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Abstract: Runway excursions are the main risk for runway safety: operational protection areas
mitigate the effects of events classified as veer-off, overrun, and undershoot. This paper presents
a methodology for the quantitative risk assessment of runway veer-off in an international airport
whose name will not be revealed for privacy reasons. The proposed methodology is based on similar
principles adopted in other aviation risk analyses. The Real Level of Safety (RLS) related to the
veer-off accident was calculated through the implementation of a retrospective analysis that permits
to define a frequency model, a location model and a consequence model. Instead, Target Level of
Safety (TLS) was defined through the risk matrix and acceptability criteria present in the International
Civil Aviation Organization (ICAO) Safety Management Manual. Finally, the risk of veer-off accidents
in the airport under evaluation was determined by using primary data provided by the airport
management body. Risk values were calculated in more than 1300 points around the runway and
they were used to assess the current level of safety. The authors present a risk map that allows
identifying the areas in the strip with the highest risk of a veer-off accident. The obtained results
demonstrate that the developed methodology represents a useful tool to define TLS and to assess
whether infrastructural and operational modification need to obtain the required level of safety.

Keywords: runway safety; risk assessment; veer-off; target level of safety; quantitative risk analysis

1. Introduction

In the last decades, the issue of Runway Safety has been identified by the International Civil
Aviation Organization (ICAO) as a priority for achieving global safety in the air transport system,
as about half of accidents and serious incidents occurred nearby the runway [1]. Such a high percentage
of aviation occurrences has prompted ICAO to adopt a series of actions needed to improve runway
safety. An example is represented by the Amendment Proposals of Annex 14 which refers to a new
monitoring and evaluation system able to assess and report about runway surface conditions in order
to reduce the risk of accidents related to runway contamination [2].

When it comes to runway safety, Annex 14 describes a series of occurrence categories
(e.g., undershoot/overshoot, loss of control on the ground, runway incursion). In particular, a category
to be monitored is runway excursion, which nowadays represents the main risk for runway safety
due to the high number of recorded events. De Couto [3] explained that runway excursions continue
to be an absolute priority because of their high frequency of occurrence. Indeed, they represent the
most significant source of aviation accidents in the world, approximately 40-50% of accidents recorded
by ICAO each year. Although in most cases, these events do not lead to fatal accidents, the risk of
death for passengers and crew is still important [4]. From the analysis of data collected in a database
available to the authors containing aeronautical events that occurred around the world from 1996
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to 2019, about 52% of accidents occurred near the runway, of which 41% of them belong to runway
excursions, equally divided between veer-off and overrun, and most of them occurred during the
landing phase (83%).

Studies in the literature shown that en-route flight involves only 12% of total accidents, even if it
represents on average 57% of flight duration [5]. In particular, the accidents are concentrated mainly
in the initial and in the final phase of the flight. For this reason, it is extremely important to ensure
large runway safety areas in each airport and to avoid the emergence of obstacles around the airport in
order to reduce the number of air disasters and their consequences. The runway safety and operational
protection areas constitute an effective mitigation element of the effects related to events classified as
veer-off, overrun, and undershoot. In particular, the runway strip has the purpose of reducing the risk
of damage to an aircraft diverting from the runway (veer-off accident) through specific requirements
relating to the longitudinal and transversal slope of the Cleared and Graded Area (CGA) together
with the strips and subgrade bearing capacity. The physical dimensions and all the characteristics of
this surface are defined by [6]. However, several airports have deviations related to the provision of
a runway strip. The most common deviations concern the presence of non-frangible objects in the
strips or a width not compliant with the values prescribed by ICAO. Additionally, regarding the Italian
situation, almost all Italian airports were built during World War II as military airports. Therefore,
the physical-territorial context and the anthropic development that has occurred over the years have
influenced the airport/territory relationship and the potential expansion of infrastructures and/or
adaptations of the runway safety areas.

These highlighted problems are common to most airports worldwide and have led international
aviation authorities to consider the possibility of design solutions to manage non-conformities relating to
airport infrastructures [7]. ICAO standards substantially outline a prescriptive design approach, but [6]
allows the use of a more objective-based approach in some circumstances (e.g., aeronautical studies
can support the aerodrome design process when there are deviations from Annex 14 prescriptions).
Neither the nature of aeronautical studies nor any quantitative risk criteria are defined by [6], even if
it is specified that it has to include studies on quantitative risk analysis and the achievement of an
appropriate target level of safety (TLS) [8] to be compared to the real level of service (RLS). TLS is
defined as a level of how far safety is to be pursued in a given context, assessed with the reference
to an acceptable or tolerable risk [9]; RLS is the maximum risk allowed for a veer-off accident.
Having regard to the veer-off accident, in the literature, some research analyzes the associated variables
and their categories of severity [10], the probability [11,12] and the operational risk [13]. Particularly,
different approaches have been proposed to risk analysis in runway excursion (e.g., Bayesian-network
based [14], multiple Logistic regression method [15], frequency model [16-18]). This paper presents
a quantitative risk assessment methodology from [16-18] and the definition of the objective level of
safety linked to the veer-off accident as well as its application to a case study; an international airport
whose name will not be disclosed for privacy reasons. The study was carried out using the ICAO
Safety Management Manual as a regulatory reference [19] to assume the TLS. In the literature, there are
lists of Target Level of Safety measures to be considered in civil aviation [20], or under specified
scenarios (e.g., collision between a landing plane and an aircraft located on a parallel taxiway or the
wing collision between two taxiing aircraft on two parallel taxiways) [21,22]. TLS values defined by
ICAO All-Weather Operational Panel (AWOP ICAO) and the Obstacle Clearance Panel (OCP ICAO)
are related to:

e  Risk of hull loss during all phases from all causes: 1.00 x 1077 per flight hour or 1.50 x 10~7 per
mission (ICAO AWOP).

e  Risk of accident on approach and landing from all causes: 1.00 X 10~8 per mission (ICAO AWOP).

e  Risk of collision with obstacle due to aircraft being laterally off-path or beneath the approach path:
1.00 x 10~ per approach (ICAO OCP).
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The implementation of this technique permits to define objectively the level of risk associated to
the considered accident; to establish if the infrastructural requirements can satisfy the required safety
levels according to the specific data of a given airport; to adopt measures to mitigate the risk in order to
bring the event back on acceptable levels of risk tolerance if necessary. Furthermore, the methodology
herein presented to assess the level of risk in an airport allows airport operators to take objective
decisions on infrastructural measures or operating procedures. Moreover, it significantly reduces
the investments necessary to ensure an equivalent level of safety when a full compliance with the
infrastructure requirements prescribed by Standards and Recommended Practices (SARPs) is not
possible or feasible.

2. Analytical Methodology

The quantitative risk assessment of runway veer-off has been carried out with a methodology
inspired by the one developed by the Italian Civil Aviation Authority (ENAC) with University of Rome
La Sapienza, based on assessing the risk deriving from aeronautical activities in surrounding areas of
airports [23-25]. This methodology involves the creation of a structured set of methods and models to
represent the risk through the product of the probability of occurrence with the damage severity.

The first model created is a veer-off accident frequency model to define the accident occurrence
frequency, expressed through the ratio between the number of events recorded on total movements,
which occurred in 20 years, between 1999 and 2018 [5]. The value of 1.02 x 10~, approximately 1 event
every 10 million movements, has been obtained considering among all the veer-off events occurred
within Europe and North America to commercial aviation aircrafts with Maximum Take Off Weight
(MTOW) over 60,000 pounds. Having regard to operations that took place in Asian countries,
the frequency of occurrence of veer-off accidents would be higher, equal to 1.87 x 107~7; it would grow
even more, up to 3.2 X 1077, considering the accidents that have occurred all over the world. However,
the Norwegian Civil Aviation Authority (NCAA) [8] suggests considering only operations that took
place within Europe and North America to define the accident occurrence frequency: this criterion
considers a homogeneous sample for aircraft, airport standards and procedures. According to the
value of 1.02 X 107 and the database information about veer-off at landing and take-off or occurred
veer-offs on instrumental or non-instrumental runways, it was possible to obtain the rates for flight
phases and available instrumentation.

The second proposed model defines the geographic distribution of veer-off incidents in the runway
strips. It permits to assess the probability that a veering aircraft exceeds a certain distance x measured
across the runway axis. This model provides a subdivision into classes of the space inside the runway
strip. According to the data collected from previous accidents about final positions of the aircraft
wreckage diverting from the runway, the complementary cumulative probability of the continuous
random variable has been calculated for each class, called Location. It expresses the distance measured
transversely between runway centerline and the final position of the diverting aircraft. The analysis
was conducted in a differentiated way for take-off and landing phases, and in both cases, the statistical
regression model deduced was a negative exponential type. This approach complies with that proposed
by [26]:

P {Location > x} = e™™" (1)
where a and 7 are regression coefficient.

Frequency and location models allow estimating the probability for an aircraft to have a veer-off
accident and to exceed a certain distance x during the veer-off. The probability that one of the two
events occur is independent of the occurrence of the other, therefore, according to the Probability
Multiplicative Theorem [27], it is possible to combine the results obtained from the models described
above and to obtain the probability that the aircraft is subjected to the veer-off incident and that it
exceeds a certain distance x in diversion.

From the analysis of data collected in the database described in the Introduction, Equations (2)—(5)
were derived to calculate the veer-off probability Equations (2)—(5) are valid for landings on instrument



Sustainability 2020, 12, 9360 40f17

runways, for landings on non-instrument runways, for take-offs from instrument runways, and for
take-offs from non-instrument runways, respectively:

f=1.37x1077 x 70025 (2)
f=657x1077 x 70025 (3)
f=1.94 x 1078 x ¢ 00185 4)
f=495x 1078 x e 00185 (5)

where f is the frequency of an aircraft running beyond a certain distance, x, measured from the runway
(RWY) centerline.

The examined airport has one instrument runway for air operations, so the adopted frequency
curves are described in Equations (2) and (4).

Furthermore, the probability that an aircraft veers depends on the considered movement.
Landing and take-off events are mutually exclusive (i.e., they cannot occur at the same time):
according to the Additive Theorem of Probability [27], the probability that an event will occur
is given by Equation (6):

f=137x1077 x e 002 1 1,94 x 1078 x ¢0-0185 ©)

Lastly, a damage model of the veer-off accidents has been developed, which defines the average
damage associated with the event. This model provides the Identification of the Hazards as a first step
(i-e., the consequences associated with the veer-off) and, subsequently, the risk assessments associated
with each hazard identified [28]. Through the analysis of the investigation reports of aviation accidents
collected in the database and published by National Investigative Agencies [29-32], it was possible to
identify seven main events: crossing of the airfield perimeter fence; collision with obstacles; crossing of
the taxiway, apron etc.; impact against a drainage channel, an embankment or other; damage to the
landing gear; fire; mechanical damage to engines, propellers.

For each identified event, in accordance with the model proposed by Moretti et al. [16,17],
Equation (7) permits to assess the severity of damage D in terms of the effects on the health of people
(both passengers and crew members) on board the diverted aircraft:

Zevent,j (Nfutulities + Ninjuries)

D
Zevent,j (Noccupunts)

x 100 (7)

where Natatities 18 the number of deaths, Ninjuries 18 the number of injured people, Noccypants is the total
number of people on board the diverted aircraft.

In the damage model, the frequency of occurrence and the severity of the associated damage
are calculated for each event; the average damage associated with the veer-off accident is defined
according to Equation (8):

Z D] * Pevent,j
Y Pevent,j

The damage level D obtained is equal to 18%: despite having different databases, this value
complies with [17,18].
The risk Rij associated with a hazard derives from Equation (9):

Davemge = x 100 (8)

R;j =p; xD; )

where:
Pj = Poeer-off X Pevent,j = 1.02x 1077 x Pevent,j (10)
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where D; severity of the i-th consequence associated to j-th hazard is considered.
According to Equation (9), Table 1 lists the average level of risk obtained for each event.

Table 1. Level of risk for each hazard.

Hazard Level of Risk
Crossing of airfield perimeter fence 1.52x 1077
Collision with obstacle(s) 1.96 x 1077
Crossing of taxiway, apron 2.07 x 1077
Crash against an embankment or against a drainage 270 x 10-9
channel
Landing gear damages 4.15x 1077
Fire 5.71x 1077
Mechanical damages 8.61x 1077

Subsequently, the Risk Matrix has been defined, within which the risk is structured according
to acceptability criteria. In the literature, there are different proposals for structuring risk and its
acceptability. In this study, the authors considered the ICAO Safety Management Manual [10] as a
regulatory reference. The risk matrix in Table 2 consists of five levels of risk probability and risk
severity, while the identified acceptability criteria are three: the red characters refer to “intolerable”
risks; the yellow ones to tolerable risks (i.e., acceptable based on risk mitigation); the green ones to
“acceptable” risks (i.e., consequences are unlikely or not serious enough to worry). Table 3 shows the

safety risk tolerability matrix.

Table 2. Safety risk assessment matrix [19].

Risk Probability Risk Severity
CatastrophicA HazardousB MajorC MinorD NegligibleE
Frequent 5 5A 5B 5C
Occasional 4 4A 4B
Remote 3 3A 3E
Improbable 2 2D 2E
Iﬁi‘;ﬁg‘;ﬁ’e 1 1B 1C 1D 1E

Note: red means “Risk not tolerable”, yellow means “Risk tolerable”, green means “Risk acceptable”.

Table 3. Safety risk tolerability matrix.

Tolerability description Assessed Safety Risk Index Criteria of Acceptability Risk
Probability and/or severity of the consequences
of the event are intolerable. Cease or cut back
operation promptly if necessary. Perform
5A, 5B, 5C, 4A, 4B, 3A priority safety risk mitigation to ensure
additional or enhanced preventative controls
are in place to bring down the safety risk index
to moderate or low.
Schedule performance of a safety risk
5D, 5E, 4C, 4D, 4E, 3B, 3C, 3D, 2A,  assessment to bring down the safety risk index
2B,2C, 1A to low range if viable. It may require
management decision.

Risks are negligible, or so small that they can be
3E, 2D, 2E, 1B, 1C, 1D, 1E managed by routine procedures and no
additional risk treatment are needed.

Note: red means “Risk not tolerable”, yellow means “Risk tolerable”, green means “Risk acceptable”.

Tolerable




Sustainability 2020, 12, 9360 60of 17

Given the results in Table 1, frequency and damage scales are defined for the assessment of the
risk tolerability. Secondly, every single hazard is assigned to a class according to previously calculated
frequency and damage values. The selection of the frequency scale, as well as that of damage, is left
to the safety analyst. He should attribute an alpha-numeric code to each hazard identified (Table 4),

v

place it on the risk matrix, and establish whether the risk is “acceptable”, “tolerable”, or “not tolerable”.

Table 4. Alpha-numeric code for each hazard.

Hazard Alpha-Numeric Code
Mechanical damages
Fire
Landing gear damages
Crossing of taxiway, apron
Crash against an embankment or against a drainage
channel

4D
3D
2B
Collision with obstacle(s)
Crossing of airfield perimeter fence

Note: red means “Risk not tolerable”, yellow means “Risk tolerable”, green means “Risk acceptable”.

Furthermore, the risk matrix and the acceptability criteria are an analytical tool to define the
Target Level of Safety (TLS), a measure of the level of safety that should be guaranteed in a given
context. Therefore, in order to manage all “intolerable” risks of veer-offs, it is necessary to reduce
the risk associated to aircraft fire and mechanical damage of engines, acting on both occurrence
probability and damage severity. This implies that TLS is assumed equal to 5.11 X 10~ and mitigation
interventions need to achieve D equal to 5%: under such conditions, these risks are under a “tolerable”
level (i.e., one veer-off incident for every 200 million movements).

On the other hand, to manage “tolerable” risks considered acceptable only based on risk
mitigation, we should adopt more strict measures that allow us to achieve a TLS equal to 2.05 x 1079,
i.e., among the dangers identified, the overall risk result is “acceptable” if the accident can occur once
every 500 million movements.

Based on the obtained results, the risk associated with the single identified consequences can be
represented by iso-risk curves (Figure 1), i.e., curves that connect all the points with the same risk
value. In Figure 1, the curve of TLS (i.e., 5.11 x 10~%) represents the tolerability limit beyond which the
risk appears “intolerable”; on the other hand, TLS equal to 2.05 X 10~ represents a tolerance limit
below which risks are “acceptable”.

Once the TLS has been defined, it is possible to compare it with the overall current risk level
deriving from the consequences model of the veer-off accident defined as Real Level of Safety (RLS)
according to Equation (11):

r Dj'pevent,j

-7
RLS = Poeer—of f % Dagerage = 1.02 X107 % )3 Pevent, j

(11)

RLS equal to 1.85 x 1078 represents the maximum risk allowed for a veer-off accident: it is
associated to D equal to 18% (i.e., damage severity classified as Major). Therefore, to reduce the risk
and to reach a tolerable or acceptable level of safety, it is necessary to undertake a series of actions.
Identified hazards should be managed to avoid conditions of catastrophic severity and to satisfy the
proposed TLS.
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Figure 1. Iso-risk for each consequence.

The presented methods and models were adopted to assess the veer-off risk and compare it to

RLS and TLS in order to identify the hazards connected to the event and use risk matrix and risk
acceptability criteria introduced by ICAO Safety Management Manual [19]. Given primary data
provided by an airport operator, the methodology has been implemented in a case study to manage

the damage risk.

Primary Data

Airport local conditions were considered to assess the risk of veer-off accident: primary data

provided by the aerodrome operator refer to 2019 and concern the following aspects:

1.

Wind: Hourly observations of wind direction and speed, for a total of 144,579 h, permit to
calculate the usability factor of the aerodrome through the graphic method of the wind rose [33]
and to identify the prevailing direction of crosswind that is one of the main environmental factors
that contribute to veer-off;

Traffic composition: This information includes the number of movements per ICAO category [6]
and MTOW of each aircraft;

Runway usage for take-off and landing operations: This information combined with traffic
composition led to identify which points of the runway are most affected by aircraft movements
and veer-off risk.

Presence of buildings inside the airport grounds: The equipment, the control tower, and the
hangars can increase the risk of damage suffered by an aircraft diverted from the runway.
Geotechnical characteristics of the strip areas: These data contribute to calibrate the damage
model and propose the damage matrix according to Moretti et al. [18]. Therefore, human health,
mechanical consequences for the aircraft, and subgrade bearing capacity were considered [34].

Ultimately, wind conditions, traffic composition and runway use affect the probability of occurrence

of the veer-off accident; while presence of buildings and subgrade bearing capacity affect the expected
damage. The processing of all these data allows specializing the risk assessment of the veer-off accident
defined in general terms in a risk assessment associated to the examined airport.



Sustainability 2020, 12, 9360 8of17

3. Case Study

The implementation of this methodology concerns a case study: an international airport equipped
by a single runway: RWY 09/27 (Figure 2). This runway is bidirectional: 90% of take-offs take place
from threshold 27 (and 10% from threshold 09); 90% of landings take place from threshold 09 (and 10%
from threshold 27). The runway is 2450 m long, 45 m wide with stabilized runway shoulders on both
sides of the runway extending an additional 15 m outward from the runway edge. There is a parallel
taxiway running the full length of the runway. The runway strip is a rectangular area measuring
2570 x 300 m and it is surrounding the runway. The strips are free of obstacles, except for frangible
objects. Other safety areas comply with the current requirements in [6].

Figure 2. Airport plan.

This airport is a medium-sized European airport: it has an average traffic of 2,500,000 passengers/year
and more than 30,000 movements/year.

3.1. Wind

The usability factor of an aerodrome represents the percentage of time during which the runway
usage is not limited by the crosswind component: it should be not less than 95%. According to [6],
landing or take-off of airplanes is precluded when the crosswind component exceeds: 37 km/h (20 kts),
24 km/h (13 kts), 19 km/h (10 kts) in the case of airplanes whose reference field length is 1500 m or
over; 1200 m or up to but not including 1500 m or less than 1200 m, respectively. According to the
wind rose in Figure 3, Table 5 lists the usability factor results and confirms the correct orientation of the
runway. Table 6 lists crosswind components greater than 95%. Subsequently, the direction in which
this transverse wind predominantly blows has been evaluated: there is a prevalence in the N direction
compared to the S direction (Table 7).

B o s
I:l 13 knots
- 10 knots

of . T
364 f10/4 ¢ f
1 1 —

Figure 3. Wind rose of the airport.
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Table 5. Usability factors.

Crosswind Component (knots) Usability factor (%)
<10 97.3
<13 99.1
<20 99.9

Table 6. Crosswind frequency.

Crosswind Component (knots) Hourly Observations (-) 100-Usability Factor (%)

>10 3925 27
>13 1366 0.9
>20 97 0.1

Table 7. Crosswind frequency for sectors.

Crosswind Component (knots)  Frequency of SSE Crosswind (%) Frequency of NNW Crosswind (%)

>10 0.1 2.6
>13 0.0 0.9
>20 0.0 0.1

Tables 5 and 6 demonstrate that a crosswind can increase the occurrence probability of the veer-off
accident in the South runway safety area. Therefore, a coefficient of 1.026 for the strip area located at S
of the runway has been assumed: it derives from the highest frequency of N crosswind that avoid
movements (i.e., 2.6%).

3.2. Traffic Composition and Runway Usage

Given the traffic composition, the largest number of movements relates to aircraft belonging to
the ICAO C category (Table 8); movements of only 5 aircraft models cover more than half of the total
movements (Table 9).

Table 8. Aircraft categories in the airport.

ICAO Category A/C %
Category A 11.82
Category B 16.59
Category C 71.24
Category D 0.24
Category E 0.11

Table 9. Most frequent aircraft models in the airport.

Aircraft Model %
B 737-800 28
A320 11
A319 10
B737-600 5
B717 4

In order to determine the runway usage percentages, the authors calculated the take-off and
landing field length of each airplane model (Tables 10 and 11, respectively): the runway usage was
defined as the ratio between the number of movements of each aircraft and the total number of
movements. The last column of Tables 10 and 11 gives the cumulative percentage of aircraft exceeding
the distance x indicated in the first column.
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Table 10. Runway usage percentages at take-off.

Runway Usage

Cumulative Number of % of Movements Exceeding

Movements (%)

Progressive x (m) 1\1; umber of Movements the Distance x
ovements
300 15 15 0.1 100
400 229 244 1.5 99.9
500 135 379 24 98.5
600 39 418 2.6 97.6
700 106 524 3.3 97.4
800 8 532 3.3 96.7
900 129 661 4.1 96.7
1000 1363 2024 12.7 95.9
1100 384 2408 15.1 87.3
1200 310 2718 17.0 84.9
1300 4 2722 17.0 83.0
1400 9 2731 17.1 83.0
1500 580 3311 20.7 82.9
1600 1092 4403 27.6 79.3
1700 406 4809 30.1 724
1800 2245 7053 442 69.9
1900 589 7642 479 55.8
2000 1741 9382 58.8 52.1
2100 29 9411 58.9 41.2
2200 65 9476 594 41.1
2300 366 9842 61.6 40.6
2450 6123 15,965 100 38.4

Table 11. Runway usage percentages at landing.

Runway Usage Cumulative Number of o % of Movements Exceeding
. Number of Movements Movements (%) the Distance x
Progressive (m)
Movements
200 15 15 0.1 100
300 112 127 0.8 99.9
400 249 376 24 99.2
500 102 478 3.0 97.6
600 10 488 3.1 97.0
700 478 966 6.0 96.9
800 1361 2326 14.6 94.0
900 1826 4152 26.0 85.4
1000 388 4540 28.4 74.0
1100 819 5359 33.6 71.6
1200 2 5361 33.6 66.4
1300 121 5482 34.3 66.4
1400 6076 11,557 724 65.7
1500 1753 13,310 83.4 27.6
1600 2595 15,905 99.6 16.6
1800 45 15,950 99.91 0.4
2000 10 15,960 99.97 0.09
2100 1 15,961 99.97 0.03
2200 1 15,962 99.98 0.03
2300 3 15,965 100 0.02

As mentioned above, the runway has a bidirectional usage: Figure 4 shows the distribution
of the movements along the runway, where the y-axis represents the distance from threshold 09
(i.e., threshold 27 is at 2450 m); the x-axis represents the number of yearly movements. Therefore,
each point in Figure 5 indicates how many movements (landings, take-offs, and total movements) have
been recorded at a certain distance from threshold 09.
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Figure 4. Number of yearly movements along the runway.

) N B s o _ W)

S

o o“ o v O L
PPN IITETLII

Figure 5. Distribution of Md (deformation module) in the runway strip.

Data in Figure 4 highlight the probability that veer-off will be greater within the first 1500 m of
runway 09 rather than in the remainder.

So, it is possible to combine the results obtained from Tables 10 and 11 with the distribution of
the movements along the runway shown in Figure 5, and to obtain corrective coefficients to apply to
Equation (6). Table 12 lists these coefficients:
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Table 12. Corrective coefficients.

Corrective Coefficients

RWY Progressive (m) Take-Off (-) Landing (-)
2450 0.90 0.10
2300 0.90 0.10
2200 0.90 0.10
2100 0.90 0.10
2000 0.90 0.10
1900 0.90 0.10
1800 0.90 0.10
1700 0.79 0.21
1600 0.80 0.20
1500 0.74 0.26
1400 0.59 0.41
1300 0.56 0.44
1200 0.56 0.44
1100 0.54 0.46
1000 0.54 0.46

900 0.51 0.49
800 0.48 0.52
700 0.46 0.54
600 0.45 0.55
500 0.41 0.59
400 0.39 0.61
300 0.34 0.66
200 0.34 0.66
100 0.34 0.66

0 0.33 0.67

3.3. Buildings Nearby the Runway

In the examined airport, all the buildings are in the landside apart from the airside, in the
North-North-West area concerning the runway; the aviation fuel depots are in the South-South-East
direction, near the fencing of the airport grounds and the fire station. The buildings located near the
runway do not constitute a full-blown danger for the diverted aircraft and do not increase the severity
of the damage associated with aircraft veer-off.

3.4. Soil Bearing Capacity

Plate load tests were carried out by airport management body to define the geotechnical
performances of the strip by the deformation module (Md), defined as the ratio of the pressure
transmitted from the plate to the soil and the corresponding settlement. The results expressed through
the planimetric distribution of the deformation module (Md) are shown in Figure 5.

According to [35], a minimum CBR (Californian Bearing Ratio) value between 15% and 20%
reduces the sinking of the aircraft wheel into the ground, thus reducing the risk of collapse of the nose
gear. CBR is a conventional index expressed by the percentage ratio between the loads producing a
defined penetration of a piston in the tested soil and a reference Californian soil. Furthermore, the same
Guidelines require, in the event that an aircraft leaves the runway, that the ground ensure adequate
support for the aircraft. For this purpose, CBR values have been calculated for the NW and SE strip
sides according to Equation (12) [36]:

CBR [%] = 0.20 x Md (12)

Having regard to [35], the results show non-compliances in many areas of the strip where the
CBR value is lower than the minimum required of 15 + 20% (Figure 6).
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Figure 6. CBR (Californian Bearing Ratio) level curves.

The severity of the damage is the measure of how negative the effects of the event are: based on it
and the analysis of the investigation reports, a correlation between the geotechnical characteristics of
the subsoil and the corresponding damage reported by a diverting aircraft was defined (Table 13).

Table 13. Correlation between CBR and damage.

CBR of Runway Strip (%) Damage Associated with Veer-Off (-)
>30 Negligible
20 + 30 Minor
15+ 20 Major
5+15 Hazardous
<5 Catastrophic

Given Table 13, a new categorization of damage severity has been adopted to consider geotechnical
performance of strip, mechanical consequences on the airplane and effects on people (Table 14):

Table 14. Matrix of damage.

. Consequences
Severity - CBR [%] D[-]
Passenger and Crew Aircraft

A Negligible No injuries Need for airplane revisions >30 1%
B Minor Slight injuries Slight damages >20 5%
C Major Injuries or health effects Damage accounting to less than 2 million € 15 +20 18%
D Hazardous Serious me];gcetss or health Damages between 2 million to 50 million € <15 100%
E Catastrophic Many fatalities Hull loss—Damages over 50 million € <5 200%

Given the probability of occurrence, the severity of the damage, and having regard to a Cartesian
reference system with the y-axis coinciding with the runway axis and the x-axis orthogonal to it placed
on the edge of runway 09, the authors calculated 1300 risk values around the runway, distributed
over 13 alignments parallel to the runway axis. The average risk value of this airport is 5.49 x 1077,
lower than RLS; however, the risk distribution within the strip (Figure 7) is crucial. The risk values in
red boxes exceed RLS. On the other hand, the risk values in the orange boxes exceed TLS; in green
boxes the risk values that satisfy TLS. Finally, risks of less than 10~ are considered low (white boxes).
Figure 7 shows that at 150 m away from the axis of the runway, the risk for the veered-off aircraft to
exceed the edge of the strip remains at widely tolerable levels. The same occurs if the width of the
strip is reduced to 140 m, as foreseen in the latest edition of [6]. On the contrary, the requirements of
subgrade bearing capacity are not respected in many areas of the strip: in these areas, actions to enhance
the airport strips’ bearing capacity will be necessary, such as improvement of soil or stabilization.
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Values of R in N zone Values of R in S zone
150 -140 4105 75 -50 50 75 105 140 150
2.82E-09 | 3.44E-09 | 6.96E-09 | 1.28E-08 - | 1.11E-08 [ 6.61E-09 | 3.58E-09 | 1.77E-09 | 145E-09
ALPHA 27 | 1.11E-08 | 6.61E-09 | 6.45E-10 | 3.19E-10 | 2.61E-10
1.41E-09 [ 1.72E-09 | 3.48E-09 [ 6.42E-09 | 1.07E-08 1.11E-08 | 6.61E-09 | 6.45E-10 | 8.85E-11 | 7.25E-11
1.41E-09 | 1.72E-09 | 3.48E-09 | 6.42E-09 | 1.07E-08 1.11E-08 | 6.61E-09 | 6.45E-10 | 8.85E-11 | 7.25E-11
1.41E-09 | 1.72E-09 | 3.48E-09 | 6.42E-09 | 1.07E-08 1.11E-08 | 6.61E-09 | 6.45E-10 | 8.85E-11 | 7.25E-11
1.41E-09 [ 1.72E-09 | 3.48E-09 | 6.42E-09 | 1.07E-08 1.11E-08 | 6.61E-09 | 6.45E-10 | 3.19E-10 | 2.61E-10
141E-09 | 1.72E-09 | 348E-09 | 6.41E-09 | 1.07E-08 1.11E-08 | 6.61E-09 | 3.58E-09 | 1.77E-09 | 1.45E-09
141E-09 [ 1.72E-09 | 3.48E-09 | 6.41E-09 | 1.07E-08 1.11E-08 | 6.61E-09 | 3.58E-09 | 1.77E-09 | 1.45E-09
141E-09 | 1.72E-09 | 347E-09 | 6.40E-09 | 1.07E-08 1.10E-08 | 6.59E-09 | 3.57E-09 | 1.77E-09 | 1.45E-09
BRAVO 1.10E-08 | 6.59E-09 | 3.57E-09 | 1.77E-09 | 1.45E-09
141E-09 [ 1.72E-09 | 3.48E-09 [ 6.43E-09 | 1.08E-08 1.11E-08 | 6.62E-09 | 3.59E-09 | 1.77E-09 | 145E-09
7.05E-11 | 8.60E-11 | 1.74E-10 | 3.21E-10 | 5.38E-10 1.32E-08 | 6.46E-10 | 3.19E-10 | 2.61E-10
141E-11 | 1.72E-11 | 1.74E-10 | 3.20E-10 | 5.37E-10 1.32E-08 | 1.79E-10 | 8.85E-11 | 7.25E-11
141E-11 | 1.72E-11 | 1.74E-10 | 1.15E-09 | 1.93E-09 1.11E-08 | 6.60E-09 | 1.79E-10 | 1.77E-11 | 145E-11
8.17E-11 | 1.01E-10 | 2.14E-10 | 8.21E-09 | 1.42E-08 2.64E-09 | 152E-09 | 2.20E-10 | 2.08E-11 | 1.68E-11
1.63E-11 | 2.02E-11 | 2.14E-10 | 1.48E-09 | 2.56E-09 7.34E-10 | 4.23E-10 | 2.20E-10 | 2.08E-11 | 1.68E-11
1.63E-11 | 2.01E-11 | 426E-09 | 8.18E-09 | 1.42E-08 7.30E-10 | 4.21E-10 | 2.19E-10 | 1.04E-10 | 840E-11
8.15E-11 | 1.01E-10 | 4.26E-09 | 1.64E-08 2.63E-09 | 152E-09 | 7.90E-10 | 3.74E-10 | 3.02E-10
3.14E-10 | 3.90E-10 | 4.66E-09 | 9.08E-09 | 1.59E-08 1.64E-08 | 9.35E-09 | 4.80E-09 | 2.23E-09 | 1.80E-09
CHARLIE 1.64E-08 | 9.35E-09 | 4.80E-09 | 2.23E-09 | 1.80E-09
3.71E-10 | 4.66E-10 | 1.04E-09 | 1.16E-08 1.19E-08 | 5.33E-09 | 4.24E-09
1.03E-10 | 1.29E-10 | 2.89E-10 | 1.16E-08 o 1.19E-08 | 5.33E-09 | 4.24E-09
1.05E-10 | 1.32E-10 | 2.97E-10 | 1.19E-08 g 1.22E-08 | 5.45E-09 | 4.34E-09
1.05E-10 | 1.32E-10 | 2.97E-10 | 1.19E-08 g 1.22E-08 [ 5.45E-09 | 4.34E-09
3.81E-10 | 4.78E-10 | 1.07E-09 | 1.20E-08 g 1.23E-08 | 5.48E-09 | 4.36E-09
2.11E-09 | 2.66E-09 | 5.96E-09 | 1.20E-08 ;, 6.14E-09 | 2.74E-09 | 2.18E-09
2.16E-09 | 2.72E-09 | 6.11E-09 2 6.30E-09 | 2.80E-09 | 2.22E-09
2.16E-09 | 2.72E-09 | 1.22E-08 g 1.13E-09 | 5.03E-10 | 4.00E-10
2.17E-09 | 2.73E-09 | 1.23E-08 = 3.17E-10 | 141E-10 | 1.12E-10
2.17E-09 | 2.73E-09 | 1.23E-08 3.17E-10 | 141E-10 | 1.12E-10
2.21E-09 | 2.79E-09 | 6.30E-09 1.17E-09 | 1.44E-10 | 1.14E-10
2.21E-09 | 2.79E-09 [ 1.26E-08 6.49E-09 | 144E-10 | 1.14E-10
2.27E-09 | 2.87E-09 | 1.30E-08 6.71E-09 | 5.32E-10 | 4.21E-10
2.27E-09 | 2.87E-09 | 1.30E-08 1.34E-08 [ 2.95E-09 | 2.34E-09
2.33E-09 | 2.94E-09 [ 1.34E-08 1.38E-08 | 3.03E-09 | 2.40E-09
4.19E-10 | 5.30E-10 | 6.71E-09 | 1.37E-08 1.38E-08 | 3.03E-09 | 2.40E-09
DELTA 1.42E-08 | 6.94E-09 | 3.04E-09 | 2.40E-09
4.20E-10 | 531E-10 | 1.21E-09 | 2.48E-09 [ 4.51E-09 1.42E-08 | 6.94E-09 | 6.08E-09 | 4.81E-09
1.22E-10 | 1.54E-10 | 3.54E-10 | 7.27E-10 | 1.33E-09 1.50E-08 | 7.30E-09 | 6.35E-09 | 5.01E-09
1.22E-10 | 1.54E-10 | 3.54E-10 | 7.27E-10 | 1.33E-09 1.50E-08 | 7.30E-09 | 6.35E-09 | 5.01E-09
1.23E-10 | 1.56E-10 | 3.60E-10 | 7.41E-10 | 1.35E-09 5.02E-09 | 2.75E-09 | 1.34E-09 | 3.22E-09 | 2.54E-09
247E-11 | 3.13E-11 | 7.21E-11 | 1.48E-10 | 2.71E-10 1.39E-09 | 7.63E-10 | 1.34E-09 | 5.80E-10 | 4.58E-10
2.56E-11 | 3.25E-11 | 7.54E-11 | 1.56E-10 | 2.85E-10 1.47E-09 | 8.01E-10 | 3.88E-10 | 1.68E-10 | 1.32E-10
2.56E-11 | 3.25E-11 | 7.54E-11 | 1.56E-10 | 2.85E-10 1.47E-09 | 8.01E-10 | 3.88E-10 | 1.68E-10 | 1.32E-10
2.56E-11 | 3.26E-11 | 7.54E-11 | 1.56E-10 | 2.86E-10 1.47E-09 | 8.02E-10 | 3.89E-10 | 1.68E-10 | 1.32E-10
1.28E-10 | 1.63E-10 | 3.77E-10 | 7.79E-10 | 143E-09 1.47E-09 | 8.02E-10 | 3.89E-10 | 1.68E-10 | 1.32E-10
4.62E-10 | 5.87E-10 | 1.36E-09 | 2.81E-09 | 5.15E-09 1.47E-09 | 8.03E-10 | 3.89E-10 | 1.68E-10 | 1.32E-10
2.57E-09 | 3.26E-09 | 7.56E-09 | 1.56E-08 5.31E-09 | 2.89E-09 | 1.40E-09 | 6.05E-10 | 4.76E-10
ECHO 1.62E-08 | 7.86E-09 | 3.39E-09 | 2.67E-09
2.59E-09 | 3.29E-09 [ 7.63E-09 | 1.58E-08 1.62E-08 | 7.86E-09 | 3.39E-09 | 2.67E-09

Figure 7. Risk assessment of runway veer-off in runway strip. Note: Red boxes refer to a risk > RLS

(Real Level of Safety); orange boxes refer to a risk > TLS (Target Level of Safety); green boxes refer to a
risk < TLS; white boxes refer to a risk < 10 x 10~



Sustainability 2020, 12, 9360 15 0f 17

4. Conclusions

The most significant source of accidents in the world of aviation is due to events that occur
near the runway: runway excursions (i.e., veer-offs and overruns) represent the main risk of runway
safety. Through the Global Aviation Safety Plan, ICAO pursues the objective of reducing the number
of accidents worldwide both in absolute value and in terms of rate. Airport compliance with
requirements of SARPs contributes to guarantee adequate levels of safety in the performance of aircraft
operations; however, many airports are unable to guarantee it. Therefore, SARPs allow deviations
from prescriptions if these are accompanied by quantitative risk assessments.

This study focused on the development of a methodology that can define objectively the target level
of safety to achieve within veer-off accidents. The methodology allows airport operators to carry out a
rigorous risk assessment about the infrastructural requirements to guarantee, so that airport operations
can be safely carried out. This methodology has also been applied to an international airport which
presented variable bearing capacity of the runway strip. In this way, it was possible to relate the risk
assessment associated with the veer-off event with those infrastructural requirements whose purpose is
to reduce the risk of damage associated with the diversion of the aircraft within the airport. The results
showed an average risk value equal to 5.49 x 10~ within the strip, able to satisfy the reference TLS for
a risk considered tolerable. However, the risk calculation of 1300 points inside the strip permitted to
observe the real level of risk associated with the event: in many cases, the calculated risk exceeds the
maximum level of allowed risk and requires the adoption of countermeasures (e.g., alternative design,
procedural or technical solutions). The methodology presented by the authors can be a valid tool
for aerodrome operators to manage deviations registered in airport infrastructures and to obtain the
Airport Certification from the competent aeronautical Authority.
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