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Abstract: The development and land use surrounding airports are a concern and interest for airport
operators, public communities, business communities, and local authorities. Airport development
and operations are governed by both national and international regulations that often extend beyond
airport property boundaries. Typical international airports” regulations, recommendations, and
guidance documents (e.g., Noise Exposure and Obstacle Limitation Surfaces) and their national
counterparts focus on airport land-use planning. Individual third-party risk assessment of airport
operations serves as a complementary tool to these regulations, providing means to assess and
manage land-use compatibility and control activities near airport perimeters. Developing robust
risk assessment models is essential for defining and validating public safety areas and Runway
Protection Zones to ensure land-use compatibility and public safety. Although several quantitative
risk assessment models exist, significant differences remain in their methodologies and applications.
Over the past 20 to 35 years, most models have evolved based on historical data from aircraft accidents.
This article provides a comprehensive review of risk analysis methods for areas surrounding airports
and presents a quantitative comparison of two specific approaches, the ENAC/Sapienza and ACRP
methods, along with their associated calculation software.
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1. Introduction

With the steady increase in air traffic and the consequent need for expanded airport in-
frastructure, interest in development and land use around airports is growing, particularly
concerning the impact on nearby populated areas [1]. Airport development and opera-
tions are subject to a range of national and international regulations, recommendations,
and guidance documents, many of which influence areas beyond the airport property or
perimeter fence. Key regulatory areas, including Noise Exposure [2] and Obstacle Limi-
tation Surfaces and Sectors [3,4], primarily address land-use planning around airports to
support safe and minimally disruptive air mobility [5]. At a broader level, the International
Civil Aviation Organization (ICAO) [6] mandates aviation safety practices through Annex
19, which requires member states to implement State Safety Programs (SSPs). The SSP
framework, alongside the Safety Management System (SMS), outlines essential elements
such as Safety Policies & Objectives, Safety Risk Management, Safety Assurance, and Safety
Promotion. Within this framework, ICAO’s Safety Management Manual [7] identifies Safety
Risk Management (SRM) as a key component, comprising hazard identification, safety
risk assessment, safety risk mitigation, and risk acceptance. Third-party risk assessment of
airport operations aligns with these regulations, providing a method to evaluate land-use
compatibility around airports and, when necessary, to limit or control activities near the
airport perimeter [8]. Safety risk assessment can be conducted through quantitative [9,10]
or qualitative analyses [11,12]. Qualitative approaches often use tools such as bow tie
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diagrams, risk severity tables, risk matrices, and risk tolerability, according to [7] (Table 1,
Table 2, and Table 3, respectively). However, qualitative risk assessments using matrices
alone may lack sensitivity to aggravating factors, such as the potential for collisions be-
tween aircraft and obstacles in airport-adjacent areas [13]. This limitation underscores the
need for enhanced risk assessment methodologies that incorporate more comprehensive
quantitative approaches for a clearer evaluation of third-party risks around airports.

Table 1. Example safety risk severity table.

Severity Meaning Value

Aircraft or equipment destroyed

Catastrophic Multiple deaths

e A significant reduction in safety margins, physical distress, or a
workload such that operational personnel cannot be relied upon
Hazardous to perform their tasks accurately or completely B
e  Severe injury
Major equipment damage

e A significant reduction in safety margins, causing a reduction in
the ability of operational personnel to cope with adverse
operating conditions as a result of an increase in workload or as a

Major result of conditions impairing their efficiency C
e  Serious incident
e  Injury to people
e Nuisance
Minor e Operating limitations D
e Use of emergency procedures
e  Minor incident
Negligible e  Few consequences E
Table 2. Example safety risk matrix.
Severity
Probability Catastrophic A Hazardous B Major C Minor D Negligible E
Frequent 5 5A 5B 5C
Occasional 4 4A 4B
Remote 3 3A 3E
Improbable 2 2D 2E
Extremely improbable 1 1B 1C 1D 1E
Table 3. Example safety risk tolerability.
Safety Risk Index Range Safety Risk Description Recommended Action

5A, 5B, 5C, 4A, 4B, 3A

3E, 2D, 2E, 1B, 1C, 1D, 1E

Take immediate action to mitigate the risk or stop the activity.
Perform priority safety risk mitigation to ensure additional or

Intolerable enhanced preventative controls are in place to bring down the
safety risk index to tolerable.
Tolerable Can be tolerated based on safety risk mitigation. It may require

management’s decision to accept the risk.
Acceptable Acceptable as is. No further safety risk mitigation is necessary.




Future Transp. 2024, 4

1503

Quantitative methods for assessing third-party risks related to airport operations [14]
are well-documented in the literature. These methods focus on evaluating risks to people
and infrastructure near airports but are typically independent of oversight by airports or
aviation service providers. Over recent decades, various methods have been developed to
manage land use and associated risk tolerability at a societal level [15]. These risk assess-
ment approaches around airports differ by country, often through establishing Public Safety
Zones (PSZs) and Runway Protection Zones (RPZs). In the U.S., a Guide for Effective Land
Use Planning [16] was developed by a Federal Aviation Administration (FAA) Task Force
to promote coordinated efforts toward land-use compatibility. Interim policy guidance
specific to land use within the RPZ has been available since 2012 [17] and 2013 [18]. More
recently, the FAA issued the Advisory Circular (AC) “Airport Land Use Compatibility
Planning” [19], which consolidates and updates prior guidance on land-use compatibility,
addressing major land-use conflicts impacting public airport operations. However, it does
not introduce new standards or requirements, as the FAA lacks authority over land use
beyond airport boundaries.

In Canada, updated regulations [20] require formal consultation with stakeholders
before development or significant modification of airport infrastructure (i.e., a new runway
or runway extension by more than 100 m or 10%). This process mandates collaboration with
neighboring land-use authorities, property owners, and, if appropriate, public consultations
within a 4000 m radius of the airport boundary.

In Europe, several countries (e.g., the UK [21-25], Ireland [26], and the Nether-
lands [27,28]) employ a precautionary approach within PSZs, focusing on acceptable levels
of individual third-party risk. This method has been widely applied to large European
airports [29,30]. Each national model relies on a combination of three submodels [31]: the ac-
cident probability model, accident location model, and accident consequence model [32,33].
These models comply with [2] and support a zoning policy to ensure land-use compati-
bility [34], and they typically incorporate predictive analytics based on historical accident
data, forming “fourth-generation models” [35,36]. The retrospective use of accident data
allows for the first- to third-generation reactive models. The difference between the first
two generations is only in updating the data and accident rates, while the third generation
incorporates a curvilinear coordinate system for departures [37]. Fourth-generation models
have since evolved to include additional parameters, such as aerodrome design and aircraft
performance factors (e.g., runway length, engine power, and environmental conditions), to
improve crash location predictions. The following sections will provide further details on
the methodologies used in Europe and the United States, offering insights into how these
models are applied and adapted for effective airport land-use planning.

2. Review of Methods to Calculate Individual Third-Party Risks Around Airports

This study conducted a systematic literature review following the approach outlined
by Kitchenham [38]. It enables a comprehensive identification, analysis, and comparison
of policies and methods for third-party risk assessment around airports. The reviewed
sources include primary documents, such as scientific papers, standards, and technical
regulations, while this manuscript represents a secondary analysis. The review focuses on
peer-reviewed articles published between 1996 and 2024 that examine the impact of airport
risk assessment on land use in areas surrounding airports. The primary search strategy
was automatic with the keywords “land use around airports” + “risk” and “veer-off” using
databases such as Scopus, Web of Science, and ICAO resources. Furthermore, a manual
search was performed to collect documents published since 2000.

The SLR process included three main phases: planning, conducting, and reporting:

e Planning: This phase defined the need for the SLR and established the following
research questions:

@) Which types of quantitative models are employed internationally to assess risk
in areas surrounding airports?
O Which movements contribute to the assessment?
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Accident probability
model

* Movements

O What are the main differences between the available models?

e  Conducting: This phase involved implementing the search strategy to address the
research questions, systematically selecting relevant studies for analysis;

e  Reporting results: This phase involved describing the results, addressing the study’s
objectives, and discussing the findings [39].

After the final application of the work selection strategy, a total of 91 documents
were identified: a total of 63 are primary studies (i.e., peer-reviewed indexed research
papers), 2 are secondary studies (i.e., reviews), and 26 are classical sources, standards, and
regulations. These selected works permitted the authors to critically assess the current state
of research and address the proposed research questions.

2.1. European Models

Quantitative risk analysis models for third-party risk assessment have been developed
in Europe, specifically in the UK [25,40,41], Ireland [26], and The Netherlands [42-44]. These
reactive models fall into the second (i.e., UK and Ireland) and third (i.e., the Netherlands)
generations, focusing on accident probability assessment and accident location submodels.
British and Dutch models apply certain criteria, such as including only medium and
large airports (i.e., those with over 150,000 movements per year), assuming that 90% of
flights meet “Western” standards and 70% are precision approaches, and excluding general
aviation involving light aircraft. Accident databases extend from 1979 to 1995 for the British
and from 1980 to 1997 for the Dutch model, while accident databases span from 1979 to 1995
for the British model and from 1980 to 1997 for the Dutch model. The Irish model follows
similar criteria to the British approach but also includes a separate model for light aircraft.

All these models consist of three submodels: accident probability, accident location,
and consequence (Figure 1), which collectively estimate individual risk. Only the Dutch
model incorporates societal risk [15,28], accounting for the risk across the area based on the
actual population distribution around the airport.

Accident location Accident Societal risk

model consequence model

Figure 1. Reactive risk assessment model [28].

Individual risk
o Risk source:
airplane

All models consider flight maneuvers (i.e., landing undershoot (LDUS), landing
overrun (LDOR), take-off overrun (TOOR), and take-off overshoot (TOOS)) and their
accidents (Figure 2). Veer-off accidents are overlooked in the standard Dutch, British, and
Irish models.

overshoot

Runway
threshold

o
- =g — )
Veeroff
eer=e Landing and take-off overrun

Landing undershoot

Figure 2. Accident types [28].

The accident probability models estimate the probability of an event based on specific
operational conditions, such as the yearly number of movements [28]. None of these
models include variance analysis to compare accident probability estimates against the
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actual statistical locations of accidents. Table 4 presents the accident rates (per million
flights) for third-generation aircraft according to the Dutch model [28].

Table 4. Accident rates (per million flights) for third-generation aircraft.

Period
Mode
1980-1998 1992-2004 2001-2010
Take-off overrun 0.062 0.046 0.012
Take-off overshoot 0.046 0.015 0.037
Landing overrun 0.062 0.107 0.146
Landing undershoot 0.124 0.107 0.073

The accident probability model retained by the British and Irish models is empirical.
It considers aircraft with a 4 Mg Maximum Takeoff Weight Authorized (MTWA). For the
Dutch one, the MTWA is 5.7 Mg. Table 5 presents the crash rates for different aircraft classes
according to the British and Irish models [41].

Table 5. Accident rates (crash rates) for different classes of aircraft.

Aircraft Class Crash Rate (Crashes per Million Movements)
Class I jets 1.114
Class II-IV jets 0.148
Eastern jets 0.930
Executive jets 0.270
Turboprops T1 0.270
Turboprops T2 0.733
Turboprops (unclassified) 0.733
Piston-engine 3.000
Other non-commercial 3.000
Miscellaneous 3.000

The accident location model determines the geographic distribution of accidents
relative to runways and flight paths, based on historical data for aircraft overruns, veer-offs,
and undershoots. A key distinction between the British/Irish and Dutch models lies in the
wreckage location approach: the British and Irish models align accident distribution along
the runway centerline, while the Dutch model uses the flight path route. In all models, risk
assessment centers on the PSZ at each runway end.

The consequence model focused solely on ground impact, excluding passengers and
crew, and defines the severity of an accident in terms of the impacted area. The risk at any
point surrounding the airport is calculated as the probability of an accident occurring at
that point, multiplied by the area affected (or destroyed), representing the risk of fatality
for a person at that location due to an aircraft crash. Societal risk can be further evaluated
by factoring in population density around the airport [15].

Although acceptable levels of individual risk vary according to regulatory standards,
criteria, and specific industry practices [41], a risk threshold of around 1 x 10~ per year
is typically regarded as acceptable [2]. Based on this, zones are defined by threshold risk
levels: 1.00 x 10~* (inner area), 1.00 x 107> (intermediate area/Inner PSZ boundary),
and 1.00 x 10~° (outer area/Outer PSZ boundary) yearly [26,40,42]. Land use within
these zones is outlined in Tables 6 and 7 for proposed and existing developments, respec-
tively [26].

In the UK, recent updates to the Policy of the Control of the Development in airport
PSZ are illustrated in Figure 3 [40]. This policy specifies the dimensions and configuration
of PSZs, with an inner boundary, the PSRZ, in red, and an outer boundary, the PSCZ, in blue.
The dimensions, particularly the length, of a PSZ are determined based on a risk appraisal
that factors in the volume of airport movements. According to the policy, PSZ boundaries
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must be redefined if a runway is extended or if the landing threshold is adjusted. Local
planning authorities are encouraged to apply this risk assessment methodology when PSZ
compliance with [40] is not achieved. The standardized PSZ shapes in Figure 1 approximate
iso-risk curves derived from risk assessments, aligning with the triangular configuration
proposed by [26].

Table 6. New land-use developments.

Inner PSZ Outer PSZ!
Industry 2  Housing  Vulnerable 3 Industry?2  Housing  Vulnerable 3
Ireland NO NO NO YES YES NO
The Netherlands NO NO NO YES NO NO
UK NO NO NO YES YES YES

NO—development not permitted, YES—development permitted, 1 for the UK, the Outer PSZ refers to the land
beyond the PSZ, 2 Industry—includes offices, > Vulnerable—hospitals, schools, and sport stadia.

Table 7. Existing land-use developments.

Inner PSZ Outer PSZ !
Industry 2 Housing  Vulnerable 3 Industry 2 Housing  Vulnerable 3
Ireland Remain Remain Remain Remain Remain Remain
The Netherlands Remain Remove Remove Remain Remain Remain
UK Remain Remain Remain Remain Remain Remain

Remove—developments to be removed, Remain—developments to remain and current use can continue, L for
the UK, the Outer PSZ refers to the land beyond the PSZ, ? Industry—includes offices, 3 Vulnerable—hospitals,
schools, and sport stadia.

1000 m (if 18,000-45,000 movement/year)

v

1500 m (if >45,000 movement/year)

< 500m >

L Runway strip

~  Cleared graded area

60 m

=

______________ Controlled zone
———— Restricted zone

Runway
threshold

Figure 3. Airport PSZ in the UK [40].

Italian studies on the distribution of air accidents around runways [45] from 1996
to 2022 examined 2508 events during landing, final approach, take-off, and initial climb-
ing [45]. These involved “Western-built and operated” aircraft, with data filtered to exclude
companies operating under safety standards and technologies not aligned with Italian
norms. The data filtration aligns with international standards [46] but it is not adaptable
for other uses [37]. The software tool Spatial Distribution of Aircraft Crashes, SDAC [45],
facilitates the analysis and visualization of accident data. Each recorded accident is plotted
using a coordinate system, with the y-axis aligned with the runway centerline and the
x-axis perpendicular to it, offering a standardized framework for understanding accident
locations relative to runway orientation.

The aircraft’s position following an accident is determined by the impact location
(Figure 4):
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SECTOR
BEFORE THE
RUNWAY (B)

X

) D|RECTION OF MANEUVER

SECTOR
RUNWAY
(RW)

Figure 4. The coordination system(s) in SDAC [45].

SECTOR
AFTER THE
RUNWAY (A)

e  If the accident occurs before the aircraft has touched down on the runway, it is labeled
“B” (Before). Here, the y-axis points outward, opposite the runway, with the origin of
the coordinate system at the first threshold;

e  If the accident occurs between the two thresholds, it is marked “RW” (RunWay), with

the y-axis aligned in the direction of the aircraft’s landing trajectory;

e  If the aircraft overruns and comes to a stop beyond the threshold, the impact point is
designated “A” (After), with the origin of the Cartesian coordinate system set at the

second threshold.

The accident probability model aligns with the frameworks in the UK, Ireland, and
the Netherlands, comprising two probabilistic distributions: one for take-off (including
initial climbing) and another for landing (including approach) accidents. The SDAC tool
enables a detailed analysis of the accident distribution with respect to runway length and
aircraft categories, including general aviation. The outputs support the development of risk
plans for small and medium airports (Figure 5). Conversely, a three-submodel approach is
employed to assess risks in areas surrounding the busiest airports (Figure 6).

(a) Runway code 1/2

(b) Runway code 3/4

600

W zone B

1500

3000.

zone A
_____ \% / zone C
{ ,1000 o
[ STRIP._ ~ 1/ 300 Z\\ / g
g 7 120D
3L . d
o 100 R
Z/Of)ﬁg// <zone B o
z0ne A
&0’ zone C

NN

OO

[

400

Zone A: No new residential buildings planned are allowed. Industrial activities may be planned, which involve a
limited number of people during a limited time range

Zone B: Low-density building levels, and industrial activities, which may involve a limited number of people,

may be planned
Z ; !

" T -
dential buildings, v

Zone D: A minimum level of protection is considered High crowded buildings (shopping malls, congressional and
sporting centres, intensive housing, etc.) must be avoided.

Figure 5. Risk Management Plan in Italy [47,48] (unit: m).
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Accident . . Accident Accident
Yearly probability glEeiiaveut location MTOW consequence
movements model routes\‘ ‘/model model
Accident .Accu.ien.t . Third-Party
probability |:> location distribution |:> Risk
probability

Figure 6. Three-submodel approach [47].

A standardized individual risk assessment model has been developed, drawing from
elements of both the Irish model (the probability distribution functions, based on the UK
accident database) and the Dutch one (for the calculation of the individual risk and use
of a curvilinear coordinate system) [49] to delineate PSZ iso-contours. Consequently, this
model is classified as third-generation. The accident probability model applies accident
rates specific to each aircraft type, adjusted for the number of movements. For accident
location, it uses two probability density distributions: a Weibull distribution coupled with a
Gaussian distribution for overruns and landings, and a Gamma distribution for climbs and
take-offs. The consequence model assesses impact severity based on third-party individuals
on the ground, considering factors such as the affected area, aircraft weight, and wingspan.
This model is implemented in the SARA v. 1.0 (Sapienza Airport Risk Analysis) software,
which calculates iso-risk contours. SARA enables the definition and validation of PSZs for
single-runway, high-traffic Italian airports [48] by varying the traffic mix and volume. Its
outputs, validated through previous risk analyses, are valuable for updating risk plans for
small and medium-sized airports (fewer than 50,000 movements per year) [50]. Notably,
iso-risk contours produced by SARA show significant deviations from existing ICAO-based
risk plans, often leading to risk overestimation for small airports or underestimation for
small-to-medium airports. All currently available models establish PSZs solely at runway
thresholds. In response, the Italian Civil Aviation Authority (ENAC) [47] has proposed a
land-use approach that includes a Risk Management Plan and risk assessment for areas
around airports. The Risk Management Plan defines zoning and land-use restrictions
according to ICAO Runway Codes (see Figure 5), while the risk assessment incorporates
a Third-Party Individual Risk Analysis with three defined risk thresholds: 1.00 x 10~*
(internal airport area), 1.00 x 10~ (intermediate area), and 1.00 x 10° (external area,
extending beyond the designated outer limit if exceeded).

2.2. ACRP Model

In the U.S., research conducted under the Airport Cooperative Research Program
(ACRP) and Federal Aviation Administration (FAA) [51,52] has led to the development of
models for accident frequency and location, specifically for Runway Safety Areas (RSAs)
and Runway Protection Zones (RPZs) [53]. The resulting risk assessment model relies on
three submodels. The ACRP accident probability model employs a logistic equation that
incorporates variables related to causal and contributing factors of an event, drawing on
Normal Operations Data (NOD) based on U.S. data [54]. Unlike previous models that rely
solely on historical accident rates [55,56], the NOD approach allows for a predictive, proac-
tive model—categorized as fourth-generation—tailored to each flight maneuver. However,
the availability of NOD may be limited outside North America [57]. The ACRP location
model uses five complementary cumulative probability distribution curves, accounting for
take-off overruns/veer-offs and landing undershoots/overruns/veer-offs. These distribu-
tions, when multiplied by accident frequency, yield a probability frequency distribution.
Both longitudinal and lateral accident distributions use exponential functions derived from
historical accident location data. The ACRP consequence model assesses risk based on
occurrence likelihood, severity level, and population density within the RPZ, accounting
for variations in aircraft type and airport facilities. This model estimates both societal and
individual risk using the publicly available “RPZ Risk Assessment Tool (RPZ_RAT)” [58],



Future Transp. 2024, 4

1509

which supports airport sponsors and planners in conducting RPZ risk assessments. The
dimensions of RPZs are determined by FAA standards [59] and vary based on aircraft
movement, runway reference code, and approach type. As shown in Figure 7, the largest

RPZ measures 2500 feet by 1000 feet by 1750 feet (762 m x 305 m x 534 m) for approaches
with visibility less than % mile.

Runway end 1
JRunway end 2

i

|
i
i

|

|

B
I

Figure 7. RPZ according to [59].

2.3. Comparison of ENAC/Sapienza (SARA) and ACRP Models

Following the review of risk assessment approaches, the Italian and ACRP models
were analyzed and compared based on the accident probability model, accident databases

used to develop the location probability model, accident location probability model, and
calculation of the risk values through case studies.

2.3.1. Accident Probability Models

The accident probability model used in SARA relies on historical accident aircraft
rates. It calculates the weighted average accident rate (R) per movement according to
Equation (1):

. R{Ny+---+ R;N;; . Z?:l R;N;

R = N = N (1)
where R; is the aircraft (i) accident rate, N; is the number of the ith aircraft movements, and
n is the number of aircraft in the traffic mix.

Then, R is distributed according to the weight of each type of accident according to
the phase of flight assumed from the Irish model [26] and listed in Table 8.

Table 8. Weight of each type of accident on the accident rate.

Accident Type Weight on Accident Rate R
LDUS—Landing undershoot 0.52
LDOR—Landing overrun 0.20
TOOS—Take-off overshoot 0.20
TOOR—Take-off overrun 0.08

The ACRP probability model based on NOD considers weather conditions, aircraft
performance, and runway characteristics and conditions. These independent variables
are causal and contributing factors for accidents [51]. TORA /LDA values and the aircraft
runway distance required for operating conditions are key runway criticality factors. The
model’s fundamental structure is based on the logistic Equation (2):

. 2)
1 4 e~ (bo+b1 X1 +b2Xo +b3 X3+ +bu Xn)

f excursion —



Future Transp. 2024, 4

1510

where fexcursion 1S the probability of an accident type under certain operational conditions
(and variables), X; represents independent variables (e.g., weather, aircraft type, criticality
factor), and b; represents regression coefficients,i=1, ..., n.

The models were developed by using forward stepwise logistic regression and back-
ward stepwise regression [53]. They provide the parameters of the 32 variables included in
five frequency models, one for each accident type in Table 8 and landing veer-offs (LDVOs).

2.3.2. Accident Databases

SARA’s accident probability model relies on data from the Irish model, which, in
turn, is based on the British accident database. The British database includes 354 events
from first-world airports between 1970 and 1995 [41]. These data provide a longitudinal
distribution of selected accidents up to 4500 m from the runway threshold and a lateral
distribution within 500 m from the runway centerline.

In contrast, ACRP uses a database of 1414 events occurring between 1980 and 2014,
collected exclusively from 78 U.S. airports [54]. This dataset covers incidents within 2 miles
(3.21 km) of the runway threshold and up to 4500 ft (1.2 km) laterally from the runway
centerline, consistent with the RPZ definition (maximum length of 765 m) and focusing
risk assessment within the RPZ. By limiting the spatial scope of accident data, the model
produces smaller risk contours compared to those based on broader datasets.

2.3.3. Accident Location Models

The accident location model in SARA also adopts the Irish model’s approach and uses
two PDFs [57] to estimate accident probability density within the coordinate system in
Figure 8 where 1 and 2 refer to the runway thresholds.

Take-off Direction

1 Point of interest
_
y=-L —y-ve y=0 y+ve —
- 1 R flength Z met ) -—0—‘ ol
- L= unway of len metres—-—-—-—-—-— -2 1
. y g .

«—y+ve y=0 y-ve— y=-L

-
Take-off Direction
2

Landing Direction

$| L gt |$ 1 Point of interest
_—
y-ve y=0 ¥ ve—s y=LeL, X

Y,

0 y-ve—>

—prm s ‘4‘—‘--—————-- Runway of length Z metres--—-—-—-—-

able

=
+
<
(]
I |

y=L-L «—y+ve ¥

offser2

Landing Direction

: 5

Figure 8. The coordination system(s) in SARA.

The first distribution has y as the independent variable (ordinate) as a Gamma PDF
(longitudinal distribution) (Equation (3)):

gly) = Pﬁa;(u{)y”‘leXp {— <z>} 3)

where I'(«) is Euler’s gamma function, 8 and « are regression coefficients (they assume
different values for each type of accident considered: LDUS, LDOR, TOOR, TOOS), and p
is the fraction of movements that have y > 0 according to Figure 8.
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The second distribution has x as the independent variable (abscissa) as a Weibull PDF
(transversal distribution) (Equation (4)):

1 (199 on— : oc
ix9) = 3 g ol exp | (51 o] @

where «, B, and c are regression coefficients for each type of accident considered (LDUS,
LDOR, TOOR, TOOS), and x and y are the coordinates of a given location (the point of
interest in Figure 8).

The ACRP approach is based on historical accident data. Four sets of complementary
cumulative probability models have been developed for the longitudinal distribution
(Equation (5)), and the veer-off has been omitted from the model:

gx>x)=¢" Xy ()

where g(x > x1) is the probability that the overrun/undershoot distance along the runway
centerline beyond the runway end is greater than x; x; is a given location or distance
beyond the runway end; and 4 and b are regression coefficients.

The non-linear exponential functions achieved an excellent fit to the data, with R?
values exceeding 0.99 for all accident types [52]. For the lateral distribution, regression
models were applied to fit the data (Equation (6)):

1

b b
14 o(m xp tagy,?+e)

h(y > yilx > x1) = (6)

where x; and y; are the coordinates of a given location, and aj, by, a2, by, and ¢ are
regression coefficients.

R? values of all the accident location models exceed 0.97, except LDUS, which has an
R? equal to 0.88.

In both models, the accident probability density is determined by multiplying the
longitudinal and lateral distributions (i.e., g and h, respectively), as in Equation (7):

L{x = x1,y 2 y1) = 8(x = x1) X h(y = y1|x = x1) )

where L is the accident likelihood, x; is the distance from the runway threshold, and v, is
the distance from the extended runway centerline.

Compared to SARA, ARCP demonstrates a stronger fit to the data, with notably high
R? values. This is largely due to the higher concentration of accident data near the runway
in the ACRP database. However, the fit of each model is influenced by the differences
in accident data dispersion across databases. Furthermore, boundary conditions, such as
aircraft performance and operational weather conditions, are specifically considered in the
ACRP model, while the SARA model estimates accident probability based on historical
accident data alone.

2.3.4. PSZ/RPZ Dimensions

The PSZ/RPZ dimensions impact risk calculations in each model. SARA calculates
iso-risk contours (i.e., 1.00 x 107#,1.00 x 10~°, and 1.00 x 10~°) according to the Italian
regulation, whatever the PSZ dimensions. In contrast, ACRP applies FAA-defined RPZ
dimensions and assesses the risks solely within the specified RPZ boundary. Conversely,
SARA determines the assessment area automatically based on the statistical distribution
of accident data, while ACRP allows users the flexibility to expand the RPZ for a more
comprehensive risk analysis. Both models require updates to the accident databases to
ensure accuracy when applied to different geographical regions.
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2.3.5. Case Study

Finally, the outputs from the SARA and ACRP tools were compared for two airports
herein not disclosed for privacy reasons. In the case studies, the American RPZ was selected
to match the area of the Italian PSZ, allowing for comparable risk assessment areas.

The first analysis involved a third-party risk assessment for an airport with a 3330 m
runway, handling around 70,000 yearly movements across 58 aircraft types. The iso-
risk/crush likelihood contours generated by SARA and ACRP are shown in Figure 9a,b,
respectively. Although the calculated risk magnitudes are comparable, the contour shapes
differ significantly. SARA calculates risk from the runway end, while ACRP bases its
calculations from the start of the Runway Safety Area (RSA), aligning with ICAO Annex
14’s Runway End Safety Area (RESA) definition [3]. Moreover, ACRP considers the run-
way required distance versus aircraft performance via NOD, and the runway’s declared
distances such as ASDA and LDA. In contrast, SARA uses the total runway length for the
take-off movements and the LDA for landings.

Crash Likelihood Contours
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Figure 9. Case study 1: Airport no. 1—single runway: SARA output (a) and ACRP output (b).

The second case study examined third-party risk for two parallel 3900 m runways,
accommodating 260,000 yearly movements across 86 aircraft types [60]. The results in
Figure 10 confirm similar trends: contour shapes differ as in the first case study, and
dimensions are similar at Runway End 1 but diverge at Runway End 2. This variation
results from the different analytical approaches: SARA’s contours are based on movement
numbers, while ACRP also incorporates climatic conditions. Favorable wind conditions at
Airport 2 contribute to smaller contours in ACRP’s analysis.
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Figure 10. Case study 2: Airport no. 2—two runways.

Table 9 details the maximum dimensions (width and length) of each contour calculated
by SARA for both case studies, providing a basis for comparison with ACRP’s predefined
assessment area. Indeed, ACRP evaluates risk only within a user-defined area, which,
in these case studies, was set to the maximum dimensions of the 1.00 x 10~° iso-risk
previously calculated by SARA.

Table 9. Maximum dimensions of the risk contours defied by SARA.

. Yearly Runway . SARA Contours
A t .
POt Movements Threshold Risk Width (m) Length(m)
01 1.00 x 10~® 691 5348
1.00 x 10~ 165 829
Casel 69,287 " 1.00 x 106 697 2798
1.00 x 1075 210 827
16R 1.00 x 10~° 648 5032
1.00 x 107> 152 969
1.00 x 106 229 1124
34L 1.00 x 107> 77 221
Case 2 259,133 L 1.00 x 106 1140 9125
1.00 x 10> 283 2315
—6
3R 1.00 x 10 874 874

1.00 x 1075 100 179
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3. Veer-Off Risk Assessment

In the U.S,, significant research was conducted under ACRP Project 4-14, leading to
the development of the “Lateral Runway Safety Area Risk Analysis” (LRSARA v. 1.1)
software tool. It uses a Runway veer-off location Distribution Risk Assessment Model and a
Reporting Template [61] to assess veer-off risk. The accident database supporting this model
runs from 1982 to 2011, with approximately 90% of the data sourced from U.S. records
and the remaining 10% from ten other countries with similar aviation safety profiles [62].
The project report addresses challenges in data availability, particularly for incidents with
minor consequences, and suggests methods for gathering such data to enhance model
accuracy [63]. The probability estimation in LRSARA aligns with the RPZ risk assessment
approach, utilizing NOD. The calculated veer-off risk at the runway strip boundary (in the
order of 1.00 x 1077 [64]) and at the airport fence (approximately 1.00 x 10710 [65]) fall
below the acceptable threshold of 1.00 x 10~ for third-party exposure.

In the last decade, quantitative studies have expanded to assess veer-off risks for both
passenger and cargo flights, covering accidents from 1953 to 2016 [66]. Global statistical
data support the estimation of veer-off frequency, wreckage location, and potential damage,
allowing for precise risk calculations when an aircraft departs the runway [67-69]. Bayesian
networks [70-73] and likelihood-based approaches have been employed to estimate runway
veer-off risk [74]. A cumulative probability distribution model proposed by [66] consists of
an exponential curve described by the Poisson distribution (Equation (8)) [75]:

AR
pr=P(X) =x) = (xR e M 8)
where A represents the mean, variance, and prevision values of the distribution (i.e., the
number of events per average interval between two consecutive events).
The results indicate that the average frequency of a veer-off accident varies between
2.13 x 1077 and 5.22 x 10~? depending on the boundary conditions [76] (Figure 11).

w— R=40 E-07

R=30E-07
e R=2,0 E-07
e R=1,0 E-07

R=0,5 E-07
— = CGA boundaries
=== Stipboundares

Figure 11. Iso-risk curves.

This analysis enables the calculation of veer-off probabilities at any airport by account-
ing for specific local conditions, such as the number and type of aircraft, movement types,
subgrade bearing capacity, and weather conditions [77,78]. Existing quali-quantitative
damage models assess mechanical consequences based on wreckage location [66] and
consider site-specific obstacles surrounding the runway to estimate a severity index [79,80].
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The causes and consequences of recent veer-off accidents [81] help define cumulative
frequency and severity classes, providing a basis for assessing the current level of veer-off
risk for each ICAO runway code. Veer-off risk is calculated as the product of probability
and damage values, derived through a combination of analytical equations. Iso-risk curves
around the runway [64] visually represent the current safety conditions, helping identify
areas of higher risk.

By comparing the actual risk level with target risk levels near the runway, airport
managers have a practical, unbiased tool for strategic decision-making [82,83]. Di Mascio
et al. [83] analyzed current risk levels and recommended enlarging the cleared and graded
area beyond the ICAO requirements, proposing dimensional and geotechnical measures to
mitigate veer-off risk [84].

4. Conclusions

Recent advances in quantitative approaches have the potential to significantly enhance
risk assessment in operational airport safety. This primary review paper aimed to examine
and analyze existing third-party risk assessment models suitable for implementation across
airports of varying sizes and traffic volumes.

The reviewed models share a common structure, comprising three submodels: an
accident probability model, an accident location model, and a consequence model. Vari-
ations among these models primarily stem from differences in the accident databases,
covered periods, and methods for accident distribution. Typically, historical accident data
served as the basis for model development, with the most notable variations among models
arising in the treatment of crash location data. Crash location models can be classified
into four generations based on the analytical techniques applied to the data. The first
and second generations use historical data reactively, whereas the third generation is still
reactive but introduces a curvilinear coordinate system for location modeling. The fourth
generation further incorporates factors such as airport design (e.g., runway length and
available runway distance) and aircraft performance (e.g., engine available power and
weather conditions), enabling a more accurate prediction of crash locations.

A comparison of several European and North American models and polices, with
differing PSZ/RPZ requirements, reveals distinct methodological approaches. Specifically,
the SARA model (third-generation) used in Italy and the ARCP model (fourth-generation)
developed in the U.S. were analyzed through two case studies. These studies highlight the
differences in model applicability within “Western” operational standards, which typically
assume Western air carriers [85], maintenance standards, and crew training. Such models
may be less representative of “non-standardized” operational conditions where the accident
database or coefficients differ from those used in these models [86-90].

While the order of magnitude for calculated risks remains comparable across mod-
els, the shape of risk contours varies. This difference can be attributed to each model’s
unique database and probability models, including factors such as the number of accidents,
covered period, and accident distribution. For example, ARCP relies on NOD as a key
component, while SARA bases its accident location model on Irish/British distribution
curves. Additionally, ACRP’s methodology includes the runway required distance against
aircraft performance and runway declared distances (ASDA and LDA), unlike SARA’s
approach. Lastly, SARA identifies the risk contours according to Italian regulations (104,
1072, and 10~° iso-risk levels), while ACRP calculates risk within FAA-standardized RPZs.
In conclusion, while both models offer valuable insights, the choice of model should con-
sider the operational context, regulatory requirements, and specific design and performance
factors to ensure accurate risk assessment tailored to diverse airport environments.
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