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A B S T R A C T

According to the registered databases of air accidents around the world, landing overruns
are the most probable accidents among all runway excursion events. Although new aircraft
are enhanced with the latest technologies that improve the maneuvers safety, the
frequency of landing overruns are bound to increase because of the ascending growth rate
of annual traffic. The principal scope of this paper is to evaluate the functionality of
Engineered Materials Arresting System (EMAS) as a mitigation strategy to reduce the
possible consequences of landing overrun events and in particular to determine if installing
an EMAS can help land-locked airports to meet Federal Aviation Administration (FAA)
recommendations in order to upgrade their Runway End Safety Areas (RESAs). In the
previous studies, not enough investigations are dedicated to predicting the behavior of the
aircraft and its deceleration rate after interfering EMAS and how different materials as
arrestor beds would modify aircraft braking distance in RESA. Therefore, secondary
objective of this paper is to determine the most optimum height of EMAS slabs, in function
of execution costs and accident severity reduction rate. In this regard, a MATLAB1-based
numerical code, which simulate the tire-pavement interface, is developed in order to
evaluate the functionality of EMAS for aircraft ground maneuvers. Although this code is
developed for both dry and wet runway conditions, dry runway’s surface is selected as the
boundary condition of this study. It simulates aircraft arresting distance by calculating a
dynamic skid resistance between aircraft main gear and runway pavement with a fix time
step. The results are plotted as risk contour intervals on the layout of EMAS that is installed
at the RESA. In addition, this numerical code is adopted in order to perform a sensitivity
analysis on five arresting bed materials, which consist of three low-density concretes with
maximum crushing stress thresholds of 172500, 345000 and 930000 Pa, one gravel-based
material and one foam aggregate-based mixture. Among all, low-density concrete with the
highest crushing strength causes shorter aircraft arresting distance.
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. Introduction

Aircraft ground operation events assigned to the runway are classified according to their location of occurrence.
herefore, they can be divided into incursion and excursion events. Runway overruns (in particular, those that occur in
anding phase of flight) are responsible for the major portion of runway excursion events. Numerous boundary conditions
an convert a normal landing operation into an overrun event (e.g. poor aircraft braking potential conditions due to its low
aintenance level, unfavorable weather conditions and pilot errors).
In order to mitigate the severity of consequences of runway overrun incidents/accidents and to protect involved

assengers, specific areas after runway end borders are considered which are called Runway End Safety Areas (RESAs) [1].
nternational Civil Aviation Organization (ICAO) recommended to increase the length of standard RESA from 90 m to 240 m,
tarting from the end of the runway strip (which itself is 60 m from the end of the runway) [2]. This new dimension is
ecommended for designing new runways and the existing ones. Although this strategy may mitigate the severity of
ncidents/accidents, not all the airports have enough land to accommodate these standard recommendations.

The materials beyond the RESA are usually grass or soil with complicated behavior in their arresting capability because
heir properties are sensitive to weather conditions (such as humidity, temperature, etc.). In wet condition these materials
an cause the aircraft to mire down quickly posing a potential for landing gear collapse which can lead to further aircraft
amage, therefore, increasing the probability for passenger and crew injury as well as abrupt and consequential fire.
Engineered Materials Arresting System (EMAS), which is approved by Federal Aviation Administration (FAA) [3], is an

lternative mitigation strategy for the consequences of landing overrun events for those airports with land-locked
ircumstances. Therefore, there is no necessity to resize the length of a runway or declare its length to be less than the actual
ength if there is an adverse operational influence on the airport. In the other word, an adverse operational influence can be
he inability of the airport to accommodate its current or planned aircraft fleet.

EMAS is defined as a bed of pre-cast blocks, which can be made of different types of materials as long as complies the FAA
equirements, that is placed at the end of a runway to decelerate an overrunning aircraft in an emergency. No external energy
ource is required for this system since it is a passive mitigation action. These blocks will predictably crush under the weight
f an aircraft to provide one gentle aircraft deceleration. Drag forces develop at the tire-arrestor material interface to
ecelerate the aircraft. The successful deceleration reduces stopping distance considerably. An EMAS requires a highly
rushable yet durable material. Therefore, a low-density concrete can be incorporated in the EMAS design. The EMAS is
esigned to minimize aircraft stopping distance without inducing a detrimentally high inertia force on aircraft passengers or
ausing major damage to the aircraft landing gear. An EMAS is positioned within the RESA set back area that is located after
he runway end border and this setback length protects the arrestor bed from the aircraft intrusion during an under shoot, a
hort overrun, or material degradation due to jet blast.
FAA includes preliminary EMAS design guides according to aircraft type (e.g. DC-9, DC-10, B737�400, B757, B747, CRJ-200,

nd G-III) [4] and based on maximum aircraft take-off weight [3]. These guides are used for preliminary EMAS length
stimates; however, an actual EMAS can be designed by adopting validated method developed by FAA [4]. Three equations
re used to describe the aircraft behavior as it enters through the EMAS:

 Force equilibrium in horizontal direction;
 Moment equilibrium at the aircraft center of gravity in vertical direction;
 Force equilibrium along the strut axis at each landing gear [5].

The basic concepts for modelling the aircraft tire-arrestor material interface to determine the aircraft behavior within the
MAS, are developed based on the previous studies in this field [6].

.1. Background, literature review and scope

According to the annual reports of Airbus and Boeing, the number of accidents have a decreasing trend for over the last 30
ears. In a survey by FAA on the accidents that have occurred in the United States from year 1978 to 1987, that covers only U.S
ommercial take-off and landing events, approximately 500 events were registered [7]. Out of these 500 records, 246 events
ere assigned to runway operation accidents, as presented in Fig. 1.
In another similar study, only overrun events that occurred in Australia, Canada, United Kingdom and United States have

een investigated, between the years 1980–1998 [8]. Out of the 180 commercial aircraft events, 137 events (76 %) occurred
uring landing and 43 events (24 %) occurred during take-off. ACRP also examined overrun and undershoot events to compile

 worldwide database [9]. 459 events are recorded between years 1982 and 2006, as presented in Fig. 2.
According to these studies, landing overrun can be considered as most probable runway excursion event. Aircraft

ategory, braking potential, weather condition, runway dimensions, runway surface treatment (grooved, porous friction
urface), time interval between sequential operations and pilot judgement can affect the frequency of landing overrun events
10]. According to FAA, for 90 % cases of overrun, the aircraft exceeds the runway end at 70 Knots or less and mostly stop
ithin 306 m from the extended runway centerline. Therefore, 306 m long RESA is recommended by FAA to provide enough
raking space for aircraft with 70 knotspeed [4], similar to 300 m of a standard RESA length that recommended by ICAO [2],
s depicted in Fig. 3.
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In order to respect these recommendations, RESA must be capable of supporting the aircraft in occasional overruns, in dry
pavement condition, without causing aircraft structural damage or injury to its occupants [11]. It is impossible or
impracticable for some airports to achieve to this standard RESA dimension, especially those constructed prior to the
adoption of the new requirements of FAA and ICAO, where the airport is surrounded by land constraints (e.g. residential
areas, cliffs, mountains, water, etc.).

For these land-locked airports, ICAO provided other alternatives in order to have respect the recommended RESA
dimension that can mitigate the severity of landing overrun incidents/accidents [12]:

� Constructing new or enlarging the existing RESA;
� if not possible, modifying or relocating the runway (adding displaced threshold);
� if not possible, installing appropriate arresting system.

Therefore, this study is dedicated to developing a numerical methodology in order to evaluate the behavior of aircraft
after entering an installed arresting system (in particular, EMAS) in land-locked airports. According to the literature, some
studies made attempts in order to evaluate new materials to be used in construction of EMAS pre-cast blocks. The progress of
these existing attempts is given in the following.

In 1985, soft ground arrestor materials (such as clay, sand and water ponds) were considered in designing an arresting bed
in order to evaluate their capability in stopping the aircraft in the shortest distance. Investigation was carried out for these
materials at their best performance conditions to determine their functionality. The arresting bed simulations indicated that
in clay and sand, the stopping distance would be 198 m (650 ft.) and 183 m (600 ft.) respectively. For water ponds, aircraft
deceleration would not be neither constant nor gentle, therefore the damages to the aircraft would be more severe. In any
case, due to the limitations due to the characteristics of these materials, they were discarded [13].

In 1986, the ARRESTOR computer code was used by FAA to predict aircraft stopping distances after entering RESA [6]. This
code is an extension of the FITER 1 which was developed in 1985 by Cook [14] to predict fighter plane movements on soft

Fig. 1. Number and percentage of accidents for each type of runway-related event [7].

Fig. 2. Number and percentage of accidents for each type of runway-related event [9].

Fig. 3. FAA respect to ICAO recommendations for a standard RESA [2,4].
3
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round. The Arrestor code uses EMAS geometry and material properties, and limited aircraft characteristics. This code could
nalyze the behavior of arrestor for only three types of aircraft - Boeing 707, 727 and 747. In order to evaluate other types of
ircraft, a new computer code, SGAS (Soft Ground Arresting System) was developed in 1987 [13]. Though it did not have user
riendly pop-up windows, it required the input of only those aircraft parameters which are involved during the tire-material
nteraction. The outputs of these programs are the stopping distance, deceleration pattern, gear loads, tire penetration and
he EMAS deformation. The sensitivity analysis with the aircraft type showed that the stopping distance increases for the
eavier aircraft. The stopping distance increases as the material strength is increased and for a higher bed depth
onfiguration, the aircraft decelerates faster because of the increase in the drag force.
In 2013, four different types of aircraft (B737�900ER, B767�400ER, B757�300, B747�400ER) were investigated. The

GAS that was used for the computations of these aircraft categories, was not included in the FAA arrestor code. Furthermore,
ensitivity analysis was carried out considering different EMAS configurations and compressive strength of the material [15].
ypically, an EMAS is designed for the most critical (i.e. heaviest) aircraft operating at the airport.
In 2016, lightweight regional jets have been investigated [16]. Aircraft behavior after entering an installed EMAS at the

ESA for CRJ200ER, B727�100, and B737�900ER aircraft have been studied.
The scope of this study is to evaluate the functionality of EMAS in mitigating the possible consequences of landing overruns

ith the principal aim of safety for the passengers on board. Different arresting bed materials, pre-cast blocks thicknesses and
ircraft categories are investigated in order to analyze the sensitivity of each parameters on the aircraft braking distance.

. Research method: aircraft behavior within an EMAS

Aircraft behavior within the EMAS area, can be analyzed by aircraft stopping distance. This distance in landing overrun
an be defined as the distance from the runway end at which the aircraft decelerates to a complete stop within the EMAS [17].
he maximum EMAS entry velocity is based on the system design requirements laid down by the FAA and it is 70 Knots or 36
/s. the approach to simulate the aircraft behavior inside the EMAS is based on Probabilistic Risk Analysis (PRA). Therefore,
ircraft touchdown velocity is considered into the simulation as a normal Probability Density Function (PDF).

.1. Aircraft stopping distance

A numerical approach is implemented in MATrix LABoratory (MATLAB1) in order to compute the stopping distance of the
ircraft within different EMAS materials. The input parameters, which can be collected from the airport planning manuals for
ach type of aircraft, are: aircraft Maximum Landing Weight (MLW), wing area (A), tire radius (R), tire width (S), tire
eformation (dt), air density (r), coefficient of drag (CD) and lift (CL) for the concerned aircraft, and EMAS entry velocity
ormal distribution. The dimensionless coefficient of lift relates the lift generated by a lifting body to the fluid density around
he body. The fluid velocity and an associated reference area, can be calculated by Eq. (1) [18]:

CL ¼ 2 � MLW � g=ðr � V2 � SÞ ð1Þ
here, MLW is maximum landing weight of the aircraft [kg]; g is acceleration due to gravity [m/s2]; r is air density [kg/m3]; V

s aircraft cruise speed [m/s]; and S is aircraft wing area [m2]. CD, which is used to quantify the drag or resistance of an object
n a fluid environment, such as air or water, is calculated from CL by Eq. (2) [19]:

CD ¼ Cd þ C2
L=ðAR � p � eÞ ð2Þ

here, Cd is coefficient of drag at zero lift, which for light aircraft can be from 0.02 to 0.04 and for subsonic aircraft can be
rom 0.013 to 0.020; AR is aspect ratio of the concerned aircraft; and e is shape efficiency factor that for rectangular foils 0.7 is
elected.
Aircraft behavior in five types of arrestor material, with various mass densities (r), is simulated and investigated in order

o determine a material with better functionality to be used in pre-cast blocks. These materials consist of three low-density
oncretes with maximum crushing stress levels (PC) of 172500, 345000 and 930000 Pa, one gravel-based material and one
oam aggregate-based mixture. The main objective of adopting different materials in the simulation is to evaluate the
unctionality of low-density concretes with different crushing strengths, meanwhile, gravel and foam aggregates are also
dopted in order to express in a clearer way the impact level of different types of materials on the functionality of EMAS. Low
rushing stress level causes low durability for the concrete which can be an issue in maintenance of EMAS infrastructure.
election of low-density concretes with various crushing stress levels does not confirm that they are economical materials to
e adopted for EMAS since this statement needs corresponding cost-benefit analysis. Therefore, low-density concretes with
72500 Pa and 930000 Pa crushing stress levels are adopted in order to study the behavior of EMAS materials with lowest
nd highest crushing strength. Fig. 4 presents typical low-density crushable concrete behavior. The concrete exhibits a strain
ncrease as stress increases. Beyond yielding, the material exhibits a large strain increase at a nominally constant stress
within 0.2 to 0.5 strain range). Beyond 0.5 strain, additional stress is required to develop larger strains. As the material
pproaches a fully crushed state (0.8 strain), a substantial stress increase is required to develop marginal strain increases.
The behavior of gravel and foam aggregate are constant and their related crushing stresses and mass densities are

resented in Chapter 4.
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Another fundamental input in the computation is the dimension of EMAS precast blocks in terms of length, width and
thickness, which form the entire arrestor bed. Therefore, instead of introducing each precast concrete, it is possible to insert
the dimension of the entire arrestor bed as input into the calculation. The width of the EMAS is necessary since it should
cover the longest Outer Main Gear Wheel Span (OMGWS) of the critical aircraft. Moreover, solver parameters (e.g.
discretization of time, probability bar interval and the properties of touchdown normal PDF) are required to be considered in
the numerical computation.

2.2. Conceptual model to determine drag and vertical forces from tire-material interface

As an aircraft enters an arresting bed, material crushes under the aircraft’s self-weight and creates an interface between
the tire and arresting material. The forces that are generated at the interface are vertical force, which supports the aircraft
weight, and drag force, which aids in aircraft deceleration. For this matter, a conceptual model [13] is implemented to involve
these forces into principal equilibrium of deceleration rate and consequent arresting distance simulations. EMAS entry
velocity is inserted in the calculations as normal Probability Density Function (PDF), but MLW of aircraft are considered in the
computation in order to study the worst-case scenario (critical events). Therefore, for each type of aircraft, the corresponding
MLW is adopted instead of a PDF of weight.

The tire-material interface model is required to couple the forces generated as the result of confronting arresting material
and aircraft landing gear. Consequently, deceleration rate, drag and vertical forces and ultimately stopping distance can be
obtained. The drag and the vertical forces are functions of material mass density, crushing stress, EMAS entry velocity, and
tire footprint area. In other words, vertical and the drag forces are equal to the pressures on the horizontal (AW) and vertical
tire footprints (AF), as shown in Fig. 5.

Tire deformation has dynamic characteristic and it changes according to the velocity of the aircraft that leads to variation
in tire footprint [21].

A probabilistic code is implemented in MATLAB1 software in order to simulate the aircraft behavior after entering
different EMAS materials. Various boundary conditions such as weather parameters, water-film thicknesses, MLWs, and
touchdown speed PDFs are assigned into the computations. The computation strategy is explained in continue:

(3)

(4)

W ¼ R2 � R � Zm þ dtð Þ2 � R2 � R � dtð Þ2 ð5Þ
Where, A is the aircraft wing area [m2]; R is landing main gear radius [m]; S is tire width [m]; dt is the tire deformation; r is
the air density [kg/m3]; CD is the coefficient of drag; CL is the coefficient of lift for the concerned aircraft; ZM is EMAS thickness

Fig. 4. Low-density concrete stress/strain relationship [20].
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m]; Pc is the material crushing stress [Pa]; FD is the generated drag force; FV is the generated vertical force; W is the main gear
oot print after entering the EMAS area.

Induced drag and vertical forces can be computed by Eqs. (1),(2) and (3), and these values are adopted in the equation of
quilibrium of Newton’s Second Law in order to compute the aircraft deceleration rate.

FD
MLW

þ Mc � gð Þ �Mc � FVð Þ
MLW

¼ a ð6Þ

here, a is the aircraft acceleration rate [m/a2]; MC is coefficient of friction between the tire and arrestor material; MLW is
aximum landing weight of the aircraft [kg].
Stopping distance can be then calculated by the following equations:

S ¼
Zt

0

V tð Þdt ¼
X
i

DXið Þ ð7Þ

V tð Þ ¼ V t ¼ 0ð Þ �
Z t

0
a tð Þdt ð8Þ

V Tð Þ ¼ 0 ð9Þ
here, V(t) is aircraft speed at time t. t0 is the time when the aircraft brakes are first applied; T is the time at which the

ircraft comes to a complete stop, that is V(T) = 0; DX is the distance covered over time interval Dt; and a(t) is deceleration
ate of aircraft at time t [13].

Thus, an incremental distance and a new reduced speed due to deceleration is computed at every step which becomes the
nitial conditions for the computations in the next step. The distances are added cumulatively to get the final stopping
istance when the aircraft comes to a complete stop. So, the computation continues till the EMAS entry velocity reaches a
ero at final time.
This numerical computation is compatible with multiple wheels and dual-gear airplanes.

. EMAS application for a regional jet CRJ 200 ER

An illustrative example for application of the numerical code is made in this chapter. A regional jet (CRJ200-ER) is selected
n the computation to evaluate the aircraft behavior and its final stopping distance after entering EMAS for a runway with
verage length of 2000 m. The selected EMAS length, width and thickness are 100, 60 and 0.3 m respectively and the material
f the EMAS is selected as low-density concrete with crushing (threshold) stress Pc, 345 kPa. Pc is the ultimate stress at which
he highest strains are produced and after which greater stresses are required to increase the marginal strains.

General Aviation with Maximum Take Off Weights (MTOW) less than 5.7 t will normally stop within the selected length
nterval of runway without entering EMAS area, therefore, mainly commercial aircraft (with MTOW � 5.7 t) are considered in
rder to study the behavior of EMAS. Assumptions that are considered in order to develop this application are as following:

 Reverse thrust is not being considered as the aircraft exits the runway;
 There is minimal or no structural damage to the landing gear;

Fig. 5. Wheel interface model to define drag and vertical forces [13].
6
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� Aircraft braking system is in well-maintenance condition;
� There is no aircraft braking or use of reverse thrust once an aircraft enters the EMAS area.

Fig. 6 shows the probability distribution of aircraft arresting distance, as an output of the simulation. Since EMAS entry
velocity is inputted as a normal PDF, the output of aircraft arresting distance is also in form of PDF. The peak of the PDF is
demonstrating that it is more probable for this aircraft to reach to the final stop before 25 m from entering the EMAS.
Although for the selected length of the EMAS in this application is 100 m, according to real practices of EMAS installations in
several airports, the typical length of EMAS area is 60 m, which by referring to Fig. 6 it can be a proof for the arresting bed
functionality.

The tail of this PDF (extreme rare scenarios) indicates that there is still a low probability that the aircraft passes the EMAS
end and causes consequences.

Cumulative arresting distance PDF for CRJ200-ER regional jet is presented in Fig. 7a. It can be observed that the
probability accumulates faster till 80 m from the EMAS entry and then changes slightly till the full arresting distance.

Mean stopping distance PDF is depicted in Fig. 7b. At every step, a mean arresting distance from the EMAS entry is
computed and it is displayed in the form of a discrete PDF.

These PDFs are implemented in developing the final probability contour intervals.
Variation of drag and vertical forces with the probability of aircraft arresting distances are presented in Fig. 8a. The results

show that there is non-linear relationship between the drag and vertical forces and aircraft arresting distances. As the aircraft
overruns the runway end and enters the EMAS, the drag force develops at the tire-arresting bed interface which helps in
decelerating the aircraft. As the aircraft move forward through the arresting bed, drag force increases, till the aircraft comes
to a full stop.

An EMAS is positioned within the RESA. It is positioned within the Runway Safety Area (RSA), sets back from the runway
threshold and this setback length protects the bed from aircraft intrusion during an under shoot, EMAS entry during a low
velocity overrun and material degradation due to jet blast. Upon the available area at the RESA and the selected material of
the EMAS this setback distance may be vary. Therefore, to plot the results, stopping distance zero is related to the starting
point of aircraft entering the EMAS materials.

Fig. 6. Achieved output: Aircraft arresting distance PDF (CRJ200-ER).
Fig. 7. Achieved outputs: (a) Cumulative PDF, (b) Mean aircraft arresting distance PDF.

7
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The relation between deceleration rate and aircraft arresting distance is depicted in Fig. 8b. Initially there is a high
eceleration rate due to the EMAS entry due to the friction properties of the material. But afterward, as the aircraft velocity
ecreases, the deceleration rate also decreases. The aircraft gently decelerates (almost with a constant deceleration rate) till
t comes to a full stop.

Since deceleration rate is directly proportional to the velocity of the aircraft, where velocity decreases the deceleration
ate is also decreases. Probabilistic contour intervals of aircraft arresting distances, as the final output, is basically a
epresentation of the spatial probability distribution of aircraft arresting distances within the EMAS bed, that is plotted at the
nd of the under-study runway. This output determines critical locations on the EMAS geometry with higher probabilities of
ircraft full stop. The calculated arresting distances contour intervals for CRJ200-ER regional jet is presented in Fig. 9.
According to Fig. 9, the average probabilities of arresting distances (in term of percentage) are higher in the vicinity of the

MAS entry origin. It is more probable that CRJ200-ER stops before 80 m from the entry origin. The probability the CRJ200-ER
verrun the total EMAS area is 4.3 % (2.5 % + 1.8 %) beyond 100 m, which means in 95.7 % of the landing overrun events EMAS
an arrest an overrunning CRJ200-ER without any catastrophic consequences.

. Sensitivity analysis on different arrestor materials

The behavior of CRJ200-ER regional jet after entering the EMAS is investigated for different arrestor bed materials with
heir specific crushing strengths and mass densities. As explained earlier in Fig. 4, in low-density concretes, the strain

Fig. 8. Achieved outputs: (a) Drag and vertical forces and (b) Deceleration rate, versus aircraft arresting distances.
Fig. 9. Achieved output: Probabilistic contour intervals for CRJ200-ER arresting distances.

8
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increases initially respect to low variation in the stress values but after the material yield stress, there is a significant increase
in stress but limited in strain values. Therefore, low-density concretes are investigated to evaluate the behavior of aircraft
after entering the EMAS area and to determine the relation between the arresting distances and type of materials.

It can be observed from Fig. 10a that among the low-density concrete mixes, there is a decrease in the aircraft arresting
distance by increasing the crushing stress of the material. The arresting distance is maximum for the foam arrestor bed
because of its extremely low mass density due to which a very low drag force is generated at the tire-material interface.
Therefore, the aircraft travels a longer distance before coming to a full stop.

Arresting bed consists of gravel also leads to longer arresting distance because of its low crushing strength. It means, the
drag force induced by the material has a correlation with the material’s crushing strength and its mass density. The greater
crushing strength material manages to exert, the greater drag force against the landing main gear will be generated,
consequently aircraft reach to a full stop at a shorter distance, as presented in Table 1. The foam arrestor bed induces least
drag force on the landing main gear due to its extremely low mass density, as shown in Fig. 11a.

Fig. 10. (a) CRJ200-ER arresting distance PDF, (b) Cumulative PDF for different materials.

Table 1
Selected arresting bed materials with their properties.

No. Arrestor materials Mass density [kg/m3] Crushing stress [N/m2] Arresting distance [m] Maximum drag force [N]

1 Low-density concrete A 2300 175000 121.9 38800
2 Low-density concrete B 2300 345000 114.8 42600
3 Low-density concrete C 2300 930000 96.1 55470
4 Gravel 1680 151685 137 25000
5 Foam aggregate 176 310264 151 12000
Fig. 11. (a) Generated drag force, (b) CRJ200-ER deceleration rate for different materials.

9
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It can be observed from Fig. 10b, that how the cumulative PDF of arresting distances shifts to the right for materials with
ower arresting properties. This achievement proves that it is more probable for gravel and foam arresting beds that the
ircraft reach to a full stop in a longer distance from the EMAS entry origin compared to low-density concrete mixes.
In materials with higher crushing strength, the CRJ200-ER decelerates faster since higher drag forces are generated, as

hown in Fig. 11b.
The calculated arresting distances contour intervals, alongside the arrestor bed configuration (100 � 60 m), for CRJ200-ER

egional jet is presented in Fig. 12.
Material with the highest crushing strength shows the most effective arresting behavior since it generates the highest

eceleration rate respect to other materials. As depicted in Fig. 12, the concrete mixes with 172500 and 345000 Pa crushing
trengths are in fact failing to decelerate the aircraft within the EMAS considered length (100 m).

. Sensitivity analysis on different aircraft types and EMAS thicknesses

To explore the functionality of low-density concretes, additional sensitivity analyses are performed based on different
MAS thicknesses and aircraft types. The results are presented in terms of aircraft arresting distances and generated drag and
ertical force, during landing overrun events.

.1. Aircraft type

As the MLW of an aircraft increases, the drag and vertical forces also increase (due to changes in wingspan and main gear
imensions). For this reason, aircraft CRJ200-ER, B727�100, B707�320C and B747�100 are selected for sensitivity analysis of
heir influence on the arresting distances and drag and vertical forces after entering low-density concrete EMAS materials.
he reasons to choose these set of aircraft are;

 FAA implemented the ARRESTOR CODE (before the SGAS code) for these aircraft [13], therefore, verifying the results with
the previous studies will be more feasible;

 To have a wider range of aircraft MLWs, covering from regional jets (21390 kg) to B747 (255800 kg) for conducting more
comprehensive sensitivity analysis. In fact, the mass is a dominant factor that affects the deceleration rate (inversely

Fig. 12. Contour intervals for low-density concrete mixes (crushing strengths 172500, 345000 and 930000 Pa).
10
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proportional) and thus the deceleration rate decreases with the increase in the MLW of an aircraft. This prolongs the final
arresting distance, as presented in Fig. 13a;

� CRJ-200 with MLW equal to 21390 kg is still a commercial aircraft and not a GA, Since GA are those aircraft with landing
weight less than 5.7 t. Therefore, these for commercial aircraft with different MLWs are selected in order to perform the
sensitivity analysis on the behavior of EMAS after aircraft entrance.

As explained earlier, two principle forces that are generated at the tire-arresting material interface are drag and vertical
forces. The drag force is responsible for the aircraft deceleration and the vertical force supports the aircraft weight (Fig. 14).

As the aircraft MLW increases the drag force increases due to the variation in aircraft characteristics (e.g. wingspan, main
gear size), as shown in Fig. 13b, and the vertical force, which is representing the lift, increases. Since, the lift increases, the
aircraft travels a longer distance within the EMAS area. As the material strength Pc (LDC) increases, the aircraft travels shorter
stopping distances within the EMAS, as shown in Fig. 13a.

5.2. EMAS thickness

The aircraft arresting distances are evaluated by altering the thickness of the EMAS (Zm), which is used in the drag
formulation. As presented in Fig. 15a, arresting distances for selected aircraft decrease with the increase in the EMAS
thickness, since the drag forces also increase, as shown in Fig. 15b.

Fig. 13. (a) Arresting distances, and (b) Maximum drag forces for selected aircraft.
Fig. 14. Maximum vertical forces for selected aircraft.
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. Conclusion

The scope of this study is to evaluate the functionality of EMAS in mitigating the possible consequences of landing
verruns with the principal aim of safety for the passengers on board. This risk mitigation approach, which is approved by
AA [3], is an alternative risk mitigation strategy for the consequences of landing overrun events for airports with land-
ocked circumstances.

In this study, the aircraft behaviors after entering EMAS area are investigated. For this matter, a probabilistic model is
mplemented in MATLAB1 software to compute the aircraft arresting distances within the EMAS area in landing overrun
vents. In this regard, a conceptual model is adapted from the previous studies, which is upgraded in order to simulate the
rag and vertical forces generated at the tire-arresting material interface. Then, based on Newton’s second law the aircraft
eceleration rate is computed in order to determine the final aircraft arresting distances. The main outputs from this
robabilistic code are as follows:

 Aircraft arresting distance PDF after entering EMAS area;
 Relation between EMAS entry velocity and aircraft arresting distance;
 Relation between aircraft decelration rate and arresting distance;
 Relation between drag and vertical forces and arresting distance;
 Cumulative aircraft arresting distance PDF;
 Probability contour intervals of aircraft arresting distances after entering EMAS area.

Aircraft behavior is analyzed for different EMAS materials (low-density concretes, gravel and foam aggregates), aircraft
ypes (CRJ200-ER, B727�100, B707�320C and B747�100) and EMAS thicknesses (0.3, 0.35 and 0.4 m).

Aircraft arresting distance within the EMAS area decreases when the crushing strength of the material increases.
rresting bed formed by foam aggregates material causes the longest aircraft stopping distance because of its extremely low
ass density. Gravel bed causes the longer arresting distance respect to low-density concrete mix. The reason attributes to

ts lower crushing strength.
Drag force has a direct correlation with the material’s crushing strength and mass density. Materials with greater crushing

trengths cause greater drag forces against the landing gear, therefore, aircraft reaches to a full stop at a shorter distance.
As the aircraft MLW increases, the drag and vertical forces also increase, due to changes in aircraft characteristics (e.g.

ingspan and main gear dimension). MLW is a dominant factor that affects the aircraft deceleration rate (inversely
roportional). A sensitivity analysis for different EMAS thicknesses is performed in order to analyze aircraft behavior after
ntering the EMAS area. Aircraft arresting distances decrease with the increase in the EMAS thickness, since the drag force
ncreases.

Outputs of the calculations are plotted as arresting distances contour intervals, alongside the arrestor bed configuration
100 � 60 m) for low-density concrete mixes (with crushing strength of 172500, 345000 and 930000 Pa). To conclude, an
MAS can be considered as the most rational and feasible alternative solution for land-locked airport in order to respect the
AA and ICAO RESA recommendations and mitigating the consequences of landing overrun events.

ata availability

The processed data required to reproduce these findings are available to download from [https://data.mendeley.com/
atasets/f5tmsfpwrm/1] with DOI: 10.17632/f5tmsfpwrm.1.

Fig. 15. (a) Arresting distances, and (b) Maximum drag forces as a function of EMAS thickness for selected aircraft.
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