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PREFACE

This project was conducted by the Soils and Pavements Laboratory,
U. S. Army Engineer Waterways Experiment Station (WES), Vicksburg,
Mississippl, for the Federal Aviation Administration under IAA. This
report covers work done from May 1971 to November 1973.

The project was conducted under the general supervision of
Mr. J. P. Sale, Chief of the Soils and Pavements Laboratory. Sections
1 and 2 and 6 through 10 were prepared by MAJ F. H. Griffis, Jr.
Sections 3 through 5 were prepared by Mr. M. A. Gamon under the super-
vision of Mr. Paul C. Durup, Group Engineer, Aeromechanics Group of
the Structures Division of Lockheed-California Company, Burbank, Calif.,
under Contract DACW 39-73-0041, dated 27 November 1972, between WES and
the Lockheed-California Company.

During this period of the project, Directors of the WES were

BG E. D. Peixotto, CE, and COL G. H. Hilt, CE. Technical Director was
Mr. F. R. Brown.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)

U. 8. customary units of measurement used in this report can be converted

UNITS OF MEASUREMENT

to metric (SI) units as follows:

Multiply _By To Obtain
inches 2.54 centimeters
feet 0.3048 nmeters
miles (U. 8. statute) 1.609344 kilometers
square feet 0.09290304 square meters
square yards 0.8361274 square meters
cubic inches 16.38706 cubic centimeters
pounds (mass) 0.4535924 kilograms
tons (2000 pounds) 907.1847 kilograms
foot-pounds 1.355818 Joules
pounds per square inch 6,894.757 pascals
pounds per cubic inch 27,679.90 kilograms per cubic meter
pounds per cubic foot 16.01846 kilograms per cubic meter
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1 EXECUTIVE SUMMARY

The purpose of this study was to perform an economic analysis
relating the pavement upgrading cost to the penalty cost associated with
adding gears and wheels to aircraft in order to provide adequate flota-
tion for present-day pavement design criteria. Adequate flotation as
used here implies distributing the total weight of the aircraft over a
larger area to keep pavement stresses within acceptable limits. Spe-~
cifically, the question answered by this study is "Should the FAA policy
on pavement strength stated in paragraph 5 'Maximum Pavement Strength
for FAAP Participation' of Order 5320.2 dated July 18, 1966,* be changed
due to the advent of the Widebody Jets (BT4T, DC10, L10ll) and the pos-
sible addition of an aircraft weighing up to 1.5 million 1b** to air
curvier tleets by 1985?" The basis for the answer of this question was
purely economic; environmental, sociopolitical, and energy factors did
not enter into the trade-off criteria. The basic assumption that the
Widebody Jets and the 1.5-million-1b aircraft would use all projected 26
major hub airports in 1985 was not challenged in this study.

1.1 Aircraft Cost Development

To conduct this study, a contract was let to Lockheed-California
Company, Inc., to develop two hypothetical aircraft types. The Category
I aircraft corresponded to the present Widebody Jets and the Category II
aircraft curresponded to a projected 1.5-million-1b aircraft to be
operational by 1985. Three gear types were designed for both the Cate-
gories I and Il aircraft. Type 1, referred to as the current gear, is
a gear type with flotation compatible with present FAAP/ADAP maximum de-
sign criteria. Type 2, referred to as the median gear, is a compromise
gear type designed with consideration of the present FAAP/ADAP pavement

criteria but also considering the optimal gear designed with respect to

* ‘he cited paragraph is restated here for easy reference. "The maxi-
mum pavement strength for which FAAP [Federal-Aid Airport Program
which has been superceded by the Airport Development Aid Program
(ADAP)] funds may be applied at any airport may not exceed that
required for 350,000 pound dual tandem gear airplane."

** A tatle of factors for converting U. S. customary units of measure-
ment to metric (SI) units is presented on page b.

i aale



the aircraft structure. Ideally, this median gear lies midway between
the two with respect to flotation requirements. The type 3 gear, quite
naturally, is the gear type optimized with respect to the aircraft
structure with no regard to pavement flotation requirements and is
referred to as the optimal gear.

Gear types during this portion of the study were optimized with
respect to cost instead of weight.

The model used for the gear designs is the property of Lockheed-
Californie Company. The optimization procedures, from Table 1 in the
text, minimize acquisition, maintenance, and flight operation costs of
wheels and tires with respect to total weight, vertical load, and tire
pressure; brakes with respect to total weight, rejected takeoff, landing
kinetic energy, service energy, and number of brakes; bogie beam with
respect to total weight, vertical load size, and labor as a function of
total number of gears; gear strut, braces, and actuators with respect to
total weight, takeoff gross weight, number of gears, and material as a
function of gear weight; and gear-support structure with respect to
total weight, takeoff gross weight, number of gears, and gear location.
Figure 1 shows the gear designs for the Category I aircraft and Figure
2 shows the gear designs for the Category II aircraft as taken from
Tables 9 and 12 in the téxt, respectively.

In conformance with the same contract, Lockheed-California Com-
pany surveyed pavement data at all projected major hub airports in 1985.
The definition of a major hub airport is one that enplanes more than one
percent of the domestic enplaned passengers. FAA Pavement Evaluation
Forms for each of the projected 1985 major hub airports are included in
this document as Appendix A. In addition to providing a basis for de-
signing the overlay thicknesses required for the pavement costing sec-
tion ot this report, Appendix A provides a central source of pavement
data for the subject airports. Table 13 of the text describes the
source of the pavement data and, as a check on the validity of the data,
each airport engineer was presented a copy for verification. The ex-
treme right-hand column of Table 13 indicates whether or not the airport

engineer in question responded to the verification request.
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CURRENT-PAVEMENT MEDIAN-PAVEMENT
ITEM GEAR GEAR OPTIMIZED GEAR

GEAR CONFIGURATION 6~WHEEL BOGIE -WHEEL BOGIE 4-WHEEL BOGIE
TIRE VERTICAL LOAD,
POUNDS 38,630 57,950 57,950
TIRE PRESSURE, PS! 200 200 215
TIRE DIAMETER, INCHES s 56.1 53.8
BOGIE SIZE, INCHES » 423 4.5 2.4

b 91,7 59.9 57.1

c 56.4 - -

[
'o—-—-.-‘ t"L—'
)
4
BOGIE CONFIGURATION 1 " :
Figure 1. Gear designs for Category I aircraft
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CURRENT-PAVEMENT MEDIAN-PAVEMENT
ITEM GEAR GEAR OPTIMIZED GEAR
GEAR CONFIGURATION FIVE 6-WHEEL BOGIES | FOUR 6-WHEEL BOGIES | THREE 6-WHEEL BOGIES
TIRE VERTICAL LOAD,
POUNDS 47,500 59,375 79,167
TIRE PRESSURE, PSI 150 200 50
TIRE DIAMETER, INCHES 56.2 56.9 58.4
BOGIE SIZE, INCHES a 52.2 52.8 54.1
b 120.5 121.8 124.9
c 69.6 70.3 721
ot
¢
B |,
|
214 | 214 I
° ° ° *
' m ) |m o b2
ole o| o °
GEAR 100
LOCATIONS, T
INCHES ! ' !
- 613 N 613 613
| =1
FUSELAGE FUSELAGE FUSELAGE
€ € ¢

Figure 2.

Cear designs for Category II aircraft




B PRI

AR TR —— . e

The final requirement for the contract was to develop the air-
craft cost associated with carrying landing gear weight and volume in
excess to that optimized with respect to the aircraft structure and with

no regard to the pavement strength. These costs arise from four sources:

o Acquisition cost

o Maintenance cost

o Flight cost

o Lost revenue cost

The first three costs were considered in the landing gear design

since the design was based on the least cost design. The lost revenue
cost was based upon the lost payload of the aircraft. Several assump-
tions were made to determine this payload. Figure 3, taken from Fig-

ure 25 of the text, is a graphic illustration of the probability

assumptions.
OPERATING
WEIGHT
EMPTY _— MAXIMUM ALLOWABLE GROSS
WEIGHT { SMAX TOGW FUNCTION
STRUCTURE FUEL PAYLOAD OF RUNWAY LENGTH AND
A ELEVATION)
X \\\
P MAX TOGW (AIRPLANE
Lo amrr wriiy =
L 4 L STRUCTURAL LIMIT)
STATISTICAL DISTRIBUTION OF

PAYLOAD WEIGHT DEMAND —_ |

LOST PAYLOAD WEIGHT
X = PAYLOAD AT MAXIMUM ALLOWABLE
GROSS WEIGHT

X = MEAN VALUE OF STATISTICAL DISTRI=
BUTION OF PAYLOAD WEIGHT DEMAND

Figure 3. Determination of lost payload
Basically the assumptions include an average weekly payload f, a
normal distribution of payload weight about f, and a coefficient of

variation of 60 percent. The equations used in the lost revenue model

were:

(Total revenue, $) = (Passenger miles) x (Yield/passenger mile)
+ (Cargo ton mile) x (Yield/ton mile)

BTy < sl

o chary il
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(Total weight, 1b) = (Passenger miles x 200 lb/passenger)
+ (Cargo ton mile x 2000 1b/ton) * (Flight

distance)
{aAverage yield ($/1b)) = (Total revenue) ¢ (Total weight)

multiplied by 52 weeks per year to arrive at an annual expected lost
revenue by aircraft type by distance-block under various landing gear/
operational empty weight (OEW) assumptions. This lost revenue is then
summed over all the distance-blocks analyzed for the projected 26 major
hub airports to determine the total annual lost revenue from operations
out of the major domestic hub airports. Tables 17 and 18 of the text
give the coumputed lost revenue from each projected 1985 major hub air-
port for the Categories I and II aircraft, respectively.

Teble 19 1ists the total acquisition, operation, maintenance, and
lust revenue costs in 1985 dollars for the Categories I and II aircrafts.
The total point estimate costs relative to the optimal gear configura-

tions are shown below.

Current Pavement Gear Median Pavement Gear
Category I Aircraft $ 6,673,397 $ 1,929,880
Category 1I Aircraft 68,777,864 35,160,820
Total Aircraft Cost 75,451,261 37,090,700

1.2 FPavement Cost Development

Because of spatial and temporal variables, a statistical approach
was used to develo>p the total pavement upgrading costs. Since the
Dallas-Fort Worth Regional Airport has been designed for a 1.5-
million-lb aircrart, it was excluded from the analysis. An assumption
was made that two major runways, the associated taxiway systems, and the
entire apron area at the remaining 25 projected 1985 major hub airports
would be overlayed with either a rigid or a flexible pavement; the
ravement type was determined from historical records. [and=-acquisition
costs were not considered in this analysis.

The initial step in developing the unit price for each pavement
upgrading project was to determine the relationship of the pavement cost

to the total upgrading cost. Bid tabulations for 14 major airport

10
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paving projects published during 1971~1972 in Engineering News Record

were analyzed. Upgrading costs were broken down into seven categories
and the mean percentage of category cost to total upgrading cost, along
with each standard deviation, was computed using small sample statistics.
The mean X and the standard deviation ¢ of each category as a per-

centage of the total upgrading cost are as follows:

Category X o]
Excavation 13.10 11.08
Pavement T72.79 9.81
Subsurface Structures T.13 5.70
Wiring 1.7k 2.27
Lighting 2.21 L.47
Painting 0.37 0.67
Miscellaneous 2.66 4,92

Although some rather large variances occur in the categories
other than pavements, this is inconsequential. The average price of
pavement as a percentage of the total contract price is 72.79 percent
with a coefficient of variation of 1l percent.

An snalysis of variance showed that one could not conclude that
there was no significant difference between the percentage of rigid
pavement price and the percentage of flexible pavement price to total
contract price. Thus, a grouped analysis determined the ratios of pave-
ment price to total price used in this study. These parameters are

shown below:

Pavement Type X
Rigid T7.51 8.03
Flexible 68.06 9.60

The pavement unit prices were developed, in as far as possible,
on the basis of the price per square yard per inch (SYIN). Bid tabula-
tions for numerous projects were collected on a regional basis as were
FAA Forms 5100-1. The bid tabulations list the square yard (SY) price,
whereas the FAA Form 5100-1 records the depth of each pavement layer.
Prices were assumed to decrease hyperbolically with increased thickness
within an acceptable range.

Equations used for determining unit prices were:

11
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PCC:
C = Price per SY ¢ thickness

Bituminous:
C = Price per SY # thickness

or, when bid tabulations were listed in price per ton,

_ 1 _31
C = Cost per ton x 5000 15/ton 1b/ton x 150 1b/ef x 9 8f/SY x 12 in./ft

The last equation explicity assumed an asphaltic concrete density
of 150 1b/cf. In those cases where the price of aggregate and asphalt
cement were given ceparately, an asphalt content of 5 percent was
assumed. The rate of application of asphalt prime coats was assumed to
be 0.3 gal/SY and tack coats at 0.1 gal/SY. A 1ist of national average

prices for pavement products taken from Table 22 of the text is given

below.
Cost Number of Mean Standard
Pavement Product Units Observations Price Deviation
Portland Cement Concrete
(Ps01) $/SYIN 46 0.94 0.3k
Bituminous Surface Course
(Py01) $/SYIN 21 0.54 0.14
Crushed Aggregate Base i
(P209) $/SYIN 8 0.19 0.03
Bituminous Base (P201) $/SYIN 13 0.59 0.22
Prime Coat (P602) $/sY 9 0.07 0.02
Tack Coat (P603) $/8Y 23 0.03 0.02

The prices in SYIN used for each of the projected 1985 major hub
airports were derived in order of priority according to the following
sources:

(1) Project bid data at a particular airport if two or more
tabulations were available (this requirement was for some statistical
credibility).

(2) Regional averaged bid data for those regions supplying ade-

quate data.

12
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(3) Nationwide averages as listed above.
The prices used for the 1985 major hub airports are listed in Table 23

of the text in 1972 dollars.
Third step in developing the pavement cost was to design the pave-

ment cross section required for the Categories I and II aircraft. FAA
design criteria were used for the design at a stancard 100,000 aircraft
pass level. Only those areas assumed required for operations were
considered for design. Design curves and associated rationale are in-
cluded in Section T of the text.

Pavement areas for costing purposes were selected subjectively by

»

? this evaluator. Pavement areas were scaled from the sketch drawings

7

K50

shown on tre airfield evaluation forms in Appendix A. Most drawings

were adequately scaled for the calculation of areas. For those that

7 ISR

were not scaled, suitable assumptions were made with respect to the
areas involved. From a macro point of view, this was adequate.

Since the total cost varies linearly with the surface area, a

oy ST

sensitivity analysis with respect to area and other parameters was per-
formed. Based on most historical evidence, only two types of overlays
! were considered: full-depth bituminous overlays, FAA Item P-LOl; and
portland cement concrete overlays, FAA Item P-501. A total expected
area of 29,939,536 sy was calculated with 32.2 percent consisting of
runway area, 23.4 percent consisting of taxiway, and 4L.L percent con-
5 sisting of apron area. ihese statistics are shown in Table 24 in the
3 text.
i A comparison of the total aircraft cost and the total pavement
price was made in terms of equivalent anuual cost in 1985 dollars.
To develop the total pavement upgrading cost, the unit price p , in
dollars per SY, was developed by summing the products of the price per
SYIN and the designed thicknesses for each pavement section of each pro-
Jected 1985 major hub airport with each product divided by the ratio of
the pavement cost to the total upgrading cost as developed earlier.
The total pavement cost in 1972 dollars was obtained by multiplying
unit price for each pavement section by the area of that section and

summing over all of the projected 1985 hub airports. These prices are

13



listed by airports in Tables 25 and 26. These calculations were mrde
for each category airplane and each gear type relative to a zero cost
for not upgrading.

The basic equation for determining the equivalent annual navement

cost in 1985 dollars can be expressed simply as

. m
x=prx(1+i)n[———-—1 (l+mi) ]
(1 +1i) -1
wvhere
= equivalent annual cost of pavement upgrading in 1985 dollars

average total cost of upgrading per sy »

> g X
]

= pavement area to be upgraded in sy
i = interest rate in percent
n = pnumber of years to construction (or bond issuance)

m = amortization period of the pavement structure in years

Some basic value assumptions were necessary in order to make com-
parisons using this 5-space function. Expected values for p of $7.36,
$7.77, $7.45, and $12.82 in 1972 dollars were computed for the Category I
median and optimal gears and Category II median and optimal gears, re-
spectively. The computed value for A was 29,939,536 SY . Assump-

tions for the remaining independent variables were:

i = 5 percent

n = 13 years (since construction must be concluded in 1985
for the comparison to be valid)

m = 20 years

Since these assumptions are most certainly to be challenged, a
thorough sensitivity analysis was performed for each assumption and
procedures are presented for recomputing x using the challenger's own
assumptions, Tables 27 and 28 in the text list the most probable
equivalent annual pavement upg-ading cost (MPC) for each projected 1985
major hub airport for the Categories I and II aircraft, respectively.

The totals are repeated below for conveuience:

1k
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Med.an Gear Optimal Gear
Category I Aircraft $33,328,803  $35,218,395
Category II Aircraft 33,749,362 58,097,736

Due to the extreme difficulty of predicting construction cost in
the future, three separate costs were developed for each gear type. An
assumption was made that a probable coefficient of variation existed in
both unit price and area to be paved calculation of 20 percent. Based
on this assumption, a lowest probable cost (LPC) of pavement upgrading
was computed assuming & 20 perce.it low-side calculation in both p
and A and a highest probable cost (HPC) was computel assuming a
20 percent high-side calculation in both p and A . However, the
original assumptions for i , n , and m were not changed.

Again, the reader is reminded that a device for changing these
variables is presented herein also. One should note that, while these
analyses were performed for the pavement upgrading cost, only a single
point estimate of the aircraft penalty cost has been made. This should

be considered in c¢vamining conflicting alternatives.

1.3 Cost Comparisons

The purpose of this section is to present economic Justification
for either modifying or not modifying FAA Order No. 5320.2 with regard
to pavement strength., This presentation first considers only tlie Cate-
gory I aircraft since the possibility exists that the Category II air-
craft will not be operational in 1985.

Category I aircraft. Based on the equivalent annual cost analy-

sis using the MPC for pavement, the totul equivalent annual costs are:

o Current Gear $ 6,673,379
o Median Gear 35,258,683
o Optimal Gear 35,218,395

It is obvious from this listing that the optimal alternative is not to
modify the present policy if one only considers the Category I aircraft.
If one uses the LPC for pavement, the decision remains unchanged as

shown below:

15
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o Current Gear $ 6,673,379
o Median Gear 13,943,790
o Optimal Gear 12,666,249

These results are illustrated in Figure L4 o: the text.

Categories I and II aircraft. A basic assumption inherent in the

following analysis is that a pavement structure upgraded for the Cate-
gory II aircraft would be adequate for the additional Category I air-
craft concurrently. The state-of-the-art in pavement analysis is in its
infancy concerning mixed traffic ani pavement deterioration prediction.
Based on tl.e equivalent annual cost analysis using the MPC for pavement,

the total equivalent annual costs are:

o Current Gear $75,451,243
o Median Gear 70,8L0,062
o Optimal Gear 58,097,736

Based on this total annual cost listing, the present policy should be
changed to permit the optimization of the gear to the Category II air-
craft. However, in this instance, if one assumes the HPC for pavement,

a conflicting alternative arises as shown below:

o Currert Gear $ 75,451,261
o Median Gear 103,239,690
o Optimal Gear 113,842,221

There is considerable logic behind the assumption that the MPC
will be exceeded in the pavement upgrading for the Category II aircraft.
In all probability, the paved area will exceed that computed in this re-
port. The unit price differential may or may not increase. Thus, it is
extremely critical to the decision maker that a proper determination be
made as to whether or not the Category Il aircraft will be operational
in 1985; whether or not it will operate at all 26 projected major hub
airports or perhaps only at 7 to 10 regional airports; and other opera-
tional assumptions.

Other variable considerations. Numerous figures and equations

are presented in the text to permit the user of this document to change
parameters and develop his own policy derivation. Assuming that the MPC

calculations are correct ani n = 13 years, Figure 4 presents a
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Figure 4, Effects of variations of pavement
life m and inflation factor i

convenient method for changing the assumptions for i and m , two

elusive parameters. Figure L is based on Figure 54 of the text.

1.4 Recommendations

The following recommendations resulted from this study. They are
based ou the authors' calculations and assumptions. Devices are pre-
sented in this report to permit the decision to change these assumptions

and calculations and the possibility exists that the recommendations
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should change based on further developments.

(1) If only the Category I aircraft will be in operation at each
of the 26 projected major hub airports in 1985, the current FAAP/ADAP
criteria should not be changed.

(2) If the Categories I and II aircraft (implied also is the
Category II aircraft alone) will be in operation at each of the
26 projected major hub airports in 1985, the current FAAP/ADAP criteria
should be changed to permit the gear to be optimized to the aircraft.
The possibility of operating the Category II aircraft at from 7 to
10 regional airports should be investigated.

1.5 Additional Value of This Report

In addition to providing a useful device exclusive of additional
cost for examining various policy decisions, this report provides:

(1) A consolidation of airport layouts and pavement structures
as of 1972.

(2) An algorithm for designing aircraft gear types on a minimum
cost basis.

(3) Pavement design curves for heavy aircraft.

(4) Methodology for complex cost analyses.

18
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2 INTRODUCTION

2.1 Background

Since 1958, the Federal Aviation Administration (FAA) has adopted
a policy of limiting pavement design for large Jet aircraft to an
equivalent 350,000-1b gross weight on a twin-tandem gear configuration.
However, to remain within acceptable stress limitations, the BT4T has
4 main gear bogies with 16 wheels, and the DC10 series 10 and the L1011
have been designed with larger wheels at greater spacing to remain
within the same flotation criterion. The penalty cost associated with
conformance to these restrictions has been hypothesized, but quantifi-
cation has not previously been made public.

As aircraft begin exceeding 0.5-million-1b gross weight, intrinsic
penalties obviously tend to occur. For instance, the DC10 series 20 and
30 have two additional wheels under the fuselage. The wide spacing re-
quired on the four main gears of the BT4LT places the gears beneath the
engines, thereby decreasing the torque available for ground turning.
This greatly impedes the ground maneuverability. As the aircraft in-
dustry moves toward aircraft in the 1.5- to 2.0-million-1b gross weight

class, even greater penalties intuitively seem plausible.

2.2 Scope

The scope of this study is illustrated in Figure 5 and consists
of three parts. First, a contract was let to Lockheed-California Com-
pany to decign landing gears for two categories of aircraft. Category I
consisted of a representative of the relatively new series of commercial
jet aircraft, in Lockheed's case, the L10ll. Category II consisted of a
projected 1.5- tu #.,0-million-lb aircraft. These category identifi-
cations will be used throughout this report to identify the two types »f
aircraft. For each of these types of aircrart, Lockheed designed three
representative landing geuars. The ftirst gear type was constrained by
the criterion tnat states that the gear :chall cause no more distress to
the pavement than a 350,000-1b aircratt with « dual tandem gear struc-
ture with intended spacings similar to a DC8-63F aircraft. The secound

type of gear is one thut ic optimizced with respect to the aireraft
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Figure 5. Scope of aircraft pavements compatibility study
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without pavement constraints. The third type of gear is a compromise or
median gear, causing a pavement distress somewhere between the other

two gear types. In addition, Lockheed was required to project the major
hub airports that would be servicing the two categories of aircraft in
the year .985 and from derived city pairs, develop the economic penal-
ties associated with the three gear types for both categories of
aircraft.

Based on the gear configurations and parameters provided by
Lockheed, the U, S. Army Engineer Waterways Experiment Station (WES)
analyzed the airport master plans for the projected major hub airports
and decided whether new construction or overlays were required to
accomrodate the six combinations of aircraft. Pavement cross sections
were then designed for each major hub airport and total pavement areas
computed. Pavement cost data were obtained from FAA Regional Offices
in the form of bid tabulations and associated cross-sectional designs.
Lockheed provided FAA with condition surveys of each airport.

The final phase of the study consisted of performing a cost
analysis at each major hub airport with respect to equivalent annual

cost.

2.3 Purpose

The purpose of this study was to determine an optimal policy with
respect to cost to be used in the aircraft gear load and pavement sys-
tem. By increasing flotation to support a given load through an in-
crease in wheels and design of gears, economic penalty is imposed on
the user/operator of the aircraft. This, however, reduces the required
thickness of pavement. On the other hand, permitting unrestricted flo-
tation to support a given load increases pavement thickness requirements
and consequently construction costs which are ultimately paid by the
user/operator. An economic analysis was performed to find the optimal
policy with respect to increased flotation versus increased pavement
thickness. Specifically the question answered by this study is "Should
the FAA policy on pavement strength stated n paragraph 5 'Maximum
Pavement Strength for FAAI Participation' of Order 5320.2 dated
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July 18, 1966,* be changed due to the advent ot the Widebody Jets
(BT4T, DC10, L1011) and the possible addition of an aircraft weighing

up to 1.5 million 1b to air carrier fleets by 1985?"

i sl i,

o s sy

USSR

# The cited paragraph is restated here for easy reference. "The maxi-
mum pavement strength for which FAAP [Federal-Aid Airport Program
which has been superceded by the Airport Development Aid Program
(ADAP)] funds may be applied at any airport may not exceed that re-
quired for 350,000 pound dual tandem gear airplane."
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3 LANDING GEAR OPTIMIZATION

3.1 Mathematical Model

3.1.1 General discussion. The landing gear optimization scheme

was based upon functional relationships that predict the weight and
costs of the landing gear system. It has been noted that volume re-
quirements for additional wheels are significant as far as bulk cargo
space is concerned; however, volume has been ignored for the purpose of
this analysis since the emphasis of this study is on passenger aircraft.
Table 1 gives an overall summary of the functional relationships, show-

ing the variables that affect the various gear systew costs and weights.

Table 1

Landing Gear Optimization Functional Relationships

Factors Affecting Costs

Factors Affecting Flight
Item Weight Acquisition Maintenance Operation
Wheel and Vertical Load ané\ Vertical Load
Tire Tire Pressure and Pressure
Brake Rejected Takeoff Landing Kinetic
and Service Energy, Num-
Energy ber of Brakes
Bogie Beam Vertical Load, (Labor Function
Size (from of Number of
Pavement Tobail Gears Total
Stress Curves) ? Weight { Weight
Gear Strut, Takeoff Gross | Material Func-
Braces, Weight, Number tion of Gear
and of Gears _ Weight
Actuators
Gear Sup- Takeoff Gross
port Weight, Number
Structure of Gears, Gear
Location y, ‘J

The functional relationships were derived from historical airplane
weight and cost data, empirical design guides available in the litera-
ture, specific detailed weight and cost data on Lockheed airplenes, and
calculations. The specific relationships are discussed in the follow=-

ing sections.
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3.1.2 PFunctionali weight relationships.

a. Wheel and tire weights. Wheel and tire weights are

reluted to the vertical tire load and tire pressure as
shown in Figure 6. This figure was derived from the
tire data presented in Reference 1 for current airplane
tires and the wheel weight data in Reference 2. The
wheel weights are for aluminum forgings from Curve T cf
Reference 2. Figure 6 is an average of all the Type VII
and some "New Design" tire data, using the rated tire
load (32 percent deflection) and corresponding loaded

1000
800 A
Y
600 .............. b iem o e - - e A._.-f—._V__.-_..._—--.—- v
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200 e e ;
i
oL | |
0 20 4) €0 80 100

VERTICAL TIRE LOAD, KIPS

Figure ©. Wheel and tire weight versus vertical load
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inflation pressure and tire weight. In general, for a
given load, a lighter combined wheel and tire weight
result rrom 4 higher inflation pressure, since this
allows a smaller diameter tire (and smaller surface con-
tact area).

It is ulso of interest to note from Figure 6 that
multiple smell tires are more efficient than fewer large
tires. For example, 240,030 1b can be carried by six
40,000-1b rated tircs weighing 1800 1b (at 200 psi) or
by four 60,000-1b rated tires weighing 1976 1lb. This
represents a weight saving ot almost 9 percent by chang-
ing from four to six tires.

Figures 7 and 8 show the relationship between tire
load and outside diameter and between tire outside diam-
eter and rim diameter. Again these are sta’ istical
averages of the actual data from Reference 1. These
curves were needed to determine the minimum possible
bogie size (function of tire outside diameter) and to
determine brake width (function of rim diameter).

Brake weight. The total brake weight for the airplane
was determined from Figure 9, which is reproduced from
Reference 2. Data are shown iu Figure 9 for rejected
takeoff (RTO) kiuelic encrgy and for service energy with
a brake life of 1000 landings. The b her weight from
the two curves wac used to design the -ake. One
thousand landiags represent a relatively long service
life, so that the R[0 curve tended to control the design
of the brake weight, Cinc current widebody transport
airplanes are being designed with {his brake life, the
1000-landing curve wes used {or this study. (Shorter
brake-1ife curves lic between the two shown, giving
lighter bruke weight.)

For any given peur o utf'iguarution, it must be as-
certained il the abuve-detvomined brake weight can be
physicully locate. within tie wleels provided. Fig-
ure 10 from Referconce 2 showe Lhe hent sink volume cor-
responcing Lo dificrent brake weipnt~. Figure 11, from
Reference 2, shows ihe hent oing vo!lwae available per
inch widtn {or Jdifterent rim dinmeters. From Figures 10
and ll, the resultiins beahe widti can be calculated for
a given configuration., IFvron tue datn in Reference 1,
the rim widtn aveitges cboul 0.94 Limes the diameter.
Therefore, both Lhe wheel width and the brake width are
calculated. As long as the brake width is not more than
a few inches lurger thun halt tne wheel widih, the con-
figurution ic ueceptuble.

The brake data avove are all based on conventicnal
steel heqt sink brakes. (the» more exotic brake
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BRAKE ASSEMBLY WEIGHT, LB
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Figure 9. Brake assembly weight versus brake energy
(from Reference 2)
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materials are potentially lighter but have yet to prove
themselves in service. Since this brake model assumed
that the total airplane brake weight is independent of
gear configuration (only a function of airplane ener-
gies), the type of brake heat sink assumed did not
affect the selection of the optimum gear or the weight
and cost penalties associated with designing to dif-
ferent pavement strength levels. The brakes only af-
fected configuration selection in that certain configu-
rations were eliminated because the brake size was too
large for the available wheel space.

Bogie beam weight. Figures 12 and 13 show the weight of
the bogie beam and axles per gear as a function of the
vertical wheel load and bogie size ratio. The bogie
size ratio in each curve is the ratio by which the
existing Model -4 four-wheel bogie or Model -6 six-wheel
bogie dimensions was multiplied to obtain the desired
bogie size. The dimensions of the existing bogies are
shown in Figure 14 (axle widths are measured to tire
center lines).

BOGIE BEAM AND AXLE WEIGHTS, KIPS

o
o
o
o
o
o
o
o
S)

VERTICAL WHEEL LOAD, KIPS

Figure 12. DBogie beam and axle weight versus vertical
wheel load, 4-wheel bogie
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BOGIE BEAM AND AXLE WEIGHT, KIPS
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VERTICAL WHEEL LOAD, KIPS

Figure 13. Bogie beam and axle weight versus verticul
wheel load, 6-wheel bopie



st aiiidiad

b - 70"

END AXLE

. 4-WHEEL BOGIE (MODEL-4)

O_L ___O 1

b. 6-WHEEL BOGIE (MODEL-6)

Figure 14, Dimensions of L- and 6-wheel bogies

A basic assumption in this design procedure was
that the bogies always have the same proportion as the
designs above and only the overall scale changed. When
using Figures 12 and 13, the bogie size ratio and wheel
vertical load were known, and the bogie weight was de-
termined. Figure 12 for the four-wheel bogie was de-
rived from known weight and size data for the Model -lL,
BT47, DCB, and Cl4l. Figure 13 was based on Model -6
bogie weight and the same growth relationships as in
Figure 12.

This study showed that ror a given total gear verti-
cal load, four- and six-wheel bogies of the sizes snown
above have about the same weight. Intuitively, one
would expect the six-wheel bogie to weigh more, but the
smaller vertical loads at each wheel location (2/3
smaller loads) more than compensate for the extra axle
and larger beam lerngth. Table 2 shows a simpie weignt
comparison between the above two bogies designed for the
same total gear load, assuming that the beam is designed
by bending and the axles by shear. Note that the six-
wheel bogie configuration is 5 percent lighter than the
four-wheel design. Models =L and -6 weight data support
the conclusion that four- and six-wheel bogies weigh
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about the same for a given total gear vertical load.

Further corroboration is contained in Figure 15,
which is a reproduction of Figure 5 oI Reference 3 shown
here for illustration. Thic study shows that the six-
and four-wheel (twin-tandem) aesigns are about the some
weight, with the six-wheel generally slightly lighter on
conventional flexible pavements without stebilized
layers. Therefore, the bogie weight curves used in this
study (Figures 12 and 13) assumed that at a bogie size
ratio of one and the same total vertical gear load,
four- and six-wheel bogies weighed the same. (However,
for the same total vertical gear load and a bogie size
ratio of one, the six-wheel bogie will produce a lower
pavement stress.)

Concerning Figures 12 and 13, it was stated earlier
that the bogie size ratios must be known to determine
the bogie weight. These ratios were determined for a
given gear configuration by pavement stress design
criteria. Figures 16 through 19 show the relationships
for b4- and 6-wheel gears and for both current and median
pavements. Current pavement is defined as the pavement
thickness requirement for the projected Category I air-
craft (Model -6 with a six-wheel bogie at 488,000 1b).
Median pavement thickness is halfway between the current
pavement thickness and the greater thickness required
for an optimized gear (without regard to pavement thick-
ness) on the projected Category II (1.5-mi ll-on-lb) air-
plane. These thicknesses are shown in Table 3.

Table 3

Pavement Thickness Criteria

Pavement Thickness, in.

Pavement Type Rigid Flexible
Current 11.9 33
Median 14,5 42
Optimized 1 51.2

For a given gear configuration, with known tire
vertical load and tire pressure, Figures 16 through 19
give the bogie dimension a , which is the length of the
end axles, measured between the tire center lines. The
bogie size ratio is then given simply by dividing the
value for "a" by 52 for four-wheel bogies and by 42 for
six-wheel bogies. Thus, the size ratios needed for
Figures 12 and 13 were determined.
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Figures 16 through 19 were based on computer pro-
gram results that utilize the Portland Cement Asso-
ciation (PCA) method for rigid pavements and SEFL 1965A
for flexible pavements. For rigid pavements, a subgrade
modulus k of 300 lb/cu inch and a working stress T
of 400 psi were used. For rlexible pavements, a Cali-
fornia Bearing Ratio (CBR) of 10 was used with 5000
coverages. The effect on pavement stress of the inter-
action between gears is not included in Figures 16
through 19; the relationships shown are for one landing
gear only. FAA pavement design charts were not used
since the charts are for specific fixed bogie dimensions
and tire pressures, which are the variables in the pres-
ent analysis. The assumed values of the pavement param-
eters were required only to provide a starting peint for
the design process.

Figures 16 through 19 were used to determine the
bogie size for the gears designed for current pavement
and those designed for the median pavement. For the
optimum gear, designed to ignore pavement strength re-
quirements, a different technique is required to deter-
mine the bogie size ratio needed in Figures 12 and 13.
The bogie for this gear is simply sized as small as
possible, while still providing adequate tire clearance.
Utilizing the tire clearance calculaticon procedure from
Reference 1, the following governing relations were
obtained.

In Table 4, b is the length of the bogie beam,
which is related to the outside diameter of the tire Do
(obtained from Figure 7). With a as the end axle
length, the bogie size ratio is readily determined.

; :
Table 4

Optimum Gear Hogie Size Eguations

Four Wheel Six Whe
Do # 3.3 b = 2Do + 8
- 22 e
a = 70 b & =57 b

Qs

Bogie Size Ratio

c’
"

1}

a/52 Bogie Size Ratio = a/iZ’

Note that throughout the study, the same bogie
{’ s :
proportions as the Modelc -4 and -6 four- and six-wheel
designs were retained; only the overall scale was
5 J
varied. This method of sizing the bogies did not bias

).[



the results sigrificantly. PFor example, two current
widebody transports with four-wheel bogies of different
proportions (length-to-width ratios of 1.35 and 1.18)
vary in rigid pavement thickness requirement by less
than 0.2 inch at the came weipht.

The lunding gear optimization model considered
four- and six-wheel bogies. In the airplane gross
weight range employed for this study (0.5 to 1.5
million 1b}, main geuar configurations with less wheels
per gear were considered impractical for a number of
reasons. The Category I airplane with a single wheel
per gear and two main gears requires a rated tire load
of 232,000 1b. The largest commercially available tire
is a 56 by 16 high-presswre tire rated at 76,000 1b. 1If
the tire diameter versus rated load trends for current
tires, as shown in Figure 7, were followed for a
232,000-1b rated tire, the tire diameter would be 130 in,
at 250 psi, and even larger at lower pressures. FPro-
viding storage space for such a large wheel-and-tire
combination would te a formidable task, resulting in a
significant structural weight penalty.

Single-wheel cont'jgurations have other inherent
design deficiencies. If the wheel i5 mounted in ¢ fork
directly below the strut, the length of' the landing gear
is excessive., If the tire is mounted oft center to
allow for a more reasonable length gear, the otf-center
loading results in strut binding triction, approximutely
15 percent of the static gear load. This friction de-
teriorates the taxi ride quality, since the genr is
actually locked by the high triction fer 2 high percent-
age of the time, causing the airplane to ride on tire
deflection conly. UJingle-wheel gear configurations are
alsc less safe than nultiple-wheel designs becauge the
failure of a single vire can eliminute the braking and
control cupability of that gear,

The Caterory I wirplane with two wheels per gear
(total of rour main gear whecls) requires a rated tirce
load of 116,000 lb. usuch a tire would be T6 in. in
diameter with a pressure of 250 psi, and over 100 in. ut
a tire pressure of 150 psi. These tire sizes are ruch
greater than those that are commercially available.
Two=wheel gear designs with such larege tires are also
very inefricient from 1 wheel storage viewpoint. For
example, the two-wheel year at 200 psi requires no |
storage volume for the tire envel pe of 754,000 in.’,
compared to 350,000 in.) for a four-wheel Fgear with the
same load capability. If this adied volume represented
lost cargo space, then, at a ecargo loading of 10 Ib per
cu f't, the added vodiune for the two-wheel gear on a

o
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0.5-million-1b airplane would represent 4680 1b of cargo
that could not be loaded. The following sketch (Fig-
ure 20) shows graphically the comparison between a
four-wheel bogie design and a two-wheel design for the
same load capability. Since the two-wheel design is
considerably wider than the four-wheel design (93 in.
compared to 62 in.), the added storage vclume required
for the two-wheel design can be readily visualized.
Also shown in the sketch above is the position of the
C dual wheels with the gear compressed, which shows that
the tire will interfere with the desired location of
the lateral side brace. Therefore, to accommodate the

-4— GEAR STRUT

-t

|
/ o \<r-—GEAR COMPRESSED

TWO -WHEEL / e Y
CONFIGURATION —_ \/ \

GEAR EXTENDED

N R T N T e e o REECE B
[ J

FOUR-WHEEL ll
CONFIGURATION
4 GROUND
L | < r
SIDE VIEW
Figure 20. Comparison of two- and four-wheel bogie design
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dual-wheel design, the side brace would have to be
mounted higher than optimum, resulting in a weight
penalty to achieve the reguired lateral gear sirength.

The forefoing considerations were based on con-
figurations with twe main gears. It is possible to
attain reasonable tire sizes by providing mere main
gears, each with two wheels. For example, two main
gears with tour-wheel bogiec require the same tire size
(and thus weight) as four dual-wheel main gears. How-
ever, the extra two main gears result in weight penal-
ties both for the geurs themselves and the added gear
support structure (this point is amplified in Sections d
and e following). These penalties (3900 1lb) are much
greater than the weight udvantage of replacing the two
buries with rour axles (1240 1b). Furthermore, it is
much more difficult to store four two-wheel gears than
two four-wheel gears. The foregoing disadvantages of
single- and dual-wheel gears indicate that they should
not be considered for installation in airplanes of the
weight range under study. However, for airplanes of
lower gross weights (around 200,000 1b), Lwo-wheel gears
become attractive, since only two main gears are re-
quired having reasonazble tire cizes,

In reviewing gears with more than cix wheels per
gear, the most practical configurations ure eiyght wheels
rounted on four-wheel bogies and twelve wheels mounted
on six-wheel bogies. For euch of these configurations,
the beneficial effect on pavement stress of the udded
wheels is reduced by the necessarily cluse prcximity of
the adjacent wheels on each bogie "arm." In addition,
wheel, tire, and brauke maintenance costs rise because of
the inaccessibility of the inboard-mounted wheecls {the
outer wheels must be removed first to get at the inboard
wheels). This problem can be ullecviated somewhat by
mounting two adjucent tires on o single whecl ol greater
width. lowever, this leads to dilficulties in nousine
the necessiary brake volume, since there are only half as
many wineelc rop mouwl:itingg the brares. ‘The brukes becone
excessively wide, rezulting in u large number ot rotors
and inefficient bruke heut dissipation resulting in
additional weight penalties.

Because of the considerations above and because no
eight- or twelve-whecl pears have been used in commercial
operations, only four- and six-wheel gears were con-
sidered in this study.

Gear strut weight. The weight ot the shock strut,

braces, and actuators was comparcd to the nirplune ;rrosu
weight for about 15 different transport uirerasft.

L
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The weight used was the total gear system weight less
the weight of bogie beams and axles and rolling stock
(wheels, tires, brakes). Thece data showed an overall
average for conventional tricycle (2 main gear, 1 nose
gear) airplanes of 2 percent of the maximum takeoff
gross weight. In addition, the data appeared to indi-
cate a weight penalty for configurations with more thun
two main gears. This penalty is reflected in Figure 21,
which shows a gear weight factor versus number of main

ad landing gears. At two main gears, the factor is 1, and
at four main gears, the factor is 1.16, or a 16 percent
weight penalty. Thus, the weight of the shock strut,
braces, and actuators is given by

W = 0.02 (TOGW) (Weight Factor, Figure 21)

where TOGW is the takeol'f gross weight of the aircraft.
The weight penalty for multiple gears is probably due
more to duplicution of actuator systems than to heavier
shock strut total weight.
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Figure 2?1, Gear weight factor versus number of gears
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Gear support structure weigiit. “The nuin landing gear
support structure weight was compared to the airplane
gross weight for the 130, C1hl, CS5A, and Model -L air-
craft. These data indicated a basic weight ratic of

1 percent for two main gear cquipped airplanes, with the
weight penulty of Figure 21 alsc applicable in this case
for airplanes equipped with mcre than two main gears.

In addition, for fuselage-mounted main gears, there is
approximately another 50 percent weight penulty for the
gear support structure, relative to wing-mounted gears.
Table 5 summarizes these effects for multiple-gear
aircraft.

The data listed in Table 5 are based on configuring
the airplane with only two main gears mounted in the
wings and the remainder mounted in the fuseluge. This
arrangement is dictated by the cize of the bogies. In
conventional transports, the lunding gear is mounted aft
of the trailiny edge of the wing with the bogie being
stored in the Tucelage.

Usually blisterc are added to completely store the
gear., A second wing ~ear mounted significantly cutboard
of the first gear would reduce inboard wing downbending
and shear louds due to ground loading conditions by more
uniformly distributing the pround reacticu louds span-
wise along the wing. However, when this advantage is
compared with some of the more prevalent dicauavantages
and problems, the beneficial eftect on structurual weight
is lost., These difficulties ure:

{1) The maximum thickness is such that the bopic would
not it in the wing.

(2) Since the second wing-mounted gear would require
that the wing box be cut, additional structure
will be required to provide adequate torsional
stiffness for {lutter.

—_—
|8
~—

In order to distribute the load approximatrely
equally on all four main ceurs te conpensate op
runway crown and wing flexibility, a means of bal-
ancintg the air pressure between the gears on the
same side of the airplane would be needed.

(L) The second wing geurs would use approximately
20 percent of the wing box volume which (o nor-
mally used for fucl storage.

3.1.3 Functional cost relationships.

Acquisition costs. Landing gear system acquisition
costs relative to gear oycstem weight ure cstimated tf'row
Models -4 und -6 cxperience und from nirplunc -toprecin-
tion rates for the DC10 und BTLT riven in Reforcnee ki,
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The acquisition costs on this basis are about

70 dollars/lb in 1973 doliars. These costs are then
converted to u cost per b per tlight ($/#/flight) by
dividing by 30,000 flights, which is determined from 20
years' operation at 1500 tlights/year. Accordingly, the
final acquisition cost is L.3L x 1073 $/#/flight,

in 1985 dollars. The inrfliation rates employed are dis-
cussed in a later section.

Fiight operatiou costs. Flight overation costs are also
expressed in terms of $/#/flight and are composed pri-
marily of fuel costs and crew labor costs. A value of
19.49 x 10-3, in 1985 4oilurs, based on marketing
studies, was used for the ianding gear optimization
studies of tue Categorices 1 uand 11 airplanes.

The flight operation cost is about five times lar-
ger than the acquisition cost, oxXpressed on the same
basis; thus, the rlight cperation costs dominate. The
total costs for acquisition und 1"'light operation are
23.80 x 10-° &/#/f1ight, in 1985 dollars. This fipgwre
was used for botn airpianes to vetiect the cost or
carrying landing gear system welght. The value also
correlates very well with the cperating cost data for
the DC10 and BTLT published in Retercnce b, when com-
pared in terms of 1972 $/#/tiight.

Maintenance costs. Reforring to table 1, it can be seen
that the geav maintenance costs are divided into wheel
and tire muintenance, brake maiatenance, and maintenance
on the remainder of the gear.

Figure . shows the ‘ire maintenancze cost reration-
ship used in the study, iu terms of §/wheel/landing
(1985 dollars). The basic trend of inecreasing costs
with tire load reflect: the fact that increased tire
loads require larger tire sizes (an constant inflation
pressure and percent tire deflection) which, in turn,
cost more to recap and repluce. This trend is illus-
trated by the tire maintenance couts vor 15 dirferent
airplanes rauging from 40,000 b cross weight up ue the
B707 at over 300,000 ib. These data were obtained from
Reference 5, which is a 1970 survey by Alleghery Air-
lines of landing sear maintenance costs as reported by
23 U. S. air carriers.

The maintenance cost inerease with higher tire
pressures reflects tne tact that tire wear increases
with tire pressure. This trend was also noted in Fip-
ure 3 of Reference 6, u lunding geonr miintenance cost,
study performed by American Airlines. heir study shows
a rather drastic fulloft of tir.: life (lumdings/tread)
at tire pressures above 190 psi.  Leckheed studies in

)
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support of the Model -l showed similar effect, but not
as severe as the Reference 6 data. Figure 22 was de-
rived by using the Allegheny report data as representa-
tive of the cost for 150-psi tires (the average infla-
tion pressure of the 18 airplanes making up the data
base) and by estimating the increased cost at higher
pressures from Lockheed data.

The increased maintenance cost at higher tire
inflation pressures is the major negative factor asso-
ciated with high tire pressures in the mathematical
model of the gear system weight and costs. However, in
Figure 6, it is shown that high tire pressure is de-
sirable in reducing hweel and tire weight, which in turn
will reduce flight operation and acquisition costs.
Therefore, the tire maintenance costs tend to reduce the
desirability of very high pressure tires. (Another
negative factor resulting from the use of high tire
pressures is the larger bogic size reguired for a given
pavement thickness a2nd wiesl Jload, an seen in Figures 16
through 19. This is esgecially true for rigid pavements.)

Based on an Air ‘irznsport Association of America
(ATA) System 32 (Landing Gear) maintenance cost analysis
of the Model -k, performed vy Lockheed's Commercial Main-
tainability and Reiisbility Department, the wheel mainte-
nance costs can be included by increasing the tire mainte-
nance values given in Figure 22 by 8 percent.

Brake maintenance costs are expressed in terms of
dollars per ft-1b per landing ($/ft-#/landing), based on
the airplane kinetic energy at landing weight and
1.2 times the airplane minimum speed in the landing
configuration. Figure 23 illustrates the value of this
cost to be a function of the total number of brakes per
airplane. This reflects the fact that the total brake
maintenance costs are due to both labor and material.
The material cost is a function of brake weight only,
which results from the landing kinetic energy, and the
labor cost is a function of the number of brakes per
airplane, not their size.

The data on brake maintenance costs from Refer-
ence 5 correlates well with landing kinetic energy.
However, the corresponding Model -4 cost per landing
data is 30 percent less than the data given in Ref-
erence 5. This appears to reflect a significant im-
provement in the state-of-the-art for determining brake
maintenance costs, which is attributed to the previously
mentioned 1000-landing brake-life criterion (in Fig-
ure 9) used to size the brakes. Since this critcrion is
representative of future heavy aircraft design philosophy,

50



TR
FAENE e
R Wa

BRAKE MAINTENANCE COST, 10 ® DOLLARS ‘FT-LB LANDING

A A A, A TN D5 it o1 o,

/ (1985 DOL L ARS)

0 5 10 15 20

NUMBFR OF BRAKES AIRPLANE

Figure 23. Brake maintenancec cost. versus number of brakes

91

25

s vk



e e s STV

T

the lower maintenance costs corresponding to that of the
Model -L values were used to derive Figure 23. The data
in Figure 23 correspond to $1.06 per brake landing for
the Model -4 in 1973 dollars. In summary, the ordinate
of Figure 23 is multiplied by the airplane kinetic
energy at landing weight and an approach airspeed of
1.2 times the airplane minimum speed in the landing con-
figuration to obtain the brake maintenance cost in
$/landing. Figure 23 reflects 1985 dollars.

The maintenance costs for the remainder of the
landing gear system were calculated based on an ATA
System 32 landing gear maintenance cost breakdown for
. the Model -4. The labor costs were assumed proportional
to the number of gears, and the material costs propor-
tional to the totul gear system weight. The resulting
costs, in terms of 1985 dollars, are

Labor Muintenance Cost = $7.31 per gear
per landing

Material Maintenance Cost = $0.173 per
1000 1b per
landing

d. Inflation rates to 1985. The inflation rates used be-
tween 1970 and 1985 are shown in Figure 24. These rates
were obtained from a Lockheed corporate marketing study.
The rates shown result in the overall inflation factors
given in Table 6. The fuel inflation rate is used in
the flight operating costs. The fuel costs are expected
to take a 15 percent rise in 1973, and then level off at
5 percent to 1985.

3.2 Gear Optimization Results

3.2.1 Category I airplane. The previously described gear optimi-

zatlon mathematical model is upplied to the Category T airplane at
4,88,000~1b gross weight. Analyses of pavement stresses induced by the
nose gear during landing rollout showed that pavement thickness require-
ments are less than thosc required for the main gear. Increasing the
nose gear tire pressure above 200 psi, although reducing the size of the

tire and wheel, did not result in cost savings. Accordingly, the gear

optimization centered on evaluation of Jifferent main gear cont'ipurations.

Because configurations with more than two muain peuars result in weight
penalties, the analysis of the Catepory 1 cirveraflt was confined to two

main gear configurations. Four and 5ix wheels per penl were nnzlyced
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Table 6

Inflation Factors

Item Time Span Inflation Factor
Material 1970 - 1985 1.346
1973 ~ 1985 1.268
Laoor 1970 - 1985 2.321
1973 - 1985 1.951
Fuel* 1973 - 1985 1.967

* Fuel rates prior to 1973 are not shown because the data were not
required.

for all thrce pavement strength levels. In addition, five tire pres-
sures (150, 175, 200, 225, 250 us.) were analyzed for each configuration.
Thus, for each pavement strength level, ten landing gear configurations
were investigated. The results, in terms of total landing gear system

costs in $/flight, are shown in Table 7.

Table T
Cear System Costs for Category I Airplane (1985 $/Flight)

Gear Tire Gear System Costs for
Con=- Wheel Pressure Indicated Pavement Type¥
figuration Load, 1b D, DSi Current Median Optimized
Lewheel 57,954 150 680.36 6L6.72 646,72
175 690.49 643.53 643.53
200 - 641.559 641.06
215 - 6L4k4.00 640, 38
225 - 647.07 6L0.67
250 - 056.3 6LL .25
6-wheel 38,633 150 652.56 652.56 652.56
175 649.48 649,48 649,48
200 6L7.21 647.21 o47.21
225 652.97 6Lh7.18 LUT.18
250 662,52 651. 3% 551,34
Pertinent Pavement Thickness, in.:
R.giad 11.9 4.5 15.3
Flexible ) L2(39) 39.6

¥ Underlined numbers indicate lowest cost pear configuration for each
pavement strength.
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Dashes 3 1 Table T represcnt contigurations that cannot meet the
pavement strength requiirements. Some of the higher pressure four-wheel
gears cannot meet the current pavement strength requirements. The puve-
ment thicknesses for the three pavement strength levels are ulso shown
in Table 7. The current and median pavement thicknesses ure the same ags
in Table 3 of the previous section, but the thicknesses for the opti-
mized ypear are much less than those required for the Category II air-
plane shown in Table 3. Inasmuch as both the Category I and Category II
airplunes would actually operate from the same 1985 pavements, the
nedian pavement, in addition to the current pavement, would be the same.

“he large difference in weight between the two airplunes is re-
flected in the variaticon in pavement thicknesses tor the optimized gears
for each of the airplanes. Thus with the most idealized gear configura-
tions, large increases in airplane weight will require some increase in
pavement thickness.

Note that the mediun geur flexible pavement thickness of L2 in. is
the same us in Table 3, aud is greater than the 39.0-in. thickuness for
the optimized gear. This upparent anomaly occurs because the median gear
is actually sized by the rigid pavement criteria (14.5 in.}, which for
this gear is more critical than the flexible. Thus, the gear i gooa for
flexible pavements of less than 42 in., in this case, 2 in. Iun other
words, when the mediun pear is sized to both 1h.5-in. rigid pusvement and
Lh2-in. flexible pavement, the rigid pavement requirement dominates and
the resulting design is actually good for 39-in. flexible pavement.

The lowest cost gear configurations for each pavement strength cri-
teria are underlined in Table 7. The four-wheel geur at 215 psi iz the
best optimirzed gear, the four-wheel de:ign at 200 psi ic the best median
gear, und the best gear for operation on current pavements is the six-
wheel design at 200 psi. Tie coss for the six-wheel gears are the sume
for all three pavement, streipgth levels at pressures trom 1% vo 200 psi.
For these pears, Lhe bopic siz2 is as small as wheel clearance regquire-
ments will allow; nevertheios, the pear is still pood for current paves
ments. Since the six-wheol bople cannot be made cmaller to gain weight

and cost benc-fits from thicker pavement, the costs of these pears tire



independent of pavement thickness for the range of pavement thicknesses
used in the study. At higher tire pressures, this situation does not
hold true. In this case the bogie must be larger than minimum to sat-
isfy pavement strength requirements, so that a benefit is available when
designing to thicker pavements (the bogie size can be reduced). However,
at these higher pressures the costs are higher than at 200 psi because
tire maintenance costs override the weight savings.

Table 7 indicates that the pavement thickness requirements for the
optimized gear are not much greater than for the gear now installed on
the airplane (the current pavement gear). Accordingly, for an airplane
in the weight category ot the Category I aircraft (around 500,000 1b),
landing gears designed for current pavements are very nearly the same us
that which can be achieved without pavement restrictions. This finding
does not hold for the case of the Category Il airplane.

The pertinent weight and cost penalty data for the Category I gears
are shown in Table 8. All dollar figures are in 1985 dollars. The cost
per lifetime is bused on 30,000 flights, and the total fleet cost is
bused on 618 airplanes. This is an estimate of the projected fleet size
for normal- and extended-range airplanes in this weight cutegory in-
volving domestic U. S. departures. The worldwide fleet size is approxi-
mately twice the above figure.

The data required for pavement stress unalysis are shown in Table 9.
The airplane gross weight is 488,000 1b, with 95 percent of this sup-
ported by the main gears, whicn are spuced 432 in. apurt laterally.

3.2,2 Catepory II uirplune., Procedures sirmilar to thcee employed

for determining the gear cont'igurations tour the Category I airplane were
applied to the 1.5=-million-1b uirplane. Fresent-day practice for design-~
ing the nose geur for pavement flotation requirements is to configure

the nose gear such that it wili not impose preater stresses on the puve-
ment during normal operations than wili the main gear. This aesign
philosophy is 5till valid for the Cutepory II airplune. ror the Cute-
gory II airplane, the weight penulty associnted with decipning the nose
gear for current pavement strength, relative to an optimized pear, is

about 2 percent of the welcht penalty tor the miin proars,
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Gear Parameters for Pavement Stress Calculacioas

for Category 1 Airplane

ITEM

CURRENT-PAVEMENT
GEAR

MEDIAN-PAVEMENT
GEAR

OPTIMIZED GEAR

GEAR CONFIGURATION
TIRE VERTICAL LOAD,

6-WHEEL BOGIE

4-WHEEL BOGIE

4-WHEEL BOGIE

POUNDS 38,630 57,950 57,950
TIRE PRESSURE, PSI 200 200 215
TIRE DIAMETER, INCHES 448 36.1 338
BOGIE SIZE, INCHES a 42.3 445 42.4
b 91.7 99.9 31l
C 56.4 = -
a
a— oy ]
4 r —r
¢
BOGIE CONFIGURATION | -

58
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The most attractive nose gear centiguration for the Catepory 11
airplane, for operating on current pavements, is four wheels on a common
axle, as on the C5A. The wheels are 59 in. in diameter, with a load
rating of 45,000 1b per tire, and an inflation pressure of 150 psi. The

outer wheels are spaced 144 in. apart (compared to 92 in. for the C5A),

and the inner wheels are spaced 51 in. apart (versus 33 for the C5A).
For the optimized nose gear, the wheels are spaced closer (total axle
width equals about 100 in.).

Since the weight penalty . ‘v designing the nose gear for current
pavement strength is so small relative to the penalty for the main gears,
the gear optimization scheme involves onl, finding the best gear con-
figuration for the main gears. Ueven difrerent main-gear configurations,

each at, five different tire pressures (150, 175, 200, 250 psi), were

A TS e

investigated for each of the three pavement strength criteria shown in

=

Table 3. Thus, 35 configurations were analyued for cach pavement
strength level. The geur configurations analyzed included three six-
wheel main gears; four, five, and six four-wheel gears; and four, five,
and six six-wheel gears. Table 10 shows the total costs for these con-
figurations at 150, 200, and 250 psi.

The lowest cost gears for each criterion are shown underlined in

P 2245 0

Table 10. The median gear is well defined in this cuse because there
is a large spread in pavement thickness requirements between the current

pavement gear and the optimum gear. The five and six gear, six-wilcel-

iy

bogie wheel loads are of such a low magnitude that the bogie sizes are
tire cl-arance limited us they are on the Category T airplanc, so that
at the lower tire pressures the costs are the sime repardless of pave-
ment strength requirements.
A comparison of the costs of the four-strut, six-wheel gears and the
< six=-strut, four-wheel gears (both have the same total number of tires
and, hence, the same tire vertical load) shows that the six-wheel bogie
versions nare less expensive. This is attributed to the weight penalties
associated with the increased number of gears required for the four-wheel
bogie versions.

Tuble 11 presents the pertinent weight and cost pena.ty data tor
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Table 10

0 & BRI

Gear System Costs for Category II Airplane (1985 $/Flight)

Tire Gear System Costs for
Gear Wheel Pressure Indicated Pavement Type¥*
Configuration Load, 1lb P, psi Current Median Optimized
Three 6-wheel 79,167 150 - 2368.11 2342.30
200 - 2371.72 2289.04
250 - 2bk2.09 2263.19
Four kL-wheel 89,063 150 - 2382.49 2353.08
200 -— 2538.53 2315.75
250 - - 230k4. 84
Four 6-wheel 59,375 150 2432.92 2366.24 2366.24
200 2537.55 2332.17 2332.17
250 - 2366.15 2325.76
Five lL-wheel 71,250 150 - 2390.88 2390.88
200 - 2h1k.13 2365.32
250 - 2481.88 2366. L4
Five 6-wheel 47,500 150 2410.68 2k10.68 2410.68
200 2LL7.10 2387.10 2387.10
250 2522.55 2391.78 2391.78
Six L-wheel 59,375 150 2550.24 2428.38 2L28,38
200 - 2h14.55 2410.16
250 - 2ké1.61 2Lk19.03
Six 6-wheel 39, 583 150 2hs3,12  2453.12 2453.12
200 2Lh37.94 2435.95 2k35.95
250 2490.04 24L7.80 2LLT7.80
Pertinent pavement thickness, in.:
Rigid 11.9 1k.5 e
Flexible 33 L2 51.2

% Underlined values indicate lowest cost gear for each pavencnt

strength.

60
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the three best gear configurations from Table 10. To determine the data
given in Table 11, 30,000 flights/lifetime and a fleet size of 67 air-
planes were used. This is the fleet size projected for 1985 for a Cate-
gory II airplane to service U. S. domestic departures. The total world-
wide fleet size is approximately twice this number. Table 11 shows
that the Category II airplane gear system costs per flight are much
larger than the corresponding figures for the Category I airplane ($147
versus $7). However, since the fleet size of the Category II airplane
is mucn smaller (67 versus 618), the total fleet lifetime costs for the
laiger plane are only about two times the costs for the Category 1
airplane ($296 million versus $127 million).

The data required for pavement stress analysis are shown in Table
12. Ninety-five percent of the airplane gross weight of 1.5 million 1b
is distributed equally to each of the main gears. Likewise, the gear
loads are distributed equally to each of the six wheels by providing the
proper initial vertical offset between the center and end axles. With
equal wheel loading, the six-wheel bogie pattern is such that the pave-
ment stress under each wheel is virtually identical. For all configura-
tions, two gears are wing-mounted, and the remaining 1, 2, or 3 are
fuselage-mounted. In the case of the optimized gear, the tire size and
load rating are greater than that of currently available tires. How-
ever, Lhese larger capability tires would not require technical advances

in the state-of-the-art to be feasible for a 1985 airplane.
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Table 12
Gear Parameters for Pavement Stress Calculations

for Category II Airplane

CURRENT-PAVEMENT MEDIAN-PAVEMENT
ITEM GEAR GEAR OPTIMIZED GEAR
GEAR CONFIGURATION FIVE 6-WHEEL BOGIES | FOUR 6-WHEEL BOGIES | THREE 6-WHEEL BOGIES
TIRE VERTICAL LOAD,
POUNDS 47,500 59,375 19,167
TIRE PRESSURE, PSI 150 200 250
TIRE DIAMETER, INCHES 56.2 96.9 58.4
BOGIE SIZE, INCHES a 52.2 £2.8 54.1
b 120.5 121.8 124.9
¢ 69.6 70.3 712.1
a—
e |
—’1 I
s ! b
rgu | 214 I
° l ° ° +
~ : |m Rk
° ° o] @ | °
GEAR | 100 ' i |
LOCATIONS, | , | :
INCHES ' ! ! ' j ;
' j613 813 l ’ ¢i3 '
FUSELAGE FUSELAGE FUSELAGE
¢ ¢ €

(a8
)



L 1985 MAJOR HUB AliPORTS

For the purpose of this study, a major hub airport was considered
to be the same as a large hub airport as defined by the FAA in Refer-
ence 7. According to this definition, a major hub airport is one that
enplanes more than one percent of the domestic enplaned pasctengers.

Reference T lists the present major hub airports and those planned
to be operational by fiscal year 1983. Air carrier operations from
these airports are projected for fiscal years 1975, 1978, and 1983.
Actual data for fiscal year 1971 are also given. The data from Refer-
ence 7 have been extrapolated graphically to obtain calendar year 1985
operations. These are presented in Table 13.

The airports shown in Table 13 do not include all the major hub
airports listed in Refereace 7. Some of the airports listed will be
phased out for scheduled airline traffic by 1985, such as Love and
Greater Southwest in Dallas and Kansas City Municipal. Other fields,
such as Chicago's Midway and Los Angeles' Hollywood-Burbank, were ruled
out as being too small to handle the 1985 projected 1.5-million-lb air-
plane with which this research effort is concerned: Table 13 lists
projected 1985 departures for each of the major hub airports. A compi-
lation of the pavement construction data for the hub airports is given
in appendix A. The last column in Table 13 indicates whether or not the
sub-cl airport officials responded to requests as to the validity of

the ;uvelent cate presenled.
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5 AIRCRAFT COSTS

5.1 General Discussion

The airplane costs associated with carrying excess landing gear

weight arise from four sources:

a. Acquisition cost.
b. Maintenance cost.
¢. Flight operation cost.
d. Lost revenue cost.

The first three of these were discussed in Section 3, landing Gear
Optimization. The total cost penalties for the first three of the above
costs were shown in Tables 8 and 11 for the Category I and II airplanes,
respectively. These cost penalties were shown for airplane landing gear
configurations designed for both current and median pavements, relative
to an optimized gear. This section deals with the determination of the

lost revenue cost and with the total of the above four costs.

5.2 Lost Revenue Cost Analytical Mode.

The lost revenue coust due to currying excess landing gear weisht
results from the fact that there is u fixed structural limit on the
total loaded weight of the airplane; therefore, every excess pound aser-
ciated with the landing gear design represents the potential loss of
1 1b of revenue payload. The key word ir the ubove statement is "poten-
tial"; since not all flights are performed with u tull payload, the lost
revenue must te determined statistically.

The analysis was pertformed for the traffic operating out of the 20
U. S. domestic major hub airports for 198% shown in Tablie 13. Enplaned
passengers and cargo tonnige from cach of the hub airports were pro-
jected for the year 1985. Assuming 200 1b per passenger (including bug-
guge), the total pounds departing trom each hub usirport in 1985 were
determined in Table 1k. The totul pounds departing frov each hub air-
port r.. 1985 were then broken down into departures traveling less than
and greater than 1000 statute miles. DBased on the curreut distribution

of flight lengths for U. 5. domestic truffic, a2s shown in the Official
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SJirliue Guide, C8.4 percent of the total aeparting pounds involve
foignue or less than 1000 miles.

wus assuned that the projected Category II airplanes will not
vptral over routes of less than 1000 miles and that any short-range
usaZe iess than 1000 miles) of the Category I uwirplane will not invoive
a cigulricant revenue loss from lost payload. Accordingly, the lost
revenue analysis considered only ranges greater than 1000 statute miles.
Tuvte 15 shows the weekly departing pounds from eech major hub airpor:.
ana the departing weights involving ranges over and under 1000 statute
m.ies., Tne two right-nund columns in Table 15 show the departing pounds
tilat are preojected to be carried by the Category I and II airplane, and
by otuer airplancs, sucn as the BT07, DC8, ana B727, that may be oper-
Lving in 1685,

Yur each nhub airport, the departing pounduge was dictributed over
(irrerent rlight distance blocks, from 1000 to 6500 miles in 500-mile
ircrements. This distribution was based on Lockheed's commercial mar-
keting wnulyses of current airline route structures, as shown in the
ofriciul Airline Guide. Once the departing weight from each major hub
airport, Table 15, was distributed to the distance blocks, it was then
rurther distributed to the Category I and the Category II airplanes, in
normal- and extended-range versions. The normal-range versions of both
ulopranes operate up to 2000 niles; the extended-range versiun of the
Cutegory I airplane operates from 2000 to 4500 miles; and the extended-
range version of the Category II airplane operates from 2000 to 6500
miles. Tne departing weight distribution between the two program air-
;itnes (54 percent Category I, 46 percent Category II airplane) reflects
tre anticipated fleet sizes and relative payload capabilities of Cate-
ey I oand Cutegory IT alrplanes.

Tne following inputs are required to calculate expected lost reve-
Iue by distance-block:

a. Uperating empty weights (OEW) by aircraft type, which reflect
tne lunding gear contigurations designed to three pavement
strengin levels.

b. ilaximum allowable TOGW by airplane type by airport. (Function
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Table 15

1985 Departing Pounds, Program Airplancs

3

. Average Weekly Demand 10~ 1b

Flights Over 1,000 SM

In Cate-
In gories I
Total Under Over Other and IT
Alirport Departure 1,000 &M 1,000 SM . Airplanes Airplanes
Chicago (O'Hare) 193,962 132,670 61,292 12,258 49,034
Atlanta 154,423 105,625 48,798 9,760 39,038
Los Angeles

(International) 123,096 84,198 38,898 7,780 31,118
Dallas/Ft. Worth

Regional 93,596 64,019 29,577 5,915 23,662
San Francisco 102,654 70,215 32,439 6,488 25,951
Miami 115,135 78,752 36,383 71,277 29,106
New York (JFK) 142,308 97,339 Ll 969 8,994 35,975
New York .

{(La Guardia) Th,L81 51,629 23,852 4,770 19,082
Newark 73,558 50,314 23,2LL 4,649 18,595
Denver 65,365 44,710 20,655 4,131 16,524
Boston 65,346 4y ,697 20,649 4,130 16,519
Philadelphia 47,135 32,240 14,895 2,979 11,916
St. Louis 45,635 31,21k 14,L21- 2,884 11,537
Honolulu 75,000 51,300 23,700 4,740 18,960
Detroit 48,692 33,305 15,387 3,077 12,310
Sealtle/Tucoma 46,712 31,951 1h,761 2,952 11,809
Pittsburgh 33,077 22,625 10,452 2,090 8,362
Houston 35,692 _23.h13 11,279 2,256 9,023
Minneapotis/

Sv. Paul Lo, 365 27,610 12,755 2,551 10,204
New Orleans 30,365 20,770 9,595 1,919 7,676
La:, Vegas 33,192 22,703 10,489 2,098 8,391
Kansas City, r

(1nternationsl) 2h,he3 16,705 7,718 1,5Lh 6,174
Baliirore 214355 18,731 8,654 1,732 6,923
Clevelnd 29,038 19,862 9,176 1,835 7,341
Wusl.ington :

(Lulles) 23,615 16,153 7,h62 1,492 5,970
Fort Lauderdule 11,545 7,787 3,598 120 2,878

Total 1,756,034 1,201,543 555,098 111,020 Lk, 078
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of runway length and elevation and airplane performance.

c. Capacity by airplane type.

d. Average weekly demand of cargo/passenger pounds departing by
distance-block.

e. Average combined passenger/cargo yields by distance-block.

f. Load factors.

g. Standard deviation from the mean weekly payload.

The load factors and OEW's are constant in the model, while the
other factors vary with airport distance-block and airplane type con-
sidered. The model used in calculating expected lost revenue requires
the inputs of TOGW at each airport, distance-block uverage weekly demand,
and distance-block yield. To calculate flight frequency for each
distance-block, aircraft capacity is tuken at 50 percent load factor and
divided into average weekly demand. The resultant figure is vouuded off
to the nearest whole number above or below 0.5. This freguency number
is then divided back into the average weekly demand to give the mean X
of average weekly paylcad. A normal distribution of expected pounds to
arrive on the dock for any one flight is calculated with a standard
deviation of 0.6 times the mean X of average weekly rayload. This
relationship between the standard deviation wnd the mean is based on
Lockheed's commercial marketing analysis of airline-furnished data on
flight load factor variation cver a two-year period, ccvering 297 city

o

pairs; the normal distribution is considered an adequate assumption for
such a large sample. The maximum payload that can be carried per tlight
X is determined by payloud/range curves for the Category I ana the
Category II airplunes, as well as airplane performance limitations ut

each hub airport.

The analysis can be readily understood by refevring to Figure 29. o

The horizontal bar represents airplune weipht., The total weight
for each flight is made up of the operating weizht empty, the fuel
weig~-, and the payload weight. The maximum allowable payioad X for
a given distance-block and departure hub airvport, i¢ determined from the

payload/range curve, at the average range tor the aistunce-block being
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OPERATING
WEIGHT
EMPTY Fa—— MAXIMUM ALLOWABLE GROSS
WEIGHT ( SMAX TOGW FUNCTION
STRUCTURE FUEL PAYLOAD OF RUNWAY LENGTH AND
3 ELEVATION)

X

- \ MAX TOGW (AIRPLANE

b—p— AIRPLANE WEIGHT
. STRUCTURAL LIMIT)

x|

STATISTICAL DISTRIBUTION OF \
PAYLOAD WEIGHT DEMAND —

LOST PAYLOAD WEIGHT
X = PAYLOAD AT MAXIMUM ALLOWABLE
GROSS WEIGHT

X = MEAN VALUE OF STATISTICAL DISTRI=
BUTION OF PAYLOAD WEIGHT DEMAND

Figure 25. Determination of lost payload

analyzed, as well as airplane performance limitations (if auy) due to
runway length and altitude at the departure hub airport.

Once the average weekly payload ¥ has been determiuned as pre-
viously discussed, the statistical aistribution of payload weignt can
be determined by assuming a normal curve with a standard distrivution
equal to 0.6 times the mean % . The crosshatched area under the normal
curve shown in the above sketch represents the lost payload for the
distance=block analyzed in any one week.

This result is then multiplied by the distunce-blouck yield on
cargo/passenger pounds to obtain the expected dollar value ot weight
1oss in any one week. The weighted average yield for combined cargo/
vassenger pounds is obtained for each distance-block by the following

eguatlous:
(Total revenue, $) = (Passenger miles) x (Yield/passenzer nile)
' + (Cargo ton mile) x (Yield/ton mile)

(Passenger miles x 200 1b/passenge:) + (Cargo
ton mile x 2000 1b/tcn) * (Flight uictunce)

Total weight, 1D)
(Average yield ($/1c)) = (Total revenue, : (Total weignt)

Tne weekly expected revenue loss is then multiplied oy 5¢ 1L ar-

riva a% o:. annual expected lost revenue by aircraft type by

T1
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distance-block under varying landing gear/OEW assumptions. This lost
rzvenue is then summed over all the distance-blocks unalyzed for the
26 major hub airports to determine the total annual lost revenue from
operations out of the major domestic hub airports.

The factors that influence.the lost payload.are the factors that
determine the relative location of X and X in Figure 25. The lost
payload (crosshatched area in Figure 25) varies inversely with the
distance separating X und X .

The lost payload is reduced by the following:

a. Lover operating empty weight.

b. Irnroved fuel econory (lowers fuel weight for given runge-
payload).

c. Improved takeoff pertformance (raises X on perfornance
limited airfields).

d. Extended range-payloud curve (raises X for given range).

Of the above factors, this study is corncerned only with the tirst,
Landing gear conriguratic:as designed to difierent pavement strength
criteria result in difterent operating empty weights, which aifect the

lost revenue.

5.3 Lost Revenue Cost Results

The lost revenue analytical model was auppliea o the Caterory 1
and the Category II airplaunes, operating out of the 26 mzjor hul wir-
ports shown in Table 1%5. Twe versions of each airplane were anzaiyted:
normal-range and extended-range versions. The range/payload c.rves ror
these girplanes are shown in ligures 26 and 27. BRuth the ncrmal- ouad
extended-range versions of the Jategory [ airvplanc weigh 488,000 Lb, and
both versious ol the Category [[ airplane weigh 1.5 million 1lb., Uhe
landing gear contiguration: cucsen in the previous seciion for each
uirplane are thec same for both the normal- and extended-range versiono.
Table 16 summarizes the 1985 nwuoer of departures and total departing
welght projected for cach major hub airport. Also shown 13 1l per-
centage ol itncse departures wecounted tor by the normal- ana extenued-

C

range versionsg of both the Catepory T oand tue Cotegory 1 airploncs.
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Table 16
1985 ‘Major Hub Airport Departures and Departing Weight

Perccntage of Departures

Departing i e
g Wexght Depar tgres Norms] Extended Normal Extended

;g Airport -10~ 1b ~10 Range _Runge Range Range

A Chicago (0'Hare) 10.086 Lok 15.83  3.333 0.721 1.017

% Atlanta ' 8.030 346 14,73 3.096 0.676 0.962

4 " Los Anreles (International) 6.h01 22 16.76 3.502 0.752 1.117

Z’é Dalias/I't. Worth Regional 4,867 235 13.165 2,74k 0.597 0.863

g' San Francisco 5.338 222 15.225 3.186 0.703 0.98L

! Miani 5.987 203 18.7  3.919  0.845 1.153

g . New York (JFK) 7.400 198 23.77  4.990 1.077  1.549

: New York (La Guardia) 3.925 177 12.L75  2.705 0.578  1.024

g' Newark 3.825 175 13.965 2.882 0.624  0.981

f Qenver 3.399 161 13.%05 2.8k2 0.614  1.066

! Boston 3.398 146 14,786 3.099 0.677 0.962

Philadelphia 2.451 140 11.145  2.377 0.52  0.7%0

x St. Louis 2.373 132 11.225 2.36h4 0.512 0.Tu8

Honolulu 3.900 121 0 10.185 0 2.536

Detrcit 2.532 120 13.135  2.817 0.607 0.910

Seattle/Tacona 2.429 110 13.945  2.789 0.615 1.040

‘ Pittsburgh ' 1.720 105 10.4 2.179 0.495  0.743

s Houston 1.856 102 11.47 2.uu7 0.510 0.816

; Minneapolis/St. Paul 2.099 97 13.67  2.895 0.590 1.072

New Orleuns 1.579 9k 10.51  2.213 0.498 0,77k

Las Vopas 1.726 9k 11.615 2.L3% 0.553 0.830

& Kansas ity (Intcrnational) 1.270 91 3.57 1.829 0.500 0.743

Baltin.re 1.42% 88 10,38 2.127 0.473  0.827

Cleveiand 1.510 18 12.335 2.600  0.9533 0.933

Kashington (Dulles) 1.228 65 12.00 2,400 0.560  0.960

. Fort Laudcrdale J2.462 37 9.54+ 2,108 0.ke2  1.265

Total 91,305 3663 .34 3.329 0.653 1.073




These rigures are based on the flight frequencies for the four different
airplane models as predicted by the losc revenuc analytical model. Tue
flights for the normal range Category I airplane have been increased
above the analytical model results to refiect [lights of less than

1000 miles. This alteration is required because the departures in
Table 16 will be used tc determine pavement coverages at each hub air-
purt for each airplane type. While the lost revenue analytical model
ignores rlights of less than 1000 miles because it is assumed that any
revenue 108s at this range is negligible, from a pavement-damage
viewpoint, the numerous short flights by the Category I airplane,
normul-runge version, cannot be ignored.

While the percentages of departures in Table 1( appear rather low,
totaling about 19.4 percent for the rour airpluce models, these air-
planes l'uve an average payload of around 75,000 1b based on the total
wnneal Iloghts and total annual departing pounds for these planes. The
average payload for the total departures shown in Table 16 is
91.345E9,/5.3(3Ee or 23,600 1b. Therefore, the heavy-weight airpianes in
this study ruve an average payload equal to T5,400/23,600 or 3.19 times
tne total 1v35 fleet average payload. Thus, the 19 percent of total
departures r'oc tnese planes represents about ©2 percent of tctal depari-
ing weight. Yurtherrore, since the distripution ot airline revenue wivh
rlignt distance is weighted more heavily toward tine longer flights thau
is tlhe distributicn ot departing weight (it costs more to fly farther),
the 62 perceut of totul departing weight represents over 90 percent ot
airline revenue.

The 1955 annuul expected lost revenue from each hub airport, vor
tiie current paverent and median puvement gear confipgurztions relutive to
the optimizned Zeur conliguration, ace shown tor Lhe extended-range
version of botu alrplanes, in Tables 17 ana 18. The normal-range air-
plunes, which only operate up to 2000 miles, do not sutfer any sig-
wlr'lcant revenue luss from lost payload. The revenue loss for the
Category 1l airpluue 15 far greater than that for the Cutegory I clir-
plane, opecause the welght penalties sre much greater r'or this alrpiune,

as shown iu Tavles { and 11 (8787 versus 364 1b for the current puvement
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Table 17

Annual Lost Revenue from Major Hub Airports
Extended-Range Category I Aircraft

Current Pavement Median Pavement

. Airport Dollars/Year Dollars/Year
1 Chicago (0'Hare) 139, 32k 81,471
Z Atlanta 112,166 65,59l
. e Los Angeles (International) 125,370 73,320
; Dallas/Ft. Worth Regional 78,498 45,912
v San Francisco 91,570 53,551
£ - Miami 108,458 63,436
%- New York (JFK) 131,616 76,969
%i New York (La Guardia) 294,451 172,449
§ Newark 134,891 78,968
; Denver 145,472 85,182
g. Boston 52,767 30,867
& Philadelphia 35,619 20,823
§ St. Louis 42,896 25,099
§ Honolulu 67,158 39,282
% Detroit 39,066 22,836
¥ Seattle/Tacoma 38,553 22,536
{ Pittsburgh 27,695 16,202
é Houston 31,150 18,230
i Minneapclis/St. Paul 36,626 21,419
: New Orleans 23,039 13,474
% Las Vegas 31,778 18,593
: Kansas City (International) 24,247 14,196
‘ Baltimore 21,319 12,463
Cieveland 27,587 16,130
¥ Lhirngieon (Duliles) 22,172 12,977
) Fort Lauderdale 17,188 10,k22
Total 1,901,276 1,112,401

17



Table 18
Annual Lost Revenue from Major Hub Airports

Extended~-Range Category II Aircraft

Current Pavement Median Pavement

; Airport Dollars/Year Dollars/Year
Chicago (0'Hare) 5,955,958 3,115,072
Atlanta 4,719,668 2,466,657
I Los Angeles (International) 4,573,753 2,391,495
5 Dallas/Ft. Worth Regional 2,861,967 1,L489,80L
; San Francisco 3,245,655 1,693,190
; Miami L,384,743 2,290,566
; New York (JFK) 4,903,924 2,549,059
New York (La Guardia) 6,410,712 3,278,854
Newark 3,243,256 1,683,129
Denver 2,982,823 1,521,113
Boston 2,02k,124 1,055,200
Philadelphia 1,032,096 528,480
St. Louis 1,256,918 648,743
Honolulu 2,162,275 1,121,065
Detroit 1,251,611 643,372
Seattle/Tacona 1,037,821 531,718
Pittsburgh 885,385 460,163
Houston 842,286 L34, 445
Minneapolis/St. Paul 1,422,629 734,638
New Orleans 681,2¢1 351,659
Lus Vegas 897,852 466,795
Kansas City (International) 337,327 160,746
Raltimore 543,190 277.600
Cleveland 769,850 396,904
Washingto. (Dulles) L26,0L3 216,027
Fort La.d: rdale 101,943 50,611
Total 58,955,030 30,966,752
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gear relative to the optimized gear).

Table 19 presents both the 1985 annual lost revenue costs and the
annual acquisition, operating, and maintenance costs for the normal- and
extended-range versions of the Category I and the Category II airplanes.
The acquisition, operating, and maintenance costs are based on the costs
per flight shown in Tables 8 and 11 of Section 3, Landing Gear Optimiza-
tion. A flight frequency of 1200 flights/year was used for the normal-
range airplanes, and 900 flights/year for the extended-range airplanes.
These figures were based on historical flight frequency data. The fleet
sizes used were as follows:

Category I Airplane Normal Range 475
Extended Range  1L3

Category II Airplane Normal Range 21
Extended Range L6

These fleet sizes represent the number of airplanes to satisfy do-
mestic U. S. departures. Worldwide fleet sizes would be approximately
twice the above figures.

The bottom line of Table 19 is the total annual cost in 1985 for
the two airplanes analyzed, which together in normal- and extended-range
versions account for over 90 percent of the total airline domestic U. S.
revenue. These are the total airplane costs resulting from designing
the landing gesrs to current and median pavement strength levels; all
costs are relative to zerc cost for an optimized landing gear system
for each airplane. I% can be seen from Table 19 that about 80 percent
of the total costs are due to lost revenue on the extended-range version
of the Category II 21irplane.

To help place the total cost figures in Table 19 in perspective,
the total domestic airline revenue estimated for 1685 by the Air Trans-
port Association of America (ATA) in Reference 8 is $38 billion. There-
fore, the $75 miliion lost revenue at the majob hub cirports in Table 19
represents about 0.2 percent of the total domestic airline revenue for
1985. The costs in Table 19 are annual costs in 1985 dollars; over a
25-year time span, the total costs for the current pavement gear rela-
tive to the optimized gear would be 1.88 billion dollars, in constant

1985 dollars.
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Table 19

Total Annual Airplane Fleet Cost Penaltics Relative to

Pavement Designed for Optimal Gear Designs

(1985 Dollars)

Airplane Ttem Current Pavement Median Pavement
Acqg., Oper., Maint Costs $ 3,893,100 $ 666,900
old
g E NA Lost Revenue Costs* - -
a8 §
5 8 - ¥
b Total Costs 3,893,100 666,900
-
H Acq., Oper., Maint Costs 879,02 150,579
ol v
< o :
§Tg @  Lost Revenue Costs 1,901,276 1,112,401
358 Ll
& Total Costs 2,780,297 1,262,980
Total Costs, Category I 6,673,397 1,929,880
Airplane i et s
Acq., Oper., Maint Costs 3,716,748 1,738,296
v
ﬁ é ] Lost Revznue Costs¥* - -
2 E ¥
o] o s e et s e T
A2 & Total Costs 3,716,748 1,738,796
H
3. Acq., Oper., Maint Costs 6,106,086 2,855,772
B a0 _ Him A
$ S Lost Revenue Costs 58,955,030 30,500,752
+c; + C§ e o
S|4 Total Costs 65,061,116 33,422, 524
Total Costs, Category II 68,777,864 35,160,820

Airplane

Total Cost, Both

Airplanes

$37,090,700

® No significant payload loss for normal-range

80
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6 PAVEMENT UNIT PRICE ANALYSIS
6.1 Introduction

In developing pavement price, a distinction must be made between
cost and price. Pavement cost 1s defined as the amount of monies that a
contractor must spend for lavor, materials, equipment, subcontracts, and
osverhead to construct a pavement structure. Pavement price is the total
amount of monies that an agency, or the public, must spend to have a
pavement structure constructed. Pavement price includes pavement cost,
general contractor overhead, aud contractor profit.

In calculating unit prices for a study such as this, which encom-
passes the country as a whole, an extremely large number of variables are
apparent. For each major hut airport, there are spatial and temporal
variebles. Cpatial variables include location of material sources, con-
tractors, and labor contracts. Temporal variables include inflation
rates, material availability, labor contract periods, and business
climates. Statistical validity, within an acceptable range, can be
attached to the spatial variables since it can be assumed that future
construction distances will correlate fairiy well to previous construc-
tion distances. Certain of the temporal variables can be attacked sta-
tistically. Inflation rates have been projected; these may or may not
be accurate. Material availability and labor contract periods can be
assumed to remain as they have in the past. The business climate at a
particular award date is extremely difficult to predict. This factor
affects greatly the markup that the contractor attaches to his cost. In
the author's opinion, this factor is the most sensitive and difficult
variable to predict in calculating pavement unit prices.

Prior to presenting the unit prices used in this study, the vari=-
ability of price due to a change in business climate deserves discussion.
The amount that a contractor bids tor a particular job includes a markup
over his estimated cost. From the contractor's point-of-view, the study
of the amount of money that he snould murk up his estimated cost in order
to maximize his expected aoility is commonly referred to as the "Compet-

itive Biddiug Problem." In order to establish a strategy for bidding,




a contractor must select (either implicitly or explicitly) his utility
function. This furction is extremely sensitive to his own business situ-
ation and has been shown to depend upon the volume of work which he

presently has on hand (Reference 9).
A representation of a contractc:'s volume as a function of time is

given by his volume-time function as shown in Figure 28. The ordinate of

CREW 1

CREW 2 N

VOLUME OF WORK, DOLLARS

JAN FEB MAR APR MAY JUN JuL
TIME,

Figare 28, Yolume-time function

Be



,.
LIRS

S R R s

NI

S p—
TN

oy s T

o ammer

this function is V , the volume of work that the contractor has on hand
in dollars., The abscissa represents time T . There are two usually
distinct values of V on each volume-time function. T:e first VL is
the volume of work below which a contractor does not like to operate.
When his volume is below VL » this implies that a large portion of his
cash flow must go to pay his fixed cost thereby making his overhead-
volume ratio higher than satisfactory. When a contractor's volume
reaches his upper volume Vu (the volume which is generally set explic-
itly by his bonding capacity, staff or equipment capability, or other
constraints), his objective in a particular bidding situation is dif-
ferent than when his volume is at VL . A contractor operating at or
near his maximum volume Vu is in an extremely good business situation.
Simply, he does not desire any more work. If he does bid & job while
his volume is high, he will mark up his estimated cos. to account for the
additional risk involved and, quite often, hope to be awarded the job at
an extremely high contribution level.

Basically, if the entire local construction industry has a lot of
work on hend (i.e., most contractors operating near Vu ), the sponsor
of a project can expect to pay an extremely high price for construction.
If, on the other hand, a large portion of the industry is operating near
V. , the sponsor can expect to pay & lower unit price for construction,
s;nce the objective of most contractors will be to bid low in order to be
awarded the contract and thereby obtain some contribution to maintain
their cash flow.

Tdeally, the construction market will be, at the time of each
award, in an equilibrium situation. An equilibrium situation implies
thet mocst contractors are operating in a volume range between Vu and
VL . Tnis Leirag the case, each contractor's objective, either implicitly
s explicitly, is to maximize his expected profit, thus permitting true
corietition.  n this situation, the sponsor gets a reasonable bid for
his constructicn and the contractor gets his fair profit.

The purpose ¢t these introductory paragraphs is to explain to the
reader one rearson ['er the high variability in bid prices relative to

{ime in one lcecation. Additionally, there is an extreme variation in
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bid prices among locations. Thus the approach used in this treatise has
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been to develop unit prices based on historical data statistically and
show the sensitivity of the total pavement cost to these unit prices.
Hopefully, an upper and a lower bound have been developed that will

permit future rational decisions.

6.2 Relationship of Pavement Cost to Total Cost of Pavements

When one constructs a new pavement or strengthens an old pavement,
the actual price of the pavement is only a part of the total price. In
an attempt to predict the total cost of upgrading a pavement structure,
a total of 14 bid tabulations published during 1971 and 1972 for airport

pavements in Engineering News-Record have been analyzed. These bid

tabulations have been arbitrarily subdivided into seven categories for
analysis. These seven categories are shown as column headings in
Table 20.

The elements of the matrix shown in Table {20 are the percentages
of the total price of each category. The means x and standard devia-

tions o of each category as a percentage ol total cost are:

Category X g
Excavation 13.10 11.08
Pavement 72.79 9.81
Subsurface Structures T.13 5.70
Wiring 1.7k 2 .2
Lighting 2.21 h.u7
Painting 0.37 0.65
Miscellaneous 2.66 k.92

Although some rather larse variances occur in the categories other
than pavement, this is inconsequential. The average price of pavement
as a percentage of the total contract price is T2.79 percent with a
coefficient of variation ot 1l percert. These 1% contracts grouped both
flexible and rigid pavements together. An aaalysis of variance (AOV)
was performed to test the significunce between the percentage of total
contract price of flexible and rigid pavements. There werc T contracts
each for rigid and flexible pavements in the sample of lh airfield pave-

ment contracts. The perceninges of pavemen- price to total contract

Bl
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price for each of the two pavement types are:
Pavement Type X o
Rigid T7.51 8.03
Flexible 68.06 9.60

level

Based on a standard one-way analysis of variance and a 95 percent

of significance, one can reject the hypothesis that there is no

significant difference between the percentage of total contract price of

rigia

and flexible pavement construction. The AOV is shown in Table 21.

Table 21

One-Way Analysis of Variance®

Source DF SS MS ol
Total 13 1252.4171 - -
Treatments 1 313.0314 313.031k 3.9988
Error 12 939. 3857 78.2821 =

* Analysis of variance based on the hypothesis that there
is no difference between the percentage of pavement cost
to total project cost for rigid versus flexible pave-
ment structures.

**% probability of F 1less than 3.9988 = 0,9313.

Theretore for the purpose of this report, the percentages of pavement

price to total contract price will be as shown above.

6.3 Pavement Unit Price Model

Although there are numerous methods that might be used to develop

unit prices, this report considers them only statistically. A primary

assumption of this section is that pavement price per SY is hyper-
bolically related to pavement thickness within a reasonable range.
This assumption is necessary since the only feasible method for con-
ducting « nationwide price unalysis for airpert construction is to
collect the individual bid tabulations for ecach project and the asso-
ciated cross-sectional design from the FAA Form 51001. The bid tabu-

lations list the unit (SY) price, whereas the FAA Form 5100-1 records
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the depth of each pavement layer. Therefore, for each airport, the price

per SYIN for each pavement layer Cu is given by

C S5Y (2)

where
C 8Y = price per SY for the pavement layer

h

thickness of the layer in inches

A linear regression analysis was performed on a national basis to
test a linearity assumption; the resulting functional reiationship is
shown in Figure 29. A relatively poor correlation ccefficient of -0.60
was found nationwide. Using the homoscedastic assumption inherent in a
linear regression analysis, cne might assume that a coefficient of vari-
ation of 0.36 holds for the derived functional relationship. However,
it is reasonable to assume that the variance would shrink when performed
on & local level and the calculated correletion coefficient can be con-
sidered an upper bound.

An alternate equation using a least-squares fit to a hyperholic
function was also performed. The resulting dashed curve in Figure 29 is
intuitively more pleasing thun the linear functional. However, any
statistical description such as the correlation coefficient is meaning-

eS8 al a goodness-of~fit indicator since most assumptions regarding

-

statictical inference with respect to a regressed funotion are violated
by the ucnlinearity of the function considered.
in tnose caces where asphaltic conucrete prices were expressed in

cost pur ton, the price per SYIN was developed from the equation:

i 3 i
o= e = ] of e sT/8Y o ———
“u Cits 2000 1b/ton 50 1b/ef 9 sT/8Y 12 in./ft (3)

2 OPT o 0LOL0ET

where S0 is the jricee per ton.
xplicitly wscumed =or asphalitic concrete density of 150 1b/cf. In

BriEE G
Lhose cusor whaere Lbo price of aggregate and asphalt cement were given

[o%4
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separately, an asphalt content of 5 percent was assumed. The rate of
applicatics of asphalt prime coats was assumed to be .3 gal/sy and tack
coats at 0.1 gal/SY. The density of crushed stone was assumed to be
100 and the Cu for crushed stone developed from Equation 2 .sing the
assumed density. A list of national statistics is given in Table 22.

Table 22
Statistical Values Nationwide for Pavement Products

TS AR Ry VUM SNV PRt e i ¥ s 2 e
A B R B g e

Number
of

Cost Observa- Mean Standard

Pavement Product Units tions Price Deviation
Portland Cement Concrete (PS01) $/SYIN L6 0.94 0.3k
Bituminous Surface Course (P40l) $/SYIN 21 0.54 0.1h
Crushed Aggregate Base (P209) $/SYIR 8 0.19 0.03
Bituminous Base (P201) $/SYIN 13 0.59 0.22
Prime Coat (P602) $/sy 9 0.07 0.02
Tack Coat (P603) $/sY 23 0.03 0.02

The prices per SYIN used for each of the projected 1985 major hub
airports were derived in order of priority according to the following
sources: (a) project bid data at that particular airport if two or more
tabulations were available (this requirement is for some statistical
credibility); (b) regional averaged bid data for those regions supplying
ndequate data; and (c¢) nationwide averages as given in Table 22, The
price per SYIN in 1972 dollars used for each projected major hub airport

ig given in Toble 23.
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7 PAVEMENT THICKNESS REQUIREMENTS

7.1 Computatioral Proceuures

Realistic rizid and rlexible pavement thicknesses that will be
required to suppcre cperations of the Category I and the Category II air-
craft on the airports listed in Table 13 we . determined for input to
calculations of pavement costs. It was assumed that all of the airports
except Dal’as-Fort Worth Regional Airport may need to build new pavements
for the l.5-million-lb Category II aircraft and that overlays woul! be
required on other pavement areas; therefore, thicknesses were calculated
both for new construction and for overlay of selected pavement areas.*
Dallas-Fort Worth Regional Airport is designed for operation of the
Category 1l aircraft and consequently is omitted from further tables.

The rollowing parameters were used for calculating pavement
thicknesses.

CBR. The California Bearing Ratio (CBR) is a measure of soil
strength. For each airport, CBR values for the subgrade were determined
by correlating the soil group with the subgrade class (F) using Table 2
in FAA Advisory Circular AC-150-5320-6A (Reference 10) and then convert-
ing the F-class to CBR using Figure 20 from the same reference. The
CBR values are tabulated in Appendix B.

Modulus of subgrade reaction k. The moduli of subgrade reaction
used in this report represent the strength of the foundation upon which
a rigid pavement will be placed. When a k-value was not a matter of

record, the CBR value described above was used with Figure 30 to deter-

mine a k-value fur the subgrade based upon the average CBR-k correlation

curve., When the pavement was to be placed on a base or subbase layer,

° the subgrade k-value was adjusted by using Figure 31 and then the k-value
was determinea fcr the foundation layer. The k-values are shown in

Appendix .

Working stress. The working stress represents the allowable stress

* The pavement uareur selected for overlay calculations were those on
which it was assumed that the Categories I and II aircraft might oper-

ate. These areas are identified on the airfield layouts in Appendix A.
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for & rigid pavement slab. This stress is determined by dividing the
flexural strength by a safety factor (2.0). For this study, a working
stress uf 350 psi was assumed for all pavements.

Traffic. A standard level of 100,000 aircraft passes was chosen
for the design of all typical pavement sections and overlays.

T.2 Design Criteria

The flexible and rigid pavement design curves used to develop
typical sections for the major airports are shown in Figures 32
through 39. These curves were developed basically using the Corps of
Engineers procedures for flexible and rigid pavements and were modified
to be compatible with current FAA criteria as shown in Reference 10.
To make the rigid pavement curves compatible with FAA criteria, rigid
pavement curves were developed initially in terms of thickness k ,
load, and flexural strength, and the flexural strength was then changed
to working stress by dividing the flexural strength by a safety factor
of 2.0. To make the flexible pavemen’ curves compaiible with the FAA
flexible pavement criteria, the curves were developed initially in terms
of CBR, thickness, and load. The CBR was then converted to the FAA
soil class as discussed above. Additional adjustments were made to the
flexible pavement curves because the slope of the curves developed using
the Corps of Engineers methodology was different from the slope of the
current FAA curves. This adjustment was made by multiplying the
thickness requirements for the median and optimized aircraft gears by a
ratio of the FAA thickness requirement for the dual tandem gear to the
Corps of Engineers thickness requirements for a dual tandem gesr.

Fochh design curve was developed for 100,000 passes and covered the

ranges of soll strengths, working stresses, and thicknesses necessary to

accomplish the study.

7.3 Determination of Thickness Requirements

7.3.1 New construction. The flexlible pavement thicknesses were

determined by entering the design curves shown in Figures 32 through 35
with the appropriate subgrade CBR value from Appendix B and reading the
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corresponding thickness. For rigid puvement new construction, the design

curves shown in Figures 36 through 39 were entered at a working stress
of 350 psi, and the required thickness was determined using the k-value
of the foundation under existing pavements and the gross wcight of the
aircraft. The resulting thicknesses for new construction of flexible
and rigid pavements are shown in Appendix C.

T.3.2 Qverlays. All overlay thicknesses were determined in
accordance with FAA procedures and methods presented in Reference 10.
The base pavement for all overlays was assumed to be in good condition.
Calculations were made for flexible, bituminous, and rigid overlays* on
rigid and flexible pavements. Overlay thicknesses were calculated for

each cross section on a pavement item, i.e., runwsy, taxiway, apron,

etc., and the overlay thickness deemed most logical was selected for the

entire pavement item. The results of these calculations are shown in

Appendix C.

* Flexible pavement - asphaltic concrete over a granular base course.
Bituminous pavement - full-depth asphaltic concrete.
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8 CALCULATION OF TOTAL PAVEMENT PRICE

8.1 Introduction

Based on information given in the two previous sections, the total
price of upgrading the 26 major hub airports can now be calculated. Sec-
tion 6 developed unit prices in uuits of dollars per SYIN of thickness
in addition to the ratio of pavement price to total price. Section T
developed the thicknesses required to upgrade the present pavement struc-
ture to accommodate the Category I and the Category II aircraft using
both the median and optimized gears for each category. The pavement
price for the gear type corresponding to present flotation criteria has
been considered zero. Thus, this section actually develops the incre-
mental prices.

In order to develop the total price of upgrading the pavements at
the major hub airports, one must calculate the pavement area to be
upgraded and a pavement structure must then be selected. With these two
parameters known, the results of Sections 6 and 7 can be applied and a
total price in 1972 dollars can be calculated. In order to be compatible
with the aircraft lost revenue ccsts develcoped in Section 5, either an
equivalent annual cost or a present worth comparison must be made using
either 1972 or 1985 dollars. Finally, due to the nationwide scope of
this study and the inherent errors associasted with the macro estimates
performed, a sensitivity analysis of all parameters must be performed to

test the consequences of any decisiocns made based on this analysis.

8.2 Calculations of Pavement. Areas

Determining the amount of area to be upgreded for each major huo
airport required subjective evaluations by this investigator. In
general, pavement areas selected were the twec major runway: at each major
hub airport, the taxiways associated with each of these runways, aand the
entire commercisl apron area. In those cases where available airport
master plans indicated a planned new runway, such as Atlanta's Hartsville
International Airport, the incremental increases in the structure

required for the Category I and the Category Il aircraft were included.
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For the existing runways, taxiways, and aprons selected, an assump-
tion was made that the existing geometry would be adequate for the design
aircraft. It is apparent that the runway length requirements have
leveled off for heavy-gross-weight aircraft. This change can be attrib-
uted primarily to increased engine thrust and wing lift (Reference 11).
The Aerospace Industries Association projections for takeoff field
length are shown in Figure 40. This holds true for both landing and
takeoff requirements. Although there is a trend implying an increase in
wing span as aircraft become larger, it has been assumed that taxiway
and runvay width will remain the same.

There is a definite trend toward a larger apron area required for
the two design types of aircraft as shown in Figure 4l. However, +o
accommodate incresases in apron area, more terminal gates will be required
and this factor is bsyond the scope of this study. Thus, a conservative
assumption with respect to pavement price has been made that there will
be no increase in present apron area. The sensitivity analysis described
later will provide information to the decision maker should this increase
be considered in his decisions.

Pavement areas were scaled from the sketch drawings shown on the
airfield evaluation forms in Appendix A. Most drawings were adequately
scaled for the calculation of areas. For those that were not adequately
scaled, suitable assumptions were made with respect to the areas in-
volved. From a macro point of view, this is adequate., Again, however,
since the total price varies linearly with area, the sensitivity portion
of this study will provide a decision tool with respect to area. Some
pertinent statistics associated with area calculations are shown in
Table 2h.

8.3 Selection of Pavement Structures

It is the airport manager's choice, usually based upon the recom-
mendation of the airport engineer, as to what type of pavement structure
he desires for a particular project. Most often, this choice will be
based on the least-cost structure, which, among other factors, is based

upon availability of materials. For the purpose of this study,
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Table 24
Area Calculations and Statistics

Ratio of Other

Percentage of Area Upgraded Areas to
to Total Area Total Arca Runway Area
Airport Runway Taxiway Apron SY Taxiway Apron
Chicago (O'Hare) 2k 32 LYy 2,479,381 1.33 1.83
Atlanta 24 45 31 2,281,975 1.88 1.29
Los Angeles 23 21 56 1,883,831 0.91 2.43
San Francisco 31 15 54 1,688,808 0.48 1.7
Miami 30 27 43 1,315,750 0.90 1.43
New York (JFK) 19 17 64 2,100,400 0.89 3.37
New York

(La Guardia) 23 11 66 2,003,641 0.48 2.87
Newark 34 35 31 453,258 1.03 0.91
Deaver 23 28 49 914,874 1,22 2.13
Boston 5T 31 12 878,955 0.5k 0.21
Philadelphia 80 13 7 560,389 0.16 0.09
St. Louis 38 20 42 586,155 0.53 1.11
Honolulu 22 39 39 1,158,949 1.77 1.77
Detroit 29 20 51 1,606,242 0.69 1.76
Seattle/Tacoma 23 16 61 1,350,306 0.70 2.6y
Pittsburgh 35 22 43 988,391 0.63 1.23
Houston 1k 27 59 1,099,579 1.93 4.21
Minneapolis 53 21 26 1,222,891 0.L40 0.49
New Orleans 35 19 46 435,289 0.5k 1.31
Las Vegas 31 15 54 1,413,322 0.48 1.74
Kansas City 35 23 k2 1,257,233 0.66 1.20
Baltimore 36 26 39 982,425 0.72 1.08
Cleveland 28 15 57 830,095 0.54 2.0k
Washington (Dulles) 38 23 39 880,020 0.61 1.03
Fort Lauderdale 21 2k 55 667,677 1.14 2.62
X = 32.24 23.40 Lbk.bo 0.85 1.70
s = 13.97 8.31 14.78 0.47 0.96
v=0.43 0.36 0.33 0.55 0.56

Total Expected Area 29,939,536 SY
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historical data were considered in selecting the type of pavemert
If one svirport traditionally used bituminous

structure to be priced.
If, on the other

overlays, this was the type chosen for this study.
hand, a combination of overlay types were used at a specific airport, a

subjective evaluation was made and the most predominant type of overlay

was chosen. Only two types of overlays were considered: full-depth

bituminous overlays, FAA Item P-401, and portland cement concrete over-

lays, FAA Item P-501. Flexible overlays that consist of a bituminous
surface course with a minimum depth of 4 inches and a base course were
not considered due to the possible variations in base course selections
and the pricing difficulties involved. Traditional pavement structures

vere considered for the construction of new areas.

8.4 Total Price Model

The following equation determines the total pavement price for the
th

k airport,
m n
X = z z 5ikhiJkAJk +8,k=1,2,,,.26 (L)
J=1 i=1
vhere
xk 2 total pavement price in 1972 dollars at the kth airport
ik expected unit price for the 1th layer at the kth airport

in dollars per SYIN

{x © thickness in in. of the i*® layer in the J*® ares at the
kth airport

A Z area, in SY, of the Jth area at the kt

ratio of the pavement price to the total airport upgrading
price for either rigid or flexible pavement.

xk must be calculated for median and optimized gear for both the
Categories I end II airplanes. Computetions for Xk are shown in Ap-
pendix D and the results are shown in Tables 25 and 26.

B airport

8 =

8.5 Development of Common Dollars for Comparisons

The aircraft costs in Section 5 of this treatise are in terms of
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Table 25

Total Pavement Upgrading Cost for Each 1985 Major Hub Airport
in Terms of 1972 Dollars - Category I Aircraft

Total Pavement Upgrading Cost

Airport Median Gear Optimized Gear
Chicago (O'Hare) $ 14,820,850 $ 15,685,120
Atlanta 12,576,977 12,720,977
Los Angeles 11,596,007 12,377,982
San Francisco 4,017,430 4,017,430
Miami 2,206,712 2,433,004
New York (JFK) 20,630,970 23,239,123
New York (La Guardia) 22,929,004 23,745,126
Newark 504,159 560,176
Denver 12,043,615 12,230,798
Boston 3,929,476 3,800,370
Philadelphia 3,062,560 2,192,564
St. Louis 5,024,018 4,528,715
Honolulu 1,422,342 1,777,928
Detroit 17,348,249 18,200,341
Seattle/Tacoma 6,212,138 6,572,468
Pittsburgh 16,087,501 17,130,735
Houston 9,408,089 9,406,799
Minneapolis 9,668,822 10,777,467
New Orleans 4,398,039 4,716,317
Las Vegas 8,227,866 8,986,433
Kansas City 12,138,043 12,452,762
Baltimore 0] 0
Cleveland 7,505,082 7,963,577
Washington (Dulles) 9,338,890 10,889,539
Fort Lauderdale 5,177,427 5,351,784
Total (1972 dollars) $220,269,266 $232,757,535
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Table 26

Total Pavement Upgrading Cost for Each 1985 Major Hub Airport

in Terms of 1972 Dollars - Category II Aircraft

Total Pavement Upgrading Cost

e e

5
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it
a

et

A R TN S S T R

Airport Median Gear Optimized Gear
Chicago (O'Hare) $ 14,335,571 $ 29,332,323
Atlanta 12,025,466 19,415,827
Los Angeles 11,270,088 18,912,179
San Francisco 4,017,430 6,029,921
Miami 1,754,129 L,469,63k
Nev York (JFK) 18,022,818 34,486,853
New York (La Guardia) 25,649,175 34,630,495
Newark 392,123 1,755,448
Denver 12,182,728 18,413,985
Boston 4,607,590 13,059,612
Philadelphia 3,126,274 4,500,016
St. Louis 5,02k ,018 8,412,372
Honolulu 1,244,549 3,587,473
Detroit 22,343,112 34,377,628
Seattle/Tacoma 5,655,554 10,799,822
Pittsburgh 16,723,838 26,721,192
Houston 8,279,450 14,666,932
Minneapolis 9,345,637 17,245,238
New Orleans 4,480,185 8,071,317
Las Vegas 9,287,L47L 12,858,963
Kansas City 11,925,265 19,540,225
Baltimore 0 0
Cleveland 6,96&,593 12,883,345
Washington (Dulles) 9,333,890 20,223,k27
Fort Lauderdale 5,057,T7TL 9,572,327
Total (1972 Dollars) $223,048,731 $383,966,559
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annual 1985 dollars, whereas the pavement costs have been computed in
terms of total 1972 dollars. In order to make valid comparisons, there
are several methods available to the analyst. They are equivalent
annual cost comparisons, present worth comparisons, and future worth
comparisons. The latter can be summarily dismissed as having no advan-
tage over the previous two. In maeking a present worth comparison, the
costs of both airport pavement and eircraft cost must be assumed to have
equal lives or at least a combination of equal multiple lifetimes.
Therefore, since this type of comparison has no logical basis, the com-
parison must be an equivalent annual cost basis. Since the aircraft
cost has been calculeted on an annual basis, the problem now becomes,
how does one predict the lifetime of the pavement structure and how does
one anticipate the date of the completion of the construction.

If the date of construction for each airport is known, then the
amount of 1972 dollars expended at the time of construction can be cal-

culated in terms of the year of construction dollars by the equation

2+ :
e T (5)
where
n 2 number of years from 1972 until the construction date
i = inflation rate assumed equal to the interest rate

If the lifetime of the pavement structure can be calculated or an-
ticipated, then the equivalent annual cost can be calculated by assuming
no future value of the pavement stru:ture and using the following

equation:

. Y1
EAC, = )81(972*“ LGl 0 (6)

(1+i1)™-1

where EACk is the equivalent annual cost at the Kth airport and m
is the expected lifetime of the pavement structure in years.

One should note at this point that a serious shortcoming in the
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field of pavement engineering is the fact that no deterioration function
has ever been developed for a pavement structure. In fact, there is no
real agreement among the pavement "experts" about the failure criteria
that should be used in determining the life of a pavement. Although
pavement structures are usually designed for a 20-year life span, over-
lays are required usually within 5 to 7 years (Reference 12).

For the initial calculation of the equivalent annuai cost at each
major hub airport, the following assumptions have been made.

a. Number of years from 1972 until construction of the pavement
structure n = 13 years. This converts 1972 dollars into
1985 dollars.

b. Pavement lifetime m = 20 years. Implicit in this assumption
is the fact that the structures will have no future worth. In
actuality, this implies that maintenance cost will be so high
as to make new construction a desirable alternative. From
another point of view, m can be considered as the period
over which the cost of the pavement is amortized.

¢. Average inflation factor i = 5 percent is assumed to be equal
to the average interest rate.

The results of the computations are shown in Tables 27 and 28 for the
Category I and the Category II aircraft, respectively.

8.6 Sensitivity Analysis

The computations of pavement prices have been based on variables
involving a high degree of uncertainty. The equivalent annual cost for
upgrading pavements in this study, x , is explicitly sensitive to the

following variables:

a. Unit prices.

b. Calculated areas,

c. Iunfiation and interest rates.
d. Time to construction.

e. FPExpected pavement life.

In addition, an implicit variable is the individual decision of
upgrading at each major hub airport. This variable cunnot be treated
by any normal sensitivity wnalysis; however, the reader should keep
this variable in mind when comparing the costs in the succeeding

sections.
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Table 27

Equivalent Annual Cost for Upgrading Project 1985 Major Hub
Airports in 1985 Dollars - Category I Aircraft

Equivalent Annual Cost
Airport Median Gear Optimized Gear

$ 2,373,306

Chicego (0'Lare) $ 2,242,533

Atlanta 1,903,814 1,924,803
Los Angeles 1,754,584 1,872,905
San Francisco 607,875 607,875
Miemi 333,896 368,136
New York (JFK) 3,121,659 3,516,297
New York (La Guardia) 3,469,373 3,592,860
Newark 76,284 8L ,760
Denver 1,822,312 1,850,634
Boston 594,507 575,032
Philadelphie 463,394 483,065
St. Louis 760,181 68¢,237
Honolulu 215,214 269,017
Detroit 2,624,953 2,753,882
Seattle/Tacoma 939,955 994,476
Pittsburgh 2,434,190 2,592,041
Houston 1,423,532 1,423,337
Minneapolis 1,462,983 1,630,732
New Orleans 665,464 713,623
Las Vegas 1,244,953 1,359,731
Kansas City 1,836,600 1,884,220
Baltimore 0 0
Cleveland 1,135,589 1,20k4,964
Washington (Dulles) 1,412,305 1,647,689
Fort Lauderdale 783,393 809,775
Total Annual Cost $33,328,803 $35,218,395
11k
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Table 28

Equivalent Annual Cost for Upgrading Projected 1985 Major Hub

Airports in 1985 Dollars - Category II Aircraft

Airport

Equivalent Annual Cost

Chicago (0'Hare)
Atlanta

Los Angeles

San Francisco
Miami

New York (JFK)

New York (La Guardia)
Newark

Denver

Boston

Philadelphia
St. Louis
Honolulu
Detroit
Seattle/Tacoma

Pittsburgh
Houston
Minneapolis
New Orleans
Las Vegas

Kensas City
Baltimore
Cleveland
Washington (Dulles)
Fort Lauderdale

Total Annual Cost

Median Gear

$ 2,169,106

1,819,566
1,705,270
607,875
265,416

2,727,021
2,880,960
598
1,843,361
697,172

473,035
760,161
188,312
3,380,722
855,738

2,530,473
1,252,758
1,414,082

677,89k
1,405,282

1,580k, 404

$33,7hy,362

Optimized Gear

$ 14,438,255

2,937,796
2,861,590
912,384
676,297

5,218,185
5,239,918

265,616
2,786,208
1,976,042

680,895
1,272,871
542,818
5,201,657
1,634,114

4,043,167
2,219,2LL
2,609,366
1,221,266
1,945,682

2,956,619

0
1,949,371
3,059,994
1,448,383

$58,097,736




The sensitivity model has been developed from the macro point of
view and considers only gross total price components. Thus, the sensi-
tivity model is

m
x=zEAck=prx(1+i)“—iil—22— (1)

£ (1+1)" -1
where
P = unit price in dollars per SY
A = calculated area in SY
1 = inflaetion rate assumed equal to the interest rate
n = number of years from 1972 until the pavement is upgraded

m = expected pavement life or period of pavement cost amortization
The term m could also be interpreted us the life of the bonds sold to
finance the pavement construction. This interpretation would, however,
disassociate the costs from the pavement structures and this investigator
has chosen to ignore this interpretation.

Equation 7 can be considered as a five-space function of p, A,
n, m, and i . To examine its sensitivity with respect to changing

any single variable, the following partial derivatives have been

completed.
[ q Y 1} f
Booopaow gt ALd (Ta)
1+ )" -1
= I
- a4 1) rrd) ;) (7b)
P (1 + 1) -l_J
q Y
% = pA(1 + 1)1 + 1) Jﬁ—“—;—)—— (Te)
(1+i) -1
9 \n s—i(l + 1)"en(1 + i) ,
B pA(1 + i) 5 (74)
[(1 + )" - 1]
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It is obvious that x varies linearly with both the area and the
unit price p . A change in either of these two variables will directly
change the value of x by a propourtional amount. If one assumes a
coefficient of variation of 20 percent for each of these variables as
shown in Figure 42 and holds n constant at 13 years, m constant at
20 years, and 1 constant at 5 percent, some feasible bounding costs
can be developed. For the purpose of this analysis, the LPC (n = 13 ,
m=20, 1i=25) was defined as the x computed using the expected unit
price less two standard deviations and the calculated area less two
standard deviations; the MPC (n =13, m=20, i =5) was defined as
the x computed using the expected unit cost and the calculated area;
and the HPC (n =13, m =20, i =5) was defined as x computed
using the expected unit price plus two standard deviations and the cal-
culated area plus two standard deviations. These values were computed
using Figure 43 and are shown in Table 29. The bounding values, noting
that they inherently involve a compounded ccefficient of variation of
20 percent for each parameter, provide the reader with a mechanism by
which he can challenge the recommendations in Section 11 by altering
either price, area, or both.

Equations Tc through Te provide some insight of the variations with
respect to n, m, and i . The equivalent annual cost increases
monotonically with respect to n as one would expect. The cost of
construction increases at the annual rate of 5 percent per year and the
factor involving n simply considers the time value of money. The
slope of the curve is ever increasing, although tempcred somewhat by a

factor involving a natural logarithm of a relatively small number.
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4.42 5.88 7.36 8.82 10,30 CATEGORY I, MEDIAN GEAR 3
4,66 6.22 7.77 8.33 10.88 CATEGORY ], OPTIMIZED GEAR ;

4.47 5.96 7.45 8.94 10.43 CATEGORY [I, MEDIAN GEAR
7.69 10,26 12,82 15.38 17.95 CATEGORY 0I, OPTIMIZED GEAR

UNIT PRICE, DOLLARS/SY AVG

29,939,536
35,927,443 -
41,915,350 |-

17,963,721 |-
23,951,628 |-

UPGRADED PAVEMENT AREA, SY

Figure 42. Sensitive parameters (coefficient of variation
of 20 percent assumed)
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Table 29

Bounding Cost Ranges for Both Categories I and II Airplanes with
Constant i at 5 Percent, n at 13 Years, and

m at 20 Years

LPC MPC HPC
Category I Airplane:

Median Gear $12,013,910 $33,329,803 $ 65,32L4,506

Optimized Gear 12,666,249 35,218,395 69,002,973
Category II Airplane:

Median Gear 12,149,814 33,749,362 66,148,990

Optimized Gear 20,902,029 58,097,736 113,842,221

The factor involving m in Equation 7 is the capitalization factor.
It assumes that the cost of construction will be capitalized over a
period of m years at an interest rate equivalent to the inflation rate.
The slope of the curve is a monotonic decreasing function with a limit,
as m approaches infinity, of zero. The limit of the factor involving
m in Equation 7 is 1 , the assumed interest rate. Basically, the
equivalent annual cost decreases as m increases.

The interest factor i has an extreme effect on the equivalent
annual cost. Both x , and the change in x , increase rapidly as i
increases. A conservative approach with respect to pavement prices has
been taken in this treatise by as<uming that interest rates correspond
to the annual inflation rate. Thus, the calculated pavement costs should
be considerably lower than the actual cost. Figures 44 through 46 show

relative in-plane changes in costs with respect to n, m, and i .
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9 PRICE ANALYSIS
9.1 Introduction

The purpose of this portion of the aircraft-pavements compatibility
study was to determine the most economical of the three alternatives

listed below:

a. Require aricraft to meet the flotation requirements imposed by
present standards, e.g., impart no greater stress on the pave-
ment structure than a 350,000-1b gross weight aircraft on twin-
tandem gears. The implication of this alternative is that
aircraft manufacturers are required to put more and more wheels
on their aircraft as the gross weight increases. On the other
hand, airport pavements will not require upgrading.

Permit aircraft to be designed with landing gears optimized with
respect to the aircraft without regard for flotation criteria.
The implication of this alternative is that the aircraft will
not be penalized by being required to haul the extra volume and
weight of additional gears and wheels and absorb other asso-
ciated costs. This alternative required tha* the pavements at
each of the projected 1985 major hub airports be strengthened
to the point of accepting such stresses as will be imposed by
gears not corresponding to flotation eriteria.

I

¢. Compromise between the two previous alternatives. For the
purpose of this study, this alternative implies that a median
gear could be designed with a lesser flotation restriction and
designed more to optimize aircraft performance.

The basis of the conclusions and recommendations is exclusively economic.
Other considerations such as those dealing with sociopolitical factors,
ecological and environmental restrictions, space constraints, etc., are

beyond the scope of this analysis.

9.2 Category I Aircraft

The total annual airplane costs (TAC) are given in Table 19 for the
Category I aircraft in terms of 1985 dollars. It is obvious that, with
only a $6,673,397 annual penalty cost for conforming to current pavements
that the present gear configuration of the Category I aircraft is close
to optimal. The following tabulation shows the total expected annual

cost components in 1985 dollars for the Category I comparison.
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Current Gesar Median Gear Optimized Gear

Aircraft Cost $6,673,379 $ 1,929,588 $ 0
MPC Pavement 0 33,328,803 $35,218,395
Total Annual Cost $6,673,379 $35,258,633 $35,218,395

Figure 4T graphically depicts the reiatiouship between the aircraft
annual cost and the MPC, LPC, and the HPC for the Category I aircraft.
The obvious inference is that one cannot eccnomically justify upgrading
the twenty-six 1985 major huo alrports for the Category I aircraft.
Figure 47 should be viewed with a jaundiced eye in that the flotation
functional relations are hipghly ncal.near and ctne vigure is simply a
graphic representation.

Figure 48 is a grapnic illuscracion of ke total cost to the public
summing both the pavement upgrading coscs and the alreralt costs. Keep-
ing in mind that the HPC and thc LIC Lave been developed assuming the
most improbable of pavement price estimates, il 1s cbvious from this
figure that the least-cosi-ilo-the=—puan.ic alvernutlve, assuaing ouly the
Category I aircraft is in service, 1s to maintaln the prescnt puvement

flotation criteria.

9.3 Category II Aircraft

The TAC's are given in Table 19 for the Category I1 aircraft in
terms of 1985 dollars. Contrary to the small penalty for corresponding
to current flotation requirements for tue Category I alrcraft, tne Cate-
gory II airplane is considerably penstiizea. The rollowing tabulation
shows the total expected annual cost componeats Ia 1685 aocliars for the

Category II airplane.

Current Gear Median Cear Optimized Gear
Aircraft Costs $68, 777,306k $35,160,820 $ 0
MPC Pavements 0 33,749,362 538,097,736
Total Annual Costs $68, 777,864 568,910,182 $58,097,736

Figure 49 graphically represenis the relationship between the
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n
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ﬁirplane cost and the LPC, MPC, and HPC for upgrading the pavement
structures for the Category II airplane. From a purely economic point of
view, it is apparent that the least cost to the public, assuming that e
Category II airplane will be using all 26 major hub airports in 1985,
will be to upgrade the pavement structures to accommodate the optimized
gear for the Category II aircraft. In all probability, the LPC in this
analysis should be disregarded since the larger aircraft will require
more pavement area to be upgraded than that estimated.

Figure 50 is a graphic illustration of the total cost to the public
suming both the pavement upgrading costs and the aircraft cost.
Contrary to the results relating Category Il aircraft costs to pavement
costs, there exists here the possiblity of conflicting alternatives with

regard to the Category II aircraft. However, if the Category II aircraft

will service all 26 major hub airports in 1985, the Category I aircraft
will also. Therefore, the discussion of the conflicting alternatives

will be discussed in Section 9.h.

9.4 Policy Derivation

Based on total annual costs given in Sections 9.2 and 9.3 using the
MPC and the TAC, one reaches the conclusions that (1) the pavement up-
grading criterion should not be changed if only the Category I aircraft
is to be in use in 1985, (2) the pavement criteria should be changed so
as to permit flotation requirements to correspond to the gear design
optimzed with respect to the aircraft if the Category II aircraft is to
be in use in 1985, and (3) the following tabulation implies the same
alternative selection as (2) above if one considers both the Categories

I and II aircraft being in use in 1985.
Current Gear Median Gear Optimized Gear

Category I Aircraft# $ 6,673,379 $ 1,929,880 $ 0
68,777,864 68,910,182 58,097,736

$75,451,2L43 $70,840,062 $58,097,736

Category II Aircraft
Total Annual Cost

* Only aircraft costs necessarily have been considered since pavement
upgraded for Category II aircraft will not be significantly changed
with the addition of the Category I aircraft.
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The authors feel that the policy decision should be made onl& at'ter a
careful determination that a Category II sircraft will or will not
operate on all the major hub airports in 1985 since the policy decisions
are so diametrically opposed.

Figure 51 is a graphic illustration of the total cost assuming both
the Categories I and II aircraft are in service in 1985. It is obvious
that there are conflicting alternatives. If the MPC assumption is con-
sidered valid, the optimal alternative is clearly to change the criteria
and permit the gear to be optimized to the aircraft. As mentioned pre-
viously, the LPC is probably beyond- the realm of feasibility since the
area to be paved will, in all probability, be greater than the computed
area used to develop the MPC, On the other hand, if the HPC is consid-
ered a valid assumption, the optimal alternative is reversed; the present
criteria becomes the optimal alternative.

It has been stated throughout this report that, as in any statis-
tical study, there probably exists considerable errors in any of the
point estimates. This stﬁdy lacks sufficient data to attach any great
degree of relisbility that the point estimates are indeed unbiased esti-
mates. Therefore, it is the intent of this portion of the study, along
with Section 7.6, to provide a convenient tool for comparing the air-
craft cost with the cost of upgrading the pavement structures should the
current data be updated. *Séction 7.6 provides an insight into the
sensitivity of the equivalent annual cost of upgrading the pavement
structure to each of the five explict parameters. Equation T provides
a method of recomputing the equivalent annual pavement upgrading cost as
data are updated.

If one equates the annual aircraft cost y85 to the equivalent
annual pavement upgrading cost, thq following equation results:
[_L(_J:._*_lnL.J (8)

15
Yac = PA(1 + i)
3t (1+1)"-1

The parameter n 1s assumed constant at 13 years in order to have a
common time value of money for comparison. Equation 8 provides the

break-even point at which the annual aircraft cost equals the equivalent
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annual pavement upgrading cost. If the left~-hand side of Equation 8 is
greater, then tlie most economic policy is to permit gear optimization
with respect to the aircraft or the gear type corresponding to the value
of Yes (optimal or median gear). If the right-hand side (RHS) is
greater, then the most economic policy decision is to maintain the
present ADAP criterion.

It is a simple matter to relate two of the pavement cost parameters
using Equation 8 and holding the other two constant. Considering first
i and m as variables and p and A as constants equal to the
expected price per SY and computed area, respectively, one can solve for

m in terms of i giving

! i
= ~— 10g = (9)
log(l + i) 1o PRy )33

n

For each of the y85's calculated, Equation 9 divides the i-m
plane in two half-spaces. If estimates for i and m provide coordi-
nates to the left of a curve as shown in Figure 52, then the equiv-
alent annual cost of the pavement structure will be less than the
annual aircraft cost; conversely, a point to the right gives the aircraft
cost the economic advantage. It should be noted that in order for a
value for Equation 9 to exist, the denominator of the RHS must be greater
than zero. This implies that the aircraft cost conforming to the current
pavement flotation requirement can equal the cost of upgrading the pave-
ment corresponding to the optimal gear if i = 1 percent and the pave-
ment is amortized for a period of 67 years or i = 2 percent and
m = 118 years. This, of course, is both an unrealistic inflation rate
and amortization period. However, for the curve corresponding to the
total cost of both the Categories I and II aircraft optimal gears, more
reasonable assumptions make the two costs competitive.

A closer examination of the relationship involving p and A is
warranted at this point. The variables n, m, and 1 are quite
speculative, whereas the area could conceivably be measured if all air-

port authorities were to make a decision. Thus, most challenges to the
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computations in this report should be with regard to p and/or A . 1If
one equates the equivalent annuul coct ot the wircraft to the equivalent
annual cos: of the pavement upgrauing and colves Equation 7 for A as a
function of p and holds the parumeters n , m, and i constant, the

following result is obtained:

\' Lm
“—;8)2(“1)“ ) (10)

. .\l
i{1+ 1)

Assuming n , m, and i as 13 years, 20 years, and 5 percent, respec-

tively, Equation 10 becomes

y1
b5

11
. (11)

A= 6.605

With y85 fixed, by a single-point estimate, this locus of vertices
of an infirite series of constant area rectangles, or more simply, this
hyperbcla, provides a convenient device for examining tne effect of A
and p on the policy decision. Exumining Figarce £3, a series of graphs
of Equation 11, it is obvious that is is nct econcmically justifiable to
upgrade the pavement structures for .he Category 1 aircraft alone even
if estimates of the area and price cre made ridiculously low. However,
if one considers the Category II aircrai't, optimul or median gears,
reasonable assumptions can change the seiectior of tlhe wost economical
alternative. For instance, if one consiagers upgrading the largest amount
of area probable for the category aircraft, optimal gear (41,915,350 SY),
a relatively low unit price of $11.00 per SY makes the cost of pavement
upgrading equal to the aircraft cost. The price of $11.00 per SY is con-
siderably less than the expected unit price of $12.82 per SY. The most
probable area, 29,939,536 SY, requires a unit price of $15.40 peir SY or
roughly one standard deviation of unit price above the expected unit
price to make the two costs equal. The Category II, median gear air-
craft is also competitive when one changes the price and area. Thus,
Figure 53 provides an analytic device for testing updates of areas and

price estimates. As in Figure 52, if the intersection of the new
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estimates falls to the left of the curve, pavement upgrading cost is less
thun the aircraft cost and vice versa.

Finally, by modifying Equation 11 and considering the constant term
as a parameter F , the following provides a method of analysis permit-
ting different essumptions to be made for the variables m, i, A4,
and p . Rewriting Equation l1, one obtains the following description
of an infinite series of hyperbolas:

= £

Using values of F found in Table 30 for each assumption of i and m
and substituting into Equation 11, one can develop a series of curves
similar to those in Figure 53. Thus, a new assumption of A and p can
be made. If the intersection of the new A and P assumption falls to
the left of a particiular curve, the aircrarft penalty cost for a partic-
wlur gear configuration is grealer than the pavement upgrading cost and
th2 pavement should te upgraded. If the intersection falls to the right
of the curve, the pavement should nct be upgraded since the cost of
upgrading exceeds the aircrafit penalty cost.

Oue note of caution should be provided to the reader prior to
concluding this discussion. The point estimate developed fur the air-

craft penalty cost is an estimate. This estimate also has some iubherent

variunces that have been assumed to be zero in this report. Therefore,
prior to making an absolute decision, the variances associated with the
aircratt penalty costs should be investigated in those instances where

conflicting alternatives are involved.
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Values_of F for Use in Fjuation 11 for Fach i and m Assumption

P

Amnrtization
Period Vaiues of F . .r Indicates Infiation Rates
Years 1% 2% 3% Vs SR _ s A 87 9% _10%
1 0.870 0.758 0.661L 0.577 0.7 0.h42 0.:88 0.340 0.299 0.263
2 1.731  1.501  1.303 1,133 oO.. 0.8A0 0.750 0.656 0.574 0.503 ]
3 2.98h 2.229  1.6026 1.667 1.253 1.089 0.948 0.826 0.720
u 3.529 2.943 2,531 2,18  .ov 1,675 1.%06 1.218 1.057 0.918
S h.265 3.64%  3.116  2.€ CLo96 0 1.GYS 1.701 1.468 1.269 1.098
¢ [ 5,092 k.33 3.689 3.3 2.0692 2.305 1.978 1.700 1.463 1.262 i
Y 7 5.912  5.003 L.2hk3 3.0, 2.069 2.617 2.23% 1.914 1.642 1.k10
. 8 6.123 %.663  L4.780  h.uwe 3428 2.911 2.4%78 2.113 1.805 1.5h45 |
9 7.527  A.310  5.7202  ..465 3.769 3.189 2.774% 2 297 1.956 1.668 /
10 8.32z2  6.9uh 5,805 L.l 4.065 3.LS1 Z.oyly 2 L6T 2.093 1.780 ;
11 ; 9.110 T7.56¢ 6.3201 5.261 L..05 3.698 3.112 2.625 2.220 1.881 :
12 9.889 8.175 6.778 5.636 4,700 3.931 3.296 2.771 2.33% 1.974
13 10.661 8.773 7.242 5,997 L.0B82 L.150 3.468 2.906 2.Lk2 2.058
14 11.426  9.355  7.692  6.3%h 5.7°49 L.358 2,629 3.031 2.540 2.13%
15 12,183 9.933  B8.1729 6.677 5.%05 L.553 3.779 3.1L47 2.629 2.203
16 12.932 10.L96 8.5535 £.994 5.7hA L.738 3.920 3.255 2.711 2.266
17 13.67Th 11.048  8.y65  7.306 5.979 L.g12 k.05l 3.354 2.787 2.324 ;
18 14,409 11.589  9.365 T7.€03 5.199 '5.076 .17k 3.LLE 2.856 2.376 {
19 15.136 12,120  9.75. 1,98 6.L05 5.231 4.289 3.531 2.910 2.423
20 15.856 12.640 10.131 B.162 6.609 5.373 kL.396 3.610 2.978 2.466
21 16.569 13.150 10.L97  8.426 6.799 5.51% L.h96 3.683 3.031 2.505
22 17.275 1%.650 10.852  3.679 G6.9R8L S.AL6 L4.590 3.751 3.0R0 2.541
23 17.974 14,140 11.197  6.323 7.!S% S5.768 L.4679 3.R13 3,125 2.573
2L 18.666 14.621 11.530 9 197 7.3°R 4. 884 L.759  3.87T1 3.166 2.603
25 19,351 15.092 1:1.858 6,382 7.L7e 5.953 L.836 3.9295 3.204 2,629
26 20.029 15.55k 12,173 92.799 7.6°3 6.096 h.907 3.975 3.239 2.65k
27 20,701 1o.557 100580 9.807  T.766 6.194  L.97h h.o2l 3.270 2.676
28 21,366 i4.a%. .. f o7 7901 6.285 5.03% W.063 3.300 2.696
29 272,020 1C.af6 Lt o.out L0300 6,372 5,095 L.103 3.326 L 2.T14
30 22,576 17.313 13,347 12,385 5..52 0 6.453 50149 L.o139 3,351 2,731
31 23.322 17.732 13.€19 10.563 6.269 6.530 5.200 L.173 3.31% 2.7k6
32 23.961 18.1k2 12.88k 10.72h 8.3%0 6.0G53% 5.°48  L.205 3.394 2.759
33 24.593 18.5kh  1h.1he 10.899 B.4B6 6.672 5.292 L.23h 3.3 2.772 i
3L 25.220 18.938 14.390 11.057 8.557 6.736 &.33% L.260 3.431 2.783
35 25.840 19.325 1L.632 11.209 8.684 6.797 5.375 L.285 3.L4T 2.794
36 26.454  19.70L 1L.R6T 11.3%6 B.775 6.855% 5.409 L4.308 3.u61 2,803
37 27.062 20,075 15.095 11.497 8.862 6.%0% 5.443 n#.330 3.475 2.811
38 27.66L4 20.-39 15.316 11.632 8.6h5 6.960 5.475 N4.34g 3.L87 2,819
39 28.260 20.797 15.531 11.7%: 9.02h 7.009 S.50h L,38 3.L98 2,826
Lo 28,851 21.147 15.740 11.887 @100 7.05h 5.532 4,385 3.509 2.833 1
IN] 29.435 21.490 15.943 12.007 % 172 T.097 5.558 4.Loo 3.518 2.838
L2 30.013 21.826 16.139 12.123 9.2h0 7.138 5.582 L4.415% 3.527 2.8k 4
k3 30.586 22.156 16.331 12.23 9.305 7.176 S5.605 L.he8  3.53  2.8L9 E
kY 31.153 22.480 1€.516 1231 9.367  7.212 0 S.00h blukl o 3,542 2.853
Ls 31.715 22.797 16.696  (ouhbb 9.0k06 rouh o - lehe LoLs? 3,5h9 0 2,857
L6 32,271 23,108 16,871 gk 9.k R foien LeRER 50359 2.651
L7 32,821 23,413 17.chl 108300 .93 T.3U90 50N hour3 3501 2.80h
L8 33.366  23(LL 17005 10.00ah oSBT pLier sl 6as b kB2 3,566 2.867
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10 FINDINGS AND CONCLUSIONS

10.1 Gear Optimization and Aircraft Cost

The lightest weight gear and gear installation is not necessarily
the most optimum from the economic aspect.

The existing six-wheel-bogie landing gesr of the Category I air-
plane is very close in weight and cost to the optimum gear that could be
designed without regard to pavement strength.

The total 1985 cost penalty for designing the landing gear to cur-
rent pavement strength, relative to an optimized gear, is ten times
greater for the Category II airplane than for the Category I aircraft
($68.8 million/year versus $6.7 million/year).

The total 1985 cost penalty for both airplanes ($75 million) rep-
resents 0.2 percent of total domestic airline revenue projected for

1985 by the ATA ($38 billion).

10.2 Pavement Cost Analysis

Pavement unit prices vary considerably with both location and time.
The cost associated with strengthening pavements can only be estimated
statistically. Unit prices for portland cement concrete (PS0l) over-
leys used in the analysis varied from $0.60 per SYIN in Atlanta to
$1.38 per SYIN Seattle with a national average of $0.94 per SYIN with
a 34 percent coefficient of variation. Unit prices for asphaltic con-
crete (P40l) overlays varied from $0.34 per SYIN in Houston to $0.93
per SYIN in Pittsburgh with a national average of $0.54 per SYIN with
a 26 percent coefficient of variation.

These unit prices were assumed to decrease hyperbolically with
increased thicknesses and include direct labor, equipment, and material
costs; indirect costs; overhead; and contractor profit in 1972 dollars.

A heuristic approach was used in designing pavements for an opti-
mized gear configuration for the Category II airplane, since no rational
procedure was available for extrapolating data to accommodate such

stresses.
The area calculations in this study were crude. However, they were
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made as accurately as possible staying within the macro scope of the re-
gearch and the Central Limit Theurem lends :wience to the possibility
ot compensating errors. Even with a lar:-: error in calculations, the
¢ecision with respect to policy would .. change.

The total cost of upgrading the pavement, structures was calculated
on an equivalent annual cost basis 'n 1985 dollars. The calculations
were based on & calculated expected total arca of 29,939,536 SY, an
interest rate of 5 percent, *the time to completion .f 13 years (1985),
pavement amortization period of 20 years, and expected 1972 SY prices
$7.36, $7.77, $7.45, and $12.82 for the Category I median and optimal
gears and the Category II median and optimal gears, respectively.

The MPC for strengthening the pavement structure for the Cate-
gory II aircraft is 165 percent of the MPC for strengthening the pave-
ment structure for the Category I aircraft.

To examine the potential of conflicting alternatives developing by
changing the assumptions noted, a 20 percent coefficient of variation
was assumed for both unit price and calculated area. By compounding
the 20 percent error 'n vrth unit price and calculated area, an LPC
and an HPC were develcpoea awi cwamined against the aircraft penalty
¢ost. In addition, a procedurs was provided by which the decision
mAker can change the assumptions and arrive at his own pavement up-

grading cost.

10.3 Total Cost Analysis

Category I aircraft. Based on the equivalent annual cost analysis

using the MPL for pavement, the total equivalent annual cost is:

o Current Gear $ 6,673,379
o Median Gear 35,258,683
o Optimal uvear 35 ,21845395

It is obvious from this list:ng that the optimal alternative is not to
modify the present policy if one only considers the Category I aircraft.
If one uses the LPC for pavement, the decision remains unchanged as shown

below:
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o Current Gear $ 6,673,379
o Median Gear 13,943,790
o Optimal Gear 12,666,249

These results are illustrated in Figure 48.
Categories I and II aircraft. Based on the equivalent annual cost

analysis using the MPC for pavement, the total equivalent annual costs

are:
o Current Gear $75,451 ,.21&3
o Median Gear 70,8’40,062
o Optimal Gear 58,097,736

Based on this total annual cost listing, the present policy should be
changed to permit the optimization of the gear to the Category II air-
craft. However, in this instance, if one assumes the HPC for pavement,

a conflicting alternative arises as shown below:

o Current Gear $ 75,451,261
o Median Gear 103,239,390
o Optimal Gear 113,8’42,221

There is considerable logic behind the assumption that the MPC will
be exceeded in the pavement upgrading for the Category II aircraft. In
all probability, the paved area will exceed that computed in this report.
The unit price differential may or may not increase. Thus, it is ex-
tremely criticael to the decision meker that a provner determination be
made as o whether or not the Category 1I sircraft will be operational in
1985; whether or not it will operate at all 26 projected major hub air-
ports or perhaps only at T to 10 regional airports; and other operational

assumptions.
Other varisble conciderations. Numerous figures and equations are

presented in the text to permit the user of this document to change pa-
rameters and develop his own policy derivation. Assuming that the MPC
calculations are currect and n = 13 years, Figure 54 presents a conve-

ient method for changing the assumptions for i and m , two elusive

parameters,
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11 RECOMMENDATIONS S . ¢

The following reeomméndatiéns resultted from this study. They are
based on the authors' calculations' and assumptions. Devices are pre-
sei.,ed in this report to permif the decision to change these assumptions
and calculations and the possibility exists that the recommendations
should change based on further de?éléﬁmedté. -

(1) If only the Category I aircraft will be .in operation at each of
the 26 projected major hub airports in 1985, the current FAAP
criteria should not be changed. :

(2) If the Categories I and II (implied also is the Category II
aircraft alone) will be in operation at each of the 26 pro-
Jected major hub airports in 1985, the current FAAP/ADAP
criteria should be changed to permit the gear to be optimized
to the aircraft. The possibility of operating the Category Il
aircraft from 7 to 10 regional airports should be investigated.

Further research, to include new gate and terminal construction,
socioeconomic factors, and airport geometry requirements should be made
to determine if the Category II aircraft will service all 26 projected
major hub airports. Criteria should be changed to permit optimized
design of gear with respect to aircraft only if the market survey indi-
cates that the Category II aircraft will service the 26 major hub
airports.

If further research reveals that only aircraft similar to the Cate-
gory I aircraft will utilize the 26 projected major hub airports, the
existing criteria should not be changed.

Additional research should be performed to study the economic
implications of the criteria relative to the medium hub airports pro-

Jected for 1985.
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12 ADRITIONAL VALUE OF THIS REPORT

in addition to providing a useful device exclusive of additional

cost. for

(1)
(2)

(3)
(%)

examining various policy decisions, this report provides:

A consolidation of airport layouts end pavement structures as
of 1972.

An algorithm for designing nivcraft gear types cn a minimum cnet,
basis.

ngement design curves for heavy aircraft.
Methodology for complex cost analyses.
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APPENDIX A
PAVEMENT CONSTRUCTION DATA FOR MAJOR HUB AIRPORTS

‘As a part of the contract study by Lockheed-California Company, a
compilation was made of the available pavement construction data for the
ma jor hub airports shown in Table 13 of the main text. This effort was
necessary because there exists no central agency or location where all
of the current pavement data can be found. The data are scattered among
FAA Regional and District Offices, airport engineering staffs, and pave-
ment consulting companies. In cases where more than one pavement data
source exists, various sources were compared and discrepancies were re-
conciled By contacting the airport engineer. Table Al shows the sources
for the pavement construction data for the major hub airports. The air-
port pavement characteristics are shown in Table A2. The last column
in Table Al indicates whether or not the subject airport officials re-
ponded to requests as to the validity of the pavement data presented.

+:'The FAA pavement strergth survey data were chosen as the data base
for this study. The most current FAA pavement strength survey data were
obtained from the FAA Regional and District Offices. These surveys were
conducted between 1957 anh 1972, with most surveys being as current as
1969. Upon request, the FAA supported these vasic data with pavement
inspection reporté; airport pavement design forms, etec., which describe
pavement-related changes .o an airport since the strength suivey was
completed. These data were supplemented by pavement information recorded
by the Air Transport Industry (ATI) Working Group. The strength charac-
teristics of the pavement (that is, modulus of subgrade reaction k ,
design allowable, safety factor, and CBR strength) have been obtained
exclusively from the ATI reports.

Additional data were obtained directly from airport engineering
staffs of the larger hubs such as Los Angeles International, San
Francisco International, and the Port of Wew York Authority (PONYA) air-
ports. This group of information is classified as "Calac" source data
in Table Al. NASA technical notes contained data for four of the major

hub airports. Data from Materials Research and Development, Inc.,
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Qaklard, Calif., were made available for San Francisco Interﬁational.

The format of the FAA pavemeut strength survey varies considerably
vith each airport. This is particularly tiue with the identification of
prvement segments on airport maps. Thus, < number of the msps have been
mndified to provide consistent presen'.-:ti.ns. It should be noted that
geveral airports are currently impr: .., the condition of their pave-
ments, while others have vlans to ¢ so in the immediate future.

As a check on the validity -f the data presented in Table A2, a
letter was sent to all the airport engineers, along with thz appropriate
data from Table A2, requesting their comments and recommended changes to
the data. These changes have been incorporated into the data as pre-
sented in Table A2. The airpert engineers who replied to the letters are
jdentified by a "Yes" in the column headed "Airport Response" in
table Al.

The pavement terminology used in Table A2 is primarily based upon
the FAA Advisory Circular, AC 150/5320-€A (Reference 10 in the main
text). FAA designations for pavement material have been used frequently.

Thev ~»e defined as follows:

Subbase Course

P-15k Subtase Course

P-206 Dry-Bound Macedam Base Course or Water-
Bound Macadam Base Course

P-208 Aggregate Base lourse

P-213 Sand-Clay Base Course

P-216 Mixed In~-Place Base Course

P-301 Soil Cement Base Course

Base Course

P-201 Bituminous Base Course
P-209 Crushed Aggregate Base Course
P-210 Caliche Base Course

pP-211 Lime Rock Base Course
P-212 Shell Base Course
P-214 Penetration Macadam Fase Course
pP-215 Cold J.%d Bituminous Base Course
P-30k4 Cement Treated Base Course
(Continued)
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Flexible Pavement
P-401 Bituminous Concrete or Asphaltic Concrete

Rigid Pavement

Portland Cement Concrete Pavement

In addition, for Newark Airport, a lime-treated subbase is employed.

This is denoted in Table A2 by LA, LB, and LC, depending on the composi-

tion of hydrated lime, cement, and flyash. See sheet 1k of Table A2 for

the definition of these symbols.
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The following is an index to the airfield pavement property sheets

that comprise table A2.

__Arport
Chicago (0'Hare)
Atlanta
Los Angeles (International)
Dallas/Fort Worth Regional

San Francisco

Miami

New York (JFK)

New York (La Guardia)
Newark

Denver

Boston
Philadelphia
St. Louis
Honolulu
Detroit

Seattle/Tacoma
Pittsburgh

Houston
Minneapolis/St. Paul

New Orleans

Las Vegas

Kansas City (International)
Baltimore

Cleveland

washington (Dulles)

Fort Lauderdale

149-150

Sheet No.

1, 2

1, 12
13

14

15

16, 17, 18
19
20

21, 22, 23
24, 25

26, 27
28, 29
30
31, 32, 33
3k

35, 36
37
38
39, Lo, k1
42, U3
LYy
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