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ABSTRACT

The purpose of this research program was to collect all
available measured prepared surface profile and power spectral
data, to ascertain the reliability of these data, to establish from
these data design criteria for vehicles operating on prepared sur-
faces, and to demonstrate the applicability of these design criteria,

All of the known power spectral density and profile data
sets which have been compiled in the United States and in the
countries of the North Atlantic Treaty Organization are described.,
Power spectral density curves are given for those data sets which
do not appear in United States Government Agency documents., The
procedures used for calculation of these power spectral densities
are examined and recommendations as to which power spectral have
been accurately computed are made, Design criteria for vehicles
operating on prepared surfaces (runways, taxiways or ramps) are
established in the form of power spectral densities and discrete
bumps.

In Volume II, both deterministic and statistical analyses are
used to determine the responses of a five-degree-of-freedom vehicle
to some of these criteria.
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SECTION 1

INTRODUCTION

The landing gear of modern aircraft represent a major
portion of the air frame, contributing a substantial share of the air
frame weight. The landing gear, useless components in flight, are
designed purely to resist ground loads. Moreover, the design of a
considerable portion of the over-all air frame structure (in terms
of weight) also is controlled by ground loads. Thus, ground loads
are recognized to represent an important part of the air frame de-
sign problem,

In past years considerable attention has been paid to the
rational determination of ground loads and associated design cri-
teria. As a result of enormous attention to the loads developed
during landing, it now appears that the majority of the unsolved
problems are concerned with taxiing or ground operation. These
problems concern taxiing dynamics and fatigue, brake chatter,
wheel shimmy and skidding oscillations.

This report considers design criteria related to the taxi-
ing mode of operation on prepared surfaces, i.e., on runways, taxi-
ways and ramps. With the advent of larger and more flexible struc-
tures and configurations employing large external stores, the prob-
lem of determining satisfactory design strength criteria has become
both more critical and difficult to resolve. The excitation to the
landing gear and air frame caused by irregularities in the surfaces
on which the vehicle operates can produce a variety of difficulties,
ranging from fatigue damage and structural failure to pilot's com-
plaint, Studies to date of the "runway roughness' problem have
been concerned primarily with the statistics of taxiing operations,
landing gear dynamics during taxiing, and the quantitative deter-
mination of the roughness characteristics of many runways in this
country and abroad.

Current research in this country is directed in part toward
establishing meaningful characterization of runway profiles for both
vehicle design and runway specifications. Early attempts to deter-
mine representative "'bump shapes'', amplitudes and vehicle speeds,
to allow design techniques analogous to those for atmospheric gust
disturbances met with little success. Attempts have been made to
extrapolate from one satisfactory design to the next, even though

Manuscript released by author in August 1963 for publication as
an RTD Technical Documentary Report.



the reasons for success in the first case might be largely unknown,
Thus, a maximum level of runway roughness was inferred from the
successful design on the basis of analysis, and the analysis in
turn applied to a new design, Though essentially irrational, this
approach met with some success and acceptance until the advent of
more radical departures in air frame flexibility and configuration.

The most promising approach to the aircraft taxiing prob-
lem at this time appears to be the application of the techniques of
generalized harmonic analysis. A power-spectral characteriza-
tion of runway roughness has proved a most concise way of por-
traying the essential aspects of the profile in that it shows at a
glance the distribution of roughness {amplitude) with wave length.
Moreover, this representation suggests a means for judging the
severity of runway roughness by compiling the spectra of many dif-
ferent satisfactory runways. In this manner, spectra which have
application both to specifications for new runways and to the basis
for a rational requirement in the design of aircraft for taxiing
loads may be devised.

The purpose of the research program described in this
report was to collect all available measured prepared surface pro-
file and power spectral data, to ascertain the reliability of these
data, to establish from these data sets of design criteria for ve-
hicles operating on prepared surfaces, and to demonstrate the ap-
plicability of these design criteria.

Only one vehicle model was used in the analyses to demon-
strate applicability of the design criteria, Therefore, results of
this effort serve primarily as a guide for the design engineer. In
using these results, the designer must evaluate and classify the
input data with respect to the class of vehicles being considered.
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SECTION II
DATA COLLECTION AND HANDLING

A list of organizations which might possess or have knowl-
edge of prepared surface profile and power spectral data was com-
piled. This list included the Aeronautical Systems Division, the Na-
tional Aeronautics and Space Administration, selected aircraft com-
panies or corporations, selected research institutes, andthe NATO
Advisory Group for Aeronautical Research and Development. In ad-
dition, organizations suggested by these contacts were added to the
list.

Table 1-1 is a complete list of the organizations contacted.
Each organizationonthis list was requestedtofurnish any prepared
surface profile and power spectral data it compiled and also any avail-
able information as to where any such data could be obtained. From'
the results of this search one hundred and two sets of data were lo-
cated and obtained in addition to the one hundred and eighty-four sets
of data from reference 1-1. A data set consists of the profile and the
associated power spectra for a single trackor a runway, taxiway, or
ramp. Eighty-two of these data sets were received from NASA,
seventeen were supplied by Lockheed Aircraft Corporation; andthree
were supplied by the Boeing Company. The eighty-two data sets sup-
plied by NASA included data collected by the NATO Advisory Group
for Aeronautical Research and Development, Appendix IV is a pro-
file record book containing descriptions of each of the data sets.

Each data set located in the data collection phase of this
program was assigned a distinct identification number. Data col-
lected from NASA were assigned project identification numbers 1
through 82, Boeing data were assigned identification numbers 82
through 85 and Lockheed data received identification numbers 86
through 102. The 184 sets of data from reference 1-1 were assigned
identification numbers 1001 through 1184. A total of 94 data sets
were translated into punched cards. Cards were punched for data
sets 1 through 73 and 75 through 95. Data set 74 could not be put
on cards since no raw data were available for this runway. Data
sets 96 through 102 were not punched on cards since these data de-
scribe very short sections of runways more completely described
in other data sets. The 184 sets of data which appear in reference
1-1 are already available in card form at ASD, thus they were not
punched onto cards.

Distinct IBM card identification numbers, differing from
the project identification number, were assigned to each data set.
These numbers are found in the profile record book, as well as in
the last four columns of each card containing data firom the relevant
data set.
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Table 1-1 Organizations Contacted in Data Search

Aerolab Development Company
330 W. Holly Street
Pasadena 3, California

Aercjet General Corporation
6353 M. Irwindale Road
Azusa, California

Aeronautical Systems Divigion
Wright-Patterson Air Force Bage,
Ohic

Aerospace Industries Ase'n.
of America
610 Shoreham Building
Washington 5, D. C,
Attention: Mr. Orval R. Cook, Gen. Mgr.

Mr, Vaughn Beals, Chalrman

Alighting Dynamics Committee

Ajrcraft Industries Association
Panel 58 A

Noxrth American Aviation, Inc,

4300 East 5th Avenue

Columbus 16, Ohio

Alrport Operators Council

1700 X, Strest N, W.

Waghington 6, D, C.

Attention: Mr, E, Thos, Burnard
Executive Vice~-President

Allied Research Associates, Inc,
43 Leon Street
Boaton 15, Massachusetts

American Aswociation of Alrport
Executives

Box T67

Wilmington 99, Delaware

‘Attention: Nir. E. Russel Hoyt,
Executive Secretary

Avidyne Research, Inc.
7 Laurence Road
Woburn, Massachusetts

Beech Aircraft Corporation
East Central Avenue
Wichita 1, Kansas

Bell Aircrait Corporation
P. 0. Box One

Buffalo, 5, New York
Aircraft Division

Boeing Airplane Company
Wichita Division
Wichita, Kansas

The Boeing Company
Transport Divisgion
P. O. Box 707
Renton, Washington

California Institute of Technology
1201 East California Street
Pasadena, California

Censna Aircraft Company
5800 Pawner Road
Wichita, Kansas

Champion Aircraft Corporation
QOsceola, Wisconsin

Chance Vought Aircraft, Inc,
P. O, Box 5907
Dallas, Texas

Cleveland Pneurnatic Tool Co.
3781 East 77th Street
Cleveland 5, Ohia

Convair Division
General Dynamics Corporation
Pamona, California

4

Convair Pivieion

General Dynamices Corporation
3165 Pacific Highway

San Diego, California

Cornell Aercnautical Laboratory, Inc,
P, O, Box 235
Buffalo 21, New York

Department of Transport
Air Services Branch
Number 3 Building
Ottawa, Ontario, Canada

Douglas Alrcraft Company, Inc.
2000 N. Memorial Drive

Tulsa, Cklahoma

Douglas Aircraft Company, Inc,
Long Beach Plant

P, O, Box 200

Long Beach 1, California

Douglas Adrcraft Company, Inc.
3000 Ccean Park Boulevard
Santa Monica, California

Douglas Aircraft Company
827 Lapham Street
El Segundo, California

Dynamic Devices, Inc.
31170 Valleywood Drive
Dayton 20, Ohio

Fairchild Engine and Airplane Gorp.
Aircraft Division
Hageratown, Maryland

Flight Safety Foundation

468 Park Avenua South

New York 16, New York

Attention: Mr. Jerome Lederer
Managing Director

Forrestal Research Center
Department of Aeronautical

309 Sayrehall (Engineering
Princeton, New Jersey

General Dynamics
P, O, Box 748
Fort Worth 1, Texas

Grumman Aircraft Engineering Corp.
Bethpage, Long Island
New York

Hughes Aircraft Company
Building 20, Mail Station 1018
Culver City, California

Institute of Transportation
and Traffic Engineering

University of California

Berkeley, California

International Air Transport

500 Fifth Avenue {Association
New York 36, New York

Attention: Mr, E, Pefanis, Secretary

KLM Royal Dutch Airlines
The Hague

Holland

Attention: Dr, Taub

Mr. W. H. Statler

Chief Engineer, Aircraft
Lockheed Aircrait Company
Burbank, California

Lockheed Aircraft Corporation
Marietta, Georgia

Lockheed Aircraft Corporation
Misaile Systems Division
Van Nuys, California

-4

Luftfahrt-Bundesant
Braunschweit, Germany

The Martin Company
Baltimore, 3, Maryland

Massachusetts Institute of Technology
Aeroelastic and Structures Research Lab
77 Massachusetts Avenue

Cambridge 39, Maseachusestts

McDonnell Aircraft Company
Lambert-5t. Louis International Agency
Box 516

St, Louls 66, Missouri

Ministry of Aviation
Shell Mex House
Strand

London WC2, England

National Aeronautics and Space
Administration

Langley Research Center

Langley Fiald, Virginia

NORAIR
1001 East Broadway
Hawthorne, California

North Ame rican Aviation, Inc.
4300 East Fifth Avenue
Columbus §6, Chio

North Are rican Aviation, Inc,
Los Angeles Alrport
Los Angeles 45, California

North Atlantic Treaty Organization

64 Rue de Varenne

Paris VII

France

Attention: ¥'. Bollenrath, Deputy Chairman
Structures and Materials Panel

Northrop Division
Northrop Aircraft, Inc.
P. O. Box 1525

1001 East Broadway
Hawthorne, Callfornia

Piper Aircraft Corporation
Lock Haven, Pennasylvania

Republic Aviation Corporation
Conklin Street

Farmingdale, Long Island
New York

Ryan Aeronautical Company
2701 Harbor Drive
San Diego 12, California

Secretariat-General A 1'Aviation
Civile a et Commercials

Administration Central

93 Boulevard du Montparnasse

Zone 6

Paris, France

Society of Automotice Engineers
29 West 3%th Street
New York 18, New York
Attention: Mr, Stoner,
Mr. Meldrum, Committee 58A

Southwest Research Inatitute
P. 0. Box 2296
San Antonio 6, Texas

Temco Aircraft Coxporation
P, O. Box 6191
Pallas 22, Texas



The data were punched and verified using a convenient
card format, They were then translated by an IBM 1401 digital
computer into the x-y format specified in Table 1-2.

Table 1-2

IBM Card Format
Column Contents Column Contents
1 Blank 40-44 X
2 0 45-46 Blank
3 Decimal point 47-48 Integral part of y
4-8 X 49 Decimal point
9-10 Blank 50-54 Decimal part of y
11-12 |Integral part of y 55 Blank
13 Decimal point 56 0
14-18 Decimal part of y 57 Decimal point
19 Blank 58-62 x
20 0 63-64 Blank
21 Decimal point 65-66 Integral part of y
22-26 |[x 67 Decimal point
27-28 |Blank 68-72 Decimal part of y
29-30 Integral part of y 73 Blank
31 Decimal point 74 0
32-36 Decimal part of y 75 Decimal point
37 Blank 76 0
38 0 77-80 Runway numbers
39 Decimal point

A sample card is shown in Fig, 1-1. This card gives the
elevations in feet {Y = 12. 12345, 12, 22348, 12. 30798, and 12. 34476
for positions (x = 17, 18, 19, and 20) along a certain runway (IBM
Card Deck Identification No. 6111), Since the interval between mea-
surements was 2 feet, the positions x = 17, 18, 19 and 20 corres-
pond to distances of 34, 36, 38 and 40 feet along the runway.

There was, of course, no way to determine the recording
accuracy of the data received; however, the accuracy of transla-
tion to punched cards was checked by having the 1401 print-out a
list of those adjacent y-values which differed by more than 0.1 ft,
These lists were delivered to ASD with the cards., When a differ-
ence greater than 0.1 ft was found to be due to a card punching er-
ror, this was corrected and noted; where such a difference was
found but could not be traced to a card punching error, no change
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Fig. 1-1 Sample Data Card

was made in the cards and a notation to this effect was placed on
the appropriate list.

For all profile data available, it was found that, at most,
two digits to the left of the decimal point were needed for record-
ing; hence, where necessary, a suitable constant was subtracted
from the data, so that all data might be key punched with two digits
to the left of the decimal point.

All of the power spectral densities collected were plotted
and are included as Appendix II to this volume. Power spectra
were not available for data sets having Project Identification Numbers
53, 54, 57, 80, 83 and 85, Data sets with Project Identification Num-
bers 96 through 102 are not included since they describe short sec-
tions of runways more fully described in other data.
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SECTION III

COMPUTATION OF POWER SPECTRAL DENSITIES

1. The Computer Program

To check the accuracy and the statistical validity of the
power spectral densities collected, it was necessary to construct
a digital computer program to compute power spectra. A flexible
program which allows the analyst to vary the computational pro-
cedures to determine their effect on the computed spectral den-
sities was written for the UNIVAC 1105 digital computer. A sum-
mary of the major features of the program follows.

(1) The data are read from a magnetic tape, pre-
pared on off-line equipment, into the 1105.

(2) All adjacent data points are checked. When a
pair of data points is found with values differing by
more than an input constant A; these values are
printed out and the value of the second point in the
pair is set equal to the value of the first point.

(3} A mean, linear, or quadratic trend is removed
as desired. It'is, of course, true that trends higher
than quadratic exist in most runway data; however,
by a careful choice of runways, it was possible to
investigate the advantages and disadvantages of trend
removal without building a capability for removing
trends higher than quadratic into the program. The
formulas are

_ _ N+1
Yt' xt Y-p (t 5 )

where X,  is the raw data, Y the adjusted data, and
N the number of observations. Let

EN:JX N(N+1)( )
A 1-__

Xy B=
t=1 N(N+l)(2N+l)-}IN(N+1)

A
'Y:

If only a general mean is to be removed, then calcula~-
tions are performed with y= 3. p=o. If only a linear
trend is to be removed, theny = 0, p= [3 If both are
to be removed, then vy = Y: @ = B. If neither, then
vyv=0, p= 0.
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(4) The data are prewhitened by

= o '
X, = X\, - aX! _

1
where {X'Z is the original data, -f)(tg the prewhitened
data, and ‘o a constant. '

(5) Autocovariances are computed by
{N-1) -rA
1

Co w1 121 X ¥i4ra 0STEM

where C_ 1is the autocovariance with lag r, N the
number of original data points, and A the distance be-
tween adjacent data points (for all data available, A= 2 ft).

{6) At this point options are available, allowing the ana-
lyst to dispose of the autocovariances as he likes: he can
stop computation, have the autocovariances printed, and
resume computation later (this means that the autoco-
variances are saved so that when computation is resumed
the autocovariances need not be recalculated). He can
continue computation without interruption and have the
autocovariances printed or not, as he sees fit. In any
case, the autocovariances are always saved in a form
suitable for restarting calculation from this point. (They
are always saved, whether or not they are printed out is
optivnal). '

(7) A finite cosine series transform of the Cr is taken

M-1
A v
Vr::FI:CO+2p§=lecosaﬁ-+CMcosr'ﬁj}.

The V_ are smoothed (to change the "effective' Bartlett

spectrlél window into one with more desirable properties}
by

U.=a V_+a, [v

- +V 1].

| r+1 r-
whereV_=V,V+l=V_l,anda,aare
arbitrary.” In practice, only t% Hamming window with
a = 0.54, a, = 0.23, and Hanning window with a_= 1/2,
ay = 1/4, wilf be needed. °©
(8) An option is available at this point for printing out
the U_,

T
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(9) The next step is the removal of the prewhitening by
dividing the U by Tr’ where T = (14 az) 2a cos M .
and a is the constant used in the prewhitener?

Ur

1 —

Ur- T
r

(10) The U'r are printed out.

2. The Validity of Spectral Densgity Estimates

{a} Basic Definitions

We define the autocovariance function C{T) of the real
valued, zero mean, stationary stochastic process X(t) by

T
C(T) = lim ﬁ- f X(t) + X(t+7) dt.
T—»co ’ _

This is sometimes referred to as the autocorrelation function;
however, this term should be more properly reserved for C(‘T)/C(O)
Note that C{7) = C(-7), and that C(o} is the variance of the proc-
ess. We define the two-sided spectral density P(f) of X(t) by

Clt) - e 2% g,

where w = 27nf. Observe that f has the units of cycles per unit
of the variable t. In the case of runway data, f is in cycles per
foot. This implies that w has the units of radians per foot. Since

(¢ 0]
Clr) = P(f) « &7 af,
=00

and since we may prefer to have P{f) written as a function of w
rather than f, we see that .

aQ
c(T) = P, {w) - e 7 du,

=0

where Pl(tp)= P("szw) . It follows that we must write
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— 1 . *iwt - -
Pl((&!) = -2—77 C(t) e dt. (1 2)

-
Since C{T) equals C(-T}, this becomes
co
Pl(m) = ?l- C(t) coswt dt
-

A negative frequency is of no use to us, so we define the one-sided
spectral density as p(w) = ZPl(w) or

@
@lw) = %— C(t) cos wt dt. (1-2)
(o]
Thus
fo o)
C{1)= | dlw)cos wt dw. (1-3)
o
(b) Spectral Densgity Estimates

The natural estimate of yf(w) is called the periodogram,
and for a given record length T it is defined by
T
_ 2
IT(w) = = C(t).cos wt dt.
o

This natural estimate, the periodogram, has the unfortunate prop-
erty that, for large T and for gaussian X(t}, its variance is pro-
portional to a multiple of a random variable distributed like a chi-
square variable with only two degrees of freedom. This means
that no matter how large we take T, the chance that I.(w) will
fall in a band of given width'about the true value ¢(w) is a constant;
or in other words, by taking large and larger values of T we can-
not bring our estimate In(w) closer to ¢g(w). To overcome this
difficulty, Bartlett (Ref. 1-2} has suggested, essentially, that we
estimate wt 6

P ) = 3¢ P, (w) dw (1-4)

w~&



i.e., estimate the average of #(w) over some interval about w.
Let . '
_li/2 ifjwl €6

Q @) '{o if o] 3 6

then we can rewrite equation (1-4)
w .
1
'Fl (c.oo) = 5= Q (m-mo)-Pl(r:u) dw. (1-5)
-

and recalling that the convolution of two functions {such as equation
(1-5)is equal to the Fourier transform of the product of the
Fourier transforms of each of the functions, we have from (1-1)
and {(1-5) .

a0
?1 (w) = -zl? / D(t) * C{t) * coswt dt (1-6)
-0
where
lon]
D(t) = Q(w) * cos wt dw.
=00
Let @lw) = 2'1‘51(m) and G(t) = D(t) + D(-t) = 2D(t), Then
w .-
Flw =2 G(t) + Clt) * coswt dt, (1-7)
(o]

and our estimate for a given record length T is
T
5 2
BT(w) = = G{t) » C(t) * coswt dt, (1-8)
)

The function D(t) is called a lag window, and the function Q(w)

is called a spectral window. For easy computation, we would like
D{t) to go to zero as fast as possible, since this would minimize
the computing of autocovariances; however, a function and its
Fourier transform cannot both go to zero too rapidly, consequent-
ly we must compromise, and use something other than a rectangle
for Q{w) in equation {1-5). For lag windows in common use, it
can be shown that, for gaussian X(t), 'JT(éo) is distributed like a
multiple of a chi-square variable with 2T/ T' degrees of freedom,
where T' is the maximum lag for which the lag window is rea-
sonably different from zero. (See, for example, reference 1-3.)
Unfortunately, we cannot decrease our variability indefinitely by
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merely taking T' smaller and smaller, since the mass of the window
is approximately concentrated in an interval of 7 7/ T' rad/ft about
the frequency w, It follows that the smaller T' is taken the greater
the w-range over which é(w is being averaged and consequently the
greater the smearing, and the less we will be able to say about any
individual frequency,

(c) Prefiltering

The only real problem in the estimation of runway spectra
is the removal of the line at zero frequency., This line, caused by
the shape of the earth over which a runway is laid, is of no impor-
tance in the design of alighting gear. If it is not removed, however,
there will be no basis for comparison between the estimated spec-
tra from two different runways, since this line dominates the esti-
mates at other frequencies.

Two techniques, trend removal andprefiltering, have been
used to remove this line in the estimates of runway spectra that
have been made available. The only practical method that exists for
deciding between these two techniques;, and determining whether or
not estimates produced by them can be considered accurate is touse
both techniques on the same body of runway data. This was done
and the results are shown in Figures 1-2 and 1-3.

The results obtained by applying the two techniques to run-
ways 41 and 39 are shown in these figures. Figures 1-4 and 1-5show
the profiles for these runways. Runway 41 was laid on earth with a
linear shape; hence, by removing a mean and a linear trend, as in
curve a, we were able to eliminate the effect of the line at zerofre-
quency on thé higher frequencies, On the other hand, the same curve
wag obtained by using a prewhitener of X, ~0.98X,,_;, and by re-
moving only the mean. Runway 39 was laid on earth that appears to
have a quadratic shape. This is illusionary since by comparing
curves a and b, we see that a better estimate can be found by using
a good prewhitener. It follows, therefore, that trend removal may
be used, but great care must be faken to ensure that maximum re-
duction is obtained.

Curve a, in Figure 1-2 and curve a in Figure 1-3 are es-
sentially the same as the curves obtained by Thompson in Reference
1-4 for these two runways. The differences, which are too small to
show on graphs plotted to the scale of Figures 1-2 and 1-3, are due
to the fact that Thompson used a prewhitener of X, - Xn-l' The only
objection to a prewhitener such as Thompson's is that it makes an
estimate of the spectral density at zero frequency impossible to ob-
tain. This is, of course, no real objection for our purposes.
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(d) Windows, Lags, and Aliasing

All estimates were computed using boththe Hamming and
the Hanning spectral windows. No significant difference between
these windows was found for runway data. In Figure 1-6, we have
plottedtypical estimates which differ only inthe use of the two win-
dows. As may be seen, the differences are slight,

In theory one must strike a balance between variability
and width of the spectral window because the fewer the lags the
greater the width of the window and. the smaller the variability.
This effect was not noted in our estimates. When the number of lags
was increased, the variability increased, but the supposedly nar-
rower spectral windows so obtained did not seem to be better able
to reject the line at zero frequency. Thisis illustratedinFigurel-7
where estimates based on 40 and 120 lags are plotted. We know
that better estimates than that obtained with 40 lags are available
for this runway; however, 120 lags does not seem tc give a better
estimate, only a more variable one. The computational formulas
seem to interpose themselves between theory and practice, so
that increasing the number of lags does not have the effect on the
rejection of lines that theory would seem to indicate,

Since runway data are available only at set intervals A,
the problem of aliasing must concern us. The fastest wave that
was recorded is one of 7/A rad/ft, ¥ an appreciable variance
exists at frequencies greater than this, then this variance will be
erroneously spread over those frequencies, less than 7/ A rad/ft,
which we can observe, For most runway data, A=2ft, and sc we
must concern ourselves with the variance at frequencies greater
than 7/A rad/ft. Fortunately, this question can be answered satis-
factorily by an examination of the spectral densities computed in
reference 1-1. These data were taken for A=1/2 ft. Roughly, these
densities show that something less than 0.1percent of the variance
occurs at frequencies greater than 7/2 rad/ft. It follows that alias-
ing does not present a problem for runway data taken at 2 ft inter-
vals.

{e) Evaluation of Estimate

The estimates made by NASA alluse Thompson's technique;
and consequently may be considered satisfactory. The estimates
made by Boeing also use Thompson's technique, and they too are
satisfactory. The estimates made by Lockheed are of variable
quality. A careful inspection of these estimates suggests that the
estimates of the four Lockheed runways 92, 93, 94, and 95 (project
identification numbers) be discarded., These estimates were ob-
tained with a moving average scheme, and are not as accurate as
the other estimates. The remaining six Lockheed estimates
appear to be satisfactory, and it is suggested that they be retained.
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SECTION IV
DEVELOPMENT OF DESIGN CRITERIA

The designcriteria developed for vehicles operating on pre-
pared surfaces take several forms, In subsectionl power spectral den-
gities for "'rough', "medium' and "'smooth" runways, taxiways and ramps
are obtained. These power spectra andthe associated profiles establish
one set of criteria. The distribution of discrete bumps for a selected
group of runways, taxiways and ramps, selectedfrom surfaces having ex-
ceptional roughness or smoothness from their power spectral densities
or operationof aircraft inthese surfaces, are givenin subsection 2, thus
establishing a second setof designcriteria. Bothsets ofcriteria are
necessary for the rational design of flight vehicles to be operated on
prepared surfaces. Some of the limitations and areas of application
of these criteria are given in subsection 3,

1. Power Spectra Criteria

The power spectral densities whichwere foundto be accurately
computed were classified to obtain representative "rough', "medium"
and ""smooth' power spectral density curves. Sincethe general form of
the power spectral density curves is similar except for a translation
and a rotation, two parameters were necessary to classify the data.
The two parameters chosen were horizontal position of the power spec-
tral density curve at a spectral density of 1.0 in2/(rad/ft) (N) and ver-
tical position of the curve at a reduced frequency of 27 rad/ft {D) or at
or at 7/2 rad/ft (D') for non-ASD spectra since these curves only ex-
tended to n/2. Figure 1-8 shows the master diagram used to classify
the power spectral density plots. A single parameter Q= {N+D)/2
was also computed for each power spectra in an attempt to show the
over-all quality of a runway with a single parameter.

The values of N, Dor D', and Q=(N+D)/2 or Q'=(N+D')/Z are
tabulated for the various power spectra in Table 1-3., Distribution
curves for these parameters are given in Figures 1-9, 1-10, 1-11, 1-12,
1-13, 1-14 and 1-15. Table 1-4 gives some of the interesting statistics
of these parameters, The results of this classification are given sepa-
rately for the data whichwas obtained using 2-ft measurement intervals
(all non-ASD data) and the data obtained using 6-in. measurement inter-
vals (all ASD data). Inaddition, the six different groupings ofthe ASD
data are consideredgiving sevengroupings inall. These groupings are:
1) all non-ASDdata, 2)all ASD data, 3) ASDrunways, 4) ASD runways
longer than 8, 0001ft, 5) ASD runways shorter than8, 000 ft, 6) ASDtaxi-
ways and 7) ASD ramps.

Figures1-16, 1-17, 1-18, 1-19, 1-20, 1-21, and1-22 show the power
specira of rough, medium and smooth runways for the seven data group-
ings. Runways, taxiways or ramps having highvaluesof N, D, Q, D' or
Q' were considered to be rough, those with low values were considered
smooth. The medium runways, taxiways and ramps have approximately
the average N, D and Qor N, D'and Q' classifications. Table 1-5 is a
lising of these rough, medium and smooth runways, taxiways and ramps.



Table 1-3 Spectral Density Classification

. T ; T
Project ' y | Project . v | Project . y  Project . |
Lo, M. N D @ lipise. MY @ gipiNe. NP @ I DpiNe. NP Q
L 8 17 12,5 26 B 20 14 51 8 18 13 . 7% 72 14
2 B 24 16 21 W 2w 1% 52 9 24 16,5 81 6 L6 Ll
3 821 14,5 B 24 16 56 k2 37 24.5 82 8 2 14
4 B 2l 14,5 20 L1 26 4.5 56 T 18 12,5t 84 9 2 18
5 B 26 17 M 9 24 16,5 58 717 12 84 10 z0 15
6 a 22 1s 3l #2014 59 6 17T 11.5 86 12 24 1B
7 g 2 la 32 B 15 1L,8 a0 8 2 L7 87 13 24 18,8
§ a 19 135 33 B 18 1k.5 6L 10 25 17,5 88 12 26 19
9 4 19 13,8 349 a1 18 62 9 18 13.5 a1k 24 17,8
10 8 19 13,5 3% 7 L8 12,5 63 5 20 12,5 90 9 22 18,8
11 4 1y 13.8 8 19 13,8 | 64 B 17 12,5 91 10 23 18,5
12 8 19 13,8 7 6 18 U3 ¢ 6% 8 19 13,5
13 8 2 4 w8 17 128 | 6 & 21 15.5
14 8 22 15 ¥ b 1Y 12,5 | 67 7 15 11
15 8 20 14 a0 7 712 ; 68 9 23 18,5
16 8 2 13 4l 8 17 12,8 | 69 A 20 14 |
17 9 22 15,5 4z 8 20 L4 70 7 18 il.E
18 9 26 11,8 43 7 14 10,8 4 8 226 17
19 & 2l 14.8 a7 15 1) 72 B 24 18
20 8 1% 13,5 45 8 15 11,5 13 & 21 14,5),
21 & 19 13,5 46 9 2L 15 74 6 22 14 |}
22 8 19 13,5 47 9 1y )4 15 9 17 13 |,
23 8 19 135 48 8 17 12,5 76 8 20 14 |
24 B 1% 135 49 8 17 12,5 77 8 22 15
25 8 2 14 50 T 16 11,5 ] 7 16 1.5
Project Praject Project Praject
Lo.Ne., N 0D @ diipne, ™ D Q Wipiwe, M P RfiDim, M P @
Ra-1001 713 10 T-1046 & 13 ¢ Rn-1091 T8 7.5{ Rn-1136 712 9.5
Ra-l002 T 9 Rn-1047 1 13 8 Rn-1092 69 7.5{Rn-1137 8 1z 10
T-1003 4 13 8,51 Rn-1048 5 14 9,5 [lRn-1093 77 7 [Ra-1138 2 12 7
T-1004 4 12 8 Rn-31049 3 11 1 Rn-1094 6 10 8 [Ra-1139 6 13 9.5
T-1005 4 12 8.5 Ra-1050 6 11 8.5 ||Kn-1095 RSt 9 lRn-1140 4 15 9.5
Rn-1006 312 7.5]| Ra=1051 9 11 10 Rn-1096 T 7 [Rn-1141 4 13 8.5
Run-1007 6 12 9 Rn-1052 & 12 9 [[Rn.l097 T8 7.5!Rn-}142 4 14 9
Rn-1008 6 13 9.5]] Ra-1853 5 16 10.5 [{Rn-1098 6 10 8 I T-1l43 8 16 12
Ra-1009 11 13 12 Ra-1054 4 14 9 [ T-1099 5 10 7.50 Tall44 6 14 10
Rn-1010 11 10 10,8} Re-1055 T 15 11 | T-1100 8 11 9.5| T-1145 6 13 9.5
| )
T-1011 9 12 10.5{ Rn-1056 6 13 9,5 |, T-1101 7 11 10 Ra-1l4é 6 14 10
T-1012 8 14 1 Ra-1057 6 14 10 [{Ra-1102 114 7.5 Ra-1147 5 10 7.5
T-1013 610 8 T-1058 7 L3 10 Ra-1103 12 13 12,5 "'Ra-1148 6 13 9.5
Ru-1014 & 13 9,51 T-1059 6 14 10 Ra-1104 13 12 12,5 Ra-1149 7 13 10
Rn-1015 A 13 10,5) T-1060 & 13 9.5 [[Ra-1105 & 12 10 iRn-1150 6 12 9
Ru-1016 7 16 11,5|] Rn-1060 6 13 9,5 ilRa-1106 2 15 8,5 'Rn-1151 5 15 12
Rn-1017 6 15 10.5| Rn.1062 & 4 10 Rn-1107 4 12 8 | Rn-l152 5 17 11
fn-1018 8 l4 1 Ra-1063 7 13 10 Rn-1108 9 13 11 [Ra-1153 S 18 1.5
Ra-1019 7 14 (0.5) Ra-1064 7 L0 A5 ||Rn-1109 9 13 11 Rn-1154 4 18 1Ll
Rn-1020 713 10 RAn-1065 5 14 9,5 ||Rn-1%10 9 13 1L || T.l185 6 16 il
Rn~1021 712 9.5 Ro-1066 & 13 9,8 Il T-1111 7011 9 i T-1188 6 16 1l
Rn-1022 71l 9 T-1067 3 14 8,5 || T~lil2 710 8.5 Rn-1157 715 il
T-1023 8 13 10.5) T-1068 4 1L 7.5 || T-1il3 711 9 Rn-1158 7 16 11,3
T-1024 71310 T-1069 5§ 15 L0 i Rn-iild 5 14 9.5 ||lRn-1159 T 12
1.1025 6 13 9,6} Ra<l0T0 8 11 9,5 [[Rp-1115 5 15 10 ‘L T-1160 6 16 1l
Ra-1026 a 14 1l Ra-1071 10 14 12 Rn-1116 5 14 9.5 5 T-1161 8 19 13,5
Ra-1027 10 12 L1 {l Rp-2072 5 15 10 T-1117 9 g 9 T-1162 B 19 13,5
T-1028 712 9.5i Rn-1073 6 14 10 T-1118 8 12 10 { T-1163 B 18 13
T-1029 8 12 10 | Ro-1074 & 13 9,5 | T-1119 10 15 12,6( T.1l64 5 16 10,5
T-1030 a1l 9,5 Rn-1075 & 14 10 T-1120 7 10 8.5{ T-1165 6 13 9.5
Rn-1031 5 13 9 Rn-1076 6 15 10.5 || T-1121 8 10 9 |Ru-1166 4 20 12
Rn-1032 713 10 RAn-1077 7 14 10,5 { 7-1122 9 12 10,5|Rn-1167 3 17 10
Run-1033 & 15 0.5 Ra-1078 9 12 10.5 4% T-1123 & 18 10.5 jRn-llGB 4 17 0,5
Ra-1034 70015 11 Ra-1079 9 13 11  jAn-llza 5 15 10 |Rn-1169 7013 10
Ra-1035 715 11 T-1086 3 14 &.5 | T-1125 o1 8.5 {Rn-1170 6 17 11,5
| !
T-1036 713 1o T-1081 5 12 8.5 ] T-1126 7 14 10,5 Ra-1171 LI ¥ A ¥
T-1037 712 9.5 T-1082 5 11 8 T.1127 7 12 9.5 | T-1172 8 16 12
T-1038 712 9.6| T-108% 6 11 &5 [Ra-1128 6 13 9.5 T-1173 8 16 1z
Rn-1039 5 13 9 T-1084 6 12 9 | T-112 9 13 11 T-1174 8 15 11,5
Ru-1040 4 12 8 T-1085 5 1@ 7.5 [ T-1130 10 14 12 |Rn-1175 § 17 11
Ru- 1041 5 13 9 Rn-1086 4 1L 7.5 | T-1131 9 16 12,5 Rn-1176 7 14 10.5
Ru-1042 8 16 12 Rn-1087 5 18 7.5 | Rn-1132 71z 9.5 Rn-1177 4 13 8.5
Ra-1043 5 15 10 Rn-10B8 5 1} B \Hn-1333 8 L3 10,5 |Rn-1L7R 4 15 9.5
T-1044 4 12 8 Rn-1089 6 31 H,5 [Ro-1134 7 13 10 IBe-1179 4 16 10,0
T-1045 5 14 9.5 || Bn-1090 7 ¢ 8 an-lHﬁ gLl 9.5 [Rn-1180 8 15 Lli.5
I
IRn-1181 4 K] 4.5
T-1182 4 L4 9,0
Ra-11873 6 16 11,0
ilnauum 711 120




Table 1-4 Statistics for Spectral Density

Data.“ Param- | Mini-| Maxi- Median | Mean Stan.da?d
Grouping eter mum | mum » Deviation
All N 5 13 8 8.27| 1.32
Non-ASD D' 14 37 20 ©20.35| 3.64
Data Q! 1 24,5 14 14.32] 2.29
All N 1 13 6 6.371 1.86
ASD D 7 20 13 13.22] 2.13
Data Q 7 13,5 10 9,81 1. 38
'ASD N 3 9 6 5.90| 1.42
Runways D 1 1 20 13 13,32 2.41
Q 7 12 9.5 9.63] 1.26
Rff\?a . N 3 8 6 5.39| 123
Longezthan D 7 20 13 12.98} 2.55
Ri?\?a s N 4 9 7 6.93| 1.20
Shorte¥ han| P 11 18 14 14.00| 1.89
N 3 10 7 6.63| 1.65
T‘:f’i?va . D 9 19 13 13.08| 2.20
y 0 7.5 | 13.5 9.5 9.86] 1.76
N 1 13 7 7.161 2.72
gz’z . D 10 17 13 13.13] 1.80
P Q 7 12.5 10 10.141 1.44




Table 1-5 Power Spectral

Density Criteria

Project
Data Identifi- ) '
Grouping cation Class N Dor D Qor Q
: Number
87 rough 13 24 18,5
All 55 rough 12 37 24, 5
Non-ASD 7 medium 8 20 14
Data 63 smooth 5 20 12.5
43 smooth 7 14 10.56
1104 rough 13 12 12.5
1166 rough 4 20 12
ASD 1161 rough 8 19 13.5
Data 1148 medium 6 13 9.5
v 1102 smooth -1 14 7.5
1093 smooth 7 7 7
1108 rough 9 13 11
ASD 1166 rough 4 20 12
Runways 1148 medium 6 13 9.5
1049 smooth 3 11 7
1093 smooth 7 7 7
ASD 1180 rough 8 15 11, 5
Runways 1166 rough 4 20 12
Longer than 1148 medium 6 i3 9.5
, 1093 smooth 7 7 7
1108 rough 9 13 11
aosD 1153 rough 5 18 11.5
Sh Y 1077 medium 7 14 10.5
orter than 1154 h 4 18 11
8, 000 ft smoot
! 1022 smooth 7 11 9
1119 rough 10 15 12.5
1161 rough 8 19 13.5
TooD aye 1058 medium 7 13 10
1080 smooth 3 14 8.5
1117 smooth 9 9 9
1068 smooth 4 i1l 7.5
1104 rough 13- 12 12.5
1184 rough 7 17 12
ASD 1001 medium 7 13 10
Ramps 1102 smooth 1 14 7.5
1147 smooth 5 10 7.5
1138 smooth 2 12 7
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2. Discrete Bump Criteria

Strip chart recordings supplied by ASDfor twenty-five data
sets were examined to obtain discrete bump data. They were plot-
ted to a scale of one inch per one hundred feet of profile.lehgth and
one inch.per foot.of elevation. The strip charts were exam-
ined to obtain data on bumps, dips and included angles between
grades. The lengths of the bumps and dips weremeasured to an ac-
curacy of +5ft. The heights were accurate to +0, 025 ft. The angles
were measured to an accuracy of + 0.1 deg. The measurements
taken from these charts are tabulated in Appendix III. Distribution
plots for bump length, ratio of bump height to length, dip length,
ratio of dip depth'to length, and angular deviation from 180 deg are
given in Figures 1-23, 1-24, 1-25, 1-26, and 1-27. The mean values
and standard deviations for these various distribution are:

T = T2.13ft o = 66,42 ft
“bump
lh?ijump= 0.001856 ¢ =0.001099
Id. = 57.43 ft ¢ = 47,86 ft
ip
Th?Lidp = 0,001894 o =0.001184
& = 0.85 deg o = 0.41 deg.

Tables 1-6 and 1-7 show the frequency of occurrence of pairs of
values of height and length for the bumps and dips.

3. Limitations and Areas of Application of Criteria

Since large:amplitudes of vibration will occur in the vicin~
ity of the natural frequencies of aircraft, the portion of the power
spectral density curves which will excite these frequencies is most
important. The natural frequencies f,(in cps} can be converted to
spatial frequency Q2 (in rad/ft) using the formula

=2 wfn/V
where V is the taxiing velocity of the aircraft.

Table 1-8 gives some of the characteristics of the various
clagses of aircraft. This table was provided by ASD. The last
four columns of this chart gives the general range of values of the
natural frequencies of cargo, fighter, bomber and miscellaneous
types of aircraft. The column preceding the natural frequencies
contains the approximate landing speeds of these types of aircraft.
Utilizing this information and applying the formula given above we
find that the entire range of the power spectral densities given as
design criteria are important in the design of aircraft. In addition
reduced frequencies below and above the range for which the power
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spectra were computed may be important. For instance the B-66
light bomber aircraft lands at approximately 265 fps and has its

first natural frequency at 0.5 cps. These values lend to a spatial fre~
quency of 0,012 rad/ft which is below the minimum spatial frequency
for which power spectra were computed which was approximately
0.02 rad/ft. Also the B-66 has a natural frequency of 2 cps and might
taxi as low as 1 fpas, which leads to a spatial frequency of 12.6
rad/ft which is above the range of power spectral density plots since
the maximum reduced frequency for which power spectra were com-
puted was 6,28 rad/ft, Since the B-66 has natural frequencies be-
tween 0.5 and 2 cps and may taxi at speeds between 265fps and zero
fps the total range of the power spectral density plots are important
in its design., Similar conclusions can be drawn for all of the differ-
ent types of aircraft.

Although it was shown above that the entire range of spatial
frequency is important in the design of aircraft, examination of the
power spectra show that much greater power exists at the lower fre-
quencies and therefore these frequencies can be more important than
the frequencies at the high end of the scale. On the average the power
at 0.1lcps is two orders of magnitude greater than the power at 1.0
cps. A rather large variation in the magnitudes of the runway power
spectra was noted. The variation in the power spectra between the
smooth and the rough runways was between one and two orders of
magnitude.

The several groupings of power spectral density design cri-
teria provide different criteria to be used for different classes of
aircraft and for the same type of aircraft in different modes of opera-
tion. For instance, aircraft similar to the B-52 bomber or the F-104
fighter must operate from runways longer than 8, 000 ft, so the cri-
teria developed from runways longer than 8, 000 ft should be used for
such aircraft., Other aircraft similar to the B-47 bomber or the
F-102 fighter can operate from shorter runways, so different cri-
teria apply to these aircraft, In addition, the same aircraft will
operate at different velocities on runways, taxiways and ramps, so
criteria for each type of profile should be considered separately.

The bump criteria given here does not include such irregularities

as runway lights which may extend above the surface of the runway
or the large bump which might occur should one of the wheels of the
aircraft run off the paved runways. Such items as this must be con-
sidered in addition to the bump criteria given here.

The application of the bump criteria is again dependent on
taxi speed. If the aircraft is taxiing at a velocity V a bump having
length

= V/fn



will excite the natural frequency £, of the aircraft. The height of
the bump will determine the amplitude of the excitation. For the
B-66 aircraft a bump length of 530 ft will excite the lowest natural
frequency, 0.5 cps, when the plane is taxiing at 265 fps. A bump
length of 10 ft will excite the 2-cps natural frequency when the B-66
is taxiing at 30 fps. As the above example shows the full range of
the bump criteria must be used in the design of any aircraft.

The effect of the spacing between bumps is not taken into
account in the bump criteria. It is felt that this spacing is reflected
in the power spectral density criteria. Since the bump datawere ob-
tained by visual inspection some human interpretation was neces-
sary to differentiate between bumps and dips. Where such inter-
pretation was necessary the data were biased toward bumps.

The criteria given here can be easily updated when new data
become available by combining the new data with the presentlyavail-
able data and noting the effect ofthese data on the criteria established
in the previous sections.

The effect of the time of the year during which the data were
taken on the roughness of the profile was not evident from the avail-~
able data. Several runways would need to be surveyed seasonably
for a period of several years to obtain a large enough sampling of
data to find the effect of the season on the profile roughness.
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APPENDIX 1
GENERATION OF PROFILES FROM POWER SPECTRA

1. Shape

It is quite easy to fit an ad hoc equation to a runway spectral
density curve. The equation ¢(x}) = ax-P works very nicely; however,
such an equation tells us nothing about the stochastic process by which
runways are generated. We would like therefore to obtain an equation
which illustrates this stochastic process.

If we assume thatdiscrete masses of material are placed at
fixed intervals on the ground and then smoothed, we can derive a shape
for the resulting spectra. Suppose the height of the nth mass is X,
which height we will assume is normally distributed about some height
which we can assume without loss of generality to be zero, then the
smoothed height will be o

Xn = E U'KXK'
K= -~
If we assume that the smoothing prgcess works with only two masses

at a time (not unreasonable) then X, = X, - aX;. 7 and the resulting
spectral density is
| 8 (x) = !
(1 +a2)-2acosx

where Y is a function of both @ and the variance at X,. This equa-
tion fits the runway data available almost as well as does ax~P, "and
for some values of x it fits better. A slight generalization to the case
where X, = X, - aX__;-BX,_; produces the spectral density

g (x) = -

{1 +a2 +B2)-2acosx-2Bcosx+2abcos x

which 1s an excellent fit to all the spectral densities available,

Since this last equation fits so well, we can say that if run-
ways were constructed by laying down masses andthen smoothing, the
spectra would be those observed, How justified we would be in revers-
ing this statement and saying that runways are made this way because
our curve fits, remains to be seen.

2. Generating Random Profiles in Theory

The first method that comes to mind for generating random
profiles is to construct a moving average

P
I '
XT = 2 at X _—
t=1
where the a_ are chosen so that

Z(XT - ZP: ai? XT-t)Z

T t= 1
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is a minimum for {XT} from 'a.given runway. . This’
method should give good prediction for any given runway. If we de-
sired to construct a single moving average, however, to represent
several runways, then things would become complicated.

A slightly different approach assumes that runway data are
gaussian stationary; it then follows that the second moments com-
pletely specify runway data and if ¢(w) is the spectral density of a
runway, then

$(w) = IT(w) ‘2 k

where T{w) is the Fourier transform of a weighting function W(t),
and k, a constant, is the spectral density of the process gt} . In
the time domain we have, if {Xt] is runway data

Xto = W{t-to) gt dt.
-0

The fact that k is a constant implies that
Jcrz ift'=t

CovéE, E , ="

£t [o ift' £t

or that is to say, the ?E t)i are independent gaussian variables.

In practice we would simulate runway data with estimated
spectral densities B(w) by finding a cosine polynomial G{w) =
|T(w)[% such that [ #(w)/G{w)] = constant, ginding a polynomial
T(w} in expf-itw) satisfying G(w) = IT(w)l ., taking the Fourier
transform of T(w) to get W(t), and calculating the simulated run-
way data by t=t 4P

X' = W (t-t )} £
o  tit_ P o "t

where of course, the fgt5 are independent gaussian variables.

The advantages of this procedure over the moving aver-
age procedure are: 1)} There is no need to let transients die
down. 2} We know that log @ (w) is approximately normally dis-
tributed with constant variance for all w, hence we can compare
runways statistically and group similar runways for simulation,
and 3) Intuitive insight can be developed by using the #(w) which

could not be done with the }at} of the moving average procedure.



3. Generating Profiles in Practice

If the equation for ¢(x) in 1. is indeed an adequate de-
scription of runway spectra, then we have solved the problem of
generating random profiles, for by selecting a, B, and Y proper-
ly we can generate a random profile in a computer by calculating

X =X X
Xn— n-an—l

n-2"'
where the {Xn3 are random normal numbers with variance adjusted
to give the desired Y.

If we want to generate random profiles on a mechanical
device, then due to the limited velocity with which a mechanical
device can move, the following theory will have to be used.

The method of generating random profiles discussed above
should be quite satisfactory if the random profiles are ends inthem-
selves; however, it is quite likely that at some time in the future,
it will be desirable to expose experimental models of alighting gear.
to random profiles. This means that a mechanical system (e.g.,
an endless belt) will have to be developed which is capable of ex-
citing mechanically, the alighting gear in the same way that a run-
way might. Considering the speeds at which modern aircraft trav-
erse runways, such a mechanical system would have to fluctuate
randomly at rates up to 25 or 30 cps. Such rates of random me-
chanical movement seem quite unlikely to be realized, consequent-
ly, the following method of generating random profiles using low
frequency random inputs was developed.

Let x(t) and y(t}) be stationary, zero mean, statisti-
cally independent random functions of time t, with identical, band
limited, two-sided spectral densities P(f) for |{|< W, In symbols,
our assumptions are

{(a) Zero mean:
T T
. 1 lim =L
lim == x(t) dt =

T 57 Tep oo 271 y(t)dt=0
@ -T -T

(b) Stationary, with same spectrum:

\T \ . o T .
. 1 )
lim e i x(tet ) de = D g [ viEy (et ) de= Cleo),
T : o’ T—co
T—reo -T | -T
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where
B(f) = Clt) e 1oTE 4

~Q0

(c) Statistically independent:
T
, 1
Thm 5T x(t) y(t+t0) dt= 0, for all t,-
— o T

Consider the random function Z(t) produced by randomly modu-
lating a cosine and a sine function with x(t) and Y(t), respective-

ly.
Z(t) = x(t) cos w t + vy {t) sin @ t,

where w, = 27f,. Mechanically, this would correspond to super-
imposing a low frequency random movement on a sinusocidal me -
chanical motion. Achieving high frequency random mechanical
motion is quite difficult due to the rapid directional changes re-
quired; however, neither the achievement of high frequency sinu-
soidal mechanical motion, nor the achievement of low frequency
random mechanical motion is too difficult; hence, it should be
possible to generate Z(t) mechanically {at least in theory).

It is easily seen that Z(t}haszero mean, since
T T T
i 1 1
- =7 [x{t) +y{t)] dat <57 Z(t)dt{5F [ x(t) +y(t)] at.
-T -T T

and as T-—woo both the left most and right most terms go to zero.

To find the spectrum of Z(t), we first find the autoco-
variance function Cz(t) of Z(t);

T
_ lim 1
Cz(to) = Pemwoo 2T Z(t) Z(t+to) dt
-T
T
lim 1
= T oo 3T [ x(t) x(t+to) cosw tcosw (t+t0)

/=T



+ x(t) v (t+to) cos w t sin wo(t+to)
_+ x(t+t0) y{t) cos wo(t+to) sin mot

+ y(t) y(t+‘to) sin wot sin wo(t-!-to)] dt.

Since

T T

1 1 .
- 'ZT X(t) Y(t+t0) dt(-z,—r X(t) Y(t+t0) CcOs th sin wo(t+t0) dt
|-T -T
T
1
<'2T x(t) y(t+t°) dt,

-T

we have assumption c¢)

T
lim 1 : . _
T+ o 2T x(t) Y(t+to) cos wot sin wo(t+to) dt= 0
-T
and by a similar argument we have
T
lim 1 : —
Tsoo 3T x(t+t0) y{t) cos wo(t+t0} sin wot dt = 0.
' -T
We can therefore, write
E T
_ lim 1
CZ (to) ® oo 3T [ x(t) x(t+to) cos w t cos wo(t+t0)
-T
+ y(t) y(t+t0) sinw t sin wo(t+to)] dt
T
_ lim 1 1 / ;5
= T-woo 2T -z[x(t) x(t+to) COSs moto + cos w (2t +tO>
-T
+ y(t) y(t+t°) (cos w E, - cos w_ (2t+to)) ] at
T
= Clt) cos w t + 2™ L 1 sty (4t )
o o0 T—o 2T 2 (e}
~T

- y(t) ylt+t )] cos w_ {2t +t )dt.
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Since

T T
--41,—1, [ x(t) x(t+to) ~y{t} (t+to)] dt <7¥1T [ x(t) x(t+t0)
-T -T
-y(t) y(t+to)] cos w_(2t#4¢t ) dt
T
<74&'i" [ x(t) x(t+t°) -y(t) y(t+t0)] dt
-T

and since both the left most and right most terms go to zero as
T—» o, we have

Cz(t) = C(t) cos w t.

This tells us that Z{t) is a stationary process. Taking the
Fourier transform, we get the spectral densgity: '

oo
Pz(t) = C(t) cos wt e-121rft dt = % [ P(£ +fo) + P{f - fo)]

-
This last equation shows that the frequency range of Z(t) is band
limited: with all non~zero densities occurring in the frequency
range ]f-fol < w. It follows, therefore, that a mechanical sys-
tem may, in theory, by using a low frequency, band limited, ran-

dom input, generate a band limited, random disturbance about any
given frequency.
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APPENDIX II

ALL NON-ASD POWER SPECTRAL DENSITIES
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APPENDIX II1

DISCRETE BUMP MEASUREMENTS




APPENDIX III

DISCRETE BUMP MEASUREMENTS

Project BUMP DIP ANGLE (deg)
Identification Teviation
Number “Length{ft) Helght{ft) Lenpth(ft) Dapth(ft) Actual From 180 deg.
T-1025 270 0.65
T-1025 100 0.40
T-1025 40 0,10
T-1028 40 0.05
T-1028 40 . 0.05
T-1028 30 0.05
T-1028 90 0.15
T-1028 ' 80 0.10
Tl028 40 0.05
T-1028 40 0.10
T-1028 30 0.05
T-1028 20 0.05
T-1028 20 0.05
T-1028 20 0.05
T-1028 60 0.10
" T-1028 60 0.10
T-1028 50 0.05
T-1028 20 0.05
T-1028 60 . 0.10
T-1028 60 0.18
T-1028 40 .05
T-1028 40 0.10
T-1028 60 0.05
T-1028 90 0.05
T-1028 40 0.05
T-1028 " 130 0.10
T-1028 40 0.10 : T - Taxiway
T-1028 50 0.05 Rn - Runway
T-1028 70 0.05 Ra - Ramp
T-1028 ‘ 50 0.05
T-1028 40 0.05
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Project BUMP DIP ANGLE {deg)

Identification . Devidtion
Number chggh_Lft} Hefght(ft) Length(ft}) Depth{ft}) Actual From 180 deg
T-1030 20 0,05 '
T-1030 60 0.10

T-1030 50 0.05
T-1030 40 0. 10

T-1030 80 0,15

T-1030 30 0. 10

T-1030 30 0. 10

T-1030 50 0,05

T-1030 30 0,05

T-1030 50 0. 10

T-1030 30 0.05

T-1030 30 0.05

T-1030 ‘ LT 0.05
T-1030 a0 o 05
T-1030 80 0.05

T-1030 100 0,15

T-1030 ' 60 0. 10
T-1030 60 010
T-1030 80 al10
T-1030 60 .10
T-1030 20 0.05

T-1030 40 0.05

T-1030 70 0. 10
T-1030 60 0.10

T-1030 70 0,10

T-1030 70 0.05

T-1030 80 0.10
T-1030 70 0.10

T-1030 90 0,10

T-1030 30 0.05
T-1030 60 0. 10
T-1030 50 0.10

T-1030 80 0.05
T-1030 100 0.05
T-1030 50 0.05
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Project RUMP DIP ANGLE {deg)

Identification DEintion
Number Lengthift) Height{ft) Length{ft) Depth{ft} Actual From 180 deg
T-1036 .20 0.08
T-1036 20 0.05
T-1036 ' 30 0.05
T-1036 20 0,05
T-1036 60 0,05
T-1036 30 0,05
T-1036 30 0.05
T-1036 30 0.10
T-1036 20 0.10
T-1036 30 ¢.10
T-1036 50 0,15
T-1036 k1) 0.10
T-1036 80 0.15
T-1036 60 0.10
T-1036 70 0.20
T-1036 .30 .10
T-1036 30 0.05
T-1036 40  0.20
T-1036 160 0,20
‘T-1036 20 0.05
T-1036 20 0.05
T-1036 T0 0,15
Ra-1042 _ 50 0.05
Ra-1042 70 0.05
Ra-1042 : 40 0.05
Ra-1042 30 0.05
Ra-1042 20 0.05
Ra-1042 ' 60 0,05
Ra-1042 . 30 .05
Ra-1042 30 0.05
Ra-1051 50 0,20
Ra-1051 30 0.15
Ra-1071 80 0.30
Rn-1071 100 0.15
Ra-1071 90 0.10
Ra-1071 130 0.20
Ra-1071 130 0.15
T-1080
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Project IUMP DIpP ANGLE ({dez)

Tdentification . Devialion
" Number Lenath({ft) Feight(ft) Lensth(it) Depth{ft) Actual From 160 deg
1095 70 0.05
| T.1085 70 0.05
~ T-1085 80 0.05

—.1085 30 0.05

‘+-1085 60 0.05

T.1085 50 0.05

.1085 70 0.05
. T-1085 140 0,10

T-1085 240 0.15

T-1085 130 0,05

T-1005 30 0.05

T-1085 40 0.05

T-10E5 80 0.05

T-1085 50 0,05
. T-1055 100 0.05

T-1085 120 0.05

T-1085 £o 0.05

T-1005 60 0.05

T-1005 40 0. 05
Rn.-1090 40 0.05
Rn -1090 60 0.05
Rn 1090 50 0,10
Rn-1090 50 0,05
'Rn-1090 30 0.05
'Rn-1090 60 0. 05

Rn-1090 100 0. 10
Rn-1090 150 0. 10
Rn-1090 100 0. 10
Rn-1090 90 0. 10
Rn-1090 120 0. 10
Rn-1090 60 0.05
Rn-1090 80 Q. 10
"Rn—1090 70 0. 10
Rn-1090 100 0. 10
Rn-1090 160 0. 10
Rn-1090 110 0. 10
Rn-1090 80 0. 05
Rn-1090 a0 0.15
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Froject BUMP DIP ANGLE (deg)

Identification Peviation
Number Length{ft) Height{ft) Length{ft) Depth{ft). Actual From 180 deg
Rn-1090 160 0.15

Rn-1090 &0 0.10

Rn-1090 100 0.15

Rn- 1090 90 0.10

Rn- 1090 70 0.10

T-1100 90 0.25
T-1100 230 0,55

T-1100 30 030

T-1100 70 0. 10
T-1100 140 0.15

T-1100 90 0.10

T-1100 Ay 0.05

T-1100 40 0.05

T- 1100 160 0.10

T- 1100 30 o.lo

T- 1100 70 0.10

T- 1100 40 0.05

T- 1100 80 0,10

T- 1100 90 0.10

T-1100 70 0.15

T- 1100 50 0. 10
T- 1100 40 0.10

T- 1100 20 D.10

T- 1100 20 0. 10
T- 1100 140 0.20

T- 1100 60 0.05
T- 1100 80 0.10

T- 1100 90 0.10
T- 1100 80 0,10
‘T- 1100 40 0.10

T- 1100 30 0,05
T- 1100 110 0.0

T- 1100 - 80 0,10
T- 1100 &0 0.05
T~ 1100 120 0.25

T- 1100 100 0.20
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Project BUMP DIP . ANGLE {de

Identification Deviation .
. Number L Length{ft) Height(ft) Langth(fi) Depti{ft) Aetual Frem 180 deg

T-1100 30 .05

T-1100 &0 0.1%

T-1100 40 0.05

T-110¢ 90 0.10

T-1100 - 40 0.10

T-1100 70 0.10

T-1100 70 Q.10

T-1100 60 0.05

T-1100 50 0.10

T-1100 60 0.05

T-1101 510 1. 15

T-1101 500 0. 90

T-1101 20 0.15

T-1101 80 0. 20

T-1101 - 30 0.10

T-1101 120 0,10

T-1101 50 0.08

T-1101 179.53 0.47
T-1101 110 0. 15

T-1101 180.73 .73
T-1101 110 0.15

T-1101 . 179.47 0.53
T-1101 _ 180.48 0,48
T-1101 20 0. 10

T-1101 ‘ 40 0.10

T-1101 179.48 0,52
T-1101 100 0.20

T-1101 : 50 0. 10

T-1101 20 0. 05

T-1101 60 0.05

T-1101 30 0,05

T-1101 170 0. 15

T-1101 60 0. 10

T-1101 110 o 15

T-1101 260 0. 10
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1-156

Project BUMP DIP ANGLE (deg)
Identification . Deviation
Nurrber - Lergth(ft) Helpght(ft) Length{ft) Depth{ft) Actualift) From 180 deg
T- 1101 140 0.15
T-1101 140 0. 10
T-1101 120 0,10
T-1101 40 0.10
T-1101 70 0.10
T-1101 40 0,05
T-1101 50 0. 10
T-1101 80 0. 10
T-1101 140 0.15
T-110} 290 020
T-1101 80 0. 10
Ra-1103 110 0.25
Ra-1103 40 . 15
Ra-1103 30 0.05
Ra-1103 50 o 15
Ra-1103 30 ol5
Ra-1103 40 0.10
Ra-1103 180.95 .95

. Ra-1103 179,02 0.98
Ra-1103 180.80 0.80
Ra-1103 177.58 2,42
Ra-1103 181,25 1,25
Ra-1104 30 0.15
Ra- 1104 30 0.1%

‘Ra- 1104 20 0. 10

Ra-1104 40 0. 10

Ra-1104 30 0.05

Ra-1104 20 0,15

Ra-1104 180,93 0.93
Ra-1104 179.07 0.93
Ra-1104 181,23 1.23
'Ra-1104 178.33 0. 67
Ra-1104 181,28 1,28



Project BUMP DIP ANGLE (deg)

Identification Deviatien .
. Number . Length{ft} Helght{ft} Length{ft) Depth {ft) Actual From 180 deg
Rr-1110 70 0.15
Ro-1110 T0 0.15

Rn-1110 70 0,10

Rn-1110 40 0,10

Rn-1110 80 0.15

Rn-1110 60 0.15

Rn-1110 390 0.80

Rn-1110 30 0.10

Re-1110 40 0.10

Rn-1110 : 50 0.10

Rn=-1110 70 0,15

Rn-1110 80 0.10

Rn-1}10 20 0. 80

Rn-1110 80 0.20
Rn-1110 110 0,30

Rn-1110 70 .10
Rn- 1110 110 0.20

Rn-1110 350 0.25
Rn- 1110 160 0.25

Rn-1110 80 0.20

Rn-1110 330 0,35

Rn- 1110 50 0,10

Rn- 1110 30 0.10

Rn- 1110 60 0.10

Rn- 1110 40 ¢.10

Rn- 1110 100 0.15

Rn- 1110 60 0,10

Rn- 1110 8¢ 0.20

Rn- 1110 50 0.15

BRn- 1110 30 0.05

Rn- 1110 50 0,05

Rn- 1110 40 0.15

Rn- 1110 30 0.10

Rn- 1110 50 0.10

Rn- 1110 30 ¢.10

Rn- 1110 40 0.15

Rn- 1110 50 0,05
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Project ... .. ____BUMP DIF ANGLE {deg)

Identification Deviation
Nufibéf " Length(ft) Height{ft} Length{ft) Depth(ft) Actual From 180 deg
Ro-1110 70 0.10

Rn-1110 . 90 0,20

Ru-1110 80 0.10

Rn-1110 30 0.05

Rn-1110 70 0,15

Rn-1110 160 0.40

Rn-1110 100 0.15

Rn-1110 40 0,10

Rn-1110 80 0,10

Rn-1110 70 0.10

Rn-1110 , 30 0.05
Rn-1110 | &0 0.10
Rn-1110 30 0,05

Rn-1110 30 ¢,05

Bn-1110 80 0.05

Rn-1110 80 0.10

Rn-1110. 70 0.05

Rn-1110 70 0.10

Rn-1110 30 " 0,05

Rn- 1110 70 0.10

Ra- 1110 80 .10

Rn-1110 50 0,05

Hn-1114 80 0.10

Rn-j114 80 0.10

Rn-1114 30 0.05

Rn-1114 40 0.05

Rn-1114 30 0.05
Rn-1114 40 0.10

Rn-1114 80 0.05
Rn-1114 40 0.05

Rn-1114 80 0, 10

Rn-1114 20 0.05

Rn-1114 30 0.05

Rn-1114 30 '0.08

Rn-1114 40 0.05

Rn-1114 30 0.0S
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Froject BUMP DIP ANGLE .(deg)
Identification Deviation
Numbe r Length{ft} Height(ft) Length{{t) Depth {ft) Actual From 180 deg
Rn-1114 40 i+ EY
Rn-1114 20 0.05
Rn-1114 40 0.05
Rn-1114 40 0.05
Rn-1114 30 0.05
Rn-1114 60 0,05
Rn-1114 90 0. 10
Rn-1114 120 0.15
Rn-1114 30 .0.05
Rn~1114 50 0.05
Rn-1114 20 0. 10
Rn-1114 40 0.05
Rn-1114 60 0. 10
Rn-1114 40 ‘0,05
Rn-1114 .20 0.06
Rn-1114 ) 40 0,05
Rn-1114 40 Q.05
Rn-1114 40 0.05
Rn-1114 50 0. 05
Rn-1114 50 0,05
Rn-1114 30 0,05
Rn-1114 60 0.05
Rn-1114 90 0.05
Rn-1114 40 0,05
T-1120 60 0:15
T-1120 30 0. 100
T-1120 70 0.05
T-112¢ 20 0,05
T-1120 220 1. 00
T-1120 320 1. 10
T-1120 3a 0,10
T-1121 179.08 0.92
Toli22 179.10. 0.%0
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Project BUMP - DIP ANGLE (deg)
Identification Deviation
Number _iLength{ft) Height(ft) Length{ft] Depth(ft) Actual From 180 deg

T-1129 20 0.05

T-1129 60 0.05

T-1129 40 0.10

T-1129 40 0,10

T-1129 179.58 ¢.42
T-1129 180.46 .54
T-1129 .20 0,05

T-1129 179.40 (.60
T-1129 180.77 0.77
T-1129 30 0.05

T-1129 40 0. 15

T-1129 50 0. 20

T-1129 18L 17 1,17
T-1129 30 010 _

T-1129 40 0.10

T-1129 30 0.05

T-1129 179.08 .92
T-1129 170 .20 . 50 0. 10

T-1131 30 Q.05

71131 : 178.98 1.02
T-1131 50 0,05 :

T-1131 . _ _ 180,90 .90
T-1131 20 0,05

T-1131 30 0. 10

T-1131 , : 179,33 .67
T-1131. 40 0. 10

T-1131 50 10

T-1131 ‘ 180.92  0.92
T-1131 60 o 10

T-1131 30 010

T-1131 179,37 063
T-1131 30 Qo

T-1131 ' 181,33 " 1.33
T-1131 ' 50 010

T-1131 30 Q05

T-113} 179,08 092

1-160



Project DUMP R)e o ANGLE (deg)

Identification Deviatien
Number Length(ft) Height(ft) Length (ft) Depth(ft) Actual From 180 deg
T-1131 60 0. 10
T-1131 30 0.10
T-1131 60 a.15
Rn-1133 170 0.15
Rn-1133 40 0.10
Rn-1133 110 0.10
Rn-1133 150 0.20
Rn-1133 150 0.20
Rn-1133 179,80 0.20
Rn-1133 40 0.05
Rn-1133 : 30 0.05
Rn-113% 30 0.10
Rn-1133 80 0.10
Rn-1133 30 0.10
Rn-1133 290 0.50
Rn-1133 179.87 (.13
Rn-1133 60 0.'10
Rn-1133 70 0.05
Rn-1133 30 0.05
Rn-1135 40 .05
Rn-1125 20 0.05
Rn-1)135 , 40 0.10
Rn-1138 20 0.05
Rn- 1135 ' 70 0.10
Rn-1135 _ 40 0,20
Rn-1135 , 40 0.15
Rn- 1135 30 0.10
Rn- 1135 70 0.15
Rn- 1135 60 o.10
Rn- 1135 30 0.10
Rn- 1135 110 0.30
Rn- 1135 20 0.05
Rn- 1135 20 0,05
Ro- 1135 30 . 0.10
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Project BUMP DIP ANGLE {(degs)
Identification .’ : Deviation
Number Length(ft) Height{ft) Length{ft) Depth (it} Actual From 180 deg
Rn-1135 3¢ 0.05 :
Bn-1135 40 0.05
Rn-1135 20 0.05
Rn-1135 30 .05
Rn-1138 30 0.05
Bn-1135 30 0.20
Rn-1135 40 0,05
Rn-1135 20 0,05
Rn-1135 30 0,10
Rn-1135 40 0.10
Rn-1135 40 0,05
Rn-1135 90 0.10
Rn-1135 40 0.05
Rn-113§ 70 0.10
Rn-1135 80 0.10
Rn-1135 50 0,10
Rn-1138 70 0.10
Rn-1135 40 0.10
Rn-1135 40 0.05
Ru-113% 70 0.10
Rn-113% 30 0.05
Rn-1135 30 0,08
T-1143 20 0.10
T-1143 70 0.05
T-1143 30 0.05%
T-1143 40 0.15
T-1143 50 0.05
Rn-1178 ' 60 0.10
Rn-1178 100 0.10
Rn-1178 70 0.10
Rn-1178 80 0.10
Rn-1178 50 0.05
Rn-1178 40 - 9.05
Rn-1178 50 0.10
Rn-1178 20 .08
Rn-1i78 80 ‘0.10
Rn-1178 40 0.10
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Project BUMP DIP ANGLE {deg)
Identification Deviation
Number Length{ft) Height{ft) Langth{ft) Depth{ft} Actual From 180 deg
Rn-1178 40 0.05

Rn-1178 50 0.10

Rn-1178 60 0.10

Rn-1178 40 0,10

Rn-1178 70 0, 10
Rn-1178 40 0.08
Rn-1178 90 0,10

Rn-1178 40 0. 10

Rn-1178 90 0.05

Rn-1180 30 0.05
Rn-1180 30 0.05
Rn-1180 40 0.10
Rn-1180 120 0.10
Rn-1180 100 0.10
Rn-1180 470 0.20
Rn-1180 40 0.05
Rn-1180 100 0.10

Rn-1180 100 0. 10

Rn-1180 30 0.05
Rn-1180 40 Q.05
Rn-1180 20 0,05

Rn-1180 60 0. 05

Rn-1180 30 0.05

Rn-1180 40 0,05

Rn-1180 30 0.05

Rn-1180 30 0,05

Rn-1180 10 0,05

REn-1180 30 0. 10

Rn-1180 40 0.05

Rn-t180 65 0.05

Rn-1180 90 0. 10

Rn-1180 60 0.05

Rn-1180 50 0. 05

Rn-1180 70 0,05
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Project BUMP ___DIP ANGLE (deg)

Identification Deviation _
_Number . Lenath({ft) Height{ft} Lengthft) Depth(it) Actual From 180 deg

Rn-1180 30 0.05

Rn-1180 100 0.05

Rn-1180 z0 0,05

Rn-1180 70 0.10

Rn-1180 30 0. 05

Rn-1180 ’ 30 0.0%

Rn-1180 40 0.05
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