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HTP Horizontal Tail Plane
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MAC Mean Aerodynamic Chord
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ML Machine Learning
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URW Unpaved Runway

USCS Unified Soil Classification System
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XTE Cross Track Error
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EXECUTIVE SUMMARY

Problem Area

The European Action Plan for the Prevention of Runway Excursions (EAPPRE) provides practical
recommendations with guidance material to reduce the probability of runway excursions but does not
address the other part of the equation, damage prevention. EAP&Ro identified areas were research is
needed to further reduce risks. Four areas of research have been identified for which additional research
is needed:

1 Flight mechanics of runway ground operations on slippery runways under crosswind;

1 Impact of flud contaminants of varying depth on aircraft stopping performance;

1 Advanced methods for analysis flight data for runway excursion risk factors;

1 New technologies to prevent excursions or the consequences of excursions.

This study explores existing and new concepts for prevention and mitigation of runway excursions. Some
technologies to reduce the risk of excursions, such as-Cdk&erformance Monitoring systems and

arresting systems, have been under investigation edza t @ YR KIS &@Sd YIRS Al
and airports. Other preventive technologies such asbomard 3D active imaging systems for enhanced

crew situation awareness of on ground conditions are still in the exploratory phases of development.

Techologies to reduce the consequences of excursions, such as special pavements in the runway
surroundings or new landing gear designs have seem limited operational use or are still in early
development. Research is required to bring these technologies ctosapplication, either by removing
technological or regulatory obstacles and improving affordability. In an effort to cover the entire risk
equation, both probability and severity reduction methods are being explored and new technologies to
prevent excurgons or the consequences of excursions are to be explored.

Initial assessment shows that improvements can be made through:

I Technological means: new systems and/or ways to enhance the decision making of crew towards
performing airport operations (take offr landing) in a safe manner

1 Airframe infrastructures: further development in the design of landing gears may provide
improvements in the risk of runway excursion, mainly the one of veer off

1 Mitigation methods: the risk can only be lowered to a certaitegx through probability
reduction; additional methods to mitigate the consequences and transform any excursions into a
non-event will be studied. Additions or improvements to the currently existy®t not widely
installed Engineered Material Arrestin§ystems may be found.

Additional analysis and feasibility studies as well as integration of other work packages results, along with
the definition of the R&TD needed to accelerate the implementation mékd tobe conducted.
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Regarding new concepts and/technologies, the following tasks are anticipated:
1 Inventory of current developments and new initiatives;
1 Feasibility study and definition of R&TD needed for implementation of new concepts;
1 Assess impact of the new concepts on reducing excursions (nebeosffit).

Description of Work

This study provides:
I an assessment of the impact of new concepts reducing the risk of runway excursions
1 a definition of the global solution for runway overrun protection and mitigation

Results& Conclusions

The global and collaborative concept takes stand on two families of systems that are already deployed on
some aircraft and/or on some airports:
I Existing airborne systems acting as a safety net help the crew detect and respond to a situation of
predicted tisk of overrun on final approach and during deceleration phase on the runway.
9 Existing ground arresting system at the end of the runway and monitoring of the compliance with
current or future regulations limit the consequence of an overrun.

And intendsto complete these systems with:

1 Extension of the overrun prevention at talsf.

1 Enhance evaluation of the runway contamination status with continuous monitoring that does
not impact the traffic on the runway. The aircraft based braking action measurecmnbined
with a contamination model for the runway gives the opportunity to obtain a near-tiead
estimation of the runway slipperiness.

1 Enhance evaluation of weather condition in the vicinity of the airport. A more detailed
assessment of the surroundirgpnditions to support better anticipation of the evolution of the
runway contaminant status and tracking of characteristic weather threats leading to potential
destabilization of the aircraft.

1 Analysis of the complete risk equation and possible combimatibsystems to optimize the
overall risk reduction

Every concept proposed for prevention, whether it is on the ground eboard the aircraft has certain
inter-dependency with each other. For instance, the performance of a ROAAS (Runway Overrun
Awarenes and Alerting System) is dependent on correctly reported runway contamination status.
Similarly, an accurate estimation of the runway contamination status is dependent on the aircraft
experienced feedback. Sharing information between the ground and aidooncepts should allow
increased completeness and performance of the prevention. Collaboration between the different
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concepts requires an improvement of the communication between the aircraft and the ground systems to
exchange relevant information on tigal factor for runway excursion. Moreover, considering mitigation
measures in addition to the prevention measures is considered a valuable method to address the risk
equation.

Extension of the digital link with systeoriented information needs to be prooted to support an

increased situational awareness both on the airport side and on the aircraft side. Most communications
are led today through voice exchanges which limits the volume of information and the reactivity with fast
evolving runway excursionsk level. Connecting Aircraft and ground systems, as proposed in the
collaborative concept, increases the risk mitigation capacity by simultaneously mixing evaluation obtained
on ground and in the aircraft. Collaboration between the systems forces olbggdiss by sharing a

common reporting format among the actors, and is a precursor to development of automation tracking
the evolution of the risk in near redgime. The collaboration between systems and the automation of the
processes induce an increasedety level with a reduction of the workload for the actors.

Beyond the safety net protection, the proposed collaborative concept explores the use of models to
characterize excursion probability factors. The prediction of the weather and runway conditpams dhe

way to a strategic resolution of the likelihood of excursion. Sharing information on prediction of risk
contributing factor allows aircraft operators and flight crew to make an objective assessment in order to
delay an approach that is consideratlrisk or divert. A strategic assessment would allow airport

operators to optimize airport procedures (decision for change of runway or runway closure and improving
airport capacity).

The proposed collaborative concept is deemed to significantly reduegthbbability of runway overrun

but it still needs enhancement to significantly reduce the risk of runway-eéerThe increased

awareness on the veesff contributing factors is valuable to make the crew aware of the risk of veer off
and optimize their &ility to maintain the aircraft on the runway but is not sufficient to guarantee a safe
landing. Because of the nature of the veaff excursion, new aircraft design and system are researched to
maintain directional control of the aircraft on the runwayhé addition of directional main landing gear,
development of limited drift tires or implementation of active assistance still require some intensive
development in order to propose a full protection.

Whilst all efforts should be made through technologiosans as well as human training to reduce the
probability of excursion, the reduction of risk through the mitigation of the consequences is and remains
the only path to, in conjunction with probability reduction, reduce the risk as much as possibleifAlso,
some systems seem to have demonstrated their qualities in reducing severity of overruns, similar
philosophy should be developed to mitigate the consequences of veer offs.

Applicability

This document is the final repodf work in Future Sky Safety a®fining the collaborative concept for
reduction of risk of runway excursiohis study provides recommendations for implementation of the
collaborative concept, as well as additional necessary research and development activities.
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1 INTRODUCTION

1.1. The Programme

The EC Flight Path 2050 vision aims to achieve the highest levels of safety to ensure that passengers and
freight as well as the air transport system andiitfrastructure are protected. However, trends in safety
performance over the last decade indicate that the ACARE Vision 2020 safety goal of an 80% reduction of
the accident rate is not being achieved. A stronger focus on safety is required. There is t@ rst@d a

Joint Research Program (JRP) on Aviation Safety, aiming for Coordinated Safety Research as well as Safety
Research Coordination. The proposed JRP Safety, established under coordination of EREA, is built on
European safety priorities, around fomain themes with each theme consisting of a small set of projects.
¢CKSYS M 0bS¢g az2fdziazya F2NJ G2RIFHe&Qa I OOARSydGao | AYa
enabling a direct, specific, significant risk reduction in the medium term. Theme 2(8tesrigg the

capability to manage risk) conducts research on processes and technologies to enable the aviation system
actors to achieve neatotal control over the safety risk in the air transport system. Theme 3 (Building
ultra-resilient systems and operats) conducts research on the improvement of Systems and the Human
Operator with the specific aim to improve safety performance under unanticipated circumstances. Theme

4 (Building ultraresilient vehicles), aims at reducing the effect of external hazardthe aerial vehicle

integrity, as well as improving the safety of the cabin environment. To really connect and drive
complementary Safety R&D (by EREA) to safety priorities as put forward in the EASA European Aviation
Safety plan (EASp) and the EC AC3tREegic Research and Innovation (RIA) Agenda, Safety Research
Coordination activities are proposed. Focus on key priorities that impact the safety level most will
significantly increase the leverage effect of the complementary safety Research and liomoaetions

planned and performed by EREA.

1.2. Projectcontext

The European Action Plan for the Prevention of Runway Excursions (EAPPRE) provides practical
recommendations with guidance material to reduce the number of runway excursions. EAPPRE also
identified areas were research is needed to further reduce risks. Four areas of research have been
identified for which additional research is needed:

1 Flight mechanics of runway ground operations on slippery runways under crosswind;
1 Impact of fluid contaminants ofarying depth on aircraft stopping performance;

1 Advanced methods for analysis of flight data for runway excursion risk factors;

1 New technologies to prevent excursions or the consequences of excursions.

CKS YIFAY 202S00GA0Sa 2FNIINRY 4 IN® 2SO dzNIoA By 24 driNRY a T
1 To identify shortcomings and improve methods and models for analyzing aircraft ground control
under crosswind and on slippery runways
1 To gain insight into the impact of water/slush covered runways on braking performance for
modem tires and antiskid systems.
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1 To study and develop algorithms idenfifig veer-off risk using operational flight data.
1 To explore new concepts for prevention or mitigation of runway excursions

This study addresses the fourth objective, i.e. explores exgstind new concepts for prevention or

mitigation of runway excursions. Some technologies to reduce the risk of excursitmesr, through

prevention or mitigationsuch as Runway Overrun Awareness and Alerting Systems and arresting systems,
have beenundeh y @S AaGA A A2y LINSGA2dzate& 2N KIS &Sdé YIRS
preventive technologies such as-twoard 3D active imaging systems for enhanced crew situation
awareness on ground are still in the exploratory phases of developmechniologies to reduce the
consequences of excursions, such as special pavements in the overrun area or new landing gear designs
have seem limited operational use or are still in early development. Research is required to bring these
technologies closer tapplication, either by removing technological or regulatory obstacles and improving
affordability. New technologies to prevent excursions or the consequences of excursions are to be
explored.Active enforcement of the current regulation regarding mitigati@istance and bearing

strength of runway strip and Runway End Safety Areas) and innovdtidhe existingArresting System

could befound, as well new ways to guide pilots in making safe takeoff and landings without a high risk of
running off the runvay. Also new airframe technologies, such as new landing gear designs could be
considered.

1.3. Research lbjectives
The objective of this study is to provide new initiatives to redtlomrisk ofrunway excursions.
1.4. Approach

This study provides:

1 An assessmentfahe impact of new concepts for reducirlige risk ofrunway excursions
1 Adefinition of the global solution for runway overrun protection

1.5. Structure of the document

This report is structured in 4 chapters:

I Chapter 1: This chapter presents the context dne objective of the study on collaborative risk
reduction on runway excursion
1 Chapter 2:This chapter is separated on two subsections
0 First section containthe definition of various proposed concepts split into ground and
airborne concepts.
0 Second sectin contains safety evaluation of each presented concept
1 Chapter 3Proposes a global concept unifying the various ground and airborne concepts
evaluatedin the chapter 2.
1 Chapter 4: Provideconclusiors and recommendation.
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2 ASSESSMENT OF THEAIBT OF NERONCEPTS FOR REDRTHE RISK
OF RUNWAY EXCURSIONS

2.1. Description of Operational Concepts

Potential issues that might influence the overall success of each concept are identified and mitigation
measures are proposed. In this section, the concepts are sépaiiato operational concept implemented
on ground and concept implemented onboard the aircrafts.

2.1.1. Ground Operational Concept

2.1.1.1. Tactical Weather Nowcasting for Runway Excursion probability reduction

2.1.1.1.1. Runway Contaminant Nowcasting for the next 30 minutes bgrwapth estimation from-¥and

weather data
Airports could have direct and short term access to ratvaXd Weather Radar data. ThisdoAnd Weather
radar data could be used to predict rain rate on runway for the next 30 minutes. For example, the product
GfYS RQOldz t!bc¢l 9w9 TFNRY (i KFgance)NEhhedaotesl SspaskiByNI 2 FFA OS
delivering rain fallen at ground, using 1km*1kmgrid to determine the movements of precipitations.
Successive images on following figure show the displacementofrait from North-East towards Paris
CDG airport. Airport is situated into each image (80km*80km). Two parallel white lines border the zone of
interest.
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The water depth can be predicted to assess the runway contaminant based on a model of watdf.run
The Gallaway formula under estimates water depth compared to Izzard and Ross when water flow
exceeds 2 mm/h. The following formula gaa satisfactory water depth prediction for a wide variety of
surfaces:

Q i g0V - o O &
In the previous equation, H®epresents the macrotexture (measured by sand patch method) in mm; | is
expressed in mm/h, L in m and s in %. This equation has been compared with measurements on real
roads and provides good results for water depth lower than 1,5 mm. Based on thisiequBIGAC/STAC
has developed a practical tool to predict water depth on runways. The parameters L and p are obtained
from a numerical mapping of the runway based on geometric runway characteristic (longitudinal and
lateral slopes, rutting, and macrotextureRain intensity is provided by a local station. This approach is
illustrated in figure below.

Crossfall
—2 Steepest
— slope
Slope P —
Digital
M textu terrai > Flow model
acrotexture errain Water depth
model /
Rain intensity
i Flow line
Rutting R ! T
Water accumulation areas

Figure2: Model to assess Water Depth from Rain intensity

The system proposes to mix local airport weather, rain forecast, 80Knndrthe airport, and water run
off model of the runways. The system monitors the current contamination status, correlating past and
current airport observations with the runway ruoff model. Adding the rain forecast, the contamination
status is estimateddr the next 30min.

The limitation of the water depth prediction concept is its bdiltestimation model that, as of now, does
not estimate contaminants other than water (snow, ice, slush is excluded).

2.1.1.1.2. Fast & Accurate Wind Nowcasting at low altitude Wil ARS
The new doppler lidar fibered technology is an opportunity to monitor wind on airports at high update
rate compatible with tactical airside operations.
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Wind is an important factor that could increase the risk of runway excursion:
1 Runway Overrun coulde caused by tail wind that will increase the ground speed in final
approach and by crossind that will increase the risk of nestable approach.
1 Runway Veenff could be cause by high cressnd and atmospheric turbulences characterized
by EDR (Eddy Bigation Rate)

Head/tail/Cross winds can be monitored 4NM before landing in the glide by a combination of Lidar
profilers and Lidar scanner.The Lidar profiler monitors the wind within a cone projected vertically above
the unit. With 3D Lidar scanner, wirtdin be monitored in an azimuthal sector that is classical used to
predict arrival of wind shear in the vicinity of the glide.

Head/Tail Wind CrossWind EDR (Eddy Dissipatiof
rate)
Runway Overrun 4NM before Threshold | 4NMbefore Threshold N.A.

LIDAR Profiler or LIDAR LIDAR 3D SCANNER
3D Scanner

Runway Veeyoff N.A. Along First 1/3 of 4NM from threshold
runway at altitude < 50 n{ to 1/3 of runway

LIDAR 3D SCANNER LIDAR 3D SCANNER

A 3D wind Doppler LIDAR scans in real time all potential hazard zones thigh@irport air space, detects
wind shears to 10kmrange in the glide and around, and sends automatic alerts to air traffic controllers.

V) -
07:59/ 11-Sep-2014
ATC Demo

* 00m

v 150m

CRLE LN
v SEm
O R4
. A5 K
S TN
o148 0t
199 0t
o248 %t
- 30.0 bt

Figure3: Wind Monitoring for LowLevel WindShear system on airport

Different LIDAR Windesisors deployments on airport can be considered with respect to runway layouts.
We illustrate in the figure 3 above the joint use of 3D scanning LIDAR forwiodsand EDR monitoring
along first 1/3 of runway, and LIDAR profilers along the glide folabe4NM to assess head/tail winds.

The scanning rate of a LIDAR could be reduced by adapting different scanning strategies. For a collimated
beam, velocity resolution is less than 0.5m/s for range between 100m and7000m. Focusing the beam at
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shorter distarte (800m) leads to high measurement uncertainty at long ranges (>0.5m/s after 3500m) but

increases the precision for low ranges.

Lidamprofiler outin the field

' H‘D —

3D scanning lidautin

Figure4: 3D scanning LIDAR and LIDAR Profiler deployment on airport

2.1.1.2. Ground Runway Excursion monitoring by Big Data Analytics
New machine learning techniques for Big Data Analytics are able to correlate with braking distance from:

=A =4 = =4

f

Final gproach speed (from Air Traffic Surveillance data)

Aircraft category(Aircraft/Flight Data)

Aircraft Weight (by default 80% of Maximum Landing Weight is considered)
Wind (along the glide for the last 4NM provided by LIDAR)

Runway Contaminant (provided B§band radar and Watedepth model)

As presented in the studji], this approach can accurately provide a good assessment of braking distance

assuming all inputs are accurate aneaédable. Although this model is intended primarily to be used for

ROT (Runway Occupancy Time) Prediction as requested for RECAT 2 procedure deployment (this task

could be related to Runway Exits Management Decision Support system), it could also bsegrdémo

raising an alert when the estimated landing distance of the incoming aircraft exceeds the landing distance

available on the runway.
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Figure5: Ground Runway Excursion Monitoring System

The addition of the module dedicadl to ground excursion (green module on the previous figure) within
the model for ROT computation would evaluate potential overrun hazard from incoming aircraft and
inform the ATC. The system uses aircraft dynamic information from ground radar and edimatk of
overrun by correlating the dynamic aircraft information with a database of A/C landing on this runway
compiled with analysis of an historic of previous landings and identification of correlation factor to a risk
of overrun.

The objective of thexcursion monitoring by the grourblased systems is to complete the on board

safety net in a similar manner as what is today deployed for CFIT prevention. The CFIT prevention is today
performed on board with TAWS safety net and on the ground with MSAWgoontroller an estimation

of the probability of CFIT for traffic in the vicinity of the airport. This solution explores an alternative
overrun prevention where the ATC would be informed of the potential likelihood of an overrun.

2.1.1.3. Reduction of the consegpces of Runway Excursions

In alignment with a practice common in aviation and, more surprisingly, the very recommendation of
EAPPRE, the concept of risk is often mistakenly limited to the probability part. While this is defendable for
air based events siicas midair collisions or Controlled Flight Into Terrain (CFIT) a different approach is
very logical for runway excursions which, in principle, are survivable given the proper mitigation measures
are in place. Practically, the consequence of this confubietween risk and probability is that most
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efforts that are being made with regards to the risk of runway excursions focus on the reduction of the
numbers and the largest amount of resources are spent with a goal of lowering the probability to as close
to zero as possible. However, if the reduction of the number of runway excursions is of course a noble and
wished exercise, the reduction of human and material damage consecutively to an excursion is and
remains a part of the equation that should be tacki@ad where the greatest benefits are to be collected.

Reducing the number of excursions seems successful and made aviation one of the safest means of
transportation. Although various studies will show different results based on the type of flights or
operaions considered, it is agreed that, as of 2017, the rate of occurrence of runway excursions is
lowered to a level where it is seldom that crew or passengers think it may happen to them. Nevertheless,
data shows that, on average over the last 3 years, nves keep occurring daily.

2.1.1.3.1. General Mitigation Concepts

The ICAO recently started an activity tedrft the regulation on runway strips, RESAs and bearing
capability of those. As of today, the standards and recommendations for the length of a RESAeare bas
on a paper published by the US American Federal Aviation Authitgking into account a very limited
number of occurrences in the second half of the 20th century.

Required

RESA
Length: 90m

Runway strip:
Recommended width: 150m
Extends 60m past the runway

Figure6: ICAO recommendation and distances on airports of code 3 and above

The mentioned paper reveals that 90% of the 32 overruns considered in the analysis had stopped within
1000FT(~300 meters) which is the base for the length offftemmended 24@neter RESA added to the

60 meter runway strip. It also notes that roughly the same percentage had exited the runway at speeds at
or below 70KT.Because the concept of mitigation was not then in the scope, the condition of those
stopped aircaft are not mentioned in the report nor the cause for which they stopped within the length
mentioned (did the aircraft stop with their full integrity of was the aircraft stopped because of an obstacle
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that incurred damage?). The statistics also involvestlar 10% of high energy runway excursions when
damage could be catastrophic falling out of the protected range. The American ATSB also concluded based
on the sample considered that 60% of overrunning aircraft would be stopped in the first 150 meters now
the basis of the 90 meter RESA requirement past the 60m runway strip. These figures are all based on an
outdated and very limited researcifhose empirical values do not factor nor take into consideration the

measurable limit to the risk of overrunning aiadt or the fact that aircraft got very significantly heavier

over the recent years and carry much more passengers. They also do not take into consideration that air
transport is significantly safer today than it was then and that, consequently, the exfi@cs of the

flying public as well as the legal liability of the people involved significantly different. It may therefore be
argued that the existing recommendation does not address the severity part of the risk and therefore fails
to follow the ICAO wating "minimize the hazard". A new updated study is therefore strongly
recommended.

Also, in its quest for consensus, the ICAO Annex 14 stipulatesithat Ndzy ¢ @ Sy R akKlI X | &
LINI OG A Ol o t & wosling o tfieRexdisthéréopen for varyimgerpretations of what is

practicable. Although recent human achievements have included a 57kmlong tunnel in Switzerland or
164km long bridge in China, improvements of a few dozen of meters are often considered as
"impracticable” by the profiseeking aiport companies and accepted as such by the governments.
Therefore, one may see airports where the recommended 240 meter RESA is in place whilst others have a
90 meter RESA without any apparent reasons of an "impracticable" increase. A significant number of
international airports worldwide offer sustandard runway strips and RESA as well. Similar variance in
interpretations may be observed with regards to the width of runway strips and to the bearing capability

of the runway surroundings. Aircraft in an exsion situation are commonly damaged, in some cases

beyond repair in the runway strip and/or RESA due to an inadequate bearing capacity. It should be

noticed at this point that the conditions of a runway strip and/or RESA is likely to change along the sam
parameters as the unpaved runway detailed in part 2.1.2.4.2.2 below. It may also be noted that, although
it is standard practice to report the conditions of the runway and publish it, the bearing capability of the
area is rarely tested and never repode

It may appear odd that, in aerospace where so little is left to chance, the conditions of the runway strip or
length of RESA are so often without control if ever their dimensions are in compliance with regulations.
The conditions of the runway surrountdjs are THE determining factors to the severity of an overrun.

Taking into consideration the distance covered by an aircraft on a runway, the conditions of the runway
strip and/or RESAs should not be looked at as uniform. In fact, the inconsistencidkiciuation or any
difference in bearing capacity of the area surrounding the runway may create very significant hazard to an
aircraft. The risk attached to runway excursion is therefore directly tied to the dimensions and

conditions of runway surrounding.

If the variation of conditions in space of the runway strip and the other runway areas are problematic, the
variation in times is equally prone to increasing the danger. Prolonged periods of rain or heavy rains as
they happen in various parts of the wonday either reduce the deceleration (wet rain on hard soil) or
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improve the deceleration (soft ground), possibly significantly beyond the structural capability the aircraft
can sustain thus generating large human and material damages. Similarly, droughémnasy the soil
harder thus letting the aircraft roll on it without any braking.

Damages are prevented when excursions occur on an area carrying the weight of the aircr
ideally providing some soft braking (source: aviation Herald)

Figure7: Runway excursion over soft, weight sustaining runway strip

At this point, there is no doubt that the ultimate goal should be to keep all aircraft on the runways.
Getting as close as possible to this goal should be done thrtmagiing and technological developments.
Nevertheless, the limits of these improvements are nearing and the further reduction of the risk of
runway excursions will go through a better use and therefore better monitoring of the runway
surroundings, possiblthrough the installation of devices that improve the deceleration of aircraft
regardless of weather conditions. It may be interesting to notice to that other accidents such as collision
(aircraft collision or bird strike) are being addressed because efigk that they bring to the industry and
the cost that it represents. If the parallel was made, it should be argued that the cost of an overrun is not
incurred as the aircraft leaves the runway. All costs are generated as damage occur because the areas
surrounding the runways offer a support lower than the one required to dissipate the energy of the
aircraft whilst preserving its physical integrity. Although there is no harmonized way to include traffic in
the statistics of runway excursions (what airftraize, what type of operations etc...), the studies

performed recently in various countries or from many different sources show that, even though runway
excursions happen a very rare frequency, the damages incurred represent a very significant amaynt eve
year. Mitigating the possible consequences on any risky runway must certainly be done in conjunction
with any other equipment aimed at reducing the rate of occurrence to a hypothetical Zero.

A risk based approach including the mitigation

The internatioral texts of law offer the Civilian Aviation Authorities in the countries Standards and
Recommended Practices (SARPSs) that should be adhered to. As previously stated, those are not always
followed and, with regards to RESA standards, written based on erapitata from decades ago. The lack
of a uniform application of those standards leads the industry to an avoidable increase of risk, in
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particular when it comes to the number of runways that have stdndard runway strip or RESAs. As a
general guidance hte ICAO guidance mentions that the risk should be considered and mitigated until it is
"As Low As Reasonably Practicable" (ALARP). EASA defines that this level is reached when any "further
safety enhancement is either impracticable or grossly outweighethbycosts". Various bodies show a
different understanding of what reasonable would be. In 2001, NLR published the "Aviation Safety Targets
for Effective Regulations" (ASTER) and shows the level of risk on the following line:

Maximum tolerable risk

ALARP
region

Negligible risk

Figure8: ALARP risk as defined by NLR in ASTER

It should be concluded here that a financial argument basically determines the ALARP level of risk and
thus requires an insight in the costs associated with runway excursions as well as the mitigation of those.

In an effort to help the airport define then achieve a level of safety that would effectively be "As Low As
Reasonably Practicable" (ALARP), Van Eekeren et al published in 2017 a method to estimate the total cost
of a runway excursion.

Based on this metha, every runway excursion may therefore be characterized by a financial amount.
Although the purpose of this report is not to get into details of the methodology used by van Eekeren et al
[11], the data they aggregate include such elements as:

damage to the aircraft

Physical damage on the ground

Country adjusted cost of lives lost

Operational costs of runway closure

= =4 =4 =4 =

This method allows the comparison between the cost okeanursion with various scenarii if mitigation
measures had been effective.
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A risk based approach when looking at the mitigation could indeed drive the airport and authorities to
revisit the current regulations. Typically, an airport with a 60m wide runwhgre good weather

conditions prevail all year long and the approach is a standard 3° glide path straight in could have lower
runway strip requirements than a 30m wide runway where wind shear are frequent on the approach and
turn are needed below 1000FT A@ the approach path. Similarly, it could seem reasonable for an

airport operating on a former military 5KMlong runway to not require any Runway End safety Areas if only
small to regional traffics where in use. The risk to have any high energy overauid e extremely low.

Generally, the bearing strength requirements should be improved and their application monitored to a
greater degree to include variations that may be generated due to change in weather and/or season. If no
pilot briefing before a sindard take off would exclude the preparation for something going wrong and if
emergency vehicles are systematically in standby during all operations, it may also be needed in the
future that the conditions of the areas surrounding the runway are monitongth much more accuracy

so that damage are reduced to a minimum if an excursion was happening.

Because of the very nature of human interaction and technology, situations that are not prevented by
technology and training itself occur and may be expecteddntinue to occur regardless of all preventing
measures. When those situations occur, the runway surroundings should play their role, mitigation
measures should be in place and guarantee that damages are kept at a minimum.

As we have seen, the risk attaed to runway excursion ends up being correlated to two factors only:
1 The surroundings of the runway should offer enough space so that the energy of an aircraft in an
excursion situation can be dissipated and
I The surrounding infrastructure should offer §igfent consistency and adequate structure to
unable the dissipation of energy without causing damage to the plane thus preserving the lives of
the occupants.

Of the use of engineered materials

Engineered materials have existed and are used for two decades at airports worldwide, they are generally
used to target primarily overruns and present the advantage of providing a consistent braking capability
over the distance used. Because they are bovér a pavement, the engineered materials systems

actually match very closely the recommendation of ICAO asking for a layer of thin material that the gear
penetrates to obtain the braking over a surface supporting the weight of the aircraft. Also, emgthee
materials are built so that they provide a much more consistent deceleration than soil and/or grass would.
Finally, the performance of Engineered Materials can be predicted underegther situations whilst this
cannot be achieved with a conventionainway strip and/or RESA.

Engineered materials normally are built to deliver a given performance for the aircraft modeled.
Therefore a "level of safety" may very clearly and simply be achieved and set at the level that
complementary safety studies woultetermine as the appropriate based on an option being either
"reasonably practicable". In the case of the long runway mentioned above where small planes operate, it
is possible that the authority moving forward decides that the protection at the end oftinevay may be
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lower than it would be at an airport operating heavy airframes using the full length of a runway.
Protection for veer offs on the side of the runway would need to be assessed for an optimal and ALARP
level of safety.

Typically, in the currenregulatory environment, engineered materials placed in protection of overruns

are designed to, in the largest number of cases, stop all planes at a speed of 70KT within the dimensions
of the bed without predictable damage. In the recent years, come coesthave taken exception to that

and set up significantly lower performance levels (i.e. 40KTentry speed protection).

Using the methodology published by Van Eekeren et al (2017), the outcome of an actual overrun can be
compared with the hypothetical casghen arresting systems would not have been installed and the
"value" of the arresting system then inferred.

The Engineered Material Arresting Systems (EMAS) have first been installed in ti8%0&land have

then been improved and are now installed atarly 120 runway ends worldwide. Ever since the first
installation, 12 overruns in an EMAS have been accounted for. Those accidents have been studied and at
the same time, the most likely scenario of the accident if the arresting system had not beeneidsial

been looked at. Typical factors taken into consideration include among others the energy level (speed and
mass), the characteristics of the runway, runway strips and its surroundings and potential third party risk.

Engineered Materials present thelaantage of being totally scalable in the sense that a finite amount of
materials over a finite area can be installed to address a specific risk. Therefore, a scenario when an
excursion would occur prior to the installation of mitigating measures mayyehsilcompared with the

one that would be with a the cost of installation may easily be compared to the cost that an excursion
could have, thus helping all decision makers to a decision on what a level of safety as low as reasonably
practicable should beWhenever the cost of a potential overrun would be grossly outweighed by the cost
of installation of such equipment, the airport would be excluded from putting in place the required
mitigating measures.

Using the scale presented by NLR in the
Table 1: Accident severity classification scheme  AsTER repodefining the level of risk,

Level [}amage Death the analysis of the 12 EMAS arrestments
. concludes that one of them could have
Catastmphlc 100% 80% had catastrophic consequences without
Disaster 100% 30% an EMAS (KCRW airport, 2010), four
Majm‘ 0% 0% would have turned into disasters, 4
others would have been characterized
Moderate 50% 0% as 'major" accidents, one as minor and
Minor 200% (1% in 2 cases, the overruns were at such
low speeds that the absence of EMAS
would not have made a difference.
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Study of all 12 EMAS arrestments demonstrates that the nearly 120 EMAS installations to date have been
very effetive. In the course of nearly 20 years since the first EMAS installations, runway overruns at
airports where EMAS had been installed saved a significantly larger amount (>$1.1B) of money than all
installations to date in the world.

Database provided by thBwiss aerospace firm SafeRunway GmbH lists the runway accidents over the last
3 years. The data provided has been analyzed and the listed overruns compared to what they could have
been had a hypothetical arresting system been installed at the given ruewdy. A larger dataset would

have been warmly accepted. Nevertheless, the covered period already covers 389 overruns in various
parts of the world, most of them offering enough data to make an efficient comparison.

The analysis of those cases highligitier how much the mitigation could have changed the outcome of
those listed accidents and how arresting systems would considerably lower the risk attached to overruns.
Over the last 3 years, more than $500M could have been saved yearly if arrestinmsysie been

installed at airports.

If the importance of arresting systems could be further studied, it can already be agreed that, in most
likelihood, aircraft arresting systems are a very effective method of mitigating the consequences of
runway excursios. Also, in the short term, the dimensions and bearing capacity of both the runway strips
and Runway End Safety Areas (RESA) should be revised and updated in an urgent manner, as much as
possible using manufacturer data and derived from an objective brdsled, accurate and measurable
scheme. The current term of ALARP defines with a certain accuracy the level of risk that could be
acceptable based on financial terms. The cost of potential overruns should be evaluated including all
direct and indirect, aiine and airport costs so that a comparison with the cost of mitigating measures
may be done accurately and the decision based on tangible criteria.

Such approach will result in a rilased assessment built on a straightforward ebshefit safety
analysis. The anticipation in the mitigation of potential runway excursion is, in combination with the
pursuit of current technology based solution focusen the reduction or likelihood, the most efficient
and effective way to reduce the risk attached to runway excursions.

2.1.2. Airborne Operational Concept

The main objective of the airborne operational concept is to drastically limit the probability of ocaaren
of a runway excursion by providing the crew with better capacity to anticipate this risk from the
preparation of the descent to the vacation of the runway.

Because the contamination of the runway is one of the main factors of excursion, it is alsasprapuse

the aircraft as a sensor to evaluate braking action required to decelerate the aircraft on the runway. Then
by passing this information along to the airport authority, participate in a better-timaé assessment of

the state of contamination neorted to the incoming traffic. This concept is presented for paved and
unpaved runways.
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The airborne concept studied by the DLR also addresses a landing assistance system to enhance
controllability of the aircraft upon landing with crosswind and limitimgcurrence of veenff.

At takeoff, the airborne operational concept main objective is to limit the likelihood of occurrence of a
runway excursion by alerting the pilot in case of a detected abnormal situation.

Runway Overrun Prevention System
(ROPS)

Runway state selector knob Runway Condition information @
INCOMING

AIRCRAFT

_Alert if risk of overrun detected

S o
LANDED e W Braking Action Computation function
AIRCRAFT (CORSAIR projet)

Report runway slipperiness assessment

Alerting & awareness systems at take-off

Figure9: AIRBUSoncepts to reduce risks of runway excursion

2.1.2.1. Alerting & awareness systems at taie

The AIRBUS concept is to trigger an alert only in case of a detected abnormal situation so as not to
interfere with the standard takeff operational procedure. All thesfunctions are designed to alert the
pilot as soon as possible. It means that alerts shall be triggered far before V1 to minimize operational
consequences and to secure potential rejected takeoffs.

TakeOff Surveillance pack 1 (TOS1)

TakeOff Surveillancd (TOS1) function checks that the speeds inserted by the pilot in the FMS are
consistent (V1/VR/V2)he following checks are performed:
0 Are speeds inserted the FMS?

If take-off speeds are not inserted by crew in the Flight Management System (FMS) tHeG Al
alert is triggered during Tak®ff configuration test procedure and when Takaff power is set:
a¢dh {t995{ bhe¢ Lb{9o9we¢9o5¢
o ! NB &1JSSRa AyaSNISR Ay GKS NAIKG 2NRSNJ 6+tm 05
ALISSROX+tH oGl WB2FF al FSGeée aLlsSsS
If not, a FMS message is triggered at parameter insertion:
a¢dh +tmMKztwkzH 5L{! Dw99¢

w
O«
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If necessary the alert is triggered again with an ECAM alert at-Odikeonfiguration test
procedure and when Tak®ff power is set:

a¢dPh +tmMKzwkzH 5L{! Dw99c¢

0 Are speedgonsistent with speed envelope (VMu (Velocity of Minimum Unstickofffpossible),

VMCA (Velocity of Minimum Control in Air) , VMCG (Velocity of Minimum Control on Ground),
VSR)?
If not, a FMS message is triggered at parameter insertion:

a¢dh {tMWIBH2 & h
If necessary the alert is triggered later with an ECAM alert at -Cfkeonfiguration test

procedure and when Tak®ff power is set:
at¢dh {t995{ ¢hh [ h2zt¢

TakeOf Surveillance pack 2 (TOS2)

As a complement to TOS1, TOS2 is developed so as to ained(t position at takeoff initiation.
Different checks are developed:
0 |Is the aircraft on a runway when taksf power is applied?

If not, an ECAM alert is triggered at tak#f power:
ab!+ hb ¢! .- L21 £
o0 Is the aircraft on the planned runway when také power is applied?

The planned runway is the runway inserted in the FMS. If not, an ECAM alert is triggered-at take
off power:
ab!+ bh¢ hb Ca{ w]b2! ¢
0 |Is the aircraft capable to ldfoff on the runway used?

It means that the aircraft lifoff distance compted for the current conditions is lower than the
current runway length. This check is done in preflight to check that the-tdkpreparation is
correct and at takeoff power to check that for the current aircraft configuration, the predicted
lift-off distance is still compatible with the remaining runway length. If an inconsistency is
detected during preflight phase an ECAM alert is triggered:

a¢dh w2, ¢hh {I hwt¢

TakeOff Monitoring

TOM performs Real Time Monitoring of aircraft acceleration duringamadl can detect a significant lack of
acceleration during Tak®ff roll. In this case, an ECAM alert is triggered

2.1.2.2. Runway Overrun Prevention System at Landing

2.1.2.2.1. Definition
The Runway Overrun Prevention System (ROPS) is made up of tvionstions, Runway Overrun
Warning (ROW) and Runway Overrun Protection (ROP). The ROW function generates alerts which incite
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the flight crew to perform a g@round when deemed necessary whasethe ROP function generates
alerts which incite the flight crew to apply all available deceleration means.

ROPS is an Airbus system designed to continuously calculate whether the aircraft can safely stop in the
runway length remaining ahead of the airétaf, at any point, the system detects a risk of a runway
overrun, flight deck alerts are generated to help the crew in their decision making.

On the Airbus A380 and A350, ROPS is integrated with the aircraft flight management and navigation
systems angbrovides pilots with a realime, constantly updated picture on the navigation display of
where the aircraft will stop on the runway in WET or DRY conditions (or pilot selected runway condition
for A350).

Runway Overrun Warning (ROW)

ROW becomes active 4d00FTabove ground and remains active throughout the sfiogl, the flare and
touchdown until transition to the Runway Overrun Protection (ROP) once contact is established on the
runway.

On Airbus A380, A330 and A320 family, ROW continuously calctNedestopping distances, the stopping
distance on a DRY runway and the stopping distance on a WET runway. If the stopping distance on a WET
runway becomes longer than the available runway length, the system triggers an amber message on the
PFD:

aLC 29¢¥Yhwi ] hwte¢ o

If the stopping distance on a DRY runway becomes longer than the available runway length, the system
triggers a red message on the PFD:

aw? ¢hh {1l hwt¢

5

and, below 200FTabove ground an aural message| b2 ! | ¢ h Hs hgardh w¢ ¢

On the Airbus AB0, the flight crew has a runway state selector knob on the instrument panel.

Consequently, ROW predicted stop distance is based on the runway state selected by the crew and thus

wh2 | fSNI& NS RANBOGEE@ dawz2, ¢hh {ctiom\Tikus, thé&reiBiS & LI2Z Y RA Y
YSaal3S aLC 29¢Y w2, ¢hh {1l hwt¢ég 2y lopn®d

Runway Overrun Protection (ROP)

ROP becomes active @round after transition from ROW and remains active until the aircraft reaches
GFEAAY3 &LISSR® wht dzaSa GKS FANONFFiQa OdzZNNBy i
the aircraft can stop on the runway. If ROP @@t a risk of runway overrun, aural and visual alerts are

¢
w
O
w

triggered. On the PFD the red visual alera ! - . w! YL b DZXZ iz displaywd Augala{e@séare
prioritized:
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*
a. w!Y9X al! - . w! YL balral alextlis-triggened umtil il@ applicatioof pedal braking,
thenauralalerta { 9 ¢ a! - ivrBaxi®um{réveérse thrust has not been selected. If overrun
condition still exists at 70KT, the aural alérty 9 9t a ! - willriggemid réngind the flight crew to

keep maximum reverse thrust.
ROPS reversible and alerts are cancelled when overrun risk is no longer present.

On the Airbus A380 and A350, if an autobrake mode is engaged, ROP will automatically apply maximum
braking in case of runway overrun risk.

2.1.2.3. Onboard and aircraft based computatimfrBraking Action

2.1.2.3.1. Recall Definition

The runway slipperiness is assessedbaard the aircraft and then the information is displayed to the
pilot and is disseminated to the ground to two main ground stakeholders: airline operators and airport
operators. Tle function called Braking Action Computation is developed by Airbus in the frame of the
CORSAIR project.

1 Pilot
The function will help pilot in addition of his/her experience to decide the braking action to report to ATC
1 Airline

The concept will provide mean to the airline to monitor consistently slipperiness of runways covered by
its fleet. It will enable better safety decisions at Airline Operating Center level

1 Airport

The described system will help airports for strategic and tactical decisiormoirination with the ATC for
runway closures, runway cleaning, and runway condition measurements.

Using the standardized terminology found in the RCAM, the Airbus technology can integrate in the same
way that PIREPs are used today. Within the airportaistiucture, the data will permit users to consult, in
real time, the reports sent by aircraft and the trend of the runway condition. Bylgeating the runway
condition(s) on the runway, the technology allows for increased situational awareness as te wimavay
contamination may be accumulating on the runway.

Nevertheless, this technology is not designed to replace existing means at the airport, but rather to
complement them.

The advantage is that by adding this data source, which correlates runwalticonto the aircraft
performance and is available in neegal time, the airport can consolidate all available information for
increased awareness of the overall runway condition.
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2.1.2.3.2. Limits

The limits of this technology are that identification can only bad® on portions of the runway where the
aircraft was adequately braking (i.e. not discontinuing the braking). Thus the calculated braking action
may not be representative of the entirety of the runway length; there may be portions with worse braking
action, or better.

2.1.2.4. Assessing braking performance on unpaved runway

2.1.2.4.1. Aim and Objectives

Airbus Defense and Space proposal is devoted to developing the capability of aircraft operators to
calculate more accurate braking performance on unpaved runways. The nrgiet ta to develop a
software tool capable of estimating the maximum braking capability that a certain unpaved runway is
capable of offering. This may provide substantial benefits in terms of safety enhancement, as will be
discussed later.

A double targeis pursued:

1 Inthe short term (quasieal time), the aim is to characterize braking friction capability of an
aircraft on a certain unpaved runway. The objective is to inform incoming aircraft of
expected/achievable braking performance, in terms of RGRWRY Condition Reading).

1 In the midterm, the aim is to relate registered braking capability with encountered runway
conditions.The objective is to predict braking performance beforehand

2.1.2.4.2. Unpaved Runways (URW): particularities and characterization

2.1.2.4.2.1. KeyConcepts

By definition, unpaved runways (URWfe surfaces intended for lowpeed operations that are not
established over a stable and watlaintained base. They may have received (or not) some type of
preparation to improve their loadbearing capacity.

URW soils present a wide variability in terms of physical properties. The most relevant physical features
are composition, unevenness, water content and soil density. In particular, compaosition can be
adequately characterized by means of the United Skais€ification System (USCS), which provides soil
classification criteria in terms of material (gravel, sand, silt, clay, organic) and texture (poor or well
graded, high or low plasticity). The presence of vegetation and its correspondent roots is alsnad cr
matter.

Another essential feature for URW characterization is the determination of soil load bearing capacity. In
the same manner as it is used for runway surrounding with regards to mitigation, this is generally
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expressed in terms of California Beay Ratio (CBR), which expresses the relative load bearing capacity of
a given soil section in comparison to that of crushed limestone.

In general, neither physical nor load bearing properties can be expected to remain constant along the
length of a runway This constitutes one of the main challenges for URW performance evaluation.

In addition to this, changes in physical properties are expected to translate into modifications of load
bearing capacity. Nevertheless, the link between these two items is eeitbvious nor quantifiable, and
must normally be estimated by means of adequate soil testing (e.g. material analysis, soaking tests).

2.1.2.4.2.2. Particularities

One of the main challenges of URW performance calculation is theneghgible differences that this

kind of surfaces presents with respect to paved ones. As previously stated, URWs normally present non
uniform surface characteristics, including possible roughness and unevenness. Therefore, for a given
aircraft operation, the actual runway conditions mdiffer from those expected (as provided in the

airfield AIP for example).

In addition to this, URWs may be sensitive to aircraft and maintenance actions, such as aircraft operations
and repair procedures. Although regular maintenance work (rut removadiggg rolling) is usually

planned after a specified period or a certain number of operations is completed, it rarely returns the
runway to its original state and will require a specific survey taharacterize the runway surface.

Meteorology also has aam-negligible effect on surface characteristics and, as a result, on braking
capability. For example, runways with low drainage capacity will be highly affected by rain and moisture.
Likewise, runways located in very cold zones may be subjected to sedsostalwhich illustrates the
variability of conditions, in this case with season, that a given unpaved runway may present.

Finally, URW composition cannot be subjected to the same exhaustive control as a paved runway. Paved
runways can be actively contited from their construction, in terms of materials used and layer thickness.
In contrast, unpaved runways are roughly set over a@xisting soil, which limits the extent of control on
them. Nevertheless, two sources of secondary control have been found:

1 Active control means: Addition of new materials (if required).
1 Passive control mean€omposition characterization and analysis (i.e. soaking test results).

As a result of all thigperations repeatability is highly compromised.

2.1.2.4.2.3. Characterization

One ofthe most comprehensive URW characterization methods is the one provided by Transport Canada.
According to their recommendation€BR surveghould be conducted at least yearly until a trend is
established. After that, they may be repeated every three yearasthen deemed necessary. Each survey
should comprise at least 20 CBR samples, taken along the runway length in the expected landing gear
path.
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Quantitative CBR measurements should be accompanied by a series of qualitative data: airport and test
site, dak, surface type (including waviness), degree of soil saturation, test location, depth of test and test
method.

2.1.2.4.2.4. Braking friction assessment
Effective braking coefficient in unpaved operations can be denoted as:

61 OQWEIQRO6Q "YQI 1| DI'AdQ
OMAAOQADE | GadaO® € 1 aadd®d Q

61 OQQE QOO QE ¢

Braking Torque

Direction of
Motion

I

Braking Force

Terrain Drag

Figurel0: Retarding forces acting on a braked wheel operating on URW

As can be seen, this coefficientsisghtly different from the one used in paved operations, since it
includes two different contributions:

9 Braking friction force contribution, generated as a reaction to the applied braking torque (the one
normally used in paved operations).

I Terrain contrilution, due to displacement of the soil by the wheels, (compression, soil
displacement drag, etc.).

Both terms, though highly different in nature, are regarded as a single one for a variety of reasons. The
most important one is generalization, since thifidéion is independent of surface characteristics,

regardless of soil displacement drag or compression contributions. The second is ease of calculation, since
only a simple horizontal load balance is required.

2.1.2.4.2.5. Key concepts

Before introducing the described proposal, two very important ideas need to be discussed. The first one is

the key concept oRCR (Runway Condition Reading). & | Tl OG2NJ 6 KA OK SELINBSaasSa
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braking operation is when compared to an angdais operation performed on a paved runwdtycan be
defined as:

61 OQQE Quo Q¢ ¢
Q¢ O

YO ¥——
0 01l 0 QQt Qwo Q¢ ¢

For the sake of simplicity, braking operations are normally characterized in termshofast S & S|lj dzA @
RCR value. This represents tenstantbraking friction which would have been necessary in order to
achieve the same braking distance registered on a certain operation.

The calculation of this equivalent RCR is performed by meartsedadpplication oflistance validation
algorithms. The aim of these calculations iscmmpare the distance required in a certain braked
operation with the calculated braking distance which would have been required if a cexastantRCR
had been appliedThe result is a certain difference between the distance actually used in the operation
and the distance predicted by the model, denotedraBstoperation-model).

Figurell: Schematic representation of a distance validati@alculation

As shown irFigurell, pdist> 0 means that the distance required for braking is higher than predicted by

the selected RCR (lower safety margin). Thaadsjal RCR is lower than predicted. On the contrary, if

ndist< 0, the distance required for braking is lower than predicted by the selected RCR, so the actual RCR
is higher than predicted. In that case the safety margin is increased potentially afféatrgperations on

the runway.

If this algorithm is repeatedly launched in an iterative fashion, varying RCR accordingndishealues
achieved in each iteration, it is possible to reach the RCR value which matches exactly the distance
measured in the taking phase of a landing operation.

TR6 Status:Approved Issue2.0 PAGE& 79

This document is the property of Future Sky Safety and shall not be distributed or reproduced without the formal api@ouatliofitor NLR.
CdzidsNB {1& {IFShe KIa NBOSAGSR T dihBvatigraProgran®ny, uriiled Grand Ag@ement NONMA5ZY H N H N




































































































































