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ABSTRACT

Although air transportation has an excellent safety record, accidents occasionally occur. If
an aircraft is unable to stop within the design runway length, the accident/incident is described as
an overrun. To protect air passengers and minimize aircraft damage during an overrun, the
Federal Aviation Administration (FAA) requires airports to have a runway safety area 1000-ft
(304.9 m) long beyond the runway design length. However, at locations that do not have
adequate space to construct a runway safety area, the FAA permits as an alternative solution the
installation of an Engineered Materials Arrestor System (EMAS). As of February 2010, there are
30 U.S. airports with a total of 44 EMAS installations [1]. An additional 4 EMAS installations
are planned among 4 U.S. airports during 2010.

The FAA uses the “ARRESTOR” computer code to evaluate stopping distance within an
EMAS; however, the computer code is limited to three aircraft types: B707, B727, and B747 [2].
In addition, ARRESTOR is only available to the public as an executable. Consequently, current
aircraft fleet cannot be readily incorporated. The paper’s author has developed the computer
code SGAS (soft ground arrestor system) to evaluate aircraft within an arrestor bed. The
computer code was developed using FITER1 [3], a code developed for the U.S. Air Force to
evaluate military plane behavior on soft ground airfields, as a basis. SGAS input requires:
arrestor bed geometry, arrestor material behavior (stress-strain), and aircraft parameters. Aircraft
parameters include aircraft geometric properties, tire characteristics, weight, and strut behavior.
Strut behavior is simplified in SGAS so that the user inputs strut behavior as a stroke-load curve
and a damping coefficient factor.

In this paper, four aircraft types (B737-900, B747-400ER, B757-300, and B767-400) are
evaluated for their stopping distance using a base arrestor bed configuration and base arrestor
material. Since strut behavior is proprietary for aircraft, approximate values are used for stroke-
load behavior and damping. A discussion is included in this paper about deriving these
approximate values. Besides the base arrestor material, stopping distances are calculated for five
additional low-density concrete mixes. Lastly, the thickness of the base arrestor bed

configuration is modified to investigate sensitivity of aircraft stopping distance to arrestor bed
thickness.

INTRODUCTION

In a Federal Aviation Administration (FAA) survey of 1978-1987 U.S. commercial aircraft
takeoff and landing accidents/incidents, two hundred and forty-six accidents/incidents records
could be categorized as: undershoot (18), landing off runway (11), veer-offs (97), overruns (33),
or other (87) [4]. Events that aircraft-ground impact occurred 2000-ft (610 m) or more from the
runway or if during takeoff the aircraft experienced ground impact after becoming airborne were
categorized as “other”. Twenty-two of the thirty-three commercial aircraft overruns occurred
during landing and eleven during takeoff. Thirty-one, 94%, stopped within 1000 ft (305 m) of
the runway end and all stopped within 1600-ft (488 m). Approximately 90% of the overrun
aircraft exited the runway at 70 knots or less [5].
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In a study by Kirkland and Caves on accidents/incidents occurring between 1980-1998, 180
civil aircraft overrun accidents/incidents occurred within the English-speaking world: Australia,
Canada, United Kingdom, and the United States [6]. The 180 overruns led to 22 deaths and 37
seriously injured. These casualties were approximately equally distributed between landing and
takeoff overruns. One hundred thirty-seven (76%) of the 180 events occurred during landing and
43 (24%) during takeoff. Aborted takeoffs were the major contributor to the 43 takeoff events.
Results of the Kirkland and Caves study show an approximate average annual overrun rate
within the study area of 2 overruns/year during takeoff, and 8 overruns/year during landing. In
more recent work, Hall et al. [7] established a database using 459 accidents/incidents. The
database includes events occurring in areas with similar accident rates as the U.S.: North
America, Western Europe, Oceania, and limited Asian countries

In an effort to promote safety in the event of an aircraft overrun, the FAA requires a
1000-ft (305 m) runway safety area beyond the runway end [5]. However, many airports are not
able to meet these requirements due to natural or manmade barriers that make a required runway
extension to create a runway safety area prohibitive. As an alternative to runway extension, the
FAA permits airport operators the option of installing an engineered materials arrestor system
(EMAS). As of February 2010, there are 30 U.S. airports with a total of 44 EMAS installations
[1]. An additional 4 EMAS installations are planned among 4 U.S. airports during 2010.

An EMAS is a section within the runway safety area consisting of a highly crushable
material. As an aircraft passes through the EMAS, the aircraft load imposed through the landing
gear crushes the arrestor material. Consequently, a tire-arrestor boundary is created between the
aircraft tire and uncrushed arrestor material, which creates drag forces on the aircraft. No
external energy source is warranted; therefore, an EMAS is a passive system. The EMAS is
developed adjoining 4-ft x4-ft (1.2 m x 1.2 m) variable thickness blocks. A low-density concrete
is incorporated in the EMAS design as a crushable material. The EMAS is designed to stop an
aircraft without imposing significant inertia force on aircraft passengers or causing major
damage to the aircraft landing gear. An EMAS is located within the runway safety area, set back
from the runway threshold to protect the EMAS material from: jet blast, aircraft intrusion due to
a low velocity overrun, or aircraft intrusion during an undershoot.

FAA Advisory Circular (AC) 150/5220-22A includes preliminary EMAS design guides for
DC-9, DC-10, B737-400, B757, B747, CRJ-200, and G-III aircraft types [5]. Conversely, FAA
Order 5200.9 includes design guides, however based on maximum aircraft takeoff weight instead
of aircraft type [8]. However, these guides are only to be used for preliminary EMAS length
estimates. Consequently, an EMAS design is to be substantiated using a validated design method

[5].

In this article, four aircraft types are evaluated for their stopping distance in an EMAS:
B737-900, B747-400ER, B757-300, and B767-400. Stopping distances were attained using the
SGAS computer code [9]. To calculate stopping distances, some aircraft parameters were needed
to be developed. As a response, a methodology was formulated and presented in this paper to
develop approximate aircraft parameters warranted for aircraft behavior within an EMAS.
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PROBLEM DESCRIPTION

Stopping distances are presented based on results of a numerical analysis using four aircraft
types: B737-900, B747-400ER, B757-300, and B767-400. Stopping distances are initially
developed for a base case. In addition, a sensitivity analysis is presented studying aircraft
stopping distance sensitivity to arrestor material and arrestor bed configuration.

The base study EMAS configuration is shown in Figure 1 and is from an FAA study of soft-
ground arrestor systems using ARRESTOR [2]. The EMAS in the figure uses a 200-ft (61.0 m)
setback. A 100-ft (30.5 m) rigid lead-in ramp sloped to 3-in (76 mm) at the entry to the arrestor
bed is used to improve wheel penetration behavior. The arrestor bed starts with a 9-in (229 m)
thickness and slopes to 24-in (610 mm) over a 140-ft (42.7 m) bed length. The bed thickness
remains constant at 24-in (610 mm) for an additional 140-ft (42.7 m). At 280-ft (85.4 m) from
the bed entry, the bed thickness increases at a constant slope to 30-in (762 mm) over a 24-ft (7.3
m) bed length. The bed thickness remains at a constant 30-in (762 mm) for the remainder of the
arrestor bed length.

|«—— SETBACK —»|«———————— ARRESTOR BED
100’ 100’ ‘ 500"
30.5 m | 30.5m 152.4 m
ASPHALT |_ ARRESTOR
RaMP | BED
< , .
5] 0 140" 280" 304’ 500
% & | 100’ | 140" | 140’ %4' 196" |
30.5 m 42.7 m 42.7m 7.3m 59.8m
a E 0m 42.7 m 85.4°m 152.4 m
37 (76 mm) rigid lead-in ram

" (762
247 (610 mm) 307(762 mm)
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Figure 1. Base EMAS Configuration.

The base low-density concrete stress-strain behavior used in this study is from a FAA
arrestor bed study using ARRESTOR by Cook et al. [2]. The base low-density concrete stress-
strain behavior along with the stress-strain material behavior of five additional low-density
concrete mixtures, discussed later in this paper, are shown in Figure 2.

The stress-strain behavior of the low-density concrete mixtures is representative of a
crushable material behavior. After the applied pressure attains the material’s crushing stress,
large strains develop with only a nominal increase in pressure. When the material is almost fully
crushed, 0.7 in/in, the stress-strain behavior becomes asymptotic so that any additional strain
warrants a significant increase in stress.
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Figure 2. Material Stress-Strain Behavior.

APPROXIMATE AIRCRAFT PARAMETERS

The study included predicting stopping distances for four aircraft types: B737-900, B747-
400ER, B757-300, and B767-400. The numerical analysis used in this study to predict aircraft
stopping distance within the EMAS requires input describing the aircraft landing gear
configuration, the aircraft’s resistance to pitch rotation, aircraft gross weight, wheel size, and
parameters describing the gear strut behavior. Aircraft dimensions, weight, and tire size required
for the numerical analysis are available using the Boeing Airplane Characteristics for Airport
Planning Guides [10, 11, 12, & 13]. Although Boeing Company aircraft are considered in this
study, similar design guides are available for Airbus aircraft. Tire stiffness material is available
from tire manufacturers: Goodrich, Goodyear, or Michelin. Conversely, mass moment of inertia
about the pitch axis and parameters related to the aircraft strut are not available. Consequently, a
technique is required to derive approximate values for these needed parameters. Aircraft
parameters are available in a reference by Gerardi [14] for some obsolete aircraft: DC9-41,
B727-200, B707-320C, DC-10-10, and B727-200 aircraft types. Relevant values to this study
from the Gerardi reference are listed in Table 1. Moment of Inertia about the pitch axis and
unsprung weights for the aircraft discussed in this paper are developed by extrapolating the
Gerardi data given in Table 1 based on aircraft gross weight.

PITCH AXIS MASS MOMENT OF INERTIA

The mass moment of inertia about the pitch axis for the study aircraft is related to the Table
1 aircraft types by assuming the aircraft to be a rod in which the aircraft weight is uniformly
distributed along the aircraft length, /. The mass moment of inertia of a rod about a point, x;
distance from its end is:

I (rod) = frzdm =

-x,

w frzdr = K(xl3 +x3)
gl 3gl

(1)



Heymsfield 5

where / is the total aircraft length, x; is the distance from the aircraft nose to the aircraft center-
of-gravity, x, is the distance from the aircraft center-of-gravity to the aircraft tail, W is the total
aircraft weight, and g is the gravity constant.

Table 1.
Aircraft Parameters (Gerardi, 1977).
AIRCRAFT TYPE DC-9-41 B727-200 B707-320C DC-10-10 B747-200
GROSS WEIGHT Ib 114,000 160,000 306,000 440,000 630,000
N 507,300 712,000 1,361,700 1,958,000 2,803,500
MOM. of INERTIA Ib in sec? 21,540,000 62,800,000 84,700,000 211,600,000 488,000,000
kg*m?| 2,435,825 7,101,662 9,578,197 23,928,531 55,184,892
DIMENSIONS
NG (# TIRES) 2 2 2 2 2
MG CONFIG DUAL DUAL DUAL TANDEM DUAL TANDEM DUAL TANDEM
NG-CG DIST ft (m)| 54.37 (16.58) | 59.79 (18.23) | 56.50 (17.23) | 66.57 (20.30) | 76.29 (23.26)
CG-MG1 DIST ft (m)| 2.03 (0.62) 3.23 (0.98) 2.50 (0.76) 6.08 (1.85) 2.67 (0.81)
CG-MG2 DIST ft (m) 12.75 (3.89)
LOAD / STRUT
NG MAX VERT LOAD Ib 17220 25600 51770 84959 135700
N 76630 113920 230400 378100 603900
MG MAX VERT LOAD| Ib 53817 87800 157000 213680 183800
N 239500 390710 698700 950900 817910
NG UNSPRUNG WT. Ib 164 495 432 652 1750
N 730 2203 1922 2901 7790
MG UNSPRUNG WT. Ib 1074 1363 1659 5104 3900
MG UNSPRUNG WT. N 4779 6065 7383 22713 17355
MAX STROKE
NG in(mm)| 15.3 (389) 12.1 (307) 17.1 (434) 17.2 (437) 25.2 (640)
MG in(mm)|  17.8 (452) 14.0 (356) 23.2 (589) 24.5 (622) 28.8 (732)
DAMPING COEFF.
NG Ib/(in/s)? 0.29 3.33 3.14 37.25 9.90
NG N/(mm/s)2 0.0020 0.0230 0.0217 0.2570 0.0683
MG Ib/(in/s)? 0.51 3.81 17.34 41.33 9.13
MG N/(mm/s)? 0.0035 0.0263 0.1196 0.2851 0.0630

A conversion factor to relate actual aircraft mass moment of inertia to the calculated
equation (1) value assuming the aircraft as a rod was calculated for each of the Table 1 aircraft
types and shown in Table 2. The same conversion factor is then applied to the study aircraft.
The conversion factor in Table 2 varies between 0.42 and 0.64 for the five aircraft types
considered; however, except for the B727, the correction factor is in the 0.42-0.49 range.
Consequently, a 0.45 value is used as a “best estimate” value for the study aircraft types. The
approximated pitch mass moment of inertia values are included in Table 2.

Table 2.
I,y Approximation for Study Aircraft.

AIRCRAFT GW TOTAL X1 Iyy (rod) Iyy (given) CORRECTION
TYPE (#) LENGTH, | (ft) (ft) (#-in-s?) (#-in-s?) FACTOR
DC-9-41 114000 113.3 63.7 47,558,959 21,540,000 0.45
B727-200 160000 136.2 78.33 98,416,272 62,800,001 0.64
B707-320C 306000 145.5 76.42| 202,719,078 84,700,000 0.42
DC-10-10 440000 170.5 100.29| 434,324,672 211,600,000 0.49
B747-200 630000 225.17 109.42| 994,338,305| 488,000,000 0.49

"BEST ESTIMATE" CORRECTION FACTOR = 0.45
Iyy (modified)
(#-in-s?)
B737-900ER 171000 133.42 69.75 95,121,647 42,804,741
B747-400ER 910000 225.17 109.42| 1,436,266,441 646,319,898
B757-300 270000 178.58 92.67| 268,557,003 120,850,651
B767-400ER 450000 197.13 100.75| 543,878,491 244,745,321
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Unsprung gear weights for the study aircraft are also developed using the Gerardi [14]
reference. Unsprung weights included in the Gerardi [14] reference were evaluated to find a
ratio between the gear unsprung weight and a characteristic aircraft parameter. It was found that
the ratio of unsprung gear weight to maximum vertical gear load was fairly constant for the
aircraft included in Gerardi [14]. Except for the B727-200, the ratio between unsprung nose gear
weight and maximum nose gear vertical load was fairly constant and ranged between 0.008 and
0.013, Table 3. At the main landing gear, the unsprung gear weight to maximum main gear
vertical load ratio was also fairly constant. Excluding the B707-320C, the ratio ranged between
0.016 and 0.024, Table 3. Using these values, the unsprung landing gear weights for the study
aircraft were derived using the maximum vertical gear load available through the manufacturer
“Airport Characteristics for Airport Planning” (ACAP) guides [10, 11, 12, & 13]. Gear unsprung
weights are approximated in Table 3 using a 0.01 factor at the nose gear and 0.02 at the main
gear.

Table 3.
Unsprung Gear Weight Approximation for Study Aircraft.
AIRCRAFT DC-9-41 B727-200 B707-320C DC-10-10 B747-200

UNSPRUNG WT (Ib)

NOSE GEAR 164 495 432 651.9 1750
MAIN LANDING 1074 1363 1659 5104.24 3900
MAX VERT LOAD (Ib)

NG (BREAKING) 17220 25600 51770 84959 135700
MG (AFT) 53817 87800 157000 213680 183800
NG UNSPR. WT. RATIO 0.010 0.019 0.008 0.008 0.013
MG UNSPR. WT. RATIO 0.020 0.016 0.011 0.024 0.021

"BEST ESTIMATE" (NG UNSPRUNG WT / MAX VERTICAL NG LOAD) = 0.01
"BEST ESTIMATE" (MG UNSPRUNG WT / MAX VERTICAL MG LOAD) = 0.02

AIRCRAFT B737-900ER |B747-400ER |B757-300 B767-400ER

MAX VERT LOAD (lb)
NG (BREAKING) 24810 122400 42800 59650

MG (AFT) 88993 213600 125500 211850
NG UNSPR. WT. RATIO 0.010 0.010 0.010 0.010
MG UNSPR. WT. RATIO 0.020 0.020 0.020 0.020

UNSPRUNG WT (Ib)
NOSE GEAR 248 1224 428 597
MAIN LANDING 1780 4272 2510 4237

STRUT PARAMETERS

As the aircraft moves through the arrestor bed, the aircraft’s motion is controlled by the
characteristics of the aircraft and of the arrestor bed material. Aircraft deceleration results from
drag forces applied to the aircraft landing gear through wheel-arrestor bed interaction. Vertical
force distribution between the nose and main landing gear varies and is dependent on the
aircraft’s strut behavior. The typical aircraft strut consists of an oleo-pneumatic strut, which
consists of an inner chamber filled with hydraulic fluid that slides within an outer air chamber.
As the inner chamber slides within the outer chamber, two actions occur: air volume within the
outer chamber changes and hydraulic fluid passes between the inner chamber and outer chamber
through an orifice. The total strut force, Fi,., 1s the summation of a pressure force within the
outer chamber, the pneumatic strut force, and a damping force, the hydraulic strut force which
results from the hydraulic fluid passing through the orifice between the inner and outer
chambers:
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F_ =F

strut pneumatic

+ thdrualic (2)

Fpneumatic 1S the pneumatic strut force and Fpydrauiic 1S the hydraulic strut force. The pneumatic strut
force is equal to the product of the air pressure within the outer chamber and the outer chamber
cross-section area:

— *
Fpneumatic - pgage(s) Aair (3)
Peage(s) 1s the gage pressure within the outer chamber at any stroke “s” and A, is the cross-
section area of the air chamber. Conversely, the hydraulic strut force is a function of the stroke

velocity:

B puia = c* é *abs (ﬁ)
o dt dt 4)
C is the damping coefficient and ds is the stroke velocity. A positive stroke velocity causes a

dt
positive hydraulic strut force while a negative stroke velocity causes a negative hydraulic strut
force.

The damping coefficient is dependent on the hydraulic fluid, the inner chamber cross-

section area and the effective area of the orifice:
* 3
_ phydr.ﬂuid Ahydr.chamber

2
2 ( Corifice Aeff .orifice )

(5)
Pyaruia i the hydraulic fluid density (0.000077 #/(in/sec”)/in’, (822.7 kg/m’)), Anydr.chamber is the
area of the inner chamber, Acfronfice 1S the effective orifice area, and Cyifce 1S the orifice
coefficient. For this work, 0.9 was used for the orifice coefficient Coifice.

APPROXIMATE MAXIMUM STRUT STROKE AND DAMPING PARAMETERS

Maximum stroke and damping for the study aircraft are assumed to have values equal to the
values of similar weight aircraft included in the Gerardi [14] reference. The strut damping
parameters in Gerardi [14] are converted to a low velocity damping coefficient in Table 4. The
study aircraft along with similar Gerardi [14] aircraft used to develop “best estimate” values for
stroke and damping are shown in Table 4.

APPROXIMATE STROKE-LOAD BEHAVIOR

The force developed within the landing gear struts as the aircraft moves through the arrestor
bed is due to the combined effects of the pneumatic strut force and the hydraulic strut force. The
pneumatic strut force is dependent on strut stroke. The approach used to develop an approximate
load-stroke relation for the study aircraft uses an approach described in Curry [15] for strut
design. Three stroke positions are considered: fully extended (FE), static load extension (SE),
and fully compressed (FC), Figure 3.

It is assumed that the pressure at static extension, SE, is equal to 1500 psi (10335 kPa). In
addition, it is assumed the pressures at fully extended stroke, pgue(FE) and at fully compressed



Heymsfield 8

stroke pguge (FC) are 25% and 300%, respectively, of the air pressure at static extension.
Consequently pressure at fully extended stroke and fully compressed stroke are 375 psi (2584
kPa) and 4500 psi (31000 kPa), respectively. The air chamber cross-section area, A, is
calculated using the maximum vertical force, F\.,., expected at the strut:

Aair - Fvert/pgage (SE) (6)

Table 4.

Maximum Stroke and Damping Approximation for Study Aircraft
AIRCRAFT DC-9-41 B727-200 B707-320C DC-10-10 B747-200
GROSS WT. (Ib) 114000 184800 333600 430000 775000
MAX NG VERT LOAD (Ib) 17220 25600 51770 84959 135700
MAX STROKE @ NG (in) 153 12.1 17.1 17:2. 25.2
NG DAMPING COEF. (1/(in/sec2)) 0.29 3.33 3.14 37.25 9.9
MAX MG VERT LOAD (Ib) 53817 87800 157000 213680 183800
MAX STROKE @ MG (in) 17.8 14 23.2 24.5 28.8
MAX STROKE @ MG2 (in) 28.3
MG DAMPING COEF. (1/(in/sec2)) 0.51 3.81 17.34 41.33 9.13
MG2 DAMPING COEF. (1/(in/sec2)) 13.79
AIRCRAFT B737-900ER [ B747-400ER B757-300 B767-400ER
GROSS WT. (Ib) 171000 910000 270000 450000
SIMILAR AIRCRAFT WT. B727-200 B747-200 B727-200 DC-10-10
MAX NG VERT LOAD (Ib) 24810 122400 42800 59650
"BEST ESTIMATE VALUES"

MAX STROKE @ NG (in) 12 25 12 17
NG DAMPING COEF. (1/(in/sec2)) 4 10 4 10
MAX MG VERT LOAD (Ib) 88993 213600 125500 211850
"BEST ESTIMATE VALUES"

MAX STROKE @ MG (in) 14 30 14 24
MAX STROKE @ MG2 (in) 24
MG DAMPING COEF. (1/(in/sec2)) 4 10 4 10
MG2 DAMPING COEF. (1/(in/sec2)) 10

The ideal gas law is used to determine the absolute pressure, pus(s) within the air chamber at any
stroke, s:

DPuns(8) ¥V (8) = constant (7)

Using the ideal gas law and maximum strut stroke, sy, the air chamber volume at full extension,
VFE, is:

_ pabs(FC) * (Smax * Aair)

FE

Page (FC) - Poage (FE) (8)
Since the pressure-volume product is constant, gage pressure at any stroke, pguge(s) 1s:
ws(FE)*V,
Pyage(8) = P2 T8
Vig = Aair 9

During normal aircraft land movements, semi-static stroke conditions exist. However, during
landing or bumps, gear struts undergo significant changes in stroke. Consequently, during
landing operations or movement through an arrestor bed, a more accurate description of stroke-
load behavior is to enlist the polytropic ideal gas law:
Do (8)* V(s)' = constant

(10)
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Figure 3. Stroke Positions.

To develop the load-stroke behavior for the study aircraft, the ideal gas law assuming
isothermal behavior, equation (7), is used for load-stroke behavior for stroke less than the static
load stroke. Conversely, polytropic compression, equation (10), is assumed at stroke values
greater than the static load stroke. The constant in equation (10) is calculated using the
isothermal ideal gas law at static load extension. Stroke above the static load stroke is calculated
by:

135

Pup(FE)* Vi
Pas(SE) ~
VF _ s* A . patm

arr

Peage () = Do (FE) *
(11)

Comparison is made in Figure 4 between the load-stroke behavior generated from the actual
B727-200 strut parameters included in Gerardi [14] and the load-stroke behavior developed
using the approach discussed in this section. For stroke values below the static load stroke,
isothermal conditions are assumed using equation (7). Above the static load stroke, polytropic
compression is assumed, equation (10). Polytropic behavior is manifested in Figure 4 by a
steeper slope than that which would result if isothermal conditions were assumed.
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Figure 4. Load-Stroke Behavior (Actual-Approximate)
SENSITIVITY ANALYSIS

Stopping distance sensitivity to arrestor bed material strength, arrestor bed geometry, and
arrestor bed material behavior are presented in the following sections. Four aircraft types (B737,
B747, B757, and B767) are considered in this sensitivity study. The aircraft parameters used as
input to the SGAS computer code are listed in Table 5. For the study, the SGAS computer code
was calibrated with the FAA ARRESTOR code to attain a similar stopping distance value
considering a B727 aircraft [9].

AIRCRAFT STOPPING DISTANCE SENSITIVITY TO ARRESTOR MATERIAL
STRENGTH

Stopping distance sensitivity to material strength is investigated using the EMAS
configuration shown in Figure 1 and varying the base material stress-strain material behavior
shown in Figure 2 by +20%. Stopping distance for each of the four aircraft is given for an
arrestor material with “BASE” material strength and for two additional cases, BASE-20% and
BASE+20%, Figure 5. In Figure 5, stopping distance is measured from the arrestor bed entry,
200-ft (61.0 m) from the threshold and aircraft are organized by aircraft weight. As the aircraft
type weight increases, stopping distance increases. Consequently, the heaviest aircraft, B747,
has the greatest stopping distance. A 20% increase in material strength reduces aircraft stopping
distance and a 20% decrease in material strength results in an increase in aircraft stopping
distance. In the analysis, aircraft tires develop full penetration and therefore, an increase in
compressive strength results in higher drag forces and lower stopping distances.

STOPPING DISTANCE AS A FUNCTION OF ARRESTOR BED GEOMETRY
An arrestor bed is designed to minimize aircraft stopping distance while considering

passenger safety and possible aircraft damage. Two additional arrestor bed geometries, Design 2
and Design 3, are considered in addition to the arrestor bed shown in Figure 1 to investigate

10
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stopping distance sensitivity to arrestor bed thickness. The three considered arrestor bed
geometries are shown in Figure 6. Design 1 has a 30-in (762 mm) maximum arrestor bed
thickness. Conversely, the maximum bed thickness of Design 2 and Design 3 are 24-in (610
mm) and 18-in (457 mm), respectively. The stopping distance range between Design 1 and
Design 3 for each aircraft is included on Figure 6. Stopping distances for each design and their
corresponding maximum rut depths are given in Table 6 where stopping distance is measured
from the EMAS entry. Results in Table 6 show an increasing stopping distance as the maximum
arrestor bed thickness decreases.

Table 5.
Study Aircraft Parameters.
AIRCRAFT TYPE B737-900ER | B757-300 B767-400ER | B747-400ER
GROSS WEIGHT Ib| 171,000 270,000 450,000 910,000
(MTOW) N| 760,950 1,201,500 2,002,500 4,049,500
MOM. of INERTIA Ib in sec> 42,800,000 | 120,900,000 | 244,700,000 | 646,300,000
(about pitch axis) kg*m?| 4,834,260 13,655,655 27,638,865 72,999,585
LANDING GEAR FOOTPRINT
MG CONFIG DUAL DUAL TANDEM | DUAL TANDEM | DUAL TANDEM
NG-CG DIST ft (m)| 50.70 (15.46) | 66.00 (20.12) | 77.25 (23.55) | 75.60 (23.05)
CG-MG1 DIST ft (m)| 5.63 (1.72) 7.33 (2.23) 8.58 (2.62) 3.36 (1.02)
CG-MG2 DIST ft (m) 13.44 (4.10)
NG HEIGHT ft (m)| 9.37 (2.86) | 13.49 (4.11) 14.91 (4.55) 17.45 (5.32)
MG1 HEIGHT ft (m)| 9.63(2.94) | 13.48 (4.11) 15.29 (4.66) 17.60 (5.37)
MG2 HEIGHT ft (m) 17.60 (5.37)
NOSE GEAR STRUT
NG Tire Radius in (mm)| 13.5(343) 25.0 (635) 15.5 (394) 18.5 (470)
NG Tire Width in (mm)| 7.75 (197) 13.0 (330) 14.0 (356) 20.0 (508)
NG Tire Pressure psi (kPa)| 185 (1275) 136 (937) 185 (1275) 190 (1309)
NG Tire Stiffness Ib/in (N/mm)| 5100 (894) 4400 (771) 6500 (1139) | 10700 (1875)
EQUIV. SPRING C1 Ib/in (N/mm)| 482.7 (84.6) | 430.5(75.4) | 688.2 (120.6) | 948.1 (166.1)
EQUIV. SPRING C2 Ib/in? (N/mm?)[-62.8 (-0.433)| -39.1 (-0.270) | -55.5(0.383) | -47.8 (-0.330)
UNSPRUNG STRUT WT. Ib (N)| 248 (1104) 428 (1905) 597 (2657) 1224 (5447)
MAIN GEAR STRUT
MG Tires Radius in (mm)| 22.25 (565) 20.0 (508) 25.0 (635) 25.0(635)
MG Tire Width in (mm)| 16.50 (419) 14.5 (368) 20.0 (508) 20.0 (508)
MG Tire Pressure psi (kPa)| 205 (1412) 195 (1344) 215 (1481) 230 (1585)
MG Tire Stiffness Ib/in (N/mm) [ 10700 (1875)| 9000 (1577) | 11900 (2085) | 12700 (2225)
EQUIV. SPRING C1 Ib/in (N/mm)|[921.8 (161.5) | 732.8 (128.4) | 1058.5 (185.5) | 1126.5 (197.4)
EQUIV. SPRING C2 Ib/in? (N/mm?)|-62.3 (-0.430) | -48.9 (-0.337) | -55.8 (-0.385) | -57.5 (-0.397)
UNSPRUNG STRUT WT. Ib (N)| 1780 (7921) | 2510 (11170) | 4237 (18855) | 4272 (19010)

The heaviest aircraft type, B747, requires the longest arrestor bed for all three designs. In
comparing Design 1 and Design 2, the B747 stopping distance increases by 3.5%, 593-ft (180.8
m) to 614-ft (187.2 m). Conversely, in comparing Design 1 and Design 3, the B747 stopping
distance increases by 10.6%, 593-ft (180.8 m) to 656-ft (200.0 m). If the same constant arrestor
bed width “w” is assumed for all three EMAS designs, Designs 1, 2, and 3 require 749*w-ft’
(69.6*w m’), 740.5*w-ft’ (68.8*w m’), and 652.5*w-ft’ (60.7*w m’) arrestor material,
respectively. In considering the benefits of using a thicker arrestor bed, a 1.1% increase in
material from Design 2 to Design 1 reduces stopping distance by 3.5% while a 12.9% increase in
material from Design 3 to Design 1 results in a 10.6% decrease in stopping distance.
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Figure 5. Aircraft Stopping Distance Considering Material Variability.
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Figure 6. Aircraft Stopping Distance as a Function of EMAS Geometry.

STOPPING DISTANCE CONSIDERING MULTIPLE LOW-DENSITY CONCRETE
MIXES

Stress-strain behavior for the BASE low-density concrete mix and an additional five low-
density concrete mixes are shown in Figure 7 considering only large strain behavior. The five
additional mixes are representative of multiple concrete mixes developed during this project
[16]. Typical crushable material behavior is displayed by each mix; after attaining crushing
stress, the material experiences large increases in strain with a corresponding minimal increase in
stress. Crushing stress values for the considered mixes range from approximately 38 psi (262
kPa) to 110 psi (758 kPa). All mixes experience strain hardening at approximately 0.8 in/in after
which any increase in strain warrants a significant increase in stress.
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Table 4.
Aircraft Stopping Distance Sensitivity to Maximum Arrestor Bed Thickness.
AIRCRAFT TYPE

B737-900ER| B757-300 |B767-400ER|B747-400ER
MTOW, 1b 171,000 270,000 450,000 910,000
MTOW, N 760,950 1,201,500 | 2,002,500 | 4,049,500
NG TIRE RADIUS, in (mm) | 13.5 (343) | 15.5 (394) | 18.5 (470) | 25.0 (635)
MG TIRE RADIUS, in (mm) | 24.5 (622) | 22.3 (565) | 20.0 (508) | 25.0 (635)
EMAS DESIGN 1
STOPPING DIST,, ft (m) 416 (126.8) [ 534 (162.8) | 581 (177.1) | 593 (180.8)
NG RUT DEPTH, in (mm) | 25.2 (640) | 24.0 (610) | 24.9 (632) | 25.3 (643)
MG RUT DEPTH, in (mm) 23.3 (592) | 25.2 (640) | 25.0 (635) | 25.3 (643)
EMAS DESIGN 2
STOPPING DIST,, ft (m)  |418 (127.4) | 551 (168.0) | 601 (183.2) | 614 (187.2)
NG RUT DEPTH, in (mm) 20.2 (513) | 19.2 (488) | 20.0 (508) | 20.1 (511)
MG RUT DEPTH, in (mm) | 18.7 (475) | 20.1 (511) | 20.0 (508) | 20.1 (511)
EMAS DESIGN 3
STOPPING DIST,, ft (m)  |433 (132.0) | 594 (181.1) | 641 (195.4) | 656 (200)
NG RUT DEPTH, in (mm) | 15.1 (384) | 14.4 (366) | 15.0 (381) | 15.1 (384)
MG RUT DEPTH, in (mm) | 14.3 (14.4) | 14.9 (378) | 14.9 (378) | 15.0 (381)

Heymsfield 13

Stopping distance results for the five mixes, plus BASE, using the Figure | EMAS geometry
are shown in Figure 8. Stopping distances in Figure 8 are measured from the EMAS entry.
Maximum aircraft deceleration within the EMAS for each case is also shown and is below 1.0 g,
considered to be within acceptable maximum deceleration limits for passenger safety. Typically,
aircraft stopping distance increases as the aircraft type weight increases. However, for the two
low-density concretes with the highest yield strengths, LDC-10 and LDC-25, the B737 aircraft
has the greatest stopping distance.
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Figure 8. Stopping Distance as a Function of Drum Mix.
CONCLUSIONS

Four aircraft types (B737, B747, B757, and B767) were considered in examining stopping
distance sensitivity to aircraft type, EMAS geometry, and low-density concrete mix. During the
study, the computer code SGAS was developed to calculate stopping distance and examine
aircraft behavior within an EMAS. Some aircraft parameters required in a stopping distance
analysis are not readily available. Consequently, an approach was developed to approximate
aircraft parameters warranted to analyze aircraft behavior within an EMAS. A methodology has
been presented in this article to optimize EMAS design as a function of available space,
permissible deceleration, and economics. The required ARRESTOR bed length is normally
dependent on the heaviest aircraft expected at the site. Stopping distance decreases as the
arrestor bed thickness increases. A 20% increase in “BASE” material strength decreased
stopping distances. Conversely, stopping distances increased with a 20% decrease in “BASE”
material strength.
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