the structures underneath the runway. 
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Therefore, the stresses caused by the main undercarriage legs of the aircraft are 

generally taken into consideration for pavement evaluation practices. 

 

The International Civil Aviation Organisation (1983) mentions that the theories 

applied earlier to pavement behaviour have indicated proportionality between load 

and deflection. Thus the deflection should be an indicator of capacity of a pavement 

to support load. This also implied that a pavement deflection determined for a 

particular applied load could be adjusted proportionately to predict the deflection, 

which would result from other loads. Hence this can be used as a method for technical 

evaluation of a runway pavement. Many controlled tests and carefully analysed field 

experience confirm a strong relation between pavement deflection and the expected 

load repetitions life of a pavement subject to the load that caused the deflection 

(International Civil Aviation Organisation, 1983). 

 

As discussed in earlier chapters of this thesis, the runway pavement can be idealised 

by mechanical model, such as the Winkler foundation model to carry out deflection 

analysis for the purpose of runway pavement evaluation. A similar mechanical 

concept has recently been applied by Sawant (2009) for deflection analysis of the 

runway pavement. It was observed that the maximum deflection decreases with 

increasing soil modulus and the velocity of moving load significantly influenced the 

pavement responses. Fig.3.5 shows the earliest and simplest model proposed by 

Winkler (1967). It is a one-parameter model consisting of closely spaced and 

independent linear springs. This model assumes that the deflection w of the 

foundation soil at any point on the surface is directly proportional to the stress q 

applied at that point and independent of stresses applied to other locations. Selvadurai 

(1979) also supports an argument that the Winkler model represents an accurate 

idealisation of operating conditions in many engineering applications. 

 

According to Fig.3.5, the vertical component of the velocity of aircraft during 

touchdown causes an impact load on the runway pavement. The aircraft load is 

transmitted to the pavement through landing gears of the aircraft. According to the 

International Civil Aviation Organisation (1983), the number of wheels, their spacing, 

tyre pressure, and tyre size determine the distribution of aircraft load to the pavement. 

For the closely spaced wheels of dual and dual-tandem legs and even for adjacent legs 
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of aircraft with complex undercarriages the effects of distributed loads from adjacent 

wheels overlap at the subgrade (and intermediate) level. In such cases, the effective 

pressures are those combined from two or more wheels and must be attenuated 

sufficiently by the pavement structure. Since the distribution of load by a pavement 

structure is over a much narrower area on a high strength subgrade than on a low 

strength subgrade, the combining effects of adjacent wheels is much less for 

pavements on high strength than on low strength subgrades. Hence, the relative 

effects of two aircraft types are not the same for pavements of equivalent design 

strength, and this is the basis for reporting pavement bearing strength by subgrade 

strength category. Within a given subgrade strength category the relative effects of 

two aircraft types on pavements can be uniquely stated with a good accuracy. 

 

The International Civil Aviation Organisation (1983) argues that it is not sufficient to 

consider the magnitude of loading alone. There is a fatigue or repetition of load factor 

which should also be considered. Thus magnitude and repetition must be treated 

together and a pavement which is designed to support one magnitude of load at a 

defined number of repetitions can support a larger load at fewer repetitions and a 

smaller load for a greater number of repetitions. Hence, it is possible to establish the 

effect of one aircraft mass in terms of equivalent repetitions of another aircraft mass 

and its type. Application of this concept permits the determination of a single selected 

magnitude of load and repetitions level to represent the effect of the mixture of 

aircraft using a pavement. According to the deflection model developed in this study, 

the deflection estimation can be done by considering the aircraft landing as a free fall 

of a body from a known height and the potential deflection can be calculated using 

Eq. (3.8) and (3.9). 

 

Though the deflection model indicates that the Eq. (3.8) and (3.9) are based on 

idealisations, the overall model can still be effectively used by runway maintenance 

engineers for routine technical evaluations of the runway pavements, instead of using 

the empirical practices recommended by the ICAO. However, many other secondary 

factors, such as spacing of the aircraft wheels and aircraft taxiing loads also influence 

the life of a runway pavement. Although subjected to the same loads, some runway 

pavements may experience different fatigue conditions. For example, a soft landing 

causes low impact on the runway. Similarly, when an aircraft rolls at a high speed for 
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a takeoff or taxiing fast after a landing run on the runway, the loading phenomenon is 

transient and not severe due to lift forces created by the wings of the aircraft. 

However, these secondary factors will have the minimal effects on the accuracy of the 

evaluation results, because the deflection caused by landing impact is considered as 

the primary factor for the deterioration of a runway pavement. Consequently, a 

maximum allowed deflection threshold can be set to reduce the risk factor caused by 

the secondary factors similar to the deflection limits set for highways. 

 

5.6 Conclusions 

 

Impact load imposed by an aircraft landing is the primary contributory factor causing 

deflection in runway pavement. Consequently, it is important to consider the physical 

and operational characteristics of the runway pavement and related structures while 

carrying out technical evaluation of the pavement. The runway pavement deforms in 

touchdown zone due to the static and dynamic loads exerted by aircraft landings. 

Rutting is a primary failure criterion when determining the functional capabilities of 

an airfield pavement. Therefore, it plays a significant role in the development of a 

performance prediction model for the pavement. The ICAO recommends that the 

bearing strength of a runway pavement shall be reported using ACN- PCN system 

indicating the information about the pavement type for ACN-PCN determination, 

subgrade strength category, and the maximum allowable tire pressure category. 

Similarly, the pavement evaluation practices followed by various states of ICAO are 

based on semi-empirical approaches. Furthermore, the landing impact loads of heavy 

new generation aircraft on a runway pavement is a critical issue for modern aviation 

industry. Hence, it requires a new approach to deal with routine airfield pavement 

evaluation tasks. 

 

This study observes that the load imposed on a runway pavement during landing 

primarily depends upon the ROD and weight of the aircraft. Furthermore, a runway 

pavement performance is influenced by various factors, such as frequency of loading, 

load factor, and modulus of subgrade reaction. Therefore, the technical evaluation of a 

runway pavement can be carried out by using the deflection profiles and predictions 

projected by the analytically derived deflection model discussed in this study instead 
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of empirical practices currently followed by various states of the ICAO. The model 

can be used for both rigid and flexible pavements. 

 

The runway pavement evaluation is primarily based on the gross mass of the aircraft. 

Furthermore, the type and configuration of landing gears dictate how the weight of an 

aircraft is distributed to the pavement and determine pavement response in terms of 

deflection to the aircraft loading. However, it would have been impractical to carry 

out pavement evaluation for each type of aircraft. Since the deflection for both 

flexible and rigid pavements is dependent upon the landing gear load distribution, 

some reasonable assumptions could be made to reduce the number of variables while 

carrying out pavement evaluation using deflection method. 
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CHAPTER 6 

CIVIL AVIATION REGULATORY FRAMEWORK 

IMPLICATIONS OF EVOLVING CIVIL AVIATION REGULATORY STRUCTURE 

 

 

6.1 General 

 

Air transportation plays a multi-faceted role in pursuit of development of a nation and 

it maintains international, social, and economic connections. An airport facilitates the 

air transport industry and it serves a key function in an aircraft operation. Therefore, 

airports have been contemplated as fundamental infrastructure rather than commercial 

entities by itself. Consequently, civil airports have always been publicly managed. 

However, the traditional airport management model seemed to be unsustainable as 

states become concerned about financial liabilities. As a result, the airport industry 

has evolved significantly in terms of aviation safety regulations, business model, and 

economic regulatory regime. Subsequently, the civil airports are regarded as a profit 

centre instead of a public managed community infrastructure. The structure of civil 

aviation legal framework has had an international outlook from the beginning. 

Therefore, the aeronautical components of civil airports, such as structure and 

operating systems of runways, taxiways, apron, and aircraft operational areas are 

strictly regulated by national regulations under the standards developed by the 

International Civil Aviation Organisation. 

 

Traditionally, aviation has been a highly regulated industry due the inherent risk 

associated with aircraft operations (Fig.6.1). Consequently, the actions of airports and 

aircraft operators have been bound by a multitude of bilateral, national, and 

international regulations and standards. Generally, most legal frameworks in the 

world have a history of establishing on national basis before entering the international 

scene, but the peculiarity of aviation regulations and practices is that it has been both 

international and national from the very beginning. Since the establishment of the 

ICAO in 1944 as a specialized agency of the United Nations to develop aviation 

standards and recommended practices (SARPS), the civil aviation industry has been 
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regulated significantly by the national aviation authorities (Department of 

Infrastructure Transport Regional Development and Local Government, 2008). The 

primary purpose of civil aviation regulations is to ensure safe operation of the aircraft 

while keeping the related risks to an acceptable level. The safety objectives are being 

achieved by various regulatory tools, such as licensing of airports, requirements of 

airworthiness certificates for aircraft, air operator certificates for airlines, licensing of 

safety personnel and so on. As a result, most national aviation authorities (NAA) used 

to have a team of specialist inspectors to inspect airports, airworthiness of aircraft, 

flight operations, and performance of aircraft personnel (Hunt and Macfarlane, 2003). 

Likewise, most safety sensitive aviation activities used to be regulated under 

prescriptive regulatory regimes. 

 

 

 

Fig.6.1. Aircraft waiting for takeoff clearance from Air Traffic Control 

 

 

Due to its global nature, the aircraft operation related activities of air transport are 

required to be regulated in accordance with the international standards (International 

Civil Aviation Organisation, 2006a). Therefore, all domestic and international flights 

operating in ICAO defined airspace are required to follow the international air traffic 

Taxiway 

Runway Entry Lane Runway Threshold 
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procedures. For example, all flights in Australian airspace above 11000 feet are 

required to follow the altimetry procedure that requires the pilot to read the aircraft 

altitude in terms of flight levels instead of feet (Airservices Australia, 2010). 

Similarly, the aircraft flying through this airspace must meet the internationally 

accepted airworthiness standard (International Civil Aviation Organisation, 2005, 

2001). Likewise, all aeronautical parts and activities of a civil airport are required to 

meet ICAO standards. However, the aviation industry has evolved significantly since 

the invention of the first aircraft and as a part of liberalisation, a shift from the 

prescriptive rules to performance based legislation has been noticed in the civil 

aviation industry since last decade, especially with the formation of European 

Aviation Safety Agency (EASA)
4
. This chapter discusses the salient features of the 

traditional and outcome based regulations and it analyses the effects of these two 

different sets of legislative regimes on aviation safety in the civil aviation industry. 

Liberalisation and privatisation of the civil aviation industry have increased the 

commercial pressure by adding more competition to airports and aircraft operators. 

Though safety and economy are two different issues, but there are clear indications 

that the commercial concerns can put pressure on safety outcomes. Therefore, the 

influence of globalisation of certain sections of the aviation industry on aviation 

safety is also explored in this research. Example of maritime industry, airlines, 

airports, and aircraft maintenance repair overhaul (MRO) businesses are used to 

examine the potential aviation safety issues related to airports and aircraft operations 

arising as a consequence of the regulatory shift. 

 

6.2 Prescriptive regulatory framework and challenges 

 

Regulations increasingly shape the structure and conduct of civil aviation industries 

and they can influence flight safety. Some researchers argue that in industries, such as 

aviation, electricity, railways, telecommunications, banking, and pharmaceuticals, 

regulation is the single biggest uncertainty affecting capital expenditure, corporate 

image, and risk management (Beardsley et al. 2005). Similarly, regulation reflects an 

explicitly formal contract between business and society in many aspects. Even in the 

                                                 
4
 European Aviation Safety Agency was formed in 2003 by European Union (EU) countries as their 

representative body. However, neither EU is a member state of the ICAO nor is the EASA a regulatory 

authority of any such member state. 
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absence of regulations, the informal agreements may call upon organisations to meet 

certain social responsibilities. Therefore, when deciding on a regulatory stance, the 

aviation organisations must consider complicated trade-offs between maximizing 

profits while at the same time taking into account the safety of the aircraft operations. 

 

Aviation regulatory system has come a long way. Passing from civilian hands to 

military and back to civilian control; it has gone through enormous technological 

advances in air navigation, aircraft, and airport systems. A Canadian study found that 

the regulatory focus has moved from strict economic regulations to looser ones, but it 

still holds control where public interest and flight safety are warranted (Fiorita, 1995). 

The civil aviation regulations may be divided into two broad categories. Firstly, the 

safety regulations, which cover flight operations, airworthiness of aircraft, air 

navigation, airport, airspace, and licensing of personnel
5
 of aircraft. Secondly, the 

economic category that addresses commercial activities of the civil aviation industry, 

such as bilateral air transport services agreement and other commercial uses of aircraft 

and airports. 

 

Since the beginning of civil aviation, the regulatory framework has been prescriptive 

in nature that prescribes what the safety requirements are and how they are to be met. 

The Australian civil aviation safety regulator states that the old prescriptive civil 

aviation safety regulations mostly prescribed the precise steps to be taken, leaving 

little or no discretion for deviation (Byron, 2006). Similarly, a prescriptive set of 

requirements does not provide flexibility required for continuous improvement of the 

system. For example, most civil aviation authorities in the world use prescriptive 

regulations to limit flight time and duty periods of flight crew (Benjamin, 2010). This 

approach has an advantage of providing clear-cut limits, but it is necessarily a one 

size fits all solution. Therefore, it is rarely the most efficient or cost-effective method 

of managing the fatigue-related risks of any one specific aeroplane fleet or route 

structure. Additionally, these prescriptive limitations have often been based more on 

industrial agreements than on evolving science related to fatigue and its effects on 

performance. It also gives an impression that the delivery of safety outcomes is 

                                                 
5
 Under Chicago Convention, the personnel of aircraft means the pilot, flight engineer, navigator, 

aircraft maintenance engineer, air traffic controller, flight radio telephone operator, and flight 

dispatcher (International Civil Aviation Organisation, 2006c). 
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primarily the concern of the regulator and the regulations. According to the ICAO, 

this regulatory system was based on a quality control concept rather than the quality 

assurance philosophy (International Civil Aviation Organisation, 2006b). It did not 

define the quality assurance system requirements and accountabilities of the 

management of the organizations for compliance with the regulatory requirements. As 

a result, it did not guarantee the measurable safety outcome. However, due to the 

prescriptive nature of the regulations under this regime the harmonisation of aviation 

practices is not much complex. 

 

In recent years, the regulatory theory is developed along the process regulations. 

Under these regulations, the regulatory process is developed and it is measured 

against a criterion of efficacy and reliability rather than inspecting the end result 

(Michael, 2006). Consequently, the risks are to be identified and measures are placed 

to control them. This system is especially suitable to areas, such as safety regulations, 

because the performance based detection and enforcement is not as much of a 

challenge as design or process based prevention. Therefore, the process based 

regulations are primarily designed to prevent failure. Additionally, the process 

regulations necessarily enlist help of the regulated entities. In fact, it may extend 

further and vest them with primary responsibility for development of preventive 

programs. According to a major civil aviation safety regulator, an operator will 

always be better placed than the regulator to know and understand the safety risks 

they face in their particular circumstances (Byron, 2006). It is obvious that the civil 

aviation authorities do not fly or maintain aircraft, manage aerodromes or train pilots 

and aircraft engineers. Therefore, it is convincible that those involved in the industry 

may be best suited to identify the greatest safety risks. 

 

As a result, the civil aviation authorities are seeking partnership with the organisations 

in addressing the regulatory issues related to aviation safety, because the 

implementation regulations alone does not ensure safety. In fact, the regulations only 

seek to cover the minimum necessary requirements and they can never hope to cover 

all situations and circumstances. Therefore, the civil aviation authorities in future may 

encourage the aircraft and airport operators to go beyond the regulations and look for 

more innovative ways to manage their risks, particularly those not covered by the 
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regulations. For example, granting flexibility to airlines in managing working
6
 hours 

of the flight crew provided the risks are identified and addressed; or allowing airport 

operators to carry out runway pavement evaluation based on predicted runway 

deflection suggested by this thesis in earlier chapters. This may encourage the 

industry to adopt more research based approaches than merely performing empirical 

procedures. 

 

6.3 Outcome focused aviation safety regulations 

 

In the last decade, the idea of having government regulatory agencies setting goals for 

performance has attracted increasing attentions from public and the industry experts. 

Subsequently, interests in performance-based regulations become visible in a number 

of regulatory developments. For example, the then presidents Clinton and Bush of 

United States of America (USA) had directed their federal government agencies to 

specify performance objectives rather than behavior in crafting new regulations 

(Coglianese et al. 2004). The focus on performance is based on an intention to achieve 

the same results as other standards while giving organisations a flexibility to achieve 

those results in a cost effective manner. For example, the Civil Aviation Safety 

Authority of Australia (CASA) is encouraging the aviation industry to actively 

manage its own safety risks (Byron, 2007; Ward, 2008). The CASA believes that the 

best balance is struck when the organisations have responsibility to determine desired 

aviation safety outcomes and then consider an optimal course of action to achieve 

them. 

 

A recent study ascertains that the outcome or performance based regulations set goals 

for outcome of the behavior instead of establishing specific prescriptions for that 

behavior (Coglianese et al. 2004). A performance based regulation sets performance 

goals and it allows individuals and organisations to decide how to meet them. Under 

outcome based aviation safety regulations, safety is recognised as being a 

responsibility of everyone involved in an organisation and the top management of the 

organisation must be committed to safety anticipating that the errors may happen. 

According to a regulatory expert, the outcome based regulations specify the safety 

                                                 
6
 Flight duty time limits of flight crew are regulated under national civil aviation regulations of the 

contracting states as recommended by the ICAO (International Civil Aviation Organisation, 2001). 
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requirements that are to be met, but provide flexibility in terms of how safety 

requirements are met (Byron, 2006). However, the expert does not indicate any 

effective and affirmative regulatory tool to assess the safety outcomes under 

performance based regulatory regime. Byron (2006) indicates that the new CASA 

regulations emphasise the required outcomes and aim to make the regulations less 

prescriptive as much as possible. This approach allows a level of freedom to the civil 

aviation authorisation holder to identify the means by which to achieve the outcomes 

by designing and implementing compliance assurance systems. The new regulations 

are focused on safety risks and safety outcomes and they are supported by guidance 

materials, such as the acceptable means of compliance
7
 (AMC) and manuals. This is a 

very different approach to the past and it is also claimed that the new regulations will 

be simpler, shorter, and easy to comply with. However, the regulations themselves 

will not detail how to achieve compliance. This regulatory philosophy is primarily 

based on the EASA regulated European civil aviation regulation model. The EASA 

based regulations defines regulatory obligations of the organization by holding it 

responsible for ensuring that all activities, such as management accountability, safety 

management system, and quality assurance system are performed to the required 

standards. Requirements for key management of the organizations and the quality 

system are more evident than in the previous regulations. It is also suggested that the 

new regulations introduce a well-defined balanced approach in-line with the ICAO 

recommendations. In fact, the ICAO encourages a balanced approach to safety 

oversight system where a contracting state and the industry share responsibilities for 

safe, regular, and efficient conduct of the civil aviation activities. 

 

Financially, there is no single answer whether the outcome based regulations are more 

cost effective than the prescriptive system. A contemporary study establishes that the 

performance standards give organisations flexibility and make it possible for them to 

seek the lowest cost means to achieve the stated level of performance (Coglianese et 

al. 2004). The performance standards can better accommodate technological changes 

and the emergence of new hazards than the prescriptive ones. Nevertheless, the 

outcome based standards can sometimes be ambiguous, if they are loosely specified. 

                                                 
7
 An AMC generally explains how one or more requirements of relevant regulations for the issue of a 

certificate, licence, approval or other authorisation can be met by an individual or organisation 

applying to a regulatory authority for the authorisation. 



92 

 

Additionally, measuring the performance presents distinct challenges, such as when 

the standards are based on predictions rather than actual measurable events. As a 

result, the outcome based safety regulations may impose excessive costs on the 

operators. Consequently, the small airports and airlines may be affected significantly, 

because under this regime the organisation must search for ways to meet the 

regulatory standards even though the compliance guidance material is to be supplied 

by the regulator. Small aviation operators may simply prefer to be told exactly what is 

to be done rather than incur costs in deciding methods to achieve a performance 

standard. Though non-binding guidance materials, such as manuals, advisory 

publications, and acceptable means of compliances are provided by the CAAs to 

assist the companies, but such documents sometimes becomes prescriptive standards 

that the performance standards are supposed to replace. 

 

6.4 Effect of globalisation and privatisation on aviation regulatory framework 

 

The civil aviation industry has experienced a significant change in the last fifteen 

years. International air transport has been reshaped and globalised through complex 

global airline and airport alliances. It has been observed that the flag carriers are being 

replaced by the airlines flying under global branding and they have started sharing the 

important operational functions involving safety, such as crewing and aircraft 

maintenance with their global partners (International Transport Federation, 2005). In 

addition, the deregulation seeks to reduce government role in the aviation industry 

and airlines and airport operators are under pressure to reduce cost of operations. 

Consequently, airlines are moving away from their traditional role of operators that 

own aircraft, employ pilots and aircraft engineers to fly and maintain the aircraft. The 

business model is changing to focus on the core businesses of organizing people to 

travel by air under a global airline brand whose services are often supplied by 

contractors, franchisees, and alliance partners. Similarly, airports are also becoming 

private business entities rather than state owned infrastructure. As a result, the modern 

aviation industry increasingly operates under a liberal market context. Therefore, 

liberalisation of the aviation industry has significantly contributed to globalisation. It 

was started with airlines and now many airports are progressively becoming private 



93 

 

entities and business centres. Therefore, the regulatory models are also evolving to 

address issues arising as a consequence of the privatisation and globalisation. 

 

The aviation safety rules place primary responsibility for the implementation of safety 

regulations on the operator, but the airlines and airport operators are increasingly sub-

contracting some of the safety related tasks, such as aircraft maintenance, aeronautical 

facilities development at airports, management of air navigation equipment etc 

(International Transport Federation, 2005). This has created a challenge for the 

traditional regulatory framework established in civil aviation and monitoring the flight 

safety by respective national aviation authority (NAA) becomes complex as compared 

to the past. The ICAO sets safety and regulatory standards for civil aviation products 

and activities, such as airworthiness and operation of aircraft, air traffic control and 

management, runways and aerodrome specifications etc. For example, the ICAO is 

currently developing a multimedia service implementation program for air traffic 

management (ATM) and air traffic control (ATC) to improve air traffic processes and 

interaction between pilots and air traffic controllers (Zhukov, 2010). It also develops 

aircraft operation procedures and practices to address social and environmental 

impacts of civil aviation activities. Noise abatement is a typical issue in aircraft 

operations. Therefore, the international agency promotes a standard procedure for an 

aircraft takeoff and departure from a runway to keep the noise at an acceptable level 

(Vanker et al. 2009). These programs and regulatory standards are designed to be 

implemented globally, but responsibility of the implementation stays with individual 

contracting states. Nevertheless, the ICAO has established an audit program known as 

universal safety oversight audit programme (USOAP) to ensure compliance of the 

recommended aviation standards and practices (International Civil Aviation 

Organisation, 2009b). The objective of the programme is to identify whether the 

contracting states are adequately discharging their responsibility for the aviation 

safety oversight or not. Unfortunately, the economic climate dominated by 

liberalization and deregulation has tried to reduce the role of ICAO and to have civil 

aviation treated as just another commercial service dealt with by the World Trade 

Organisation (International Transport Federation, 2005). 

 

Despite claiming economy and safety as separate issues, the economic liberalization 

causes an impact on technical aviation safety standards (International Transport 
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Federation, 1994). Hence, robust standards are needed to prevent the liberalized 

aviation organisations cutting aviation safety margins under commercial pressure 

created by globalisation. An example of maritime industry may be considered to 

explore this issue further. According to a report, the current legal framework for 

international shipping is based on the concept of flag state (FS) sovereignty 

(International Transport Federation, 2003). This means that a ship will have 

nationality of the state whose flag they fly. Therefore, the flag states have a wide 

range of responsibilities placed upon them by international law including safety 

oversight of ships flying their flags. Traditionally, flag states would only register the 

ships of ship-owners from their own country and they used to apply strict nationality 

rules, but increasingly, shipping companies began to look for ways to escape the 

obligations placed on them by their flag states. Consequently, it was found that a 

number of states were ready to rent out their flags to ship owners seeking to evade 

their own country’s rules. This is commonly known as the flags of convenience 

(FOC). A flag of convenience ship is one that flies the flag of a country other than the 

country where its beneficial ownership is based. The FOC has become a safe haven 

for ship owners wanting to shelter from the regulatory regimes of their own 

governments. This was not expected under the regulatory philosophy of the maritime 

industry, whereby the right to fly a national flag is subject to stringent conditions. 

Therefore, one of the major concerns is a risk of the airlines or airports seeking to step 

outside proper regulatory oversight control similar to the maritime industry, because 

the FOC has led to an enormous abandonment of safety standards in shipping 

industry. Hence, the experience of maritime industry leads to a conclusion that a 

smart and more effective regulatory framework is required to prevent the spread of 

such culture to the aviation industry. 

 

It has been noticed that the contemporary aviation Maintenance Repair Overhaul 

(MRO) business is subtly heading towards a similar flag of convenience. For example 

many aircraft maintenance organisations (AMO) located and owned by local entities 

in the contracting states other than EU member states are progressively seeking 

regulatory approvals from EASA instead of their local relevant regulatory authorities 

to carryout aircraft maintenance and repair work despite the fact that the EASA does 

not have any jurisdiction outside EU. In fact, EASA is not a regulatory body of any 

contracting states as such. Under ICAO SARPS, an AMO must hold the required 
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regulatory approval from the contracting state where they are primarily located 

(International Civil Aviation Organisation, 2006a). Observers in aviation industry are 

afraid that the EASA regime may unilaterally enforce the standards at odds with those 

agreed globally through the ICAO, as European Commission (EC) a previous similar 

regional organisation of Europe had done in the past (Chung, 2004). This will affect 

ICAO’s efforts of harmonisation of international civil aviation standards and practices 

including aeronautical activities at aerodromes across the contracting states. 

 

Modern airport infrastructure and operational concept are going through a major 

transformation and governments are reluctant to support airport expansion 

requirements due to financial constraints (Frost and Sullivan Report, 2006). 

Consequently, the traditional management model was becoming unsustainable and the 

industry started to evolve with changes being brought about in the airport regulatory 

regime, which were later known as deregulation and privatisation. Currently, airports 

are considered as potential profit-making enterprises rather than a part of social 

infrastructure. With the global wave of airport privatizations, private investors entered 

the scene resulted in creation of privately owned airport companies. Generally, 

airports are privatised under two different models. First one involves total ownership 

of assets and the other model provides control of an airport management in private 

hand while government retains ownership of the infrastructure (Bel and Fageda, 

2010). Therefore, it is not clearly established yet whether the trend to privatise and 

deregulate the airport industry is only for profit and growth opportunities or whether it 

may also enhance safety standards of aeronautical activities, because airports are 

natural monopolies. 

 

According to observations, aircraft safety is a concern at some airports that are in 

process of privatization (Craig, 1999). Furthermore, violations of international safety 

standards are found at privatised airports, and also at new airports proposed for 

private sector development. Craig (1999) had also reported that enforcement of ICAO 

standards are lacking at small regional airports in some contracting states. Similarly, 

deficiencies including insufficient obstacle clearances, use of airport by aircraft 

beyond the code for which the airport was originally constructed, upgrading of 

instrumentation from non-precision approach aids to installation of instrument landing 

system (ILS) without complying with wider-strip and obstacle clearances associated 
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with precision approaches are also noticed. Privatised airport owner responsible for 

these non-compliances end up into risk of high cost, if relevant NAA enforce the 

compliance. Likewise, it is hard for a NAA to enforce safety standards at a privatised 

airport, because these airports are commercially entities defied by a consolidating 

airline industry putting pressure on airports to lower their service charges including 

aeronautical fees. Government agencies would hesitate to suspend an airport license 

and thereby affect the business of the airport, while encouraging privatisation at the 

same time. Additionally, it has also been observed that driven by profit motives the 

airport designers of the privatised airports adopt a minimalist approach to reduce cost 

in areas, such as obstacle clearances and pavement widths (Craig, 1999). Instances of 

airport owners over ruling the advice of airport engineers resulting in substandard 

development and violation of safety standards have been occurred too. 

 

Therefore, airport regulatory framework should be designed to provide incentives for 

the airports to invest in aeronautical infrastructure to ensure compliance with ICAO 

SARPS. It is understandable that regulatory authorities struggle with regulatory 

challenges, because issues are often extremely complex and interdependent. However, 

when deciding on a regulatory stance, the regulator must also consider social factors, 

especially while deregulating a monopolistic industry, such as airports. Hence, 

regulators could treat airports as a public good similar to roads and railways. 

Moreover, regulations form a contract between business and society and in absence of 

an existing law to address certain issues; an informal agreement may force companies 

to meet certain social obligations. Failure to accomplish these obligations may drive 

the regulator toward imposing prescriptive rules with strict liabilities. 

 

6.5 The aviation safety risks 

 

With the advent of outcome-based regulations the government presence will diminish 

significantly with time. The CASA admits that it is the operating company who takes 

the day-to-day responsibility for safe operations of aircraft and this is the reality of 

aviation safety (Byron, 2007). Therefore, it is important for the operators to be able to 

define the risks involved in their particular operation and integrate a safety system to 

manage those risks. Especially in the areas of potential private monopolies, such as 
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airports and air navigation services, the strong regulatory surveillance will be required 

to ensure safety and risks remain at an acceptable level. Hence, this is a call for smart 

safety regulations that can be sustainable and compatible with the long term social, 

economic, and environmental needs of the industry. Regulatory systems must be 

measurable to the extent that any regulation does not overburden the industry and at 

the same time provides adequate protection for affected parties. 

 

It is understandable that safety is impossible to assure, because the safety regulations 

are not easy to supervise as there is no traditional end of the pipe inspection. For 

example, no one can say that an aircraft is hundred percent safe, but the regulated 

industry can be relied upon. Nevertheless, the initial reassurances must be supported 

with reaction and the credibility be signalled by government involvement. Similarly, 

the confidence must be backed with results. In a recent study by Roy Morgan, the 61 

percent of the respondents felt that the CASA should supervise the airlines more 

closely and only 6 percent of the population believe that the CASA should give 

airlines more freedom (Roy Morgan Research, 2008). This result clearly indicates that 

the public wants an extensive involvement of the government in aviation affairs. 

Therefore, the public interest in a democratic society must not be ignored while 

changing focuses of the aviation safety regulations, because safety is not a static 

concept and it is not easy to monitor. For example, some simple trends indicating 

number of loss of life or incidents per year at an enormous infrastructure system, such 

as airports are not enough to determine whether safety is assured at the airports 

(Bruijne et al. 2005). Furthermore, a lack of transparent and easily comparable data 

about safety performance of various runways and operational area of airports may 

influence identification process of potential risks. Additionally, maintaining an 

adequate level of safety is not sufficient; the aviation operators whether airlines or 

airport must be regulated to ensure that safety risks are kept as low as possible. It is 

also believed that the outcome based safety regulations may create adverse 

unintended behaviors, because the flexibility provided by the regulations to airlines or 

airport operators may be used in ways that causes undesirable side effects, even the 

operator still meet the performance goal (Coglianese et al. 2004). Thus, letting the 

industry choose its own path always presents the possibility of generating new or even 

larger risks. In contrast, the prescriptive standards provide clear direction to both 

regulated entity and the regulator. Therefore, choosing an outcome based regulatory 



98 

 

framework in a high risk area, such as aviation safety is a debatable issue, because it 

may not be a very suitable model. 

 

6.6 Analysis and discussion 

 

Many contracting states are going through a revolutionary change in aviation safety 

regulations and gone is the prescriptive and restrictive legislation of the past (Bartsch, 

2007). The new regulations recognise the fact that modern complex organisations 

necessarily acquire a high level of organisational specialisation and the elusive one- 

size-fits- all type of regulation simply may not exist. The CASA has acknowledged 

that compliance with traditional prescriptive legislation does not guarantee safety and 

compliance to the prescriptive legislation may become an obstacle to aviation safety 

due to complex technical specialisation of modern aviation organisations. Some 

regulatory experts argue that the regulatory authorities should be interested in safety 

outcomes, not necessarily how the outcomes were achieved (Byron, 2007). They can 

be achieved by many ways. The similar approach has been adopted by the EASA. 

However, it has been observed that flexibility to meet the requirements by a method 

of one’s own choice might have influenced some people, but the concept has not been 

embraced by many in the aviation industry even though the outcome based 

regulations are being supported by the manuals and other guidance materials. 

 

The highly regulated aviation industry is around 100 years old now and quite a few 

large corporations do aviation business or becoming involved in the operation of 

aircraft or airports. Therefore, it may be a call for the aviation regulatory authorities to 

deregulate few activities and shed some of its aviation safety responsibilities to the 

industry. This may be considered as a normal process once an industry becomes 

mature enough to take-over the obligation of self-regulation. For example, initially the 

aircraft used to be flown by the people who have high technical knowledge about the 

aircraft, but later on the people without any formal education were allowed to become 

pilots. Presently, under American Federal Aviation Administration (FAA) regulations, 

one who can read and write English can become a pilot provided he or she meet 

medical and other competency requirements of a pilot licence 

(Federal Aviation Administration, 2010a). Similarly, there is no minimum educational 
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requirement to become an aircraft maintenance engineer under Australian civil 

aviation regulations (Civil Aviation Safety Authority, 2007b). 

 

Thus, the performance standards under the outcome based regulations need to be set 

carefully and the outcome must be tested over a period of time, because a loosely 

specified standard to reduce cost may jeopardise the aviation safety. For example, a 

performance standard could require that the construction of high rise buildings in the 

vicinity of an airport be controlled so that they do not become a safety hazard for 

aircraft landings and takeoffs. Such a regulation provides lesser guidance to the 

airport owner and the regulator than a tightly specified regulation limiting the height 

of the building quantitatively. The loosely specified standards require the regulators to 

make quantitative judgements, while tightly established standards employ a 

quantitative measure of performance. Furthermore, it has been acknowledged that 

there is a scarcity of empirical studies aimed at measuring the effectiveness of the 

performance based standards especially in comparison with the effectiveness of other 

regulatory instruments (Coglianese et al. 2004). This makes bench marking of 

outcome based regulations really difficult, if not impossible. No one can afford to 

wait till an aircraft accident happen and then collect the data. Therefore, it is a matter 

of debate as to who will own the uncertainty. Should it be the regulator, the standard-

setting organizations, or the industry? Without reliable data, the role and reliability of 

the performance based regulations will continue to be questionable. It can also be 

argued that even though the outcome based regulations are advantageous in 

decentralized governance by giving greater flexibility to the airlines or airports, the 

civil aviation authority (CAA) must still monitor the performance of each company 

and may be required to get so involved that it is essentially running everything again. 

In a perspective, the information requirements for either a performance standard or a 

prescriptive standard may be so demanding that both approaches could be very similar 

in terms of what the CAA needs to know. 

 

Some CAAs and the industry operators may resist adoption of the outcome based 

regulations, because they consider them ambiguous (Coglianese et al. 2004). The 

CAA inspectors find it especially difficult to make the transition from hardware 

oriented checklist inspections to inspections that call for them to judge the quality and 

effectiveness of an entity’s performance. Similarly, the industry generally prefers the 
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flexibility inherent in the outcome based regulation; many companies are anxious 

about the ambiguity and associated increase in regulators' discretion that sometimes 

accompanies performance based regulation. Therefore, the regulator’s comfort with 

the existing prescriptive approach, measurement problems, and the institutional path 

dependence of the existing legislation may also become the inhibition factors for 

transition to the outcome based regulatory framework. Hence, it is suggested that this 

evolutionary process possibly may take a generation to be developed as a fully 

performance based civil aviation. Consequently, it is important for all stake holders to 

foster comfort with this new approaches to the civil aviation safety regulation and to 

adopt a long term outlook instead of looking at them as a cost-cutting tool. 

 

As neither performance-based nor prescriptive standards offer aviation operators any 

incentive to go beyond compliance, it is suggested that the regulators should introduce 

some incentives to encourage continuous improvements in safety outcomes 

(Coglianese et al. 2004). Similarly, in addition to a performance based goal, the CAA 

could charge a fee from the organisations for behaviors that increase risk. This is one 

of the advantages of market based or incentive based regulations. When an airport or 

airline is expected to pay a safety tax and if it is allowed to trade credits, it may 

reduce its risk to a level lower than it otherwise would have. The safety performance 

of an airport or aircraft operator cannot be directly measured for rare and catastrophic 

accidents. It has to be predicted making the implementation of the performance 

standards more difficult. Since the consequences of regulatory failure in area of 

aviation safety are significantly high, the nature and extent of these consequences may 

affect the choice of performance versus prescriptive standards. According to a report, 

the prescriptive standards might be preferred when there is high risk and existing 

systems are known to work well (Coglianese et al. 2004). Hence, it is worthwhile to 

debate why the aviation industry is moving towards the outcome based regulatory 

framework? Although it can be suggested that the outcome based aviation safety 

regulations are probably preferable to the prescriptive rules in most situations there is 

little empirical evidence to support this claim. 

 

A current study about privatisation of airports indicates that the privatisation spurs 

regulatory reform and it may lead to more detailed regulations (Bel and Fageda, 

2010). Though the study was primarily focused on economic regulations, but the same 
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might be true for safety regulations too. Regardless of potential economic benefits, 

deregulation involves risks and it requires vigilant monitoring from a competent 

aviation regulatory authority. An effective check and balance mechanism needs to be 

established to examine the predicted safety outcomes of aeronautical activities at a 

deregulated airport. A series of safety or compliance audits by the regulatory authority 

might not be enough to ensure the same level of compliance standards that could be 

attained by prescriptive regulations. This study has found that certain categories of 

airports are deregulated to such an extent that they are not subject to any safety audit 

by aviation safety regulator. For example, under Australian civil aviation regulations, 

an airport used by any non-public transport aircraft of less than 30 seats capacity need 

not be a certificated aerodrome (Civil Aviation Safety Authority, 2012). Therefore, 

the airport is not required to be certified under Australian Civil Aviation Safety 

Regulation (CASR) 1998 Part 139 B that deals with certification and safety standards 

of civil aerodromes in Australia. Consequently, the civil aviation safety regulator of 

Australia does not have any legal authority to audit such airports directly. However, 

this category of airports can be audited by the regulator through airlines or aircraft 

operators, because the regulation outsources the responsibility of ensuring the safety 

standards of such airports to aircraft operators who use them for their operations 

(Civil Aviation Safety Authority, 2003). This does not make a good sense by itself in 

terms of purpose and concept of a regulatory philosophy, because airlines and aircraft 

operators are private entities and an audit carried out by one private entity on other 

private establishment neither have any legal binding nor does it apply to other 

operators. This is unlike the case, if the audit is carried out by the regulator. 

Consequently, this ambitious deregulation exposes the aircraft operations to flight 

safety risks on this category of airports. Therefore, there is a potential risk that 

deregulation and outcome based regulatory framework for the aviation industry may 

create a maritime industry kind of flag of convenience situation in some sections of 

the aviation industry, such as airlines, airport, and MRO businesses. This will 

jeopardise the safety of aircraft operations as a result. 
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6.7 Conclusions 

 

Role of air transport in present globalised world is considered significant in 

connecting the society, economically and socially. The aviation industry has been 

highly regulated since its beginning and due to its safety sensitive nature of 

operations, the ICAO develops safety standards. Traditionally, the aviation safety 

regulations administered by the NAAs have been prescriptive types. However, the 

new safety legislative regimes based on outcome based regulatory philosophy are 

becoming popular in recent years. The performance based aviation safety regulations 

are focused on achieving results while giving organisations the flexibility in achieving 

them in a cost effective manner. These regulations set goals for outcome of the 

behavior instead of establishing a specific instruction to attain that behavior. 

Nevertheless, the ICAO promotes a balanced approach where a state and the company 

share regulatory responsibilities for safety sensitive aviation activities. 

 

Globalisation and liberalisation of the aviation businesses has put an enormous 

commercial pressure on airlines and airports due to the increased international 

competition. Thus, the airlines are drifting away from their traditional role of aircraft 

operators to the business model of arranging air travel under a global partner airline. 

Consequently, outsourcing of safety sensitive activities has created a challenge for the 

existing civil aviation regulatory framework and the NAAs. The economic issues have 

influence on the safety outcomes. This has been analyzed by an example of maritime 

industry practice. The outcome based regulations seem fascinating due to the inbuilt 

flexibility, but it is hard to assess the performance outcomes, because there is no ‘end 

of the pipe’ inspection possible in the aviation industry. Therefore, any loosely 

specified performance standard under outcome based regulations may jeopardise 

aviation safety. Though the outcome based aviation safety regulations are probably 

preferable to the prescriptive rules in most situations, there are not enough empirical 

evidence to support this assertion. In addition, this study has indicated that the 

liberalisation and outcome-based regulations will reduce government involvement, 

which may increase the risks in certain sections of the aviation industry. This requires 

a smart regulatory system, which can manage the flight safety risks to an acceptable 

level. Hence, it is argued that choosing the outcome or performance based regulatory 

framework for safety sensitive aviation activities may not be a suitable option. 
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CHAPTER 7 

CIVIL AVIATION REGULATORY FRAMEWORK 

REGISTRATION OF AERONAUTICAL PERSONNEL 

 

 

7.1 General 

 

Aviation is a truly global industry and it is experiencing exceptional growth in most 

part of the world. Consequently, aeronautical engineers and other airport personnel 

frequently work in different countries. This industry is highly regulated and a major 

part of the aeronautical engineering workforce is required to be licensed or authorised 

by statute to carry out certain tasks related to an aircraft or aeronautical product. As a 

result, the personnel holding such a license or authorisation encounter difficulties 

when they move to another country to perform similar tasks, because the other 

country may not recognise the licenses they hold. Consequently, they need to convert 

their licence before starting their professional work in that country. This could be a 

complex procedure in some countries. Licensing is primarily an instrument to control 

a profession, and it can sometimes be used as a tool to protect a trade in the current 

globalised aviation industry. This chapter discusses the history of licensure, key 

licensing standards, and systems that are related to aeronautical personnel and are 

currently in practice in a major part of the world. The study is primarily focuses on 

the standards developed and recommended by the ICAO. It also suggests regulatory 

harmonisation of aeronautical industry activities at a global level as recommended by 

the ICAO. 

 

7.2 Overview of licensing 

 

Professional certification, trade certification, or a professional title is a designation 

earned by a person to certify that he or she is qualified to perform a specific job. 

Licensing engineers and other professionals protects the public by enforcing standards 

that restrict practice to appropriately qualified individuals (National Council of 

Examiners for Engineering and Surveying, 2012a). Professional certifications are 
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awarded by professional bodies. The difference between licensing and certification is 

that licensing is required by law, whereas certification is generally voluntary. 

Sometimes the word certification is also used for licensing. Certification or licensing 

may be perpetual, may need to be renewed periodically, or may be valid for a specific 

period of time. Regarding renewal of licenses, it is common that the individual must 

show evidence of continual learning, which is often termed as continuing education or 

current experience. 

 

To elucidate the role of licensing in the flight safety chain, a state authorises an 

engineer to perform specific activities, which unless performed properly could 

jeopardise the safety of aviation operations (International Civil Aviation Organisation, 

2006a; Civil Aviation Safety Authority, 2008). The licence or authorisation provides 

evidence that the holder has demonstrated competences meeting the standards that are 

recommended by the ICAO. 

 

The first regulation to control a profession was established in Europe in the 12
th

 

century by King Roger of Normandy, who decreed that doctors must present proof of 

competency before being allowed to practice medicine (Old And Sold, 1911). 

Similarly, the first licensing law governing the practice of engineering was enacted by 

Wyoming in 1907 (National Council of Examiners for Engineering and Surveying, 

2012; National Society of Professional Engineers, 2012). With the formation of the 

ICAO in 1944, the member states agreed to develop international standards for 

licensing aviation engineers and other personnel associated with civil aircraft 

(International Civil Aviation Organization, 2006a). Consequently, the states were 

required to undertake the highest degree of uniformity in complying with the 

international standards (Wells and Wensveen, 2004). 

 

7.3 Should all engineers be licensed? 

 

An engineer uses creativity, technology, and scientific knowledge to solve practical 

problems as a part of the profession of engineering. Engineers also apply established 

principles drawn from mathematics and science in order to develop economical 

solutions to technical problems while working on testing, production, design or 
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maintenance of a product (Fig.7.1). The title engineer is normally used only by 

individuals who have an academic degree or equivalent work experience in one of the 

engineering disciplines. In some countries of continental Europe, the title is limited by 

law to people with an engineering degree. Similar laws exist in most US states and 

Canadian provinces (Edwards, 2010). The debate about licensing the practicing 

engineers of all fields of engineering profession has been going on for years. This 

begins with a discussion regarding engineering and its status as a profession, and the 

argument has led to engineering as we know it today that requires a standard four-year 

undergraduate degree in engineering discipline. 

 

 

 

 

Fig.7.1. Engineers inspecting an aircraft before a test flight 

 

 

Is such a level of education sufficient for a status as a professional? A number of 

stakeholders may promote the idea of an educational requirement that goes beyond a 

four-year degree suggesting a professional school approach similar to the professions 

of law, medicine, and pharmacy, where an engineer would receive additional 

technical training or business training in order to meet the contemporary demands of 

the industry. Engineers who work in industry, government, education or private 

practice satisfy the identified characteristics regardless of whether or not they are 

licensed. All engineers should therefore be held responsible for protecting the public 

health, safety, and welfare, whether they provide services to the public directly or 
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indirectly. Bringing all categories of engineers into the licensing fold may 

consequently be beneficial for both the public and the engineering profession. 

 

7.4 Licensing standards and systems in the aeronautical industry 

 

Aeronautical engineering is one of the fastest evolving disciplines. It has changed 

significantly since its beginning. Enormous development in aircraft designs, materials 

and interface systems, such as navigational computers, fly-by-wire flight and engine 

controls (Fig.7.2), etc, has enhanced the capability of the modern product 

significantly. Though the industry is heading towards deregulation, the engineering 

personnel related to design, manufacture, airworthiness and maintenance of an aircraft 

or aeronautical product are still controlled by means of licenses or task authorisation 

under relevant civil aviation regulations of the respective member state (Civil 

Aviation Safety Authority, 2008; Civil Aviation Safety Authority, 2011; Federal 

Aviation Administration, 2012b; International Civil Aviation Organization, 2006c). 

The licences or authorisations for aeronautical maintenance engineering personnel 

may be granted in various categories such as mechanical, avionics, or structural 

repairs with respect to a specific type or group of aircraft. By granting the licenses to 

individuals, a member state can ensure that maintenance of an aircraft is certified by 

people who are properly trained to meet ICAO standards. Civil aviation regulations 

have however evolved considerably in recent years as part of deregulation. A member 

state may consequently authorise an aircraft maintenance organisation to grant 

approvals to aircraft maintenance personnel employed by the organisation (Civil 

Aviation Safety Authority, 2011b). Nevertheless, when a state authorises a 

maintenance organisation to grant such approvals, the employee must meet the 

standards mentioned in annex 1 of the ICAO SARPS (International Civil Aviation 

Organization, 2006c). Similar to the licensing of maintenance personnel, the 

professional aeronautical engineers who are involved in the certification of aircraft 

design, alteration, and modification are also granted specific authorisations related to 

the task by the civil aviation authority of the respective member state. For example, 

the civil aviation safety authority (CASA) of Australia grants specific authorisations 

to these personnel and it requires the applicant to hold a four-year undergraduate 

degree in a relevant engineering discipline (Civil Aviation Safety Authority, 2008). 
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Under the regulations, no one other than the authorisation holder is allowed to certify 

these tasks. 

 

 

 

 

Fig.7.2. Technical experts testing an aircraft engine on a test bench 

 

 

These practices of licensing or authorising aeronautical engineering personnel carried 

out by respective member states not only are to ensure quality and safety of aircraft 

and aeronautical products, but also are required to meet ICAO standards. Under 

article 33 of the Chicago convention, SARPS adopted by the ICAO as minimum 

standards should be implemented by all member states and a license, certificate or 

authorisation granted by a state should be recognised by another member state 

(International Civil Aviation Organization, 2006a). Similarly, the states are expected 

to use precise phrases and terminology in their national legislation as mentioned in the 

ICAO SARPS and also to indicate any departures from ICAO standards in the 

legislation. Furthermore, under article 38 of the convention, the states are also 

required to notify ICAO of differences between their national regulations and the 

SARPS (International Civil Aviation Organization, 2006a). Additionally, the ICAO 

also advises the states to publish these differences in their aeronautical information 

publication. 
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Licenses and authorisations for aeronautical engineering personnel in the European 

Union (EU) are granted under the regulatory framework of the European Aviation 

Safety Agency (EASA), though the EU is not a member state of the ICAO and the 

EASA is not a regulatory authority of any such member state. Three levels of licenses 

known as A, B, and C are granted to aeronautical maintenance personnel under the 

EASA system (Kingston University, 2012). The levels primarily define the scope and 

privileges of the license. While the EASA claims that its license standard and system 

conforms to ICAO standards, the level C license does not indicate any relation to the 

standard of aircraft maintenance personnel license mentioned in annex 1 of the ICAO 

SARPS. The EASA system projects this level as a maintenance management category 

of the license, but the ICAO annex 1 standard does not have any provision for such a 

category (International Civil Aviation Organization, 2006c). A reduction in the time 

period allocated for aircraft type training courses has also been noticed under the 

EASA system. For example, for a typical wide-body transport aircraft, such as a 

Boeing 777, B1 and B2 license training course is being completed within a span of 35 

days at training schools in Germany under EASA system approval (Lufthansa 

Technical Training, 2010). A typical training course of such scope used to consume 

more than 60 days to complete in the past. It seems to be a dilution of the standard, 

but a detailed academic investigation is required to establish this. Although the FAA 

of the USA does not grant licenses or authorisation to aeronautical engineering 

personnel in conformity with ICAO standards, it divides them in three broad 

categories known as certificated mechanics, repairmen, and engineers to carry out 

relevant engineering and maintenance tasks (Federal Aviation Administration, 

2012b). The US authority also grants approvals known as inspection authorisation to 

engineering personnel to certify certain tasks, such as major alteration or modification 

of an aircraft. These approvals are granted for a similar purpose by most member 

states of the ICAO, and they more or less meet the required standards, even though 

the procedural instruments differ significantly across the states. Nevertheless, this 

study of various licensing or authorisation systems of aeronautical engineering 

personnel suggests that harmonisation of the systems is possible. It also leads one to 

believe that a fully convertible licensing system under the ICAO regime would be 

beneficial for all stakeholders in the contemporary globalised aeronautical industry. 
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7.5 Discussion and analysis 

 

Under current practices, licensing is not mandatory for all engineers in the 

aeronautical field, and only the personnel who certify certain tasks related to aircraft 

or aeronautical products are required by statute to be licensed or authorised. 

Nevertheless, licensing is becoming increasingly significant in deregulated or 

privatised industry to ensure the safety of aircraft and the flying public. Heightened 

public attention concerning aircraft safety in commercial aviation also focuses on 

licensing and the competency standards of aeronautical engineering personnel. 

Engineering practices in the industry are constantly changing and the activities that 

are exempted today may eventually move into a practice area requiring a license. This 

may also be beneficial to the personnel. For example, 74 % of aeronautical engineers 

in Canada believe that licensing provides professional recognition and broadens their 

career (Engineers Canada and Canadian Council of Technicians and Technologists, 

2009). In the present era of cost cutting and lean engineering processes, the licensing 

of personnel is an instrument to assure the quality of the product, thereby ensuring the 

safety of the flying public. The current trend of deregulation in the industry may also 

influence the licensing system or standards. There is a growing concern within the 

industry that if the status of engineering personnel is eroded in any way, the safety of 

the aircraft will be affected. This will ultimately cause the loss of lives. On the 

negative side, the licensing approach may be viewed as limiting the number of 

qualified engineers or reducing competition, which could benefit the engineers who 

are already licensed. Nevertheless, the primary purpose of licensing engineers is 

quality assurance, which subsequently improves the safety of aircraft and the public. 

 

The priority in the aviation field is safety, and it may be improved by keeping risks at 

an acceptable level. Ensuring airworthiness of the aircraft and aeronautical parts is a 

determinative factor in aviation safety assurance. This instigates a need for developing 

competency requirements for aeronautical personnel who deal with the airworthiness 

activities beginning with prototype design stage of an aircraft and aeronautical parts to 

final stages, such as maintenance and flight testing. Creating technical standards and 

licensing at every appropriate level related to aeronautical engineering personnel 

could be a major step in accomplishing this. However, in complex aeronautical 

operations, such as aircraft maintenance, safety cannot be achieved by standards 
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alone. It requires the on-going support of social engineering and an organisational 

structure committed to training, human factors, accountability reviews, and risk 

management processes. For example, two methods of standardising the competencies 

of aeronautical maintenance personnel, state licensing and company approval, exist in 

the industry around the world. Under the licensing system, a contracting state 

conducts related technical examinations and grant a license to the candidate provided 

the candidate meets other requirements, such as technical experience. The state is 

responsible for ensuring that the candidate possesses the required competencies before 

he or she is granted a license. In the company approval system, the organisation 

substantiates that the required competencies are met, and it maintains the assessment 

system. As a result, the organisation grants company approval to the candidate, and 

this approval is valid primarily for the organisation that issued it. The state in this case 

monitors and audits the training and assessment system managed by the organisation. 

Consequently, the procedures and competency standards may vary from one 

organisation to another, and that may create difficulties harmonising standards at the 

national and international level. Most states support licensing as superior to the 

company-managed approval model (Haas, 2009). According to Haas (2009), it is 

believed that a company approval system does not guarantee the required quality and 

independence due to economic pressure. 

 

However, neither of these models completely addresses the accountability 

requirements of all categories of aeronautical engineering personnel involved in the 

design, manufacture, airworthiness, and maintenance of aircraft, because only the key 

personnel are licensed or approved under the systems. The manufacturing and airport 

engineering sectors especially requires attention (Fig.7.3, 7.4), and the engineers 

involved in these sectors may also be considered for licensing similar to the aircraft 

maintenance industry instead of registration, because the registration of professional 

engineers is mandatory in some jurisdictions, but voluntary in others. For example, a 

professional engineer is required by statute to be registered with the Board of 

Professional Engineers Queensland, if the engineer provides professional engineering 

services in Queensland State of Australia (National Engineering Registration Board, 

2012). Conversely, the other states do not have such requirements and registration 

with the National Engineering Registration Board (NERB) of Australia is voluntary. 

The introduction of licensing in these sectors of the aviation industry may enhance the 
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individual accountability of the engineers and consequently improve flight safety in 

the current trend of lean manufacturing and low cost operations. Furthermore, a 

comprehensive approach of bringing the personnel under a state licensing system will 

also augment the harmonisation of international standards and the regulatory 

framework in the aeronautical manufacturing and airport engineering industries 

amongst the contracting states. This will eventually benefit the globalised aviation 

industry. 

 

 

 

 

Fig.7.3. Aeronautical engineering personnel in a manufacturing workshop 
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Fig.7.4. Runway pavement engineering work in progress 

 

 

In the foregoing debate regarding the mutual recognition of the licenses and 

authorisations of aeronautical personnel by member states of the ICAO, it can be 

inferred that the concept of mutual recognition may be advantageous for all. It will 

improve the movement of the personnel between member states, and it will also boost 

the body of available intellectual knowledge in the public domain. It is widely 

believed by the aeronautical community that the policy of non-acceptance of licenses 

or authorisations granted by another member state is more related to protecting trade 

than standards. 

 

7.6 Conclusions 

 

The complexity and global nature of the aeronautical industry has encouraged the 

standardisation and licensing of engineering personnel. Licensing of the personnel has 

been introduced as a tool for controlling and regulating their functions and 

responsibilities to ensure safety of aircraft and aeronautical products. A major portion 

of the aeronautical engineering workforce must therefore be licensed or authorised by 

law. As a result, engineering personnel experience difficulties in practicing their 



113 

 

profession in different countries, because they are required to be licensed in that 

country to perform similar tasks. This is mostly viewed as protection of trade rather 

than standards. This study has discussed the history of licensing, licensing standards, 

and various categories of licensed aeronautical engineering personnel. It has been 

argued that there is a need to license engineering personnel in the aircraft 

manufacturing and airport engineering sectors in a way similar to the aircraft 

maintenance industry to improve flight safety, airport operations, and the quality of 

aeronautical products. The discussion has also explored relevant SARPS of the ICAO 

and subsequent approaches of major member states. 
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CHAPTER 8 

CIVIL AVIATION REGULATORY FRAMEWORK 

RUNWAY PAVEMENT BEARING STRENGTH REPORTING SYSTEM 

 

 

8.1 General 

 

Landing phase of a typical flight is considered as crucial and a flawed landing may 

result, if the runway pavement structure quality is compromised. Load bearing 

capacity of a runway is largely affected by potential deflection (Ashford & Wright, 

1992; Horonjeff and McKelvey, 1994). According to Ashford and Wright (1992), the 

ICAO recommends ACN-PCN based classification system for reporting airfield 

strength. This system reports a unique PCN for a runway, which indicates that an 

aircraft with an ACN equal to or less than the PCN can operate on the runway 

pavement subject to some limitation on tyre pressure of the aircraft. The load bearing 

strength of a runway pavement is reported by indicating the PCN and other relevant 

factors, but it does not include potential runway deflection for this reporting. 

 

This chapter presents an argument to include analytically calculated potential 

deflection for runway load bearing strength reporting system. It may be considered as 

a step towards rationalizing the ACN-PCN system. The study reviews the 

international practice of classification numbers system of airfield strength reporting 

and it also analyses the suitability of the practices. In conclusion, this academic 

research suggests that the landing phase is the most crucial operation on a runway and 

the vertical velocity and weight of the aircraft during landing significantly affect the 

runway characteristics and they causes deflection on the pavement. Hence, the 

bearing strength of a runway pavement should be reported based on analytically 

calculated potential deflection caused by the aircraft during landing. 
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8.2 Current international practices for reporting the bearing strength 

 

Bearing strength of the pavement is reported by indicating the PCN, pavement type, 

subgrade category, allowable tyre pressure, and method of technical evaluation 

(International Civil Aviation Organisation, 2004). This prescriptive standard had been 

established through semi-empirical knowledge and long experience in the field. 

According to International Civil Aviation Organisation (1983), the general practice is 

to present a plot of pavement thickness required to support the aircraft loading as a 

function of subgrade bearing strength for flexible pavements. Similarly, a rigid 

pavement design curve for a given aircraft is made as a plot of concrete slab thickness 

required to support the aircraft loading as a function of bearing modulus of the surface 

on which the slab rests. Though the working stresses are used for design and 

evaluation of pavement, but they have no relationship to the standard stress for 

reporting. Similarly, the results of pavement research affirm that the tyre pressure 

effects are secondary to load and they are categorized in four groups known as high, 

medium, low, and very low for reporting purpose (International Civil Aviation 

Organisation, 1983). Current models used in ACN-PCN method permit a maximum 

correlation to pavement design methodologies with a minimum need for pavement 

parameter values. 

 

Table.8.1. ACN of Boeing 747 aircraft models for airport reporting purpose  

(After Boeing Commercial Airplanes, 2002) 
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Horonjeff and McKelvey (1994) establish that the ACN can be found from the 

runway pavement design charts or analytical equations. The ACN-PCN method does 

not include any reference to the pavement thickness and deflection (Table.8.1, 

Fig.8.0). Consequently, the overload movements are not normally permitted on 

pavements with indications of deterioration or weakened subgrade. ACNs of various 

aircraft types are linked with rigid and flexible pavements according to the soil 

subgrade categories for pavement bearing strength reporting purpose. 

 

 

 

Fig.8.0. PCN of an aerodrome runway for reporting purpose (Adopted from 

Airservices Australia, 2013) 

 

 

8.3 Reporting model based on potential deflection 

 

Deflections of a runway pavement under a wheel load, number of landing repetitions, 

and weight of the aircraft are primary factors that affect life of a runway pavement. 

Rutting or deflection in a runway pavement is a significant indicator of the pavement 
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capability, potential deterioration, and condition monitoring. Deflection can also 

affect the safety of the aircraft during landing, especially if it occurs in wheel path 

area of touchdown zone of the runway. Furthermore, considering deflection as a part 

of the strength reporting practices may also be useful for practicing engineers who are 

involved in the pavement technical evaluation activities. Consequently, the interactive 

phenomenon between a runway pavement and the operating aircraft must be taken 

into consideration while reporting bearing strength of the runway. Similarly, vertical 

velocity of the aircraft during landing imposes dynamic and impact loads that affect 

the runway pavements (Fig.8.1).  

 

 

 

 

Fig.8.1. Rigid runway pavement showing stress peaks at wheel touching points in 

touchdown zone (Adopted from Federal Aviation Administration, 2010b) 

 

 

During landing, the aircraft is flared to rotate the velocity vector parallel to the ground 

as it reaches close to the runway (Fig.8.2) and weight of the aircraft is resolved into 

two components (Fig.8.3) acting in the same rectangular coordinate system as the lift 

L and drag D forces. Likewise, T, W, and α stand for thrust, weight, and glideslope 

angle of the aircraft, respectively. As discussed in earlier chapters of this thesis, the 

weight and ROD of the aircraft at touchdown are responsible for ground loads 

imposed by the aircraft on the runway pavement during landing. Therefore, the kinetic 

energy produced by the landing impact is to be dissipated by landing gears of the 

aircraft and the runway pavement. 
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Fig.8.2. Aircraft flared before touchdown on a runway 

 

 

 

 

Fig.8.3. Resolution of forces during landing 

 

 

Several types of aircraft with various loading configurations are used in aviation 

industry to transport passengers and cargo. Many small aeroplanes are equipped with 

a tricycle type of landing gear arrangement (Fig.8.4). Overall distribution of the 

aircraft mass between nose and the main undercarriage legs depend upon load 

distribution of the aircraft, such as position of centre of gravity of the aircraft 

structure. However, the load imposed by nose leg is considered negligible and the 
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main undercarriage leg generally causes the greatest stress (Fig.8.1). Hence, the 

deflection caused by main legs can be used for the reporting purpose. 

 

 

Fig.8.4. Tricycle type landing gear arrangement 

 

 

Landing load exerted by an aircraft on a runway pavement is primarily caused by 

vertical velocity of the aircraft and its gross weight and Eq. (5.10) and (5.11) indicate 

that the total force produced by the load is directly proportional to the gross weight of 

the aircraft. A direct relationship between load and deflection has been proved in 

earlier chapters of this thesis. Thus the deflection being an indicator of load carrying 

capacity of a pavement also implies that the deflection determined for a particular 

applied load could be adjusted proportionately to predict the deflection resulting from 

other loads too. Hence, it is possible that it can be used for a runway pavement 

bearing strength reporting purpose and the deflection can be predicted analytically 

using Eq. (3.8) and (3.9). 

 

Therefore, the potential deflection for various typical aircraft models of different 

weight categories can be predicted using the above mentioned equations. For 

example, deflection w caused by landing of a typical aircraft, such as BAe 146 may be 

calculated using landing phase data available from the aircraft flight manual and real-

time data from various instruments of the aircraft. According to International Civil 

Aviation Organisation (1983), the tyre pressure p and all-up-mass (AUM) for BAe 

146-100 aircraft is 0.80 MPa and 37308 Kgs, respectively. Assuming modulus of 

Main Landing Gear Nose Landing Gear 
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subgrade reaction    as 70000 kN/M
3
 and vertical component of the velocity vv of the 

aircraft during landing as 1.5 m/s, the deflection w comes to 63.84 mm by using Eq. 

(3.8). The result is consistent with the outcome obtained using charts and data for 

other type of aircraft. Hence, the potential deflection for various type and size of 

aircraft can also be obtained using this equation. Consequently, a runway pavement 

bearing strength can be reported as a relationship between ACN and the potential 

deflection estimated by the analytical expression instead of using ACN-PCN method. 

 

According to Stet and Verbeek (2005), the ICAO does not enforce a specific design 

method for PCN assignment. Thus, PCNs can vary depending on the evaluation 

method used. Nevertheless, the ICAO relates PCN to the structural life of the 

pavement and the volume of the potential traffic. Therefore, PCN can function largely 

as a pavement management tool, but it may not provide an accurate value for 

pavement performance on long term basis, because load bearing strength of the 

pavement changes with time. As a result, it becomes necessary to re-examine the PCN 

periodically. The deflection based bearing strength reporting method therefore can 

present a realistic indication about load bearing capacity of a runway pavement.  

 

The reporting model suggested by this academic research is based on limited data 

related to the aircraft operations due to lack of availability of comprehensive field 

data about a large aircraft landing phase, especially the touchdown instant parameters. 

It is recommended that additional mechanistic empirical data may still be required to 

accurately calibrate the functions, so that the predicted distress can closely match with 

field applications. Furthermore, airfield practitioners may consider collecting 

comprehensive real-time field data and develop a software based on the strength 

reporting approach suggested by this study. It is believed that the software will be 

useful for runway pavement engineers, airport operators, and the civil aviation 

regulatory authorities responsible for a runway strength reporting. 

 

8.4 Conclusions 

 

An aircraft landing on a typical runway imposes a tremendous load on the runway 

pavement, which causes deflection on the pavement. The vertical load imposed by an 
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aircraft on a runway pavement during landing is a primary factor that contributes to 

potential deflection of the pavement. Therefore, the deflection plays a significant role 

in assessing load bearing strength of a runway. Consequently, a runway is classified 

according to its strength indicated by the LCN system, which is also used for the 

runway pavement bearing strength reporting purpose. Under this semi-empirical 

approach, the load bearing strength of a pavement is reported by indicating ACN-

PCN method that does not include potential runway deflection for this reporting. This 

chapter has investigated the main factors responsible for imposing total load on the 

pavement in touchdown zone of a runway during landing. The imposed load causes 

severe stresses resulting in deflection of the pavement in this zone. Therefore, the 

study presents a case to include analytically calculated potential deflection for runway 

load bearing strength reporting system. This rationalises the ACN-PCN system and 

presents a new approach to the strength reporting based on potential deflection that 

may provide an effective indication of load bearing capacity of a runway pavement. 
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CHAPTER 9 

SUMMARY AND CONCLUSIONS 

 

 

9.1 Summary 

 

Function of a runway in contributing to safe outcome of an aircraft operation during 

landing phase is considered vital. It is emphasised therefore to consider the physical 

and operational characteristics of the runway pavement and related structures while 

designing, evaluating, and reporting the bearing strength. A runway pavement 

deforms in touchdown zone due to the static and dynamic loads exerted by aircraft 

landings. This deformation in a wheel path at touchdown point is known as deflection 

or rutting. Rutting is a primary failure criterion when determining the functional 

capabilities of an airfield pavement. Hence, it plays a significant role in development 

of a performance prediction model. Subsequently, estimating deflection in field 

situation is a demanding task. Primarily, the methods used for reporting the load-

bearing capacity of the airfield pavements emphasises on the development of a 

procedure for measuring and classifying the load rating of different aircraft. The 

allowable bearing pressure on a pavement known as pavement strength is usually 

defined as the load rating of the heaviest aircraft that can use the pavement on an 

unrestricted basis without exceeding the permissible rutting. 

 

The ICAO recommends that the bearing strength of a runway pavement shall be 

reported using ACN- PCN system indicating information about type of the pavement 

for ACN-PCN determination, subgrade strength category, and the maximum 

allowable tire pressure category. This is a semi-empirical practice and the ACN-PCN 

method is primarily meant for publication of the pavement strength data in 

aeronautical information publications. This system is not intended for design of the 

pavements. 

 

Though the prior research on the issue recognises the importance of a runway rutting, 

but not much attention had been given to present a simplified runway deflection 
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model for routine design, technical evaluation, bearing strength reporting of a runway 

pavement. Review of the relevant research literature indicates that a significant 

research work is not available in this area of study. As a result, these practices are still 

based on semi-empirical approaches. The landing impact loads of a heavy new 

generation aircraft on a runway pavement is a critical issue for modern aviation 

industry. In view of the importance of the runway rutting, this research has developed 

a model for determination of the deflection considering the aircraft-runway interaction 

as a structure-foundation interaction issue. In order to present a simple model for the 

field applications, the runway pavement is idealised as a Winkler springs mechanical 

model and an analytical model to predict runway pavement deflection caused by an 

aircraft landing has been developed in this study. Additionally, a parametric study has 

been carried out to analyse the deflection profiles. 

 

Heavy impact load caused by a large new generation aircraft on a runway pavement 

during landing is a critical issue for the airport industry. Thus, a new approach is 

required to carry out airfield pavement evaluation. It is established that the impact 

load notably depends upon the ROD and weight of the aircraft. Factors, such as 

frequency of loading also influence the bearing strength profile of a pavement and the 

potential deflection. Therefore, it is suggested that the technical evaluation of a 

runway pavement in field situations can be carried out by using a predicted deflection 

profile of the pavement based on the deflection model developed by this study instead 

of semi-empirical practices currently followed. 

 

Similarly, this research presents a case for using analytically predicted deflection as 

part of runway pavement bearing strength reporting practices. Under existing 

practices, the load bearing strength of a pavement is reported by indicating ACN-PCN 

method recommended by the ICAO. This system does not include potential runway 

deflection for this reporting though it has been established that deflection is an 

important parameter in assessing the health of a pavement. This study has investigated 

the main factors responsible for imposing total load on the pavement in touchdown 

zone of a runway during an aircraft landing. The imposed load causes severe stresses 

resulting in deflection of the pavement in this zone. Therefore, the study presents and 

argument to include potential deflection for runway load bearing strength reporting 
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system. This will compliment the ACN-PCN system in providing effective 

information regarding a runway pavement. 

 

Additionally, this project has investigated the influences of evolving civil aviation 

safety regulations in the contemporary globalised aviation industry. Liberalisation of 

airport operations and other aviation businesses has brought an immense commercial 

pressure on these entities. As a result, they started outsourcing their non-core tasks 

including some safety sensitive activities. This has brought about some serious 

challenges for the existing regulatory systems and the NAAs. It is argued that the 

economic issues are influencing the safety outcomes. This has been explored by using 

an example of the international maritime industry. Other elements, such as 

privatisation of aeronautical activities of airports, professional standards of 

aeronautical personnel, airworthiness of aircraft, and airline operations are also 

discussed to examine the regulatory issues. It is found that the outcome based 

regulations look attractive on surface due to their inbuilt flexibility, but assessing the 

expected performance outcomes is a challenging task. Hence, a liberal performance 

standard under these regulations may affect the aviation safety adversely. Generally, it 

is believed that an outcome based aviation safety regulation is probably preferable to 

a prescriptive rule in most situations, but significant empirical evidence is not 

available to support this belief. Furthermore, an outcome-based regulatory regime will 

reduce government involvement eventually that may make certain sections of the 

aviation industry more vulnerable to safety risks. Thus, it leads to believe that an 

outcome or performance based regulatory framework for safety sensitive aviation 

activities may not be considered as a superior choice. 

 

9.2 Conclusions 

 

This study concludes as follows: 

 

 A simple analytical expression involving three independent parameters known 

as modulus of subgrade reaction (ks), contact pressure (p), and vertical 

component of aircraft velocity (vv) prior to landing is proposed for predicting 
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the dynamic deflection of the runway pavement at touchdown point caused by 

a gear load during aircraft landing. 

 

 The dynamic deflection increases nonlinearly with an increase in vertical 

velocity of the aircraft for any value of contact pressure and the rate of 

increase of the dynamic deflection is greater for higher values of the vertical 

velocity. It also increases with an increase in contact pressure for any value of 

the velocity as expected. 

 

 The impact factor increases with an increase in vertical velocity for any value 

of contact pressure. Irrespective of contact pressure values for the elastic 

runway pavement considered for this study the impact factor is 2 for 0 value of 

vertical velocity, but it becomes extremely large when contact pressure tends 

to zero or pavement is rigid with a high modulus of subgrade reaction. 

 

 An illustrative example is presented to describe the application of proposed 

analytical expressions and graphical presentations for calculating the dynamic 

deflection and associated impact factor. It is observed that the load imposed on 

a runway pavement primarily depends upon the rate of descent and weight of 

the aircraft. Therefore, the runway pavement technical evaluation can be 

performed using the deflection model proposed by this study. Similarly, it is 

suggested that the load bearing strength of a runway pavement should be 

reported considering potential deflection that can be calculated using the 

deflection model developed by this study. 

 

 Investigation of civil aviation safety regulation system suggests that the 

commercial pressure caused by liberalisation and privatisation of airport 

operations and the aviation industry influences the safety outcomes. Current 

regulatory framework and the NAAs are also experiencing challenges as a 

consequence. Evidences, indicate that outcome based aviation safety 

regulation system reduces the government involvement in the industry 

practices. This may expose the safety sensitive aviation operations to higher 

risks as compare to prescriptive regulations. 
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9.3 Recommendations for further study 

 

Further studies to expand the analysis carried out in this thesis and also to include 

more runway profiles, both in number and variety are highly recommended. A 

diversity of data would add greatly to strengthen the accuracy of the developed 

deflection model. 

 

The runway of an airport is normally a complex structure, because it has various 

instrumentation and equipment integrated with the structure. In traditional civil 

engineering structures, the conduits or buried pipes are being used in wide 

applications since ancient times for carrying water, oil, gas, sewage, slurry, and other 

materials from one location to another. Similarly, a buried conduit may be used to 

house the components of instrument landing system (ILS) under a runway or taxiway 

pavement. Therefore, an exploration is required into determining the feasibility of 

such conduit installation and load distribution model through the runway pavement. 

The wall thickness of a conduit is significantly depends on the load acting upon the 

conduit. In a field situation where a conduit of desired thickness is not available, the 

use of a geosynthetic-reinforced soil backfill can be a viable option to solve the 

problem. Hence, a methodology for the installation of a geosynthetic layer within the 

soil backfill over the conduit in a ditch for airport applications in order to reduce the 

vertical load may also be investigated. This can be a potential area for further 

research. 

 

Review of literature on aeronautical aspects of airports reveals that the field data and 

studies are rather scarce in public domain and a number of possibilities remain under 

explored. It would be interesting to identify additional issues relating aeronautical 

activities at airports. This would pave a way to operate an airport based on 

contemporary aeronautical research instead of empirical practices and procedures. 
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Appendix I: Boeing 747-400 characteristics 

 

 

 

 

 

Fig.A1. General dimensions: B747-400 passenger aircraft 

(After Boeing Commercial Airplanes, 2002) 
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Fig.A2. General dimensions: B747-400 freighter aircraft 

(After Boeing Commercial Airplanes, 2002) 
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Fig.A3. General characteristics: B747-400 with General Electric engines 

(After Boeing Commercial Airplanes, 2002) 
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Fig.A4. General characteristics: B747-400 with Pratt & Whitney engines 

(After Boeing Commercial Airplanes, 2002) 
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Fig.A5. General characteristics: B747-400 with Rolls Royce Engines 

(After Boeing Commercial Airplanes, 2002) 
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Fig.A6. B747-400 passenger aircraft: 

Landing runway length requirements - Flap 25 

(After Boeing Commercial Airplanes, 2002) 
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Fig.A7. B747-400 passenger aircraft: 

Landing runway length requirements - Flap 30 

(After Boeing Commercial Airplanes, 2002) 
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Fig.A8. B747-400 ER aircraft: 

Landing runway length requirements - Flap 25 

(After Boeing Commercial Airplanes, 2002) 
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Fig.A9. B747-400 ER aircraft: 

Landing runway length requirements - Flap 30 

(After Boeing Commercial Airplanes, 2002) 
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Fig.A10. B747-400 aircraft: Landing gear footprint 

(After Boeing Commercial Airplanes, 2002) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



147 

 

Appendix II: Boeing 777 landing reports 

 

 

 

 

 

Profile.1. Indicating the value of lateral and vertical acceleration 

(Singapore International Airline, 2009) 
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Profile.2. Indicating the speed of main landing gears at touchdown 

(Singapore International Airline, 2009) 
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Profile.3. Indicating the value of lateral and vertical acceleration  

(Singapore International Airline, 2009) 
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Profile.4. Indicating the speed of main landing gears at touchdown 

(Singapore International Airline, 2009) 
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Profile.5. Indicating the value of lateral and vertical acceleration  

(Singapore International Airline, 2009) 
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Profile.6. Indicating the speed of main landing gears at touchdown 

(Singapore International Airline, 2009) 
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