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1.0 INTRODUCTION

This report presents a method for the evaluation of potential damage to unconventional
structures by sonic booms. There is a substantial body of data and information available on
sonic boom damage to conventional structures such as windows, plaster, etc. (e.g., hershey
and Higgins, 1976, Haber and Nakaki, 1989), but very little comparable information is
available on the potential damage to unconventional structures such as historical buildings of
various types using both conventional and unconventional architecture. These involve colonial
structures in the eastern part of the U.S., early American stone or adobe buildings, prehistoric
archaeological monuments, especially in the western part of the U.S. (some dating back over
900 years), water wells or water tanks, other atypical structures such as large radio antennas,
and areas subject to landslides or snow avalanches. This report is intended to provide a
method for prediction of potential damage from sonic boom to such structures on a generic
basis for potential use in site-specific environmental impact evaluations relating to supersonic
training areas.

The report is also designed to provide the definition of the input data and algorithms
required to carry out this damage assessment with the use of a new computer program called
ASAN (Assessment System for Aircraft Noise) under development for the Noise and Sonic
Boom Impact Technology (NSB1T) program (Haber and Nakaki, 1989).

The Environmental Impact Assessment process carried out for proposed supersonic
training operations must include consideration of damage potential for unconventional
structures in order to respond to the public about their oft-expressed concerns regarding such
potential damage. Up to now, very few data have been available which could be used to
objectively demonstrate the degree of damage, if any, that may occur to such unconventional
structures (Battis, 1983).

Thus, the primary purpose of this report is to fill this need for the U.S. Air Force
(USAF) to support the environmental assessment process for supersonic training areas. A
secondary purpose is to support the USAF in the evaluation of claims for any damage that
may, or is purported to have, occurred for unconventional structures exposed to sonic boom.

This report includes the following.

Review of types of unconventional structures, critical material properties needed to
assess potential damage to such structures from sonic boom, and a brief review of

1-1



applicable field inspection techniques for assessing damage on the basis of changes

between the pre- and post-exposure conditions of the unconventional structure

(Section 2).

Definition of a statistical model for sonic boom exposure in supersonic flight training

areas (Section 3).

Development of analytical models for predicting potential damage to unconventional

structures from such exposure (Section 4).

Results of a series of measurements of the structural response of unconventional

structures during or after exposure to sonic booms (Section 5).

" Summary of a generic damage prediction model to assist environmental planners in
preparation of environmental impact assessments or environmental impact statements
about potential damage to unconventional structures (Section 6).

"* A series of supporting appendixes, including:

Appendix A - Bibliography on Sonic Boom, Structural Response and Damage

Appendix B - Materials Property Data on a Wide Range of Building Materials

Appendix C - Analytical Background

C. 1 Relationship Between Various Spectral Measures of Sonic
Booms

C.2 Multimodal Response of Simply Supported Panel to Normally

Incident Sonic Boom

Appendix D - Photographs of Wall Cracks Before and After 2 Months of Sonic

Boom Exposure

Appendix E - Time Histories of Sonic Boom Pressures and Structural Responses

for Structures A and B

Appendix F - Summary Tables of Weather Data During the Test Period

A list of abbreviations and symbols used in the report follows.
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List of Abbreviations and Symbols

ABBREVIATION DEFINITION

ACM Air Combat Maneuver (Training)
ASAN Assessment System for Aircraft Noise
BLM Bureau of Land Management
CSEL C-Weighted Sound Exposure Level
CSELo Long Time Average Value of CSEL
DAF Dynamic Amplification Factor

DNCL Average Day-Night C-Weighted Sound Level
EIS Environmental Impact Statement

MOA Military Operating Area
NASA National Aeronautics and Space Administration
NDT Non-Destructive Testing

NSBIT Noise and Sonic Boom Technology
POD Probability of Damage

SDOF Single Degree of Freedom System
SOA Supersonic Operating Area

WSMR White Sands Missile Range

SYMBOL DEFINITION

A Area of structural panel or cross-sectional area of beam, in2

A Cross-sectional area of unit width strip of plate, in2

CD Speed of dilitational (compressional) waves in ground, ft/sec
CL Longitudinal speed of sound in structural material, in/sec
Cm Constant in Eq. (4-10b) for resonance frequency of wall,with units Hz inches
CS Speed of shear waves in earth material, in/sec
D Ratio, Pe/Pf of effective to true free field peak sonic boom pressure

DAF(f) Dynamic amplification factor at frequency f, dimensionless
DR(f) Residual Pressure Shock Spectrum at frequency f, psf

E Modulus of Elasticity of structural material, psi
E(f) Energy Spectral Density of Sonic Boom = IP(f)12 , (psf. sec)2

Fs Factor of safety = as/apk
G Shear Modulus of earth material, psi
H Effective altitude of aircraft in Eq. (3-11), ft
I Area moment of inertia of cross section of uniform beam, in4
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List of Abbreviations and Symbols - Continued

SYMBOL DEFINTION

I' Area moment of inertia of cross section of unit strip of uniform plate, in4

K Constant in Eq. (4-11) relating stress in plate to static pressure load,
dimensionless

Ka Atmospheric-dependent parameter in Equation (3-11) for nominal sonic boom
peak pressure, psf

Kb Constant in Eq. (4-12) and (4-13) for stress vs static load on built-up panel,
dimensionless

KS Shape/vibration mode factor in Eq. (4-7) relating peak velocity, Vpk to peak
strain, 6 pk, dimensionless

L Length of aircraft in Eq. (3-11), ft
ICDN Average day-night C-weighted sound level, dB re: 201.Pa
LCE C-weighted sound exposure level, dB re: (20g.Pa) 2 . sec

LEMf) Sound exposure spectrum level of sonic boom, dB re:(20Pa)2 . sec/Hz
LVE(f) Velocity exposure spectrum level, dB re:(1 in/sec)2 . sec/I-z

Lpk Peak flat (unweighted) sound level, dB re: 201.Pa
M Mach number, Eq. (3-11).
M Bending moment for lateral load on wall, in. lb

Mmn Generalized mass for plate in mnth mode
N Number of ACM sorties per month in a given SOA
P Static pressure load on structure, psi or psf
Pe Effective peak sonic boom pressure, psf
Pf Actual free field peak sonic boom pressure, psf

P(f) Fourier spectra of sonic boom pressure time history, psf- sec
P*(f) Complex conjugate of P(f)
P(t) Pressure as a function of time, psf
Po Nominal (long time average) peak free field sonic boom pressure, psf
Ppk Peak pressure of sonic boom or any other transient pressure, psf

P(x) Probability density function of x where x = as, apk, Pe, etc.
POD Probability of Damage for one sonic boom
PODn Probability of Damage for n booms per day at a given site

Q Dynamic magnification factor (Table 4-2)

Sb Non-dimensional non-linear bending stress response of windows to static
pressure loads (see Table 4-4)

SE Sound exposure, (psf)2 . sec
SE(f) Sound exposure spectral density of sonic boom = 2 E(f), (psf. sec) 2

T Duration of ideal N-wave sonic boom time history, sec
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List of Abbreviations and Symbols - Continued

SYMBOL DEFINITION

Vpk Peak velocity response of structure to sonic boom, in/sec
V(f) Fourier spectra of velocity response to sonic boom, units of (in/sec) - sec

Vmn(t) Velocity response of plate in mnth mode at time t, in/sec
VR(f) Residual velocity shock response spectra at frequency f (same as Vpk), in/sec
VVT(t) Total multimodal velocity response of plate at time t, in/sec

W Weight of structural panel, lb
X Distance from center of ellipse along minor axis, miles
x' X/(a/b)

Xmin Minimum (negative) deflection response to transient excitation during time
excitation is present, in.

Xmax Maximum (positive) deflection response to transient excitation during time
excitation is present, in.

Xrmaxmin Maximum and minimum deflection response to transient excitation after
excitation ceases, in.

Xpk Peak deflection response of structure to sonic boom, in.
Xs Deflection response of structure to static pressure with same magnitude as peak

pressure of sonic boom, in.
Y Distance from center of ellipse along major axis, miles
Y' Quantity having a log normal distribution

<Y'> Energy mean value of Y'

Y'L Log mean value of Y'
Y'm Arithmetic mean value of Y'
Z Dimensionless distance, [(X/ax) 2 + (y/ay)2]1/2

a 1/2 length of minor axis of SOA maneuvering ellipse, miles
a Length of short side of panel, in.

apk Peak acceleration response of structure to sonic boom, g's
b 1/2 length of major axis of SOA maneuvering ellipse, miles
b Length of long side of panel, in.
c Speed of sound in air = 1117 ft/s

c Distance between neutral and outer-most fiber of beam, in.
d Diameter of radio antenna, ft
e a/b, eccentricity parameter for ellipse

erfc(z) Complementary error function of z
f Frequency, Hz
fc Characteristic frequency, in Hz, for acoustic loading of radio antenna

fmax Frequency (= -f3/i-T) at peak of envelope of Residual Velocity Shock Response
Spectrum, VR(f), Hz

fo Fundamental resonance frequency of structure, Hz
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List of Abbreviations and Symbols - Continued

SYMBOL DEFINITION

g Acceleration of gravity, 386 in2/sec

gmn(X,Y) Mode shape of plate at coordinates X,Y
h Thickness of plate, in.
j 4 7
k Spring constant for SDOF model of structure, lb/in

ks Shape factor in Eq. (3-1) for sonic boom peak pressure, dimensionless

Po Reference pressure = 20p.Pa
q Non-dimensional pressure load in expression for non-linear response of

windows to static load (Table 4-4)
m,n Mode numbers for bending vibration of plate with sides a,b

n Number of sonic booms per day at a given position, X,Y
r Elliptical radius, [(X')- + (Y)1 , miles
t Thickness of inner or outer surface of built-up panel, in.
to Reference time = 1 sec
w Surface density of panel, psi or psf
w Width of stud in built-up wall, in. (Eq. 4-13 & 4-15)
x Log, to the base 10, of the factor of safety, Fs
K Mean value of x
z V-O,2 oL, the argument in erfc(z)

Af Reference bandwidth = 1 Hz
Emn(t) Generalized displacement of plate at time t, in.

Epk Peak strain, dimensionless
Angular resonance frequency of plate at mnth mode, radians/sec
Poisson's ratio

p Mass density of material, lb sec 2/in4 (or kg/m3)
oL(X) Standard deviation of loglo of x where x = as,Pe,Fs,etc.
apk Peak dynamic stress, psi

as Stress response to static pressure which has same magnitude as peak pressure
of sonic boom, psi (also equal to damage threshold stress)

arx Standard deviation of DNCL pattern along minor axis of ellipse
1y Standard deviation of DNCL pattern along major axis of ellipse
ax' Standard deviation of pattern for n along minor axis of ellipse
6y' Standard deviation of pattern for n along major axis of ellipse
0 Angle, projected onto ground, between normal to vertical wall surface and flight

track of supersonic aircraft, degrees
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2.0 UNCONVENTIONAL STRUCTURES

The initial task in this study was to establish a reasonable list of unconventional
structures to be considered throughout the remainder of the program. Since the purpose of this
study is to provide generic guidelines, it would be desirable that this list include as wide a
range as practical of unconventional types of structures that may be encountered in supersonic
training areas. Furthermore, in order that potential damage to these structures from sonic boom
can be assessed, a logical basis for assessing the probability of damage to these structures must
be established in terms of a statistical model. Finally, for field evaluation of the possible
occurrence of any actual sonic boom damage, systematic inspection techniques need to be
examined which would allow comparison of pre- and post-sonic boom exposure. This section
addresses these three issues: (1) the types of unconventional structures to be considered,
(2) the statistical basis for assessing the probability of damage and (3) a review of pre- and
post-exposure field inspection techniques to assist in establishing the potential occurrence of
damage to unconventional structures.

2.1 Selection of Unconventional Structures

Unconventional structures are defined, for this report, as all types of structures that are
not normally inhabited or used for routine commerce and which may exist under a supersonic
operating area (SOA) for military aircraft. Thus, all types of inhabited dwellings and standard
commercial buildings normally found under such areas are excluded.

The selection of the types of unconventional structures to be considered is based on two

considerations.

The relative frequency for which such structures are identified in transcripts of
public hearings conducted during the preparation of Environmental Impact
Statements (EIS's) for several SOAs.

Logical evaluation of the types and locations of various categories of structures
in areas likely to lie under SOAs.

The first source of information is summarized in Table 2-1.

For the second consideration defined above, the selection process started with an
enumeration of all the locations and types of structures which would logically be encountered
near supersonic military training areas. From this initial, global list, a reduced catalogue of
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unique types of structures was developed, which was then narrowed to a list of individual

types of construction selected.

This list, coupled with the information from Table 2-1, formed the basis for a single

generic list of structures to be considered. The final list was not restricted to those types

identified in Table 2-1 from the previous EIS's reviewed since these represented only a sample

based on public reaction to five specific military programs and were not considered sufficiently

general to provide a completely valid selection criteria for this study.

Table 2-1

Relative Frequency of Public Comments in Draft EIS's
About Potential Damage to Unconventional Structures from Sonic Boom

MOA Structural Type Comments
No.( 1) Description Rank %(2)

1,3,4,5 Archaeological Sites 1 32.9
1,2,5 Adobe House 2 17.9
2,5 Historic Indian Sites 3 14.3

1 Water Storage Tanks 4 9.3
4 Electrical Power Plant 5 8.5
4 Ground Water 6 5.7

4,5 Open Pit Mine Slopes/Rock Slides 7 2.8
1,5 Water Wells 8 2.4
1,5 Rock Shelters/Caves 9 2.4
4 Settling - Level Fields 10 2.9
4 Oil-Gas Production 11 1.0
5 Sensitive Manufacturing Process 12 1.0

Total 100.0%

Notes:

(1) 1 = Valentine SOA, 2 = Gandy SOA, 3 = Nellis MOA, 4 = Fallon SOA,
5 = Reserve SOA

(2) Percent comments weighted by total number of comments per site out of a total of

115 public comments on potential damage to unconventional structures in Final
Environmental Impact Statements for five different Supersonic Operating Areas
(SOAs).
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Table 2-2 provides a listing of anticipated types of locations and types of buildings in

these locations which may fall under or near SOAs. Also listed in the table are the general

types of construction for each building type.

Table 2-3, which is simply Table 2-2 resorted by type of construction with location

omitted and duplications eliminated, defines the unique types of buildings and their

construction. The acoustically-induced response of the various types of buildings listed is not

expected to vary, in terms of basic physical characteristics, for the same type of building

construction. Based on this rationale, the categories in Table 2-3 were reduced to generic types

of structure to be considered, and combined with the additional types of structures in Table 2-1

to establish a final list shown in Table 2-4. The sequence of structures listed in Table 2-4 was

chosen to approximate the relative frequency of public comments about various types of

structure listed by Table 2-1.

The distinctions in Table 2-4 between "masonry, adobe" or "wood frame" construction

have been made anticipating different criteria for potential damage effects and potential differ-

ences in details of the analytical models employed to predict the effects of acoustic loading from

sonic booms. The distinction between historic buildings with or without an intact roof reflects

the need to consider the difference in the effective pressure loading on the walls for these two

cases.

Table 2-I indicates the relative frequency for which public comments were made about

potential damage from sonic booms for each of the types of structures listed. Comparison of

Tables 2-1 and 2-4 indicates that the latter does, in fact, cover most of the types in Table 2-I.

The possible exceptions are: (1) settling in open fields, (2) open pit mine slopes/rock slides,

(3) electric power plants, (4) oil and gas production and (5) sensitive manufacturing processes.

The first two exceptions should be covered under the topic of earth slides included in

Table 2-4. The next two exceptions are not explicitly included in Table 2-4 but should be

effectively included under the category of masonry, adobe, wood or metal frame buildings

listed in the table. The last exception, sensitive manufacturing processes may be a legitimate

concern relating to structured response from sonic boom, but is not considered pertinent to this

study since it pertains to an unsatisfactory commercial building vibration environment and not

structural damage. However, data contained in this report may be useful to help evaluate this

type of problem.
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Table 2-2

Location and Type of Buildings Considered as Candidate "Unconventional Structures"

Location Type of Building or Site Type of Construction

BLM Land Archaeological Sites Natural Stone
BLM Land Historic Structures Wood Frame, Masonry, Adobe
BLM Land Utility Buildings Wood/Metal Frame, Masonry, Adobe

Cattle Range Land Water Tanks Metal/Stone Tank
Cattle Range Land Wells Masonry Wells

Farmland Barns Wood Frame
Farmland Utility Buildings Wood/Metal Frame, Concrete Block

Indian Reservations Archaeological Sites Natural Stone
Indian Reservations Old Dwellings Masonry, Adobe
Indian Reservations Fragile Geol. Structures Natural Stone
Indian Reservations Indian Petroglyphs Natural Stone

Mountainous Areas Avalanche Areas Snow on Steep Slopes
Mountainous Areas Earth Slide Areas Soil on Steep Slopes

National Monuments Colonial Structures Wood
National Monuments Colonial Structures Stone, Brick
National Monuments Indian Petroglyphs Natural Stone
National Monuments Natural Geol. Structures Natural Stone
National Monuments Prehistoric Structures Adobe, Stone

National Parks Early American Bldgs Masonry, Adobe
National Parks Historic Colonial Bldgs Wood Frame, Masonry, Adobe

Any Area Radio Telescopes Metal Frame Construction
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Table 2-3

Reduced List of Candidate Unconventional Structures from Table 2-2 Sorted According to
Type of Construction.

Type of Structure Type of Construction

Prehistoric Structures Adobe, Stone
Wells Masonry
Water Tanks Metal/Stone
Archaeological Sites Natural Stone
Fragile Geological Structures Natural Stone
Indian Petroglyphs Natural Stone
Avalanche Areas Snow on Steep Slope
Earth Slide Areas Soil on Steep Slope
Colonial Dwellings Masonry, Wood Frame
Early American Structures Masonry, Adobe
Barn, Covered Bridge Wood Frame
Utility Buildings WoodiMetal Frame/Concrete Block

Table 2-4

Final List of Unconventional Structures to be Considered in This Study

No. Type of Structure Type of Construction

1 Historic Buildings (1) Masonry, Stone
2 Historic Buildings (1) Brick
3 Historic Buildings (1) Adobe
4 Historic Buildings (1) Wood Frame, Plaster Interior
5 Historic Buildings (1) Wood Frame, Wood Interior
6 Historic Buildings Covered Wood Bridge
7 Prehistoric Structures (2) Masonry, Stone
8 Prehistoric Structures (2) Adobe
9 Geological/Archaeological Sites (3) Stone Caves/Rock Formations

10 Water Tanks Metal/Stone (above ground)
11 Wells Masonry (below ground)
12 Slide Areas - Avalanche Snow on Steep Slope
13 Slide Areas - Soil Soil on Steep Slope
14 Utility Buildings of All Types Concrete Block
15 Utility Buildings of All Types Wood Frame
16 Utility Buildings of All Types Metal Frame
17 Radio Telescopes Metal Frame

(1) More than 50-100 years old (roof intact)
(2) Early American habitation/ceremonial sites (roof missing)
(3) May contain petroglyphs or other Early American art
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It should be emphasized that the large number of different types of structure listed in

Table 2-4 is not necessarily consistent with the amount of data available on structural strength

of the various materials involved. Nevertheless, while the strength data on materials used for

some of these unconventional types of structure are limited, they are believed to be adequate to

allow a reasonable assessments of potential damage to be made for purposes of this report.

2.2 Basis For Prediction of Damage to Unconventional Structures from

Sonic Booms

Damage to an unconventional structure from sonic booms is assumed to occur

whenever the peak stress induced by the sonic boom loading exceeds the strength (i.e., yield or

ultimate stress) of the particular material involved. This will ordinarily be an interior wall or

ceiling which tend to have the greatest response to sonic booms as well as the lowest strength.

Stress response of materials to static loads varies drastically depending upon the type of

material (McClintock and Argon, 1966). Figure 2-1 illustrates, schematically, the stress-strain

behavior of two basic types of building construction material - ductile and brittle - as a typical

sample of each type is increasingly stressed. Most metals and woods fall in the category of

ductile materials. For such materials, the stress-strain relationship is linear up to the yield

stress, at which point the strain (i.e., elongation or deflection per unit dimension) begins to

increase much more rapidly with an increase in stress until failure occurs at the ultimate stress.

For this report, damage to buildings constructed of ductile materials, such as steel or wood

frame/wall utility buildings, will be assumed to occur when the imposed stress reaches the

yield stress.

The other building materials such as masonry, stone, brick, concrete, plaster and adobe

(or non-structural materials such as soil or snow embankments) can be considered as brittle

materials in which case damage is assumed to occur when the imposed stress reaches the

ultimate (failure) stress.

An extensive collection of physical properties of a wide range of building construction

materials is provided in Appendix A. These data represent a collection of materials properties

data from over 50 references that was compiled for an extensive manual on sonic loads for

ground facilities (Sutherland, 1968a). These data are augmented, for this report, by additional

and more recent information on strength properties of glass (utilized as a model for brittle

materials in terms of statistical characteristics of the strength values), adobe, masonry walls,

and non-structural materials (i.e., soils and snow).
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Figure 2-1. Conceptual Illustration of Difference in Stress-Strain Characteristics of
(a) Ductile, and (b) Brittle Materials.
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2.2.1 Framework for an Excitation-Res•onse-Damage Prediction Model

The development of a prediction model for stractural damage from any acoustic loading

can be illustrated conceptually in the following simplified form. It follows the same general

approach similar to that used in a previous study on the analysis of damage to structure from

sonic booms (Hershey and Higgins, 1976). In that work, the peak dynamic stress Orpk in a

structure due to acoustic loading by a nominal free field incident acoustic pressure Po is given

by:

fpk = Po'(Pe/Po)(Os/Pe)'(OYpk/a9s) (2-1)

where (Pe/Po) is the ratio of effective acoustic pressure load to the nominal acoustic load. This

factor accounts for: (a) the relationship between the orientation of the structure relative to the

incident sound pressure wave, (b) the rigidity (or acoustical impedance) of the structural

surface, and (c) the relationship between the wavelength of the acoustic field and the bending

wavelength of the structural vibration response to the acoustic field. (O's/Pe) is the ratio of the

maximum static stress in the structure to a static pressure load equal in magnitude to the

effective acoustic pressure, Pe.

(apk/Os) is the ratio of the peak dynamic stress in the structure to the static stress for

dynamic and static pressure loads which have the same magnitude. This is called the Dynamic

Amplification Factor in the Hershey and Higgins model, and it depends essentially on the

product of the resonance frequency of the structure and a characteristic duration for a sonic

boom.

An alternate model is also useful by replacing the last two terms in Eq. (2-1) above with

a single term, (apk/Pe) which is the ratio of the peak stress in the structure to the effective

applied pressure. This term will be shown to depend on the peak structural velocity response

which in turn depends on the dynamic response characteristics of a structure to a transient load.

Thus, Eq. (2- 1) will be modified for this report where appropriate to read:

C0 pk = Po'(Pe/Po)'(Opik/Pe) (2-2)

2.2.2 Framework for Statistical Models for Excitation-Response-Damage Prediction

The preceding has defined the various factors that are required to predict the occurrence

of structural damage. However, the terms in Eq. (2-1) or (2-2) are really only known in a

statistical sense when one considers a broad variety of conditions restricted to just one general
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type of structure. Thus, following the approach of Hershey and Higgins, it is necessary to

define statistical models for each of the terms in Eq. (2-1) or (2-2) in order to define a

probability distribution for the peak stress, (opk) in the structure. In addition, it is necessary to

define a corresponding statistical model for the static stress, as, which corresponds to a

damage threshold stress.

2.2.3 Details of Statistical Model for Damage Assessment

The statistical model for damage assessment is based primarily on the concepts

developed by Hershey and Higgins (1976). Given a probability distribution or, more

precisely, a probability density function, P(apk) of the peak stress imposed on a structure, and

a corresponding probability density function, P(os) for the strength or damage threshold stress

for a structure, the total probability of failure is the integral of that part of the probab-*ity

density function, P(Fs) for the factor of safety Fs that lies between 0 and 1 as illustrated in
Figure 2-2a. This factor of safety is given, for the ith imposed stress apki and the jth damage

stress Osj, by the ratio:

Fs = ssja/pki (2-3)

When both of these stress variables have a 1.g-normal distribution, that is, the logarithms of

their variables have a normal (i.e., Gaussian) distribution, then the logarithm of the factor of
safety is also normally dist-'ibuted. That is, from Eq. (2-3), Log(Fs) = Log(0s) - Log(apk).*

Since the sum or difference of two normally distributed statistically independent variables also

has i normal distribution, the factor of safety has a log-normal distribution if both the imposed

stress and failure stress variables have log-normal distribution. Note that this would not

necessarily be so if the stress variables themselves instead of their logarithms were normally
distributed, since the quotient of two normally distributed variables is not necessarily normally

distributed. This is the basic reason for taking advantage of a log-normal distribution of the
stress variables. It is much easier to compute the probability of failure by evaluating the
integral of this log-normal distribution since this involves defining the integral of the normal

distribution curve, and this integral is well tabulated or can be easily computed by closed-form
numerical approximations.

Since damage is presumed to occur when the Factor of Safety Fs is less than I (and
Log(l) = 0), the above approach can be used to calculate the basic probability of damage

(POD). This probability, POD, is the area under that portion of the distribution of Log(Fs)

"Throughout this report, Log (X) will denote logarithm to the base 10.
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(a) Linear Distribution for Factor of Safety
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Effective Factor of Safety

(b) Log-Normal Distribution for Factor of Safety
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Figure 2-2. Probability Density Function of the Effective Factor of Safety for the
(a) Linear and (b) Log-Normal Cases (from Hershey and Higgins, 1976).
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which is less than 0 as illustrated in Figure 2-2b. That is, POD is equal to the integral for the

normal distribution curve from -oo to 0 or:

POD = (1/aL2-2ic) j exp [-(x-x)2 /2aL 2 ] dx (2-4)

where x is any value of the log of the factor of safety, x is its mean value and aL is the standard

deviation of this logarithm. From Eq. (2-3) the denominator apk of the factor of safety is equal

to the product of the free field sonic boom pressure Pf, the ratio Pe/Pf of the effective to the free

field pressure, and the ratio O'pk/Pe of the peak stress to the effective pressure. As was done by

Hershey and Higgins, it would be possible to employ the rule that the logarithm of the product

of several variables is equal to the sum of their logarithms. However, this is not really

necessary at this point and it is desirable to retain the physical identity of each variable for now,

and only convert to their logarithms in the computations.

The standard deviation crL of the log of the factor of safety needed to evaluate Eq.

(2-4) is found by taking the square root of the sum of the variances (i.e., the square of the

standard deviation of the logs) of each constituent term in the factor of safety. That is:

aL = ý-aL(Pf)2 + OL(PejPf) 2 + GL(aTpk/Pe) 2 + aL(as)2  (2-5)

where the first three terms under the square root sign signify the square of the standard

deviation of the log of each of the factors required to define the effective value of the imposed

peak stress, and the last term denotes the square of the standard deviation of the log of the

failure stress or strength. For purposes of tabulation of these latter quantities, it was

convenient to express them in terms of decibels. This is simply equal to 20 times their value.

For example, 20(Standard Deviation of Log of Pressure) has the same physical meaning as the

standard deviation of a sound level in decibels (20Log [Pressure]) and can be more readily

interpreted in that manner. Of course, for final computations of POD, the required form

indicated by Eq. (2-5) is recovered.

For the cases of concern for this report, the probability of damage is less than 50

percent and the integral in Eq. (2-4) can be conveniently expressed in terms of the

complementary error function erfc(z) (Abrarnowitz and Stegun, 1972). Thus the probability of

damage, POD, is:

POD = (1/2)- erfc (z) (2-7)
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where z = x/OJCL-2, x is the mean value of x, which is the log of the factor of safety, (as/apk).

The following algorithms, based on fitting polynomials to tabulated values for erfc(z)

(Abramowitz and Stegun, 1972), were used for computing the probability of failure for this

report. Although more complex algorithms are also available, the following expressions are

accurate within less than 0.7 percent for the applicable range of z.

For 7 < 1.5, erfc(z) =_ 1.002873 - 1.23413 • z + 0.389448 . z2  (2-8a)

or, for z > 1.5,

erfc(z) - [ exp (-z2)/z] [ 0.56417 - 0.27884 z-2 + 0.34498z-4 - 0.33579 z-61 (2-8b)

While some of the data utilized to estimate the stress response of a structure were found to have

an approximate log-normal distribution, it was usually not possible to validate such an
assumption with the limited data available. Thus, when necessary, the required values of the
standard devfiations of the log of the quantities involved were estimated from information on the

statistical variation of the variable (i.e., its own standard deviation or its range of extreme
values). In the latter case, for example, it was assumed that oL was equal to one-fourth of the

log of the ratio of the maximum to minimum value, corresponding to an estimate of the ±2

sigma range of the log of the variable.

2.3 Field Inspection Techniques to Assess Potential Damage to

Unconventional Structures

One key objective of this program was to explore experimental methods for assessing

the pre- and post-sonic boom exposure condition of unconventional structures. Such
techniques should provide a reasonable basis for comparing the existing condition of a
structure before exposure relative to the type of normally minor damage that may result from

exposure to sonic booms generated by air combat training flight activity of supersonic fighter
aircraft. Potential damage from any low altitude supersonic flight activity is likely to be much

more obvious so that validation of any damage is not as likely to be dependent on the more

precise methods that are required to assess potential damage from sonic boom exposure from

silpersonic Air Combat Maneuver (ACM) flight activity.

Although the pre- and post-exposure measurement techniques are ideally required for

all of the generic categories of unconventional structure, the relative ease with which such field
inspection techniques can be applied will vary markedly with the type of structure. One
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problem, of course, is that the pre-exposure condition of some structures can never be

evaluated since they they have already been exposed to sonic boom environments for a long

time.

In many cases, the effect of age will also be very difficult to deal with when making

any pre-exposure examination of old unconventional structures, since over time minor or even

major structural damage will often result from natural phenomena (e.g., earthquakes, wind

storms, lightning strikes, etc.).

Four basic types of physical parameters were considered for evaluating pre- and post-

exposure conditions of unconventional structures. Selection of these parameters involved

definition of the unique structural or topographical features of unconventional structures which

would be subject to potential damage.

(1) Surface topography (i.e., the presence of visible surface cracks)

(2) Internal structural integrity (i.e., presence or absence of flaws or breaks in the

structure)

(3) "Inventory" of previous "failures" of the structural surface. This would be

indicated, for example, by the presence of broken-off pieces of rock at the base of

an Indian petroglyph carved on a rock wall. It was anticipated that this measure

would only be qualitative at best. However, for critical prehistoric structures,

simple field monitoring stations could be established to collect the natural

accumulation of surface fracture material over a period of several months. These

surface failures of the material would be expected to accumulate over time due to

natural causes such as extreme changes in weather (especially temperature and

moisture), thunder, or normal microseismic activity. Significant changes in the

rate of accumulation of this material coincident with exposure to sonic booms

could conceivably provide indirect evidence of the potential for sonic boom-

induced damage, or, more likely, of the lack thereof. (Due to the expected long

monitoring time required to establish a valid data base for such a technique, it was

rejected without further study as not being practical for this program.)

(4) Dynamic and static properties of the basic material. These material properties are

really expected to be invariant with respect to exposure conditions since they will

be considered to be dependent only upon the basic material itself and not on its

condition. That is, the compression strength of a sample of an adobe wall will
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condition. That is, the compression strength of a sample of an adobe wall will

apply to the adobe material itself in an undamaged state and not to an adobe

element, such as a block, which may have a crack in it. Nevertheless, these

properties are included here as one of the basic types of material properties that

might be evaluated with nondestructive testing (NDT) techniques for application

to damage assessment of unconventional structures.

While the latter parameter may be appropriate in almost all cases, only one or two of the first

three parameters will be appropriate for many unconventional building materials. For example,

for an adobe building, it was anticipated that the key parameters, in addition to the material

properties, would be the surface topography and the presence or absence of internal flaws.

Large variations in the values of these parameters would be expected as a function of
where they are measured on a given structure. Too large a variance will make it difficult, if not

impossible, to reliably distinguish between the existence of damage and the normal variance in

the parameter selected for evaluation.

Although there is a large body of literature available on nondestructive testing (see
Kamm and Kraska, 1971; Selner and Tracy, 1972, and Schroeer, 1971) for representative

examples), no significant information is available which illustrates a direct application of NDT

methods to the problems of concern for this program.

The selection of the most practical pre- and post-exposure parameters to measure
obviously required consideration of which suitable measurement techniques were available.
For example, it was felt that mechanical impedance could not be used reliably to evaluate pre-

and post-exposure conditions for the walls of archaeological monuments where the thickness
of the wall and hence the impedance, would tend to vary over a very large range. On the other
hand, this technique was expected to be potentially useful for assessment of the condition of

adobe buildings which have fairly uniform wall thicknesses.

Potential candidate field inspection methods considered were:

"* Visual and photographic recording of surface condition, including identification

and measurement of surface cracks.

"* Ultrasonic NDT techniques employing steady state or impulse signals to probe the

surface or near-surface layer of the material for structural faults.
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Mechanical impedance techniques to probe deeper into the material for structural

faults using steady state or impulse signal processing techniques. For example,

the shape of a compression wave reflected from the interface of a structural fault

in a solid material may be able to provide an indication of structural damage in

much the same way that seismic signals are used in the geological exploration for

oil deposits.

Measurements of the mechanical surface impedance. This technique involves the
measurement of structural velocity which is convenient due to the direct

relationship that exists between structural velocity and strain or stress (Hunt,
1960). Some consideration was given to the possibility of using a laser
velocimeter for taking such impedance measurements. The major advantage is

that the technique allows very small velocities to be measured directly with the use
of a laser doppler technique. However, due to the cost of the equipment and the
potential difficulty of operating such a unit in the field, further exploration was
dropped. Subsequent discussions with research personnel involved in utilizing a
laser velocimeter for field measurements of velocity response of the ground to

acoustic excitation also indicated that there are, indeed, difficulties associated with
the effective use of such an instrument in the field due to its extreme sensitivity

(Sebatier, 1988).

* For metallic building materials, the use of surface penetrating dies may be suitable
to explore for surface faults (Bailey and Kraska, 1970).

* Mechanical or low power laser profilometers or photographic techniques for

evaluation of surface conditions on material such as old adobe or Indian

petroglyphs.

* Other NDT testing techniques, such as X-ray photogrammetry or magnetic flux
measurements are not expected to prove useful in this program due either to their
relative complexity (e.g., X-ray systems) or their lack of suitability for evaluating

potential damage to the type of non-metallic materials that are of primary concern

for this program.

2.3.1 Field Techniques Selected

After considering all of the practical aspects of applying the above techniques in the

field, the following were selected as suitable for this program for trial evaluation.
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"Pre- and post-exposure photographic records of the surface defects (i.e., cracks).

This was considered to be the simplest way to obtain and document objective data

on surface conditions cf brittle materials. The technique has been frequently

employed in the past in studies of building damage from sonic boom (e.g.,

Wiggins, 1969) and blast (Siskind, et al., 1980a, b).

"Pre- and post-exposure measurements of mechanical impedance using impulsive

and sine-sweep techniques were utilized with limited success. An impedance

hammer to measure force and acceleration simultaneously was utilized for impulse

measurements. An electrodynamic wall-driver provided a means of obtaining

frequency response information for small wall areas.

The results of this exploratory effort have provided a brief evaluation of possible experimental
measurement methods for evaluating pre- and post-exposure conditions of unconventional

structures.

Measurements of each of the unconventional structures were taken before and after the

exposure to actual sonic boom loading. In all cases, the key objective of these measurements

was to determine whether or not the application of the real sonic boom loading showed

consistent and demonstrable evidence of damage. A secondary objective was to provide a valid

demonstration of the feasibility of carrying out such measurements in the future, with the
photographic and mechanical impedance techniques evaluated. Results of applying these

methods are given in Section 5.

2.3.2 Summary of Sonic Boom and Blast Damage Inspection Techniques from Previous

Studies

A brief review of techniques used in previous studies of structural damage from
exposure to sonic booms or air blast overpressures is helpful, at this point, to understand the
basis for the techniques selected for this study. The techniques employed in the past have

generally involved the luxury of labor-intensive procedures and a long observation period,

neither of which were feasible for this program.

2.3.2.1 Evaluation of Structural Damage from Sonic Booms

While many programs have been conducted which involved the measurement of

structural response to sonic boom (see Appendix A and Hubbard, et al., 1986), only two
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programs have included any significant amount of objective examination of structural damage

over a substantial period of time and for a large number of sonic boom exposures.

These were the NASA/IUSAF tests near Indian Springs, Nevada (Maglieri, et al., 1966)

and the White Sands Missile Range tests (Wiggins, 1965). Only glass damage was recorded at

the Indian Springs test. Glass, plaster and bric-a-brac damage was recorded during the White

Sands test program. Two other test programs, Oklahoma City (Andrews, et al., 1965), and
Edwards Air Force Base (Kryter, et al., 1966) have been conducted which involved direct
measurement of structural response, but no damage occurred in the test structures.

In the Indian Springs tests, the window test specimens were carefully constructed and
located on one side of small closed boxes which served as test jigs (Maglieri, et al., 1966).
This mounting does not correspond to a real window configuration in a building. The only

substantial window damage from the White Sands tests, involving some specially built test
buildings and existing buildings, occurred during one unscheduled flight where the

overpressure reached 38 psf (Wiggins, 1965).

In neither test was there any observation of glass fragments being propelled beyond the
window frame as was observed in a low altitude supersonic flight test when the peak sonic

boom overpressures were as high as 120 psf (Nixon, et al., 1968). A unique window damage
pattern occurred for this test that has not been reported anywhere else. The structural damage

reports from these tests, while qualitative, deserve more careful examination.

The Indian Springs test program (Maglieri, et al., 1966 and Nixon, et al., 1968) is the

only controlled sonic boom test program conducted in the United States which exposed any
normal structure to sonic boom above 30 psf overpressure. The structure consisted of "very

old frame and brick buildings in poor states of repair and both old and new campers and
trailers." No building response measurements were obtained at the two building sites (the
towns of Belmont and Stone Cabin, Nevada). The principle findings from these tests were:

At the nearly abandoned town of Belmont, the maximum overpressures measured
were 24 and 33 psf for the two overflights which passed about 2,600 feet from

the town center (2,000 feet from the nearest building).

At Stone Cabin ranch, the maximum overpressure was 50 psf (at 6 ft above the

ground at 1 mile from the track) for the one overflight at an altitude of 210 ft.
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"* Damage was confined to glass breakage, plaster cracking, and furnishings (bric-
a-brac) falling from shelves.

"* Usually glass breakage (at these buildings) occurred for the window facing the
on-coming aircraft and, in some instances, glass fragments were propelled up to
12 ft.

"* A small side window of a camper parked 100 ft from the track (where
overpressure would have been of the order of 50 to 100 psf) was also broken and
glass (fragments) flew as far as 12 ft in the direction of the aircraft approach.

For the White Sands tests the damage ranged, in a rough scale of increasing damage, from
(a) spalling of old cracks, to (b) hairline extension of existing cracks to (c) falling plaster, for
damage threshold overpressures ranging from 3.3 psf to 16 psf (Wiggins, 1965). Specific
values for damage threshold reported from the White Sands Tests for interior walls and ceilings
are given in Table 2-5. These damage threshold levels proposed in Wiggins, 1965 are useful
for perspective for this program but do not necessarily apply to the categories of
unconventional structures listed in Table 2-4.

2.3.2.2 Identification of Sonic Boom Damage

The most common form of structural damage from sonic boom other than window
breakage, consists of cracks in interior surfaces. A number of guidelines have been developed
for the identification and quantification of such damage due to both sonic boom and other
causes and some of these guidelines are considered here.

From Mayes and Edge, 1964: "Discoloration, dirt penetration, and cracked edges are
the basis of determining the age of cracks (e.g., old cracks may not be due to sonic boom)."

From Wiggins, 1965: "Damage to plaster and gypsum board caused by sonic boom is
broken down into three categories of increasing severity of damage.

"Slight spalling of old cracks. A little dust will fall from an existing crack that can
be seen by a very observant person or a trained observer.

"Fine or hairline cracks will extend from old ones. Extension is usually less than
about 4 inches and can be detected only upon very close examination.
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Table 2-5

Maximum Safe(l) Predicted or Recorded Peak Sonic Boom Overpressure for
Representative Buiilding Materials on Interior Walls and Ceilings

(Adapted from Wiggins, 1965)

Pf, Peak Pressure, psf
Material Minor(2) Major<3)

1. Plaster on wood lath 3.3 5.6
2. Plaster on gyplath 7.5 16
3. Plaster on expanded metal lath 16 16
4. Plaster on concrete block 16 16
5. Gypsum board (new) 16 16
6. GCo, im board (old) 4.5 16
7. JTl popping (new) 5.4 16
8. Bathroom tile (old) 4.5 8.5
9. Damaged suspended ceiling (new) 4.0 16

10. Stucco (new) 5.0 16

(1) Less than one chance in 10,000 when within five miles of flight track. This
corresponds to a 99.99 percent confidence that damage will not occur.

(2) Small (less than three inches) hairline crack extensions or pre-damaged paint
chipping or spalling.

(3) Falling plaster or tile, etc.
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"Plaster falls, part of a ceiling or a loose piece of wall plaster may fall to the

floor."

This semi-quantitative scale of crack damage is consistent with a very similar scale defined by

the U.S. Bureau of Mines for crack damage from blasting operations (Thoenen and Windes,

1942).

2.3.2.3 Parameters Influencing the Occurrence and Detection of Cracking

Considerable knowledge exists on natural forces and mechanisms that cause structural

damage (e.g., "differential settlement" of soils, lumber shrinkage and swelling from humidity

changes, etc.), and is useful for damage claim investigations and support of damage claims

litigation. Comprehensive summaries are given in Wiggins (1969, 1965) for experience in the

U.S., and in Wilhelmsen and Larsson (1973) for experience in Sweden. This knowledge can

provide strong support for preexistence of the damage or to show it was obviously caused by

something other than sonic booms.

Thus, structures exposed to sonic booms can crack for a variety of reasons which have

nothing to do with the sonic booms for a variety of reasons including (Wiggins, 1965):

(1) Ratio of inside to outside surface and air temperatures

(2) Range of inside and outside humidity (i.e., temperature and humidity influence the

amount of shrinking of wood frame members which is a major source of cracking

of interior surfaces).

(3) Intensity, duration and direction of wind

(4) Differential settlement of building foundation

(5) Room volume, wall and ceiling area

(6) Orientation of walls to solar heat input

(7) Type of skin, frame, exterior materials and interior finish

(8) History of patching

(9) Presence of water leaking from pipes onto building structure
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Most of these factors apply to unconventional structures just as well as they apply to

conventional structures. Figure 2-3 illustrates more graphically some of these natural causes

for cracking.

The factors which influence the magnitude of the dynamic loading and stress response

of structures and hence influence the occurrence of cracking from sonic boom include

(Sutherland, 1968a):

(1) Magnitude of peak pressure of sonic boom

(2) Wave form and duration of pressure pulse from sonic boom.

(3) Direction of arrival of sonic boom relative to building surface.

(4) Relative rigidity (or impedance) of surface exposed to sonic boom.

(5) Presence and position of nearby reflecting surfaces, including the ground.

(6) The total number of booms experienced (i.e., the effect of cumulative exposure).

(7) The dynamic response characteristics of the structure, including its resonant
frequencies, mode shape, damping, location of walls on outside or inside of

structure, and presence of windows or doors.

(8) The structural strength of the material at the time of exposure to the sonic boom.

The factors which influence the ability to observe and record cracks in structures are (Wiggins,

1965):

(1) Frequency of observation

(2) Objectivity of observers

(3) Maintenance of the same observers throughout the program

(4) Rotation of observers to randomize their effect

(5) Application of positive crack recording methods

(6) Analysis of data on crack length times number of cracks
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(7) Correlation between cracking data from sonic boom exposure and pre-exposure
time periods (i.e., it is best to use the same position on the same str-'cture for each

of the two observation periods).

In summary, methods of damage assessment employed in the past have stressed techniques
"that, with the exception of crack length measurements and analysis, are often difficult to
quantify objectively. The technique depends to a very large extent on the skill and experience
of the inspector in applying consistent methods to achieve reliable results. Photographic
records of crack damage, carefully and systematically obtained, seem to offer one of the best
methods which should maximize objectivity of resuits and, except for experience in skilled
interpretation, minimize the experience requirements for acquisition in the field. This technique
woulk seem to be a very suitable one for use by the USAF for damage assessment.
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3.0 SONIC BOOM ENVIRONMENT

This section addresses the definition of the sonic boom environment. Practical

statistical models are required for the magnitude of the sonic boom overpressures for different

types of supersonic flight training operations which are, or may be, carried out by the USAF.

The following three items exemplify the diversity of these operations.

Air Combat Maneuver Training (ACM) carried out within an elliptically shaped area

about 35 by 60 miles at altitudes from 5000 to 40,000 ft at Mach numbers primarily

from 1 to 1.1 with some small amount at Mach numbers to 1.3 (Galloway, 1983;

Plotkin, et al., 1989).

* Supersonic Corridor flight activity. Usually carried out at high altitudes but

occasionally below 5000 ft, along a straight flight track (Plotkin, 1985b).

* Low altitude supersonic flight. Although not currently carried out, at least not

outside Federally-controlled land, such low altitude supersonic flight activity might

potentially consist of a number of short level flight sections initiated and terminated

by short periods of acceleration and deceleration respectively and/or abbreviated

maneuver sections (i.e., turns); all at altitudes from about 100 to 1000 ft (Plotkin,

1989b).

A useful model for predicting potential structural damage from sonic booms of any magnitude

can be established without defining the actual sonic boom pressures for all types of supersonic

flight operations. However, it was felt that a practical approach for ACM-generated sonic

booms requires that some minimum definition of actual sonic boom environments be provided,

so that within one report, the overall assessment of damage potential can be accomplished for

this dominant type of supersonic flight activity without a separate evaluation of the sonic boom

environment itself. The inherently random, unpredictable nature of ACM operations dictates
the necessity of relying on actual measured sonic boom data to validate conceptual models for

predicting their sonic boom environments. Fortunately, the results of a recent comprehensive

study, summarized in the following section, are available for this purpose.

For the second and third types of supersonic flight activity identified above, the flight

operations are more deterministic, and well-validated theoretical models for predicting sonic

boom environments can be safely utilized (Plotkin, 1989a). No attempt is made to generalize

the many types of supersonic flight operations possible for these two categories of supersonic
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flight. However, representative theoretically predicted and experimentally validated values for

sonic boom overpressures are presented in a following section for the convenience of the

reader and to make it possible to provide preliminary predictions of possible damage for such

flight operations.

In all cases, following the procedure adopted in Hershey and Higgins, 1976, the basic

sonic boom environment will first be defined in terms of a nominal "free-field" pressure P0,

that is, by convention for sonic boom prediction, the pressure that actually exists at the surface

of a reasonably hard reflecting ground. Thus P0 inherently includes a pressure increase, due

to reflection, normally taken as approximately 2, over the truly free field pressure that would

exist in the absence of any reflecting surface (Plotkin, 1989a).

Next the actual sonic boom pressure Pf that exists under field conditions is defined in

terms of the statistics for the ratio between the nominal value P0 and the actual value Pf that

differs from P0 due to variations in weather and in the actual flight speed and altitude of the

supersonic aircraft compared to the nominal or average values for that flight condition.

Finally, the effective sonic boom pressure loading on a structure is defined in terms of

the ratio between the effective pressure Pe and the actual incident (free field) pressure Pf. The

ratio reflects the change in effective pressure loading on a structure as a result of the direction

of arrival of the sonic boom relative to the surface it strikes, the effective "acoustic impedance"

of the surface (restricted to consideration of the relative solidity of the surface, i.e., the amount

of openings), and the effect of differences in pressure time history on the effective loading.

3.1 Sonic Boom Environment for ACM Activity

ACM flight activity represents the most common of the three types of supersonic flight

activity identified above and will be emphasized in this report. A previous study of 21

supersonic F-15 flight tracks in the Oceana ACM area predicted that the general geographical

structure of the sonic boom environment under such an area would have an elliptical pattern

(Galloway, 1980). Aerial combat training is carried out within a Supersonic Operating Area

(SOA) by two (or more) adversary aircraft who initiate their engagement at opposite ends of a

basic engagement line (i.e., the major axis of the ellipse). Using measured flight track data and

a simple "carpet boom" predictive model for the sonic boom pressures, the spatial distribution

of predicted noise levels were found to exhibit an elliptical pattern due to the basic nature of

aerial combat training maneuvers. Examination of an expanded flight track data base for 78

sorties from Luke AFB and 18 from Nellis AFB (about 50% of the total were F- 15s) tended to
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confirm this ellipse concept for modeling the noise (Galloway, 1983). As discussed later, the
remaining quantitative aspects of the improved model appeared to have overestimated the actual
cumulative noise environments within an SOA by as much as 10 dB. Nevertheless, these
initial studies provided useful preliminary information for application to a general ACM noise
model that had to evolve from actual noise measurements.

Although every supersonic flight generates a sonic shock wave, some of the shock
waves are refracted by the atmosphere and never reach the ground, as illustrated in Figure 3-1
by the boundary of aircraft speed and altitude (Carlson, 1978). However, this figure only
applies to straight and level flight; booms generated by aircraft accelerating in a dive can reach
the ground at lower speeds and altitudes than indicated by these boundaries (Galloway, 1983;
Plotkin, 1989a). The first opportunity to validate these concepts for ACM sonic boom
environments by actual acoustic measurements of the sonic boom pattern on the ground
captured only 11 booms over an array of 17 monitors deployed in the Reserve, New Mexico
Supersonic Operating Area (Brown, et al., 1985). Although limited, these data were basically
consistent with the elliptical shape of the concepts original model but indicated that the number
of sonic booms per sortie according to the earlier model (Galloway, 1980) was overestimated.

3.1.1 WSMR Test Data

A vastly expanded validation program was completed in January 1989 at the White
Sands Missile Range (WSMR) (Plotkin, et al., 1989). The key parameters which indicate the
scope of the program are:

"* Duration - 6 months

"* Total number of sorties - 7019

"* Number of sorties involving Air Combat Maneuver (ACM) Training - 4600

"* Number of sorties involving other supersonic flight training - 2419

"• Number of (ACM) sonic booms recorded - 506, equivalent to 0.11 booms
occurring somewhere within the SOA per ACM sortie

"* Number of sonic boom monitors deployed in monitor array - 35

"• Ground area covered by monitor array - 2757 square miles

"* Average spacing between 22 monitors concentrated in the southwest quadrant of
test area - about 6 miles
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Number of sonic boom records - 2246 (Each boom registered on an average of
3.8 separate monitors. In all cases, the sonic boom monitors measured the actual
"free field" pressure at the ground and thus included the pressure doubling factor
mentioned earlier.)

" Number of sonic booms recorded on each monitor - 8 to 112 with an average of
about 64 over the 6 month test period.

" Average number of days of active measurement per monitor - 158

" Number of supersonic ACM sorties evaluated in detail through computerized
analysis of Air Combat Maneuvering Instrumentation (ACMI) records - 502

The aircraft employed for ACM training during this period were 71% F-15, 13% AT-38, 10%
F-16, and 6% F-5. While the results can strictly be applied only to types of ACM activity very
similar to that occurring during the WSMR test and dominated by the flight procedures
employed for F-15 aircraft operating out of Holloman Air Force Base, the basic agreement
between the results of this study and the previous studies insures that the geometric pattern of
the sonic boom environment under an SOA is now well defined.

The key results of this program can be summarized in the form of two basic
expressions which were selected on the basis of a careful mathematical analysis to establish a
reasonable model to define the spatial variation in the Average Day-Night C-Weighted Sound
Level in decibels (abbreviated as DNCL and symbolized by LCDN in equations), and the spatial
variation in the number of sonic booms, n, occurring on the ground per day (Plotkin, et al.,
1989). These patterns, shown in Figures 3-2a and 3-2b in terms of the mathematically
smoothed two-dimensional normal (Gaussian) distribution fit to the measured data, are

described by:

L-CDN = 25 + 10.Log(N) + 10.Log [exp (-.(X/ax)2 + (Y/ay) 21)1 ,dB (3-1)

n = 0.0012 • N • exp {-j-[(X/cy'x)2+ (Y/c'y)2]) , booms/day (3-2)

where N = Number of ACM sorties per month

X,Y = the distances from the center of the ellipse along the minor and major axes
respectively.

ax = standard deviation of DNCL pattern along the minor axis of the ellipse =

11.1 miles
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ay = standard deviation of DNCL pattern along the major axis of the ellipse =

18.9 miles

a'x = standard deviation of pattern for n along the minor axis of the ellipse = 13

miles

G'Iy = standard deviation of pattern for n along the major axis of the ellipse =

21.4 miles.

This refined model, based on actual noise measurements, retains the concept of noise contours

in the form of elliptical patterns, but differs from the earlier model in three aspects:

(1) The ellipses are described by two-dimensional Gaussian (normal) distribution

curves that have exactly the same shape (for a given type of contour) regardless of

their size. This contrasts with the use of separate power law fits for each axis of

the two-dimensional flight track data distribution in the earlier model. This

caused the ellipse shape (i.e., eccentricity) to change with its size (Galloway,

1983). There is no obvious justification for one approach over the other.

However, a careful mathematical analysis of the large data base of measured noise

levels from the WSMR tests considered several analytical forms to fit the data,

including power laws. The two-dimensional Gaussian distribution produced the

best fit (Plotkin, et al., 1989).

(2) The predicted maximum number of sonic booms which reach the ground per

sortie was 0.1, according to the measurements which is less by a factor of about 8

than the estimate of 0.8 in the earlier model (Galloway, 1983). However, it must

be acknowledged that this measured number is strictly valid for the operations at

the WSMR range but is believed to be a more valid estimate of the real situation.

(3) As explained below, the measured WSMR data indicate a lower figure for the

long time average peak sonic boom pressure at the center of the ellipse.

It is important to recognize that the patterns shown in Figure 3-2 are for a specific number (N)

of 550 ACM sorties per month corresponding to the approximate average experienced during

the WSMR measurement program. These expressions also provide one basis for predicting the

spatial variation in the long time average value of the peak pressure for each of the sonic booms
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occurring under the SOA. To develop this pattern, it is only necessary to combine Eqs. (3-1)

and (3-2) to eliminate the variable N. The result can be given in the form of the usual

expression for the total Average Day-Night C-Weighted Sound Level from a series of n single

events (all in the daytime) which have a constant C-W.-ighted Sound Exposure Level

(abbreviated CSEL and symbolized by LCE in equations). To combine Eqs. (3-1) and (3-2) it

was necessary to assume that the values of the standard deviations (a'x and a'y) for the "n

ellipse" are simply scaled up by a constant factor from the corresponding values for the "DNCL

ellipse." In fact, the ratios (a'x/ax) and (a'y/ay) are equal to 1.13 and 1.17 respectively, so

that a constant value of 1.15 was assumed for this scaling ratio between the two ellipses.

Based on this assumption, the result of combining Eqs. (3-1) and (3-2) to eliminate N

is:

LCDN = 25 + 10 Log (n/[0.0012 exp (- j-Z2 c2)]) + 10 Log [exp(- +-Z2)], or

LCDN = [25 + 29.2 + 49.4] + (1-c 2) 10 Log [exp (- -Z2)] + 10 Log (n) - 49.4, or

LCDN = 103.6 + 2.44 Log exp [(- I-Z2)] + 10 Log (n) - 49.4, dB

from which one obtains the expression for the C-Weighted Sound Exposure Level, CSEL as

LCE = 103.6 + 2.44 Log [exp (- IZ2)], dB (3-3)

where Z = [(X/ayx)2 + (y/ay)2] 1/2, a dimensionless distance

and c = 1/1.15, the inverse of the average ratio between the standard deviations of the
"n" and "DNCL" ellipses (e.g., oy'/Ioy = 1.13, ax'/Ox = 1.17).

The resulting constant 103.6 dB is the apparent long time average C-Weighted Sound

Exposure Level in dB at the center of the ellipse (where X,Y = 0). This number may be

compared with the estimated long time s average value at the center of the ellipse for the C-

Weighted Sound Exposure Level of 100.3 (for F-15 fighters operating in the Luke SOA)

developed from the earlier study (Galloway, 1983). (The constant 49.4 is a basic correction

factor which is an inherent part of the definition for DNCL and which is equal to 10 times the

logarithm to the base 10 of the number of seconds in a day.)

The C-Weighted Sound Exposure Level of a sonic boom is a logarithmic measure of

the time-integrated square of the acoustic pressure which has been frequency-weighted to
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attenuate frequency components below about 20 Hz. Such a frequency-weighted measure of a

sonic boom pressure signal drastically changes the true time history (see Figure 3-3) but

faithfully registers the peak pressure of the sonic boom overpressure pulse and its duration and

thus retains basic information pertinent to the acoustic loading of sonic booms on most

structures (Sutherland, 1968a, 1985).

3.1.2 Spatial Variation of Peak Pressure from WSMR Data

As indicated in Figure 3-3, the value of the peak flat (unweighted) sound pressure Lpk

(94 dB for the example 1 Pa'peak N-wave illustrated) is 24 dB above the C-Weighted Sound

Exposure Level, CSEL of 70.0 dB. This is a computed value based on a mathematical model

for the response of a sound level meter, with and without C-weighting, to an ideal N-wave
(Sutherland, 1985). A digital analysis of 42 graphic records of measured sonic boom wave-

forms more representative of the type generated by ACM activity, carried out in Galloway,

1983, showed that the difference between Lpk and LCE had an average value of 24.6 dB with a

standard deviation of 2.59 dB. Spectrum analysis of seven of the sonic booms measured for

the WSMR tests produced an average value of 25.0 ±1.0 dB for the difference between Lpk

and ICE (Plotkdn, et al., 1989). The weighted average value for this difference for all of these

data is 24.7 dB with an estimated standard deviation of 2.4 dB. This average measured value
is utilized here to convert Eq. (3-3) into an expression for a first approximation for the long

time average peak pressure due to ACM activity anywhere in the WSMR SOA. This first
approximation can be derived from the first two terms in Eq. (3-3) which define the C-
Weighted Sound Exposure Level LCE as a function of position X,Y. Thus, since the sound

pressure level for a I psf sound pressure is 127.6 dB:

20 Log [Ppk(psf)] = Lpk -127.6 =- LCE + 24.7 - 127.6, dB or

20 Log [Ppk(Psf)] = 103.6 + 2.44 Log [exp (- tZ2)] + 24.7 -127.6, or

20 Log [Ppk(psf)] = 0.7 + 2.44 Log [exp (- •-Z2)], dB re: 1 psf, or

Ppk (psf) - 1.08 exp (- _j(X/(x)2 + (Y/ay) 2])0 .122 , psf (3-4)

where ax, ay = 11.1 miles and 18.9 miles respectively.
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Figure 3-3. Computed C-Weighted Response of Sound Level Meter with Cut-Off
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Respectively to 0.2 Second N-Wave. Dashed line shows ideal N-wave
(the SEL is a C-weighted value for an N-wave with a peak pressure of 1
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(From Sutherland, 1985.)
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It is also desirable to compare this expression, derived from the mathematically

smoothed fit to the measured spatial variation in long time energy average peak sound

pressures, with the spatial variations in the raw, unsmoothed measured values from each

measurement point for the WSMR test. The most convenient way to evaluate this spatial

relationship in the measured dam is to define the variation in the measured peak pressure as a

function of a single distance variable identified here as an "elliptical radius" r illustrated in the

following sketch.

X axis r =[(X b/a)2 + y2]1/2

a

Y axis

Sketch of Concept of "Elliptical Radius"

This dimensiu,* r can be defined in terms of the basic equation for an ellipse which describes

the shapes shown earlier in Figure 3-2. This equation can be expressed in two alternate forms

as (Eshbach, 1952):

(X/a)2 + (Y/b)2  = (3-5a)

or (X/b)2 (b/a)2 + (y/b)2  = (3-5b)

where 2a and 2b are the lengths of the minor and major "diameters" of the ellipse respectively.

Now, if the dimension X is transformed to X' = X/(a/b), then Eq. (3-4b) can be

expressed in the usual form for the equation of a circle as:

(X'/b)2 + (Y/b)2  = 1 (3-6a)

or X'2 + y2 = b2  = r2  (3-6b)
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where r can be considered to be the constant radius of an ellipse that is transformed into a
circle with the transformed coordinate X' and the unmodified coordinate Y. For a constant
value of this radius r = 4X'2 + Y2 , the contour parameters in the elliptical pattern (i.e., the
value of DNCL or n) are constant. This makes it possible, then, to examine the variation in the
peak pressure of the sonic booms in terms of just one spatial variable - the elliptical radius r.
Table 3-1 lists the summary data from the WSMR tests at each monitor station and defines the
coordinates X,Y the transformed coordinate X' and the "elliptical" radius r for each measure-
ment point as well as the long time arithmetic average and maximum peak pressure and DNCL.

Before the smoothed and raw measured values of the peak pressures can be compared,
it is first necessary to convert both to the same statistical base. The smooth values (from
Eq. (3-4) represent an energy average as required for computation of DNCL while the raw
measured values represent an arithmetic average of the data. What is desired is the log mean
value, which differs from the other two. The log mean is necessary to employ in this report for
the statistical damage prediction model outlined in Section 2 for the case where the excitation
(i.e., peak pressure) has a log-normal distribution. For a quantity Y' that has such a
distribution, which is the case here, the ratio between the energy mean value, call it <Y'>, and
log mean value, call it Y'L, and between the arithmetical mean value Y'm and the log mean
value Y'L varies with the standard deviation, OL, of the log of Y' in the manner shown in
Figure 3-4.

The values in Figure 3-4 were computed numerically for an arbitrary log-normal
distribution of Y using the expressions:

Energy Mean of Y', <Y'> = [(I/N) Z Y'2] 1/2  (3-7a)

Arithmetic Mean of Y', Y'm = [(l/N) I Y'i] (3-7b)

Log Mean of Y', Y'L = 1.0 (3-7c)

Probability density for Y'i = [1/AL.42"j. ] • exp[-2(Log(Y')/aL)2] (3-7d)

where it is assumed for simplicity that the mean of Log Y' is 0 (i.e., the log mean of Y' is 1).

As indicated by Figure 3-4, the ratios <Y'>/Y'L and Y'm/Y'L increase at different rates,
with increasing values of the standard deviation aL. As will be shown shortly, the peak
pressures for the WSMR data did indeed have a log-normal distribution and the standard
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Table 3-1

Summary of WSMR Measurements and Coordinates of Measurement Points in Terms of
Actual (X,Y) and Transformed (X, Y and R) Coordinates Which Define the Ellipse
Describing the Spatial Variation in Peak Pressure (Data from PLr. r'., 1989)

(1)
------- Coordinates .....- Radius R,

of

Site X Y (2) X'(3) Equivalent CDM" AVG Ppk MAX Ppk
No. (Miles) (Miles) (Miles) Circle (dB) (psf) (psf)

2 -14.7 18.5 -24.6 30.8 45.6 0.49 2.61
3 -7.6 9.0 -12.7 15.6 47.0 0.59 4.42
4 -10.2 1.2 -17.1 17.1 48.6 0.64 2.62
5 -6.7 23.3 -11.1 25.8 46.3 0.65 3 69
7 6.2 32.3 10.3 33.9 40.4 0.64 1.59
8 11.9 26.1 19.9 32.8 53.2 0.60 4.42
9 7.6 12.3 12.7 17.7 51.4 0.72 4.22
10 5.7 6.7 9.5 11.6 50.4 0.74 3.94
11 -15.2 -1.0 -25.4 25.5 46.6 0.63 2.60
12 -10.7 -5.7 -17.9 18.8 40.5 0.56 1.40
13 -4.8 -3.3 -7.9 8.6 52.7 0.95 5.25
14 0.5 -1.4 0.8 1.6 55.2 1.19 6.67
15 -10.0 -10.5 -16.7 19.7 52.4 1.01 4.41
17 1.4 -6.7 2.4 7.1 55.8 0.70 5.25
18 -10.9 -19.5 -18.3 26.7 48.4 0.80 3.76
19 -7.6 -16.2 -12.7 20.6 51.3 0.89 6.61
20 -2.4 -12.8 -4.0 13.4 49.1 0.70 2.79
21 4.3 -12.8 7.2 14.7 52.2 0.96 3.05
22 -5.5 -21.6 -9.1 23.5 50.0 0.68 2.72
23 0.5 -18.1 0.8 18.1 52.4 0.92 4.26
24 6.7 -18.5 11.1 21.6 57.9 0.64 1.86
25 -7.4 -26.1 -12.3 28.9 42.9 0.65 3.13
26 -2.6 -28.5 -4.4 28.8 44.5 0.55 2.79
27 0.5 -25.9 0.8 25.9 54.6 0.59 5.89
28 -2.1 -33.3 -3.6 33.4 38.3 0.55 2.21
29 1.4 -30.9 2.4 31.0 45.9 0.65 3.41
30 -6.2 -35.6 -10.3 37.1 41.9 0.42 2.24
31 9.0 6.7 15.1 16.5 38.7 0.51 1.30
32 7.1 -5.7 11.9 13.2 50.4 0.72 5.12
33 8.8 -11.4 14.7 18.6 43.3 0.62 1.97
34 20.4 -11.9 34.2 36.2 41.7 0.51 1.76
35 11.4 -23.3 19.1 30.1 45.3 0.53 2.88
36 23.8 -19.5 39.7 44.3 37.6 0.52 0.99
37 12.3 -28.0 20.7 34.8 36.6 0.45 0.99
38 28.0 -27.1 46.9 54.2 35.8 0.39 1.09

(1) Origin located 3.6 miles south and 3.0 miles west of center of range.

(2) Y axis rotated 15.4 degrees clockwise from true north.

(3) X' = X. (major cord/minor cord).
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deviation of this distribution corresponded to a value for CL of about 0.35 (equivalent to
7 dB).

For a value of aL of 0.35, the ratios <Y'>/Y'L, and Y'm/Y'L are 1.915 and 1.384
respectively. Thus, the long time energy average peak pressure predicted by Eq. (3-4) was
converted to a predicted log mean by multiplying Eq. (3-4) by (1/1.915) to give the desired
expression for the predicted spatial variation in the long time log mean value of peak pressure
under an ACM area, identified here as the nominal value Po:

P0 = 0.56 exp (-1/2[(X/ga) 2 + (y/ay)2])0.122, psf (3-8)

where a• and ay equal 11.1 and 18.9 miles respectively.

Correspondingly, the measured (arithmetic mean) long time arithmetic average peak
pressures from Table 3-1 were multiplied by (1/1.384) to convert these data to the same log
mean basis.

Figure 3-5 shows the relationship between the long time log mean peak pressure and
the "elliptical radius r" based on the new Eq. (3-8) and the raw measured WSMR data listed in
Table 3-1 after incorporating the above correction. The radius r is equal to 4(X/0.6)2 + Y
and X,Y are the true coordinates of the measurement points along the minor and major axes
respectively of the SOA ellipse and the constant 0.6 is the approximate average ratio of ax to cy
and ox' to ay' for the "DNCL" and "n" ellipses in Figure 3-2 (see Eq. (3-5). While there is
considerable scatter in the measured data about the prediction line of Eq. (3-8), the agreement is
quite sufficient to demonstrate the basic validity of Eq. (3-8).

The standard deviation aL(Po) of the log of the long time average or nominal peak
pressure data about the prediction line of Eq. (3-8) corresponds to a standard deviation in
sound level of 1.67 dB. While other simpler forms of the relationship expressed by Eq. (3-8)
between the nominal peak pressure and the elliptical radius r were possible, Eq. (3-8) was the
preferred form due to the implicit interrelationship between the "DNCL" and "n" ellipses
derived from Eqs. (3-1) and (3-2).

3.1.3 Model for Statistical Variation of Sonic Boom Peak Pressures in WSMR SOA

Eq. (3-8) establishes, for computational purposes, a model for a small but systematic
spatial pattern for the otherwise random variation in the long time average or nominal peak
pressure P0 of sonic booms within an SOA. The remaining variation in peak pressure for any
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one single sonic boom anywhere within the SOA needs to be defined. To establish a reliable

estimate of the standard deviation of the log of Pf/P0 for any one sonic boom, it is assumed that

the distribution of these peak pressures is made up of the combined effect of:

the spatial pattern in long time average peak pressures at any position that is

predicted by Eq. (3-8)

the random deviation in individual long time average peak pressures at any

position from the spatial variation of Eq. (3-8), and

the residual random variance due to weather and aircraft speed and altitude

deviations about long time averages.

This final source of variation could be expected to have a statistical variation, due primarily to

weather, no less than the variation that has been observed in the past from controlled sonic

boom tests (Maglieri, et al., 1969). However, for ACM operations, variations in aircraft speed

and altitude should be much greater than for these controlled flight tests so that the overall

variation in sonic boom pressures would also be greater. This is borne out by the cumulative

probability distribution data in Figures 3-6 and 3-7. Figure 3-6 shows the distribution of the

actual free field peak pressure Pf relative to the long term mean value at each measurement site

(taken here to be the same as the nominal peak pressure Po) for the controlled supersonic flight

tests over Oklahoma City (Hilton, et al., 1964) and similar distribution data from the earlier
ACM sonic boom monitoring test in the Reserve SOA (Brown, et al., 1985). For the

Oklahoma City tests, the distribution is shown for three measurement points at 0, 5 and 10

miles to the side of the nominal flight track for one aircraft type. (The results were essentially

the same for the other aircraft.) The Reserve SOA data represent the distribution of the CSEL,

again relative to the long time average value at each monitor position, for all of the 54 boom-

site records at 17 monitor positions. As explained earlier, CSEL correlates well with peak

pressures for sonic booms. Similar distribution data measured for more precisely controlled

tests at Edward AFB on weather effects on sonic boom signatures had slightly smaller standard

deviations as shown in Figure 3-6 (Maglieri, et al., 1969).

In all cases, the distributions of the values of Pf/P 0 (or the equivalent) are

approximately log-normal over most of the range of variation, especially over the upper part

where Pf/P 0 is greater than 1. The approximate log-normal distributions for these data

correspond :o standard deviations OL(Pf/Po) of the log of the relative peak pressure as listed in

Table 3-2. (20 times this standard deviation is the equivalent value in decibels.)
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Table 3-2

Standard Deviations of Log-Normal Distribution of Sonic Boom Peak Pressures
from Controlled and ACM Supersonic Flights

Sideline
Ty of Test Location Position aL(Pf/Po) 20-oL(Pf/Po)

Controlled Oklahoma City 0 miles 0.114 2.28 dB
5 miles 0.139 2.78 dB

10 miles 0.172 3.44 dB

Controlled Edwards AFB
(winter) 0 0.053 1.06 dB (winter)
(summer) 0 0.068 1.36 dB (summer)
(winter) 13 0.087 1.74 dB

All 170.080d
ACM Reserve SOA monitors 0.40 8.0 dB

The comparable distribution for individual values of Pf relative to their long term average P0 at

each site was not available for the WSMR data. However, the distribution of the actual peak

pressure Pf for all 506 sonic booms measured on all the 35 monitors, taken as a whole, is

shown in Figure 3-8. Again, the distribution is clearly log-normal. The standard deviation of

the log of Pf is 0.369 corresponding to a standard deviation in sound level of 20 x 0.369 =

7.38 dB, slightly less than the value of 8 dB found for the Reserve data. However, the latter

involved only 13 sonic booms, so the reliability of the 8 dB value is poor.

The variance of the log of the average peak sound pressure computed according to Eq.

(3-8) over all 35 measurement points is (.0437)2 = .0019. This represents the variance (i.e.,

the square of the standard deviation) for the first component of variation cited above and

corresponds to a standard deviation (in decibels) of 20 x 0.044 = 0.9 dB. If this variance is

subtracted from the total variance for all 506 of the WSMR peak pressure data points (7.38

dB), the remainder should be approximately equal to the second and third components of

variance combined which establishes that part of the total variance in peak sound pressures

which is random and which can be applied to the statistical damage prediction model.

Carrying out this analysis, the standard deviation oL(Pf) of the log of the peak sound

pressures at each position about the log mean value predicted by Eq. (3-8) is estimated to be:

OL(P6) = -/[(7.38)2 - (0.9)21 /20 = 0.366 (3-9)

To summarize for SOAs, the spatial variation in the nominal (long time log mean) sonic boom

peak pressure Po due to ACM activity is defined by Eq. (3-8). The standard deviation of the
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log of this nominal peak pressure is estimated to be 0.366, corresponding to 7.32 dB.

Finally, Eq. (3-2) defines the estimated number of sonic booms per day which reach the

ground at any position within an SOA. Now, before considering other types of supersonic

flight activity, briefly consider possible variations in the above ACM model for other SOAs.

3.1.4 Possible Variations in ACM Model for Other SOAs

Centered inside the elliptically-shaped maneuvering area of an SOA, typically about 35

by 60 miles, the end or set points for aerial combat are typically separated by about 30 to 50

miles along the major axis of the SOA ellipse (Plotkin, et al., 1989). Thus, for any other SOA,

once this engagement line and the set points are known, the orientation and position of the

elliptical noise patterns can be established. However, the supersonic operating area or

maneuvering area within the SOA is itself an ellipse identified for convenience here as the SOA

ellipse whose size and shape is approximately constant (for current aircraft flight technology)

and independent of the number of sorties per day carried out in it. The engagement line

becomes the major axis of the SOA ellipse, the middle of the ellipse is the middle of the

engagement line, and the eccentricity parameter, e, can be assumed to be the value derived from

the noise analysis. From Eq. (3-1) and Eq. (3-2), the average value of e is taken to be equal

to approximately 0.8.

The length (b) of the major axis of this SOA ellipse can be conservatively assumed to

be 60 miles, the larger dimension of the 35 to 60 mile supersonic operating area. Thus, a basic

equation for this SOA ellipse of constant size is, from Eq. (3-6b):

X2 / (0.6)2 + y 2 = (60)2 mi2  (3-10)

where X and Y are the true distances in miles relative to the center of the ellipse, normal to, and

along the major axis, respectively.

It is reasonable to expect that this SOA ellipse would change size slightly from one

SOA to another due to variations in natural geography (i.e., location of visual check points or

terrain) under the SOA and variations in the dominant type of aircraft and/or their flight

procedures. Any such scaling of the size of the SOA ellipse would be expected to be relatively

small but would be accompanied by a corresponding change in the size of the DNCL or n

(booms per day) ellipses.
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For example, based on the data and analysis procedures in Galloway, 1983, the long

time average CSEL at the center of the ellipse is predicted to be as indicated in Table 3-3 for

several different aircraft operating out of Luke AFB or Nellis AFB.

While based on application of a carpet boom (i.e., straight and level flight) prediction

model for sonic booms in ACM areas, these data could be used as one basis for a rough

approximation of the relative change in the parameters indicated by the WSMR model had these

same data been obtained at the other bases. In other words, the changes in number of booms

per day and long time average CSELO at the center of the ellipse relative to the values measured
for the F-15 dominated operations at WSMR could provide a first estimate for these adjusted
values. For example, the average CSEL0 in Table 3-3 is 99.6 dB, which is about 1 dB lower
than the value derived for the 41 F-15 tracks evaluated for Luke. Thus, a first estimate for an
average CSELo applicable to ACM operations at SOAs near the above bases (and possibly all
other similar SOAs) would be the value from the WSMR study (103.6 dB) minus 1 dB, or
102.6 diB, a very small change in a baseline number for maximum long time average single
event levels in SOAs. This 1 dB reduction in CSELo would correspond to a small decrease in
the maximum log mean peak pressure at the center of the ellipse from 0.57 psf, as indicated by
Eq. (3-8), to 0.48 psf - a relatively insignificant change. The standard deviation of this
estimated change in peak pressures could be taken to be the same as the standard deviation in
Table 3-3, i.e., 2.5 dB. (Note that according to the last column of the above table, the

estimated maximum long time average DNCL at the center of the noise ellipse would be about
63 dB for F-15 aircraft. This is about 11 dB higher than the experimentally-based average
value from Eqs. (3-1).)

In the absence of more detailed measured sonic boom data on other SOAs, these
concepts must remain as conjecture, so that for this report, Eqs. (3-2) and (3-8) are taken as
givens for any SOA. However, the standard deviation of 2.5 dB indicated by the data in Table
3-3 could be used as a basis for the minimum uncertainty in CSELo, or the corresponding
nominal peak overpressure P0 at the center of SOAs to account to a first approximation for
different aircraft and different types of operations that were not included in the WSMR data.

3.2 Sonic Boom Pressures for Other Types of Supersonic Flight Activity

For the other two types of supersonic flight activity identified at the beginning of this
section (supersonic corridor flights and low altitude flights), general models for the spatial
pattern of the flight tracks are not practical at this point. Therefore, data are presented in this
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Table 3-3

Predicted Long Time Average CSELo and DNCLo at the Center
of the ACM Noise Ellipse According to the Flight Track Data

and Noise Estimation Procedures in Galloway, 1983

n,
No. No. Booms (1) (2)

Aircraft Base Tracks per CSELo DNCLo
Evaluated Sortie dB(C dB(

F-4 Nellis 6 1.1 102.0 65.2
" Luke 8 3.1 99.5 62.7

F-5 Luke 20 0.7 98.0 61.2

F-14 Luke 3 0.4 103.2 66.4

F-15 Nellis 6 0.8 100.0 63.2
" Luke 41 0.8 100.3 63.5

F- 16 Nellis 6 1.1 98.9 62.1
"Luke 6 0.6 95.0 58.2

Avg.: 1.08 99.6 62.8
Std. Deviation: 0.85 2.5 2.5

(1) CSELo = Space average rms carpet boom CSEL
+ 10 Log [rms carpet area, mi 2/maneuvering area, 1866 mi2]
+ 2.2, dB(C) (per Galloway, 1983)

(2) DNCLo = CSELo + 10 Log (n) - 49.4, dB where n is number of booms/day for 18
sorties per day (average. for WSMR)
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section which only attempt to define for such flights representative sonic boom peak pressures,

the range of durations of the pressure waveform, and estimates of the approximate statistical

variation in the peak pressures.

3.2.1 Sonic Boom Environments Under Level Flight Supersonic Corridors at Varying
Altitudes

Current supersonic flight training and flight testing can involve operations consisting
primarily of straight and level flight at moderate to high altitudes, usually above 5000 ft.
(Plotkin, 1985b). As indicated by the bibliography in Appendix A, the literature applicable to
sonic boom environments for this type of operation is very extensive. Particularly useful
summaries are contained in Hubbard, et al., 1986 and Runyan and Kane, 1970. The following
brief discussion is only intended to help provide some understanding of the key variables
which affect the peak overpressure and duration of a sonic boom (Plotkin, 1989a). Detailed
computations of carpet boom overpressures and spatial distribution can be carried out manually
(Carlson, 1978) or by a simple computer model called PCBOOM (Bishop, 1988).

At altitudes above about 5000 ft, a highly simplified version of a well known model

(Carlson, 1978) for the nominal peak overpressure Po for straight and level flight can be
expressed in the form:

Po = Ka (M2 - 1)1/8 (L/H)3/4.ks (3-11)

where Ka is an atmosphere-dependent variable which varies with the altitude of the

aircraft, the pressure/temperature profile of the atmosphere, and to a minor
degree with Mach number

M is the aircraft Mach number

L is the aircraft length

H is the effective altitude (equivalent to the actual altitude for an observer directly

under the flight track)

and ks is a shape factor dependent on the geometry of the aircraft.

Thus, for a given aircraft (constant length L and shape factor Ks) and atmospheric model (fixed
relationship between Ka and altitude), the dominant variable which controls the magnitude of
the sonic boom peak pressure observed directly under the flight track is the aircraft altitude.
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This is borne out by the trend with altitude in the measured and predicted sonic boom peak

pressures shown in Figure 3-9 for the case of a large supersonic aircraft flying at high altitudes

(Carlson, 1964). The peak overpressures vary from about I to 3 psf for flights in the altitude

range of 30,000 to 75,000 ft. The influence of changes in aircraft speed on this peak pressure

is small as indicated by the second term in Eq. (3-1 1).

For straight and level flight at high altitudes, the sonic boom created on the ground

usually has the classic time history approximating that of an N-wave with a duration typically

in the range of 0.2 to 0.5 seconds depending on the aircraft length, speed and altitude (Carlson,

1978). In any event, this duration is much greater than the duration observed for low altitude

supersonic flights which is simply:

To = (aircraft length)/(aircraft speed)

For such low altitude flights at a uniform speed on a level flight track, the time history of the

sonic boom has a much more complex shape as illustrated by the actual measurements in

Figure 3-10a (Nixon, et al., 1968; Maglieri, et al., 1966). Each of the multiple jumps in the

pressure time history is associated with shock waves radiated by different parts of the aircraft.

For supersonic flight at such low altitudes, Eq. (3-11) overpredicts the peak sonic

boom pressure by as much as a factor of about 1.7 at an altitude of 100 ft. However, as

shown in Figure 3-10b, a simple analytical model makes it possible to accurately predict the

effective peak pressure of an equivalent N-wave with the same peak pressure as the complex

waveform actually present (Plotkin, 1989b). This figure shows, a comparison between

theoretical prediction models for sonic boom peak pressures for altitudes in the range of 100 to

20,000 ft for a representative case of an F-4 aircraft at Mach 1.22. A single data point shown

on the figure corresponds to the actual measurements of Figure 3-10a. For these lower

altitudes, the peak overpressures vary from about 3 psf for flight at 20,000 feet to over 100 psf

for flight directly overhead at 100 ft.

The variation of the sonic boom peak pressure to each side of a supersonic flight track

has the general pattern illustrated in Figure 3-11 for different altitude ranges (Maglieri, et al.,

1966; 1967b). On each side of the ground track under a supersonic flight, the sonic boom

propagation through the atmosphere reahes a so-called lateral cut-off point where refraction

prevents the boom from reaching the ground. Near this position, a sonic boom tends to have a

more rounded, sinusoidal time history and will be less likely to be of concern from the

standpoint of potential structural damage.

3-25



Tunnel
"1- Theory

2

Ppk
psf-. .

30 40 50 60 70 80 x 10,
Altitude, ft
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data for (c) and (d) from Maglieri, et al., 1967b).
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Given some definition of the expected nominal peak overpressure for level flight at a

given altitude such as may be estimated from Figure 3-9 or 3-10b, the statistical variation about

this nominal pressure may be estimated, at least for high altitude flights, by the information

shown earlier in Figures 3-6 and 3-7 and summarized in Table 3-2 in Section 3.1.3. Values

for the standard deviation aL in peak overpressure from the Oklahoma City tests of 0. 114,

0.139 and 0.172 at sideline distances of 0, 5 and 10 miles respectively, are considered

reasonable for purposes of this report as representative for positions directly under the flight

track half way to the lateral cut-off point and about 0.8 of the way to the lateral cutoff point for

any level flights in supersonic corridors at any altitude. This assumption is based on the

observation that the variation in sonic boom signatures due to weather is influenced primarily

by atmospheric conditions below about 2000 ft. (Maglieri, 1967b).

3.2.2 Sonic Booms for Flight at Low Altitude Not Restricted to Steady Flight

Other possible scenarios of supersonic flight training might involve non-uniform flight

at low altitudes which could consist of a mixture of short level flight sections initiated and

terminated by short periods of acceleration and deceleration respectively, and/or abbreviated

maneuver sections (e.g., turns) all at altitudes from about 100 to 1,000 ft (Plotkin, 1989b).

Table 3-4 lists representative predicted peak overpressures for F-111 and F-15 aircraft

for level flight portions (i.e., carpet booms) of such flights showing peak overpressures

ranging from just under 2 psf to about 130 psf. These are estimated peak pressures in the

absence of amplification by focusing due to maneuvers. Such focus or superbooms would

occur for the flights of the F-15 at the flight altitudes listed but would not occur for the F-Ill

flights due to the constraints placed on turn or acceleration rates at such low altitudes. When

such superbooms occur, they can increase the peak pressures by a factor of 2 to 5 times within

a very small area (Plotkin, 1985a). Time histories of the sonic boom waveforms for such

operations can be expected to be similar to those observed for ACM operations to be discussed

in Section 3.4.

For purposes of assessing potential damage to unconventional structures under such

flights, the same procedures employed for ACM and level flight corridors could be employed,

giving due consideration to the possibility of superbooms. However, the latter are already

included in the statistical spread of peak pressure for ACM operations as shown earlier in

Figure 3-8. In any event, it is not considered feasible at this point to attempt a detailed

statistical analysis of the potential for damage for such operations in the absence of a more

definitive scenario of flight tracks and altitude ranges.
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Table 3-4

Carpet Boom Characteristics Estimated for a Variety
of Low Level Supersonic Flight Operations (from Piotkin, 1989b)

Aircraft Altitude, Mach Ppk, pSf Carpet Forward
Number Width, Projection,kft AGL NCenter Edge kfeet kfeet

F-111 0.1 1.05 130 33.3 1.4 0.3

0.5 1.05 44.0 10.5 7.2 1.6

1.0 1.05 30.0 6.8 12.9 3.1

F-15 5 1.05 7.2 6.1 7.4 17.5

5 1.4 9.2 4. 29.2 5.2

10 1.1 4.3 3.3 21.7 24.7

10 1.5 5.4 2.5 52.1 9.3

15 1.1 3.1 2.6 22.1 40.6

15 1.7 4.0 1.8 75.4 11.4

20 1.15 2.4 1.9 37.2 43.1

20 1,35 3.1 1.5 97.2 13.6

25 1.15 1.9 1.8 31.5 58.8

25 2.0 2.5 1.2 117.0 15.5

30 1.2 1.6 1.4 46.7 59.5

30 2.0 2.0 1.0 129.2 19.0
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3.3 Correction from Free Field to Effective Pressure on Structure

The sonic boom peak pressures defined in the preceding sections were pressures in the
absence of any reflecting surfaces. Two adjustments are necessary to this free field pressure to
establish the effective sonic boom loading on an actual structure:

change in effective pressure due to arrival of the sonic boom at angles other than
normal to the surface, and

increase in sonic boom pressure at the surface of a structure facing the direction of

arrival of the sonic boom wave.

3.3.1 Correction Due to Angle of Incidence of Sonic Boom Wave

The evaluation of orientation effects on sonic boom sound levels near a structure
(Hershey and Higgins, 1976) provided useful information that is assumed to be applicable
here. Hershey and Higgins found that the log of the ratio for the peak sonic boom sound
pressure Pe measured at the outside surface of a structure and the free field sound pressure Pf

could be approximated by:

Log [Pe/Pf] = 0.1427 cos(0) -0.1258 (3-12)

where 0 is the angle, on the ground, of the aircraft flight track relative to a line perpendicular

to the structural surface.

The average value of the right side of this equation for 0 varying from 0* to 360" is
about -0.126, equivalent to Pe/Pf = 0.75. Since there is no way to predict the orientation angle
for the general case, this correction is included in the ratio of effective to nominal pressure for
all cases except those relating to seismic excitation of the ground. The variation of this
correction about its mean value was estimated from the range of the value of Log (PeIPf)
according to Eq. (3-12) where it was assumed that this range (-0.268 to +0.017) corresponded

to ±3 standard deviations so that the standard deviation of Log (PedPf) was assumed to be
(0.268 + 0.017)/6, or 0.0475.

3.3.2 Effective Acoustic Pressure on Various Tvyes of Structure

The following additional adjustments to the free field sonic boom pressures are required
to define an effective pressure, Pe, to account for the pressure doubling effect that has already
been included in the measurement and specification of the "free field" sonic boom pressures,
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the same pressure doubling at the surface of an infinite rigid wall and the smaller increase in

effective acoustic pressure on a wall with a large open window or a free-standing wall with no

roof. Both of these latter situations are likely to be encountered in evaluating potential damage

from sonic booms on historic or prehistoric ruins. Thus, the following correction to the free

field pressures will be applied in all cases.

Effective Sound Pressure, Pe = Pf D (3-13)

where Pf = free field sound pressure from Eq. (3-8)

D = 1 for wall and/or roof with no open windows (the pressure doubling has

already been included in Pf)

D = 0.63 for wall with large open window(s) or large opening in roof

For free-standing wall with no roof,

D = D1 sin(f.H/600) for f.I4 < 930 ft/s

D = D1 forf.H> 930 ft/s

and DI = 1 for wall with no windows or 0.63 for wall with wide open windows

f = Fundamental resonance frequency of wall. 23 Hz can be used as a default
value for a typical free-standing wall of a prehistoric ruin in the absence of

any alternative data (Battis, 1988).

H = Height of wall in feet.

The above adjustments are based on approximations for the reduced net sonic boom pressure

on a wall with a large aperture (Wilson and Soraka, 1965) or on an unbaffled obstacle
(Sutherland, 1968b). Note that the factor D can approach 0 for low walls with low resonance
frequencies since the sonic boom pressure wave will diffract around the back side of such a

wall and thus reduce the effective acoustic loading significantly.

A precise evaluation of the effective sonic boom pressure acting on a surface would
include the consideration of other factors including the presence of nearby reflecting surfaces,

the height of the structure above the ground, and relative rigidity of the structural surface.
However, extensive experimental evaluations of these factors during extended sonic boom test

programs (Wiggins, 1965; Andrews, et al., 1965) indicate that they usually introduce relatively
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minor variations in effective loading beyond that accounted for in Figure 3-11. They will not

be considered in this report since the major source of variation in sonic boom pressure is due to
the inherent variability of ACM operations. These are the primary type of supersonic

operations of concern here.

In summary, a general method has been defined for estimating sonic boom loads from a
wide range of supersonic flight operations. For ACM operations, the method involves the use
of Eq. (3-8) to define long term or log mean sonic boom pressures, and to define sonic boom
peak pressures as a function of position of a structure relative to the center (on the ground) of
the supersonic operating area. For other types of supersonic activity, graphical or tabular data
provide references on typical sonic boom levels that may be encountered. Eq. (3-13) defines a
correction for the effective incident sonic boom pressure for these free field models.

Values have also been established for the standard deviation of the log of this pressure
due to random deviations in the long time average pressure from an ideal spatial model for
ACM operations, random deviations of the pressure due to weather and flight procedures, and
random deviations due to angle of incidence of the sonic boom. All of these elements will be
employed in the process utilized for estimating the probability of structural damage from ACM
operations.

3.4 Time Histories and Frequency Spectra for Sonic Booms

Up to now, the evaluation of acoustic loads on structure has focused almost entirely on
the peak sonic boom pressures. This will, in fact, be the primary variable to be used in this
report for defining the probability of damage to unconventional structures. The effects on
structural response of variations in the temporal patterns and corresponding frequency
spectrum content of sonic boom waves forms are briefly considered here. However, it is
important to point out that for estimating damage to structures under ACM areas, the
probability of damage is influenced far more by the large variability in the peak pressure, as
indicated earlier by Figure 3-8, than by variations in structural response for the same peak
pressure due to variations in sonic boom waveforms or frequency content of their spectrum.

3.4.1 Time Histories of Sonic Booms

For straight and level supersonic flight at high altitudes, generally above about 5000 ft,
the sonic booms generated by USAF airplanes are dominated by a relatively simple N-wave
time history as shown in Figure 3-12. For ACM flight operations, the sonic booms have a
much wider range of time history shapes. This complexity, reflecting the interaction of
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Fig- re 3-12. Schematic Diagrams Showing Relative Frequency of Occurrence of Categories of 1152
Waveforms Measured at Ground Level During Sonic Boom Tests on Four Airplanes
(Adapted from Hilton, et al., 1964).
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acceleration-generated sonic boom focus conditions and aircraft altitude, is illustrated
conceptually in Figure 3-13 by the ray paths of the sonic boom from one aircraft at two
different times along its flight path. The time histories of the sonic booms for the various
combinations of amount of acceleration and aircraft altitude vary from the classic N-wave to U-
waves and combinations of the two waveforms - the so-called superbooms (Plotkin, 1989a).
Not shown are the rounded sinusoidal-shaped patterns for the weaker sonic booms occurring
beyond the lateral cutoff point that are illustrated in Figure 3-12.

3.4.2 Frequency Spectra of Sonic Booms

It will be shown in Section 4 that the frequency spectra of time histories of sonic boom
pressures play a significant role in defining their effective dynamic load characteristics. This
spectral content is conveniently portrayed in terms of the Energy Spectral Density E(f) (Kryter,
et al., 1966) or the related measure, the Sound Exposure Spectral Density SE(f) (Young,
1986). These two measures of spectral content at any frequency f of a transient signal are
interrelated by the absolute value of the Fourier Spectra IP(f)I of the pressure time history P(t)
as follows. (For simplicity, the usual designation of a complex argument (Of) for the Fourier
Spectrum P(f) is omitted here. See Appendix C. 1.)

Energy Spectral Density, E(f) = IP(f)i2  (3-14a)

Sound Exposure Spectral Density SE(f) = 21P(f)12  = 2 E(f) (3-14b)

T
where P(f) f P(t) exp(-j27rft) dt, the Fourier Spectrum.

0

The two "density" quantities have the units of (pressure)2 .(sec)2.

For evaluation here, it is convenient to plot Sound Exposure Spectral Density in
logarithmic form as the Sound Exposure Spectrum Level, LEMf) given by:

LEMf) = 10 Log [SE(f) /p 2o.to.Af1, dB re: (20%.Pa) 2 sec/Hz (3-15)

where Po is the reference pressure of 20g.Pa,

to is the reference time of 1 second, and

Af is the reference bandwidth of I Hz.
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Associated Nominal Sonic Boom Wave Forms (Adapted from Plotkiin. 1984).
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Figure 3-14a shows the Sound Exposure Spectrum Level for an ideal 1 psf sonic boom

N-wave and the expected trend in the envelope of the Sound Exposure Spectrum Level for

such this case (see Appendix C. 1 for details).

The equations for these lower and upper frequency envelope lines for the sound

exposure spectrum level for the ideal N-wave which reach a peak at a frequency fmax = ,-3rT

(Appendix C) are:

LE(f)If<fmax-- 20 Log [Pf(psf)] + 20 Log [fT2] + 131.0, dB (3-16a)

LE(~flf~max--+ 20 Log [Pf(psf)] - 20 Log [f] + 120.6, dB (3-16b)

Also shown in the figure is the expected trend for additional roll-off (at -12 dB per octave) for

the high frequency part of the spectrum for an N-wave with a finite rise time of 8 ms

(Niedzwiecki, 1978). Figure 3-14b compares the spectrum level for the ideal N-wave to the

arithmetic average and range of values for eight of the sonic booms measured in this program

as discussed in more detail in Section 5. For this figure, all of the measured spectra have been

normalized to a peak amplitude of I psf, and, for plotting purposes, averaged over one-third

octave band intervals. Even with all the complexity of time histories anticipated for these sonic
booms, according to the concepts shown earlier in Figure 3-13, these measured spectra show

fairly close agreement to the expected trend for an ideal N-wave. Note, especially, that while

the spectra do seem to show some roll-off at high frequencies greater than predicted for an ideal

N-wave, they do not show the predicted full roll-off in high frequencies anticipated for an N-
wave with a finite rise time. This can be attributed, in part, to the presence of many small

fluctuations in the actual sonic boom pressure time history and to the more complex spectra

expected for the other types of waveform, i.e., the U-wave, etc. (The deviation of the average

measured data at low frequencies below about 5 Hz is due to low frequency limitations on the

microphone response.) Thus, for evaluation of dynamic response of structure to sonic booms

in ACM areas, it will be reasonable to assume that the actual sonic boom pressure time history,

and corresponding shock spectra can be roughly approximated by that for an ideal N-wave.

For supersonic flight at very low altitudes, as indicated earlier in Figure 3-10, the sonic

boom no longer has the nominal N-wave shape expected for straight and level flight at the
higher altitudes. However, as indicated earlier in Figure 3-10a, an equivalent N-wave can be

defined to predict the peak pressure. Similarly, for prediction of probability of structural

damage, it will be sufficient to assume an ideal N-wave and the corresponding shock spectrum

for this case.
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In summary, while real sonic boom signatures often contain far more complexity (and

corresponding higher energy at high frequencies) than ideal N-waves, this complexity is not

expected to be significant for purposes of estimating probabilities of structural damage to

unconventional (or conventional) structures. This assumption is consistent with that made by

many others in the assessment of structural damage from sonic booms (e.g., Hershey and

Higgins, 1976; Haber and Nakaki, 1989).
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4.0 MODELS FOR STRUCTURAL RESPONSE AND DAMAGE FROM

SONIC BOOM

The prediction of potential damage to structures from the type of sonic boom excitation

described in Section 3 can be defined in terms of analytical and empirical (experimentally
derived) models for the vibration response of a structure to sonic boom excitation, and related
models for the resulting stress response.

4.1 Vibration Response of Single Degree of Freedom Systems to Sonic

Boom

In this section, models for this vibration response to sonic boom are defined for
elements of a built-up structure as well as for ground surfaces.

When a panel is driven by a transient pressure load such as that generated by a sonic
boom, the panel surface responds in a damped vibration mode, as illustrated by a typical
example in Figure 4-1. (This example, obtained from data acquired for this program, is for the
case of excitation by an N-wave followed by a U-wave sonic boom.) The response is
transitory and usually has an amplitude 1.5 to 3 times greater than the deflection due to a static
load with the same peak pressure. Note that in this case, the peak acceleration response occurs
just after the end of the first N-wave and thus has the form of a free, damped, sinusoidal-like
vibration.

The specific magnitude of this transient response can be predicted by the so-called
shock spectrum D(f) of the pressure time history. This is the effective value of a transient
pressure load on a damped, linear single degree of freedom (SDOF) system (a linear damped
mass-spring) as a function of the natural frequency of this simple oscillator. (In this case, the
simple damped mass spring represents the fundamental mode of the panel.) The "effective"
pressure load is the magnitude of a uniform static pressure which would produce the same
maximum static deflection of the simple mass-spring system (i.e., the center of the plate) as
that actually produced by the transient pressure pulse. When this shock spectrum is normalized
by the magnitude of the peak pressure of the applied transient load, the resulting quantity is
called the Dynamic Amplification Factor (DAF). Since the dynamic system is assumed to be
linear, so that deflection or stress response is directly proportional to applied pressure, the DAF
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can also be defined by the ratio of the peak dynamic stress response apk for the actual transient

pulse to the static stress response as for a steady load with the same magnitude Ps as the peak

applied pressure Ppk:

The same concept holds when DAF is defined by the ratio of peak dynamic deflection

response Xpk to the static deflection response Xs for transient and static pressures with the

same magnitude.

That is:

DAF = Equiv. Static Which Produces Same Peak Response as Actual Applied Pressure 2pk _ X- k
Actual Applied Peak Pressure .s Xs

The predicted value for DAF is shown in Figure 4-2a for the case of excitation by an ideal

sonic boom N-wave. As indicated by the figure, for the undamped system, DAF is a function
of the natural resonance frequency fo. For analysis purposes, it is convenient to generalize this

factor in terms of the product foT where T is the duration of the positive phase of the N-wave.

Figures 4-2b and 4-2c show the predicted values for DAF, with damping included, for

displacement and acceleration response to an ideal N-wave. The displacement DAF shows

decreasing sensitivity to damping as foT increases while the opposite is true for the acceleration

DAF. The latter is expressed in terms of a non-dimensional quantity equal to the peak

acceleration 4max divided by [(2x fo) 2 Xs] where fo is the fundamental resonance frequency
of the system and Xs is its static deflection to a steady pressure within the same magnitude as

the peak sonic boom pressure.

There are three different cases for occurrence of the peak response to the N-wave.
During the N-wave, the peak response (e.g., deflection or stress) can be either: (1) positive,

Xmax, or (2) negative, Xmin, depending on the product foT. After the N-wave, the system
responds systematically in free vibration and has equal (3) positive or negative dynamic

responses, Xrmaxmin. Note that the envelope of these peak responses following the cessation

of the N-wave is equal to or greater than the peak responses during the N-wave. The
unnormalized value of the DAF for the latter case, that is, the actual effec*ýve value of the

dynamic pressure as a function of the resonance frequency, fo, is identi.ied here as the

Residual (Pressure) Shock Spectrum, DR(f), where:
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DR(f) = Pe-DAF(f) (4-1)

and Pe is the effective peak pressure load, in psf, applied to the structure.

It is worth noting in Figure 4-2b and 4-2c that the DAF values for the residual (i.e.,

free vibration) displacement and acceleration of an undamped system are identical.

For damage assessment purposes, it will be desirable to define structural response to

sonic boom excitation in terms of peak structural velocity instead of peak displacement or from

theoretical expressions relating stress and applied pressure as employed in previous damage

estimation studies (Hershey and Higgins, 1967; Haber and Nakaki, 1989). The reasons for

this choice will become clear later in this section. This velocity response of a simple SDOF
system to a sonic boom can be derived as follows with the aid of basic expressions for free

sinusoidal vibration of such a system driven by a sonic boom N-wave and with the aid of
relationships derived in Appendix C between the residual pressure shock spectrum and sound

exposure spectral density.

For the residual (i.e., free vibration) response of the SDOF following the N-wave, the

peak velocity Vpk in in/sec at the system resonance frequency fo can be defined, to a close

approximation, in terms of the peak displacement Xpk at this same resonance frequency by:

Vpk = (27tfo)-Xpk, in/sec

The peak displacement of the mass (reresenting a panel) can be defined in terms of the

effective applied sonic boom pressure PC, the displacement Dynamic Amplification Factor,

DAF(f), and the stiffness k of the SDOF system spring by:

Xpk = XS • DAF(f) = L' DAF(f) (4-2a)

where A is the area of the panel represented by the mass.

The spring stiffness k can be expressed in terms of the mass M = W/g and resonance

frequency, fo, by:

k = 4i 2.fo2.W/g, lb/in (4-2b)

where g = acceleration of gravity, 386 in/sec 2
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Combining the above relationship, the peak velocity Vpk of the mass of this simple SDOF

model at its fundamental resonance frequency, fo, is given by:

_ PegDAF(f) in/sec (4-2c)
Vpk - (2 7tfo) w '

where w = surface weight in psf of the panel represented in this simple model by a
lumped mass = W/A.

Consider, next, a simple way to define the Dynamic Amplification Factor for this SDOF model
of the structure in terms of the sonic boom spectral content.

As outlined in Appendix C. 1, a useful measure of the spectral content of a transient
pressure signal is the Sound Exposure Spectrum SE(f). This is essentially the frequency
spectrum of the time-integrated value of the squared pressure of the transient pressure.

From Eq. (4-1) and the relationship for an undamped SDOF system between the
Residual Shock Spectrum DR(f) and the Sound Exposure Spectrum SE(f) developed in

Appendix C. 1, DAF(f) can be given by:

2xt fo ___

DAF(f) = 2 "41/2 SE(f) (4-3)

From here on it is assumed that the frequency f in the arguments for DAF(f) and SE(f) is the
resonance frequency fo of the SDOF system and the free field pressure, Pr, used in Appendix

C. 1, is converted to the effective value, Pe.

Figure 3-14b has demonstrated that the sound exposure spectrum, for an ideal N-wave

agrees reasonably well with the average values measured for this program.

As another check on this assumption, values for DAF(f) reported in the extensive
"carpet" sonic boom measurements (Wiggins, 1965) for the White Sands tests were examined

and the results are summarized in Figure 4-3. These data covering 105 sonic boom records
show a good agreement with theory and the central trend is close to the expected value for an
ideal N-wave.

Now, combining Eqs.(4-1) to (4-3), the peak velocity response following the N-
wave - call it the Residual Velocity Response Spectrum VR(f) - can be given by:
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1965 (Data from Wiggins, 1965).
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VR(f) = Pe DAF(f) (4-4a)
27cfow

or VR(f) = g- "1/2 SE(f) in/sec (4-4b)
w

This velocity is often called a pseudo-velocity since it is strictly valid only for the case of

steady-state sinusoidal vibration. However, for engineering purposes, Eq.(4-4) can be utilized

to estimate, to a good approximation, the peak velocity response of a SDOF model for structure

to a sonic boom.

The Residual Velocity Shock Spectra defined by these expressions are plotted in Figure

4-4, in log form for an ideal N-wave with a duration of 0.075 sec. Also shown are the low

and high frequency envelopes for this spectra and the envelopes for the case where T = 0.15

sec. These envelope lines will become the basis for predicting structural velocity for built-up

structures subject to vibration response like a panel. It can be shown (see Appendix C) that

the equations for these envelope lines for the Residual Velocity Shock Spectra VR(f) are:

For fo < V3/iTT VR(f) = 9-S foT2 in/sec (4-5a)

and for fo > 'F3/ntT VR(f) = 2gPe in/sec (4-5b)
(27cfo)w

where g = 386 in/sec 2

Pe = Peak effective sonic boom pressure, psf

fo = Fundamental resonance frequency of panel, Hz

w = Surface weight of structure, in psf

T = Duration of sonic boom, sec.

The mixture of ft-lb-sec and in-lb-sec units is employed here for consistency with the

convention of expressing the peak pressure and surface weight in psf and structural velocity in

in/sec. It will also be convenient from here on to refer to the peak velocity response, as defined

by the Residual Velocity Response Spectra VR(f), by the symbol Vpk.
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Effective Peak Pressure Pe (psi').
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4.1.1 Correction for Multimodal Response

The analytical models presented so far have only considered response at the fundamen-

tal resonance frequency of a simple lumped mass-spring model for a real structure. The total

response of a structure in all modes requires a more detailed analysis of the time history of the

response and summation of the combined time history of these modal responses. Such an

analysis is summarized in Appendix C.2 based, in part, on previous studies (Blume and

Associates, 1965; Crocker, 1967). As shown in Appendix C.2, a reasonable approximation to

the total multimodal velocity response can be made by increasing the response envelope

expressions of Eq.(4-5) by a factor of 2.0.

This simple approximate correction is based on the analysis in Appendix C.2 of the

theoretical multimodal response of a simply supported panel for sonic boom durations of 0.1

and 0.2 seconds and for aspect ratios of the panel (side alside b) of 1.0 and 0.2.

4.1.2 Vibration Response of Non-Structural (Terrain) Elements

Some of the structures of concern for this study are archaeological structures of various
types which rest on, or are a part of, the local terrain and hence may be subject to damage from

acoustically-excited seismic vibration. Complex analytical models have been developed to
predict such seismic vibration from sonic boom or blast transient overpressure (Cook, et al.,

1972) and from acoustic signals such as aircraft noise (Sabatier, et al., 1986). The theories

predict two forms of seismic waves (Cook, et al., 1972): (a) a dilatational deformation of the

ground due to the direct pressure loading, and (b) coupled Rayleigh (surface) waves which
may precede or follow, in time, the direct dilatational response. In general, it is found that the

direct response to the pressure loading is greater than the coupled, Rayleigh wave, response

and consists primarily of a vertical ground motion whose velocity is directly proportional to the
acoustic pressure. Although the transfer function between the ground velocity and pressure is

both predicted and measured to be dependent on frequency for the usual type of stratified

ground geology, it is not practical, for purposes of this document, to attempt to account for this

refinement or to employ the theoretical models for purposes of predicting damage. Instead,

reliance will be placed on measured seismic-acoustic transfer functions that seem to fall within

a reasonably small range as discussed in Section 4.3.2. These transfer functions define the

ratio of peak seismic velocity response to the peak free field pressure.
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4.1.3 Vibration Response of Radio Telescotes to Sonic Boom

In a previous environmental study of sonic booms, concern had been expressed about
the potential damage to, or excessive vibration response of, radio telescopes (U.S. Air Force).

More recently, one incident has been reported of claimed potential sonic boom damage to an
optical telescope located on the campus of a university situated near a USAF base (Hall, 1990).
Such radio and optical telescopes, which certainly qualify as unconventional structures, will
normally be quite complex in nature with a wide range of structural detail (Hey, 1973: Alter, et
al., 1983). While excessive vibration of such structures detrimental to their sensitive
operations may occur during exposure to a sonic boom, this problem is not addressed in this
report since criteria were not available to define acceptable vibration limits of the structure and,
more to the point, such vibration is not likely to result in structural damage. It would be
possible, however, to make rough estimates of the peak ground vibration at the base of such
systems induced by sonic booms with the use of the seismic transfer function data included in
Section 4.3.2.1 in this report. Such estimates, coupled with a suitable analysis of the vibration
response characteristics of the entire structure, could be used for a more detailed evaluation of

environmental vibration concerns.

Many large radio telescope reflectors employ an open "wire mesh" for their parabolic
reflector "surface." Mesh openings can be of the order of 2 inches or less (Hey, 1973) and
can be assumed to present essentially an acoustically transparent surface to a sonic boom
pressure wave so that structure loads on the mesh surface from the sonic boom overpressure
would be minimal. The one potential sonic boom damage problem that is addressed here
relates to the potential damage to the metal parabolic reflectors of that type of radio telescope
which employs a solid surface for such reflectors. A similar potential structural damage
problem relates to the hemispherical protective housing that some radio telescopes employ to
protect the system from the weather (Hey, 1973). These housings can be similar to the familiar
type employed for optical telescopes. In any event, the critical parameter here would be the
surface weight, w, of the protective enclosure.

Radio telescopes that employ a solid reflector exposed to the weather can have
diameters in the range of 25 to 140 ft (Hey, 1973). It has been shown that the effective
acoustic load on a free obstacle, such as a disk, is greatest at a characteristic frequency, fc, for
which the front to back distance (equal, approximately, to the diameter, d, of the obstacle), is
approximately 1/2 wavelength (Morris, 1948; Sutherland, 1968b). Assuming a radio antenna
diameter of 50 ft, this critical acoustic loading frequency would occur at c/(2d) where c is the
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speed of sound (about 1,117 ft/sec) so that, in this case, fc would be 1,1 17/(2x50) = 11 Hz.
As shown earlier in Figure 4-3, this is close to the peak frequency of the Sound Exposure
Spectrum Level of a typical sonic boom with a duration of 0.1 sec. In this case, it turns out
that the effective pressure load on an obstacle at this characteristic frequency is approximately
two times the incident pressure. That is, for a radio telescope of about 50 ft diameter or more,
the effective pressure load will be similar to that on a solid wall which does not have a direct
acoustic path for the sonic boom pressure wave to diffract around such as a radio telescope
antenna has. Thus, to a first approximation, the potential for structural damage to the solid
radio reflector surface can be estimated in the same way as will be done for a solid wall - the
key unknowns being the fundamental structural resonance frequency, fo, and the surface
weight, w. For the purpose of estimating damage and providing very approximate values for
the probability of damage, it will be assumed that the basic reflector surface is 14 gauge sheet
metal with a thickness of 0.0766 inch. However, a total surface weight, including allowance
for support structure, of 9.9 psf was assumed. This reflector skin was assumed to be
supported on 2 ft x 2 ft centers on a back-up structure, the fundamental resonance frequency
is estimated to be that of a simply supported 24 inch x 24 inch x 0.0766 inch plate (see
Section 4.3.1.2 later for methods for estimating resonance frequencies of plates). The
resulting fundamental resonance frequency is approximately 25 Hz. These frequency and
surface weight parameters will be used for this report but must not be taken as authoritative
values from any one specific antenna and are simply employed here as reasonable values to
provide a rational basis for illustrating the method for, and obtaining rough estimates 'f,
potential structural damage for such structures.

It must be emphasized that such large structures exposed to the elements must be
designed to withstand severe wind loads which vary in magnitude depending on the geographic
location from about 20 to 50 psf (Brekke, 1959). Thus, damage from typical sonic booms for
supersonic flight above 5,000 ft can be expected to have a low probability. The analysis
carried out here deals only with the potential damage to the thin metal reflector surface. No
attempt is made to assess dynamic response and potential damage to the primary load-carrying
structure of such a large radio telescope that might be possible for very high sonic boom
pressures from the unlikely event of a low altitude supersonic flight close to such a structure.

4.2 Stress Response to Vibration Induced by Sonic Booms

Stress response of structure driven by acoustic loads could be derived on the basis of
the peak dynamic displacement and known relationships between deflection and stress for
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simple structural models. However, for this study it is more convenient to estimate stress in

terms of structural velocity for two reasons: (1) this vibration measure is also widely used for

damage assessment of structures near blasting and mining operations (Siskind, et al.,

1980a,b), and (2) velocity is related in a simple way to stress in a vibrating structure, as

outlined below.

A basic theoretical relationship exists between the magnitude of the peak velocity

response in a structure undergoing sinusoidal vibration in a resonant mode and the peak stress

in the structure in this same vibration mode (Hunt, 1960). According to this general

relationship, the peak strain E pk in a structure vibrating in a resonant mode is simply equal to:

r pk = KS - Vpk/CL (4-6)

where

Vpk = the maximum velocity in this mode, in/s

CL = • the longitudinal speed of sound in the structural material (Note that

the ratio VpkdCL can be considered equivalent to a structural vibration

"Mach Number"), in/s

E = the Modulus of Elasticity of the material, psi

P = the mass density of the material, lb-s2fin 4

KS = a shape/vibration mode factor to be defined below.

The peak stress cpk corresponding to this strain is then

apk = E-6pk = Ks.E.Vpk/CL (4-7)

This relationship can now be applied to estimate the vibration-induced stress in a variety of

structures. (Values for the quantity E/CL for typical materials are given below in Table 4-1.)

4.2.1 Stress Response of Building Elements

In Eq. (4-7), the shape/mode factor KS has the following values (Hunt, 1960).

For longitudinal vibration of bars, KS = 1. (This value of KS will also be assumed

to apply for acoustically excited compressional or shear seismic waves in the

ground.)
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Table 4-1

Stress Factors KS, E, CL, and E/CL Used in Eq. (4-7) to Relate Peak Velocity to Stress
for Various Aspect Ratios of Simply Supported Plates Made from Different Materials

Vibrating in the Fundamental Mode.

< '- KS

Adobe
Length of Shortest Side Masonry/ Douglas
Length of Lhonest Side Concrete Glass Fir(4)(5) Steel(5)
Length of Longest Side (It = 0.1) (gi = 0.22) (g. = 0.229 to 0.45) q=0.3)

0.2 1.68 1.72 1.73 - 1.90 1.77
0.4 1.52 1.58 1.59 - 1.79 1.64
0.6 1.33 1.41 1.42 - 1.66 1.48
0.8 1.13 1.24 1.24 - 1.52 1.32
1.0 0.96 1.08 1.09 - 1.41 1.18

E CL EICL
Materiai Ref. 106 psi 105 in/sec (lb/in2)/in/s

Concrete Block (1) 2.1 ± 0.1 0.957 ± 0.046 13.1 ± 6.5
Masonry/Stone (1) 9.3 ± 4.6 1.93 ± 0.510 48.2 ± 28.6
Adobl (2) 0.0228 0.114 ± 0.011 2.0 ± 0.2
Cement Mortar (1) 5.2 ± 0.3 1.56 ± 0.03 33.3 ± 1.0
Gypsum Plaster (1) 2.15 ± 0.25 1.18 ± 0.05 18.2 ± 3.6
Brick Wall (1) 1.72 ± 0.87 1.00 ± 0.28 172 ± 10.6
Gypsum Wallboard(i/4 - 3/8") (1.3) 0.537 ± 0.047 0.826 ± 0.108 6.50 ± 0.87

" (1/2 - 5/8") (1.3) ,, 0.680 ± 0.061 7.90 ± 0.71
Glass (1) 10.7 ± 1.7 2.16 ± 0.20 49.5 ± 9.3
Douglas Fir (1.4) 1.6 ± 0.4 1.95 ± 0.31 8.2 ± 2.5
Steel (1) 29.8 ± 0.4 2.01 ± 0.015 148.0 ± 3.0

(1) Sutherland, 1968a (see Appendix B).
(2) Smith, 1986
(3) Stagg, et al. 1984
(4) Approximate for Douglas fir for longitudinal/radial directions re: grain.
(5) See text on next page for adjustments to KS for wood or steel frame structures.
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For lateral vibration of beams, Ks = cI/-TA where c is the distance from the

neutral (unstressed) plane of the beam to the outermost fiber, and I/A is the ratio of

the area moment of inertia to the cross-sectional area for the beam. For uniform

rectangular beams, it can be shown that KS = 0'3 = 1.73 and for circular bars,

KS = 2. (The general form for beams, c/.Fr--WA, is used later to estimate KS for

stress response of non-homogeneous built-up panels.

For lateral vibration of plates, K = I to 2 depending on the plate geometry, mode

shape and Poisson's ratio for the plate material. For a plate which can be

considered to be simply supported (a reasonable assumption for windows

according to Crandall and Kurzweill, 1968) and building walls and floors

(Clarkson and Mayes, 1972), KS has the following values for the fundamental

mode (Hunt, 1960).

KS = g3/(1-p2). [I+L. ((a/m) / (b/n)) 2] / [1 + ((aim) / (b/n)) 2] (4-8)

where a,b are the dimensions of the short and long sides of the plate and m,n are

the mode numbers along sides a and b respectively (e.g., m,n = 1 for the

fundamental mode of the plate), and ý. is the Poisson's ratio for the material. This

expression has been used to compute the values for KS in Table 4-1.

For analysis purposes, practical design values for the factor KS are developed as follows.

For homogeneous "plates" such as windows or masonry (stone, adobe, brick, etc.)

walls, a logarithmic mean value of KS is computed from Table 4-1 for "plate"

aspect ratios (a/b) from 0.2 to 1. (A narrower range of a/b (i.e., a/b = 0.5 to 1)

might be appropriate for typical walls but the method used was conservative.) The

resulting values were:

Masonry, Stone, Adobe KS = 1.34
Glass KS = 1.39

For non-homogeneous (built-up) walls such as standard wood or metal stud walls,

KS was computed by multiplying a baseline value of KS derived from Table 4-1 by

an adjustment factor equal to the ratio of the radius of gyration 'fIg of a uniform

beam where I and A are the area moment of inertia and cross-sectional area of the

beam, respectively. The resulting values of KS used for analysis are as follows.
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Wood Frame Walls
* Single skin (e.g., barns) KS = 1.19
* Skin on both sides KS - 1.13

Metal Walls KS = 0.89

It is apparent from Table 4-1 that the above baseline values of KS for wood and
metal frame walls are average values which do not seem to reflect the variation in
the values of Ks in Table 4-1 for wood, to the range of Poisson's ratio. For
example, even though the aspect ratio for wood frame walls was assumed to be
essentially constant at 0.2, corresponding to a typical 16" x 8' section, the actual
value of KS could vary due simply to the variation in Poisson's ratio (see
Eq.(4-8)). For metal walls, KS may vary significantly for various aspect ratios of
metal walls. However, this statistical variation in KS, which depends so strongly
on the geometry of the structural element, will also be reflected in the statistical
variation in resonance frequency. Therefore, to avoid compounding the consider-
ation of these variations, it was assumed that the above values of KS would be
constant with no variation about their mean. (Subsequent evaluation demonstrated
that this assumption had very little effect on the predicted probability of damage of
structures from sonic boom.)

In summary, the above parameters combined with Eqs. (4-5) and (4-7) and the correction of
2.0 for multimodal velocity response provides the basis for making estimates of the nominal
peak stress in a structural element due to sonic boom loading. The structural response
prediction models employed are necessarily simplified for purposes of this report and are not
intended to serve as the basis for detailed design of structures exposed to severe sonic boom
loads from low altitude supersonic flights.

4.2.2 Response of Non-Structural Elements

Acoustically-induced stresses in archaeological ruins, water tanks and wells and
potential avalanche or earth-slide areas are considered in the following.

4.2.2.1 Acoustically-Induced Stresses in Archaeological Structures

Stresses in archaeological structures induced indirectly by seismic response of the
adjacent ground to sonic booms will be estimated from experimental data on such ground
vibration (see Section 4.3.2.1). Stresses induced directly by the effective acoustic loading can
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be estimated using the theory and supporting experimental data outlined in Sections 4.2.1 and

4.3 respectively.

4.2.2.2 Acoustically-Induced Stresses in Water Tanks and Wells

Water tanks consist of elevated metal or wood tanks resting on heavy columns large
enough to support the mass of the tank filled with water, or surface-mounted concrete or stone
tanks resting on the ground. The acoustic pressures on the support structure of elevated tanks
or walls of ground-mounted tanks generated by sonic booms from ACM operations would not
exceed about 6 lb/ft2 (see Figure 3-8). This pressure is much less than the inherent hydrostatic
pressures (62.4 lb/ft2 per foot of water depth) associated with the weight of the water inside the
tanks so that acoustic loading from ACM operations is not a significant problem for such
partially filled tanks. For empty elevated metal tanks, only the walls would be of concern for
this study and their vibration response and resulting stresses can be estimated in the same way
as for other building structures using theory and supporting experimental data as indicated in
the preceding paragraphs. For supersonic flights at lower altitudes than employed for ACM
operations (normally above 5000 ft), sonic booms can approach this inherent hydrostatic
pressure (-60 psi) and could thus present a potentially serious problem. As pointed out in the
public response published in some Final EISs for SOAs, cattle ranchers worry about the
prospect of sonic boom-induced leaks in such water tanks located in remote areas of a cattle
range where loss of water could lead to serious loss of cattle (U.S. Air Force). However, the
potential for damage in such cases is expected to be clearly indicated by estimates of potential
damage to the metal walls of empty tanks.

For water wells, which are below ground except for the opening, vibration or seismic
stresses on the well walls induced by noise will be insignificant, as will be shown later in

discussions of experimental data relating to seismic vibration from sonic boom.

4.2.2.3 Acoustically-Induced Stresses in Avalanche and Slide Areas

Estimates of the potential for avalanches or earth slides will be made on the basis of
estimated shear stresses, computed by Eq. (4-7). The "shape factor" KS in Eq. (4-7) will be
taken as unity as expected for vibration involving a shearing motion, the Modulus of Elasticity,
E, will be replaced by the Modulus of Rigidity (i.e., Shear Modulus G), and the longitudinal
speed of sound, CL will be replaced by the speed of shear waves, CS (Hunt, 1960). The
velocity, Vpk will be based on the same experimental data on seismic-acoustic coupling just
mentioned. Thus, following the same approach employed in a previous evaluation of seismic
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response to sonic boom pressures (Cook, et al., 1972), acoustically-induced seismic shear
stresses aS will be estimated from this modified form of Eq. (4-7) using available values for

the shear wave speed CS, and Shear Modulus G for snow and landslide materials.

Comparison of these estimated shear stresses with estimated shear strengths of the materials
will provide a rough estimate of the potential for triggering landslides or avalanches by sonic

booms.

4.3 Experiment-Based (Empirical) Models for Response to Sonic Boom

Experimental data on response of structures to sonic boom excitation provide critical
support to the preceding analytical models in two key areas:

"* Data on vibration and stress response of structures to blast or sonic boom help to
validate the preceding concepts and define typical resonance frequencies of real

structures.

"* Velocity response of the ground to acoustic loading help to define values for the
seismic-to-acoustic coupling transfer function for a variety of ground conditions.

4.3.1 Experimental Data on Structural Response to Noise

In this section, published experimental data as stress response of building structures
and seismic response of ground surfaces to sonic boom or other types of acoustic excitation are
reviewed.

4.3.1.1 Structural Stress Response to Sonic Booms

Experimental data are available on measurements of the peak strain e pk in various types
of residential building components to sonic boom from several programs (Mayes and Edge,
1964; and Power, 1964). Using representative values for the Modulus of Elasticity, E, for
such components, such as in Table 4-1, the apparent peak stress fpk associated with the
measured strain can be computed from Opk = E'e pk. Results of such computed stresses,
bases on measured strains, are shown in Figure 4-5a for various building components exposed
to sonic boom loads. Also shown is the predicted stress based on the use of Eq. 4-7, the sonic
boom shock response spectrum shown in Figure 4-2, and available information on the dynamic
response characteristics of the measured structures (Sutherland, 1968a). While the structures
involved, in this case, are not necessarily representative of unconventional structures of
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concern here, the figure serves to illustrate that for the structural locations measured, the

predicted stresses closely represent the upper bound of the measured values.

Figure 4-5b shows more data from one of these earlier programs which evaluated

building responses to sonic loads (Mayes and Edge, 1964). In this case the data show the

linear relationship between measured peak pressures and measured stress (computed from

measured strain) for one specific building component - a wall stud in a particular test

structure - for several different types of sonic loading. The relationship between peak stress

and peak pressure for sonic boom loading indicates a stress to pressure relationship of about 32

psi stress per psf of pressure load. A predicted value for this quantity, using a process outlined

in Sutherland, 1968a, indicated a value of 28 psi stress per psf of sonic boom peak pressure.

Note, as indicated in the figure, that the stress/peak overpressure relationship is about 1.8 times

greater, as expected, for sonic boom excitation than for blast excitation (Sutherland, 1968a).

Finally, Figure 4-5c shows additional information available from one of these earlier

sonic boom tests (Power, 1964) in the form of a correlation between the peak pseudo-velocity

Vpk computed from the measured peak acceleration apk and the measured peak strain e pk in

several residential building components. In this case, the experimentally derived value for the

factor KS in Eq. 4-6 varies from 0.55 to 0.88, roughly half the value expected according to

Table 4-1. These values for KS were computed from the following equation:

KS = r pk/(Vpk/CL) = • pk/(apkjg/ 2 n fCL) (4-9)

based on a value for the longitudinal speed of sound CL in the wood material of 1.5 x 105

in/sec which is nearly the same as the value (1.6 x 105) in Table 4-1.

To summarize, the experimental data shown earlier in Figures 3-14b and 4-3 indicate

that experimentally measured values for the velocity response spectra VR(f) or the related

Dynamic Amplification Factor, DAF, based only on measured pressure spectra of sonic

booms, are very close to expected results for an ideal sonic boom. The very limited data on

stress response to actual sonic booms in Figure 4-5 indicate that the predicted stress response

to sonic booms generally agrees with measurements but may in some cases be on the

conservative side, as desired, by no more than a factor of about 2. (Note that this possible

overestimate by a factor of 2 in stress response is in the opposite direction from the predicted

two-fold increase in actual peak velocity (and hence stress) response of a multimodal system

over that of a SDOF system, as discussed earlier.) The possible overestimate in stress
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response could be due in part to the neglect of any damping effects in peak response of the
structure. In any event, no change in the damage prediction model will be made at this point on
the basis of these limited, previously published experimental stress response data since they are
not considered sufficient to warrant adoption of an empirically-derived correction, up or down,
in predicted stress response. Furthermore, they were not obtained on representative
unconventional structures and seem to indicate that the stress prediction models may be
conservative as desired.

4.3.1.2 Resonance Frequencies

The resonance frequency of many structural elements, such as windows, can be
estimated by treating the structure as a simply supported uniform plate. In this case, the
fundamental resonance frequency fo , can be estimated by:

fo = (jr/2) [1/a 2 + 1/b2] EI/(pA'(1-pt2 )) (4-1Oa)

where a,b = side dimensions of the plate, inches (a < b)

E = Modulus of Elasticity of the plate material, psi

I' = area moment of inertia of a unit width strip of the plate (equal to h3/12 for a
uniform plate), in4

A' = cross-sectional area of the same unit strip (equal to h for a uniform plate), in2

p = mass density of the plate material, lb sec 2/in4

t= Poisson's ratio for the plate material (see Table 4-1)

h = thickness of a uniform plate, in.

For glass window panes and reasonably homogeneous adobe or masonry walls which can be
approximated as uniform, simply supported plates, this expression can be simplified to:

fo = Cm [1 + (a/b)2] (h/a2) 104, Hz (4-1Ob)

where Cm = 10.0 ± 1.0 Hz.in for glass (see Sutherland, 1968a)

- 9.5 ±1.0 for steel (see Sutherland, 1968a)
= 5.2 ± 1.0 for masonry and concrete (see Sutherland, 1968a)
= 0.047 for adobe (Smith, 1986)
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Most building walls of current technology other than solid masonry, concrete or adobe are

effectively orthotropic plates with a different stiffness in each direction and cannot be treated as

uniform plates. While expressions are available to define resonance frequencies for such

structures (Timoshenko and Woinowsky-Kreiger, 1959, and Sutherland, 1968a), for purposes

of this report, experimental data provide a more convenient and potentially more reliable basis

for estimating typical values. Table 4-2 lists representative values for the fundamental
resonance frequency, dynamic magnification factors at midwall locations and approximate

surface weights of typical non-uniform walls measured in residential buildings, as well as
values derived from field measurements on several types of unconventional structures. In one

case (King and Algermissen, 1987), sufficient data were available to provide an empirical

expression, indicated in Footnote 8 of Table 4-2, for estimating resonance frequencies of 7 to
19 ft free-standing masonry walls, circa 1200 A.D. as a function of height. Note that the
expression was selected to have the theoretically expected relationship between resonance
frequency and the inverse of the square of wall height. However, the accuracy of this
prediction equation is limited as indicated by the large standard deviation in the regression
constant (i.e., 466 ±127 Hz.ft2).

4.3.2 Exlnerimental Data on Seismic/Structural Restonse to Noise

Two types of experimental data on seismic responses to acoustic excitation are
available: (1) seismic motion of the ground itself, and (2) structural response to acoustically-

induced seismic motion at its base.

4.3.2.1 Experimental Data on Seismic Response of Terrain to Noise

Data on the vertical ground velocity relative to the local acoustic pressure obtained from
a number of studies and representative results are summarized in Table 4-3. The data include
studies of nominally steady-state seismic response to both acoustic noise from a loudspeaker

source and rocket noise, as well as response to blast and sonic boom. The measurements of
seismic response to a loudspeaker source exhibited a very strong dependence on frequency
which is expected for the complex acoustic-seismic transfer function for a layered ground
(Bass and Bolen, 1980). The peak response frequency varied by about 40 percent with
changes in incidence angle of the sound impinging on the ground so that no one single

frequency response pattern can be easily defined for seismic excitation by a moving aircraft.
Furthermore, no such frequency dependence was found from analysis of data on seismic
excitation by rocket noise at launch (Mickey, et al., 1962) nor was any frequency dependence

required to predict with reasonable accuracy the seismic responses observed from sonic booms
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Table 4-2

Typical Fundamental Resonance Frequencies, fo, Dynamic Magnification Factors, Q
and Surface Weights, w (lb/ft2) for Some Building Walls

Sample < ------ fo, Hz ------ > < -------- Q -------- > w, Surface Wt
Type of Wall Size Mean Std.Dev. Mean Std.Dev. lb/ft2  psi

Conventional Structures
Wood Frame Wall 40 (1) 16.7 5.6 23.0 6.1 5.0(3) 0.0347

(Wallboard)
Wood Frame Wall 10 (1) 15.7 4.6 10.4 1.0 9.75 0.0677

(Plaster)

Wood Frame Wall 4 (2) 15.2 3.5 NA 5.4 (3) 0.0375

Brick Wall 1 (2) 12.3 5.7 NA 66.7(3) 0.463

Concrete Block Wall 25.0 NA 38.0 0.264

Building Stone 5 (3) NA NA NA NA 110 0.764

Plaster Ceiling
3/4 in thick 2 (1,5) 14 ±1.1 18.0 ±5.5 9.74(7) 0.0677

Metal Wall
(Industrial Bldg) 4 (3) 14 +3.4 25 1.6-4.0 0.0194 (avg)

Unconventional Structures

2.5 ft Limestone 1 (4) 26 63.5 (9) 0.441
Block Wall (6 in thick)

3.5 ft Limestone 1 (4) 23 102 (9) 0.708
Block Wall (9.6 in thick)

10 ft Adobe Wall 4 (5) 11 2.8 21 ±5.1 148-228(6) 0.97-1.50
(17 in thick)

6.9-19 ft Masonry 12 (8) (See Note 8) 14.5 ±3.2 180(9) 1.25
Walls

10.5-12 ft Adobe 12 (10) 16.6 1.4
Walls} 16.7 ±4.2 NA NA

17-19 ft Adobe 5 (10) 11.4 2.9

(1) Data from Siskind, et al., 1980ab
(2) Data from Siskind, et al., 1976

(3) Estimated from Sutherland, 1968a
(4) Data from Brumbaugh (estimated resonance frequencies consistent with measurements of vibration response).

(Data obtained at prehistoric Anasazi site, Grand Canyon.)
(5) Data from Section 5 of this report
(6) Surface weight based on range of densities for adobe of 98.5 Ib/ft3 (Smith, 1986) to 152.3 lb/ft3 (Brumbaugh)

(7) Surface weight of roof structure (-6 psf) and plaster ceiling (3.85 psf) combined
(8) Data from King and Algermissen, 1987. Masonry walls (-1200 A.D.). Wall resonance frequency data

described by: fo(Hz) - (466 ± 127] / [h(ft)]2

(9) Surface weight based on density of Chaco Canyon masonry wall (approximately 1200 A.D.) of 127 Ib/ft3

(Lekson, 1984)

(10) Data from King, et al., 1988
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Table 4-3

Summary of Average Measured Values for the Vertical Peak Ground Velocity, Vpk
Relative to the Local Peak Acoustic Pressure, Ppk

Type of Ground Density CD (1) Vpk/Ppk, (in./s.)/(psi)
SRef lb/ft3  ft/s Mean ± St. Dev.

(a) (Continuous Noise or Sine Sweep)
Silt Loam (2) (106) 345 2.71 ± 1.0
Loess (2) 96.8 740 2.17
Dredged Sand (2) 106.1 890 3.61
Cape Kennedy (sand) (3) (1 15)* (800) 1.0 ± 200%
Huntsville (clay) (4) (115) (800) 1.2 ± 1.0

(b) (Sonic Boom. Blast or Gunshot)
Clay Lake Bed (5) (125) 1970 0.567± 0.034
Rock Outcrop (5) (180) 6560 0.421± 0.028
Decomposed Granite (5) (170) 810 0.313± 0.150
Friable Sandstone (5) 158 2165 0.230
Rock Shelter (6) 155 (6560) 0.20 ± 0.06
Boulder Field (6) 110 1480 0.35
Clay Lake Bed (7) 0.77
Nevada Test Site (8) 115 1000 0.80 ± 0.5
China Lake (9) 125 1510 0.92 ± 0.3
Gravel-Sand-Silt mix (10) (106) 1725 1.87 ± 0.1
Snow (10 in. deep) (10) (14) 1.60 ± 0.2
Snow (4.6 ft deep) (11) 15.6 2820 1.84 ± 0.8

Parentheses signify estimated values.
(1) CD is measured or estimated dilatational (compressional) wave speed in ground
(2) Bass and Bolen (1980) - Loudspeaker source
(3) Mickey, et al. (1962) - Rocket noise, launch
(4) Eldred and Sutherland (1965) - Rocket noise, static test
(5) Goforth and McDonald (1968) - Sonic boom
(6) Battis (1983) - Sonic boom
(7) Cook, et al. (1972) - Sonic boom
(8) Merritt and Newmark (1964) - Blast
(9) Mickey and Shugart (1964) - Blast

(10) Albert and Orcutt (1989 - Gunshot
(11) Gubler (1977) - Explosive charge
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(Goforth and McDonald, 1968). Therefore, it will be assumed for this study that the ratios of

peak velocity response to peak acoustic pressure in the following table are independent of

frequency in the low frequency range of interest.

The data in Table 4-3 were separated into values for acoustic excitation of the ground
by (a) quasi-continuous noise, and (b) an impulsive sound. This was done in anticipation of a
possible difference between the acoustic admittances for the two cases, since the first type of
excitation would allow a possible resonant build-up in ground vibration as compared to the
transient response of the ground to an impulsive sound. While the two sets of data appear at

first to show evidence of such a trend, a more detailed evaluation shows that the values of

Vpk/Ppk for roughly comparable types of soil, i.e., the logarithmic average value 1.9
(in/sec)/psi for the loose types of soil in part (a), and the value of 1.87 (in/sec)/psi for
comparable soil type (gravel-sand-silt mix) in part (b), are approximately the same.

Thus, a design value for Vpk/Ppk of 1.9 (in/s)/psi will be employed to estimate the
seismic response of loose soil areas (i.e., landslide areas) to sonic booms. Based on the
variance in the data in Part (a) of Table 4-3, the estimated value for OrL (the standard deviation

of the log of this admittance value) is 0.236 (4.7 dB).

For harder ground surfaces, such as would be encountered at archaeological sites, one
baseline value for the ground admittance would be 0.33 (in/s)/psi, which is the average for the
rock-type materials in Table 4-3. However, for conservatism in evaluating these sensitive
locations, the geometric mean between loose soil and hard rock was used to obtain a design
value of 1(1.9)(0.33) = 0.79 (in/sec)/psi. The value of GL was assumed to be the same as for

loose soils, or 0.236.

For avalanche-prone areas, the limited but consistent data in Table 4-3 for snow were
used to define an admittance equal to an average of 1.72 (in/sec)/psi. aL is estimated to be

0.16.

4.3.2.2 Amplification of Building Vibration Due to Seismic Excitation

For some types of structures (e.g., historic structures with no roof), vibration response
due to excitation by acoustically-induced seismic vibration of the ground nearby may exceed

the direct acoustically-driven structural vibration.

At the estimated resonance frequency of any historic or prehistoric structure which has
no roof, the estimated amplitude of vertical seismic ground velocity at the base of a wall is
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expected to increase by a factor of about 6.5 (corresponding to an increase of about 16 dB) to

account for the amplificatia of vertical vibration at the base of a structure to horizontal
vibration (normal to a wall) at a point well above the ground. Amplifications in the range of
1.4 to "10 have been observed in vibration studies of archaeological ruins (King and
Algermissen, 1987). The amplification factor of 6.5 is a geometric mean of these observed
amplifications derated by 75 percent to account for the lower horizontal ground vibration
relative the vertical ground vibration for the same acoustic loading that has been observed in

sonic boom tests (Goforth and McDonald, 1968). However, subsequent analysis shows that

the direct acoutstic response of the walls, even in the absence of roof structure, is expected to

exceed even this amplified wall motion attributable to acoustically-induced seismic response of
the ground at the base of the wall. Hence, seismic excitation of buildings or prehistoric walls
to sonic booms can be discoL.;ted as not significant when compared to the direct acoustic

excitation.

4.3.2.3 Response of Wells and Water Tanks to Seismic Excitation by Sonic Booms

The seismic response of the ground surface around a well or water tank located on the
ground can be determined from the data in Table 4-3. Below the ground, the seismic vibration
amplitude response has been observed to attenuate rapidly with depth, decreasing by a factor of
75 (-37.5 dB) between the surface and a depth of 44 ft (Goforth and McDonald, 1968). Thus,
the seismic ground vibration responses specified in Table 4-3 could decrease by about
(37.5/44) or 0.8 dB per ft below the surface of the ground. Since this figure is based on only
one data point, it will be assumed, conservatively, that a design value for vertical attenuation of
seismic vibration is 0.5 dB per ft. It should be pointed out that attenuation of seismic vibration
along the surface of the ground from purely mechanical sources would be much less. In this
case, a large body of data is available indicating that the attenuation rate for horizontal
propagation of compressional waves varies directly with frequency and, at a typical structural
resonance frequency of 20 Hz, has a value of 5.4 x 10-5 to 8.4 x 10-3 dB per foot, depending
on the type of terrain (White, 1965). Although very small indeed, this attenuation rate for
horizontally-traveling seismic waves is still much greater than the attenuation of acoustic waves
in air in the same frequency range. Thus, directly-coupled acoustic excitation of seismic waves
by sonic boom is generally more significant than ground-transmitted seismic waves generated
by a distant sonic boom impingement on the ground.

In summary, seismic stresses on buried structures such as wells can be predicted from
Table 4-3 for positions near the ground surface. The seismic stresses will attenuate rapidly
below the surface and will be dominated by the direct excitation from an incident sonic boom.
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4.4 Damage Threshold Stress Criteria for Unconventional Structures

To review, evaluation of potential damage to unconventional structures as a result of the

structural response estimated according to the models outlined in the preceding sections is

accomplished by the following steps.

(1) Select candidate types of unconventional structures.

(2) Define the overall statistical model for assessing damage potential

(3) Define a statistical model for the actual exposure of structures to sonic booms from

ACM and other supersonic training operations

(4) Define peak stress response prediction models for structures exposed to this sonic

boom environment

(5) Define strength or damage threshold stress values for unconventional structural

materials

(6) Systematically apply the above four steps to estimate damage potential for each type

of supersonic operation and structure based on the overall damage assessment

model in Step 2.

Steps (1) through (4) have already been carried out in Sections 2 and 3, and the preceding parts

of this section. The following focuses on Step (5). First, however, it is desirable to address

one issue not considered so far-, that of the potential for cumulative damage by fatigue effects

from prolonged exposure to sonic booms.

4.4.1 Fatigue Considerations in Damage Assessments

The ultimate strength of many materials can be reduced by 50 percent or more after

repeated cyclic loading involving a complete reversal of stress (i.e., from tension to

compression and back again) (Trapp and Fomey, 1965). While a rigorous analysis of fatigue

effects was not feasible within the scope of this program, it is felt that the effect of fatigue on

damage predictions will be negligible based on the following:

(1) Every effort has been made to use conservative estimates of damage threshold

stress levels for materials in order to at least partially compensate for possible
effects of fatigue on material strength.
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(2) Some brittle materials, such as glass, seem to show relatively little reduction in

strength due to fatigue (Kao, 1970), at least when exposed to repeated sonic

booms, so no specific reduction in strength of glass due to fatigue was

considered. However, basic strength values selected for glass are conservative.

(3) Limited information on fatigue of unreinforced and reinforced concrete beams

under random loading (Chan, 1966), indicates a complex pattern of behavior

under such loading, including a reduction in strength, due to fatigue, to 35 to

50 percent of the ultimate strength for a one time static load after about

I million cycles of cyclic random loading.

(4) Finally and perhaps most important for fatigue, consider a structure located

directly under the center of an ACM area, probably the worst location in terms

of frequency of sonic boom exposure. As shown in Section 3, the maximum

number of booms per day for the WSMR SOA was 0.6. Assuming three to

four cycles of stress reversal per boom, the estimated total number of stress

reversals would be of the order of 800 cycles per year, indicating a very low

rate of fatigue damage accumulation. Only in the case of unconventional

structures that area already close to a failure condition would such a low rate of

intermittent cyclic loading be expected to be significant.

In summary, even with the small number of cycles of sonic boom-induced stress it is assumed
that over a 30- to 50-year period, fatigue is not likely to be a significant factor in the assessment

of damage. Exacerbation of damage by fatigue may become significant for an already very

fragile structure subject to damage or failure from application of almost any additional stress,
including normally occurring dynamic stresses from weather effects or vibration from activity

of nearby highway or rail traffic or heavy machinery. Thus, beyond including conservative
values for the damage threshold stresses as often as possible, no additional specific quantitative

assessment of fatigue effects is attempted in this report.

4.4.2 Material Sr'ength Data AVolicable to Damage Prediction

4.4.2.1 Material Strength Data for Glass

Only limited consideration is given to glass damage in this report, since it has been

covered thoroughly before (hershey and Higgins, 1976; Haber and Nakaki, 1989). However,

statistical data on glass strength or failure stress are perhaps more complete than for any other

material, and thus provide a useful starting point for this section.
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Unlike any of the other structural elements considered in this report, "damage" to glass

is assumed to correspond to actual failure of the glass pane. Glass panels fail under dynamic
or static pressure loads due to the combination of bending and membrane tensile stresses and
their interaction with stress-raising surface flaws and edge constraints (Beason and Morgan,

1984).

The stress-strain relationship for glass becomes very non-linear for window deflections
greater than the glass thickness. Overprediction of glass failure that can result from neglecting
this non-linear behavior will be at least partially compensated for by the fact that used or older
glass panels considered in this study have a lower failure stress, as indicated by the following

data.

A collection of failure load data on new and 20 to 25 year old glass panes (Beason and
Morgan, 1984) and corresponding stress levels estimated according to a conventional linear
model (Roark, 1965) and nonlinear model (Seaman, 1967) for stress response of panels is
provided in Table 4-4. With and without the sample of 132 panes, 25 years old, from Anton,
Texas, the logarithmic mean of the failure stress for the old panes is about 1970 and 2940 psi
respectively. Although the 132-pane Anton sample was larger than the others, the difference
between the mean failure stress for this sample and the mean failure stress for the other three
sample sets was too large to have occurred by chance alone. Therefore the Anton data set was
considered atypical for older glass and was thus discarded for analysis in this report. Thus, a
log mean failure stress for old glass is assumed to be 2940 psi. For analysis purposes, this
failure stress is rounded to two significant figures. This procedure will be followed for all final
damage analysis criteria to reflect practical limits on accuracy of damage stress criteria. This
failure stress is about 25 percent of the log mean failure stress (11,600 psi) for new glass
(Hershey and Higgins, 1976) observed for an extensive data set. These strength data for new
glass exhibited a log-normal distribution with a standard deviation of OL of the log of failure

stress of 0.216. Glass in historic buildings will be assumed to be a mixture of old (uncracked)
glass and already cracked glass. A more detailed discussion of glass strength for old and new
glass is also provided in Sutherland, 1989.

To summarize, window glass in maintained structures will be assumed to be "used"
with a mean strength of 2900 psi. The strength of glass in historic buildings will be assumed
to correspond to that of already cracked glass with a strength of 0. 1 x 11,600, or 1200 psi.
The standard deviation, aL of the log of the strength for both categories of glass panes will be

assumed to be the same as that for new glass or ±0.216 (±4.32 dB).
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Table 4-4

Comparison of Failure Load and Estimated Failure Stress of
Old vs. New Glass Window Panes of Thickness h and Side Dimensions a, b

(Data from Beason and Morgan, 1984)

P, Failure Load Estimated Failure Stress
Age Sample h a b (Mean ± S.D.) Linear(4 ) Nonlinear (5)

Sample Years Size in. in. in. psf psi psi

GPL (1) 20 20 .2128 28.5 60.5 79 ± 23.3% 6,100 1,790
GPL (1) 20 20 .2128 28.5 28.5 168 ± 22.3% 6,105 3,370
Dallas (2) 20 22 .125 16.25 19.75 229 ± 27% 10,480 4,210
Anton (3) 25 132 .25 14 36.25 134.3 ± 25.1% 1.975 595

Log Mean (all samples) 5,245 1,970
Log Mean (without Anton samples) 7,270 2,940

New 0 NA .125 16.25 19.75 427.7 ± 18.1% 19,575 6,205

(linear model) 3.15, new glass
Average ratio of failure stress {(nonlinear model) - 2.66, old glass

Notes:
(1) Samples from GPL Building, Lubbock Texas (from Building Renovation)

(2) Samples from Johnson Chevrolet Building, Dallas Texas (from Building Renovation)
(3) Samples from Public School Building, Anton Texas (from Building Salvage)
(4) Stress, a (failure) = K. P- (a/h) 2 , where K = function (a/b), linear model (Roark, 1965)

Note that this relationship between the factor K and the panel aspect ratio for this linear
stress prediction equation is more complex than has been assumed by others (Hershey
and Higgins, 1976; Haber and Nakaki, 1989) and correctly predicts stresses which are
15% to 50% higher for a simply supported plate with aspect ratios of 1:1 and less than
0.2 respectively than the incorrect equation utilized in these prior studies.

(5) Stress, a (failure) computed from non-linear theory (from Seaman, 1967)
q = 4.93 Sb + 0.0329 Sb3

where q = P(a/h)4/E, nondimensional load
Sb = aY(a/h) 2/E, nondimensional bending stress
P = Static Pressure Load
E = Young's Modulus

4-31



To estimate the probability of failure of glass panes of different sizes and thicknesses,

only one of five different categories of window used in Haber and Nakaki, 1989 are employed

for this report. The basic dynamic characteristics of these five categories, including their

estimated fundamental resonance frequencies are given in Table 4-5. Note that estimates of the

resonance frequency according to Haber and Nakaki, 1989 and Eq. (4-10) are in close

agreement. The category selected for this study as realistic for historic buildings was Category
B, a 2 to 10 sq. ft window. The latter value for Category B was used for this report.

4.4.2.2 Material Strength Data for Plaster, Masonry and Adobe Walls

Damage criteria for maximum partial velocity of the ground near masonry structures

(e.g., stone, concrete and brick) subject to damage from blasting operations and data from
static load tests on such walls provides the following estimates of failure (or damage) stress
values. These data are summarized in Table 4-6.

The Level of Damage classification indicated in Table 4-6 is taken from the following

universal classification scheme used for assessing damage from blasting operations (Siskind,

1980):

Threshold = Loosening of paint; small plaster cracks at joints between construction

elements (i.e., bricks, wall panels, etc.); lengthening of old cracks.

Minor = Loosening and falling of plaster;, cracks in masonry around openings near

partitions; hairline to 3-mm cracks (0 to 1/8 inch); fall of loose mortar.

Major Cracks of several millimeters in walls; rupture of opening vaults; structural

weakening; fall of masonry, e.g. chimneys; load support ability affected.

The data in Table 4-6 provide the basis for the following design values for the average damage
stress levels for building stone, concrete block and brick walls.

The damage stress threshold for relatively new building-stone walls is estimated from
Table 4-6 to be 280 psi and the corresponding standard deviation aL of the log of the average

damage stress is estimated to be ±-0.214. This is the rms sum of the corresponding values
(0.092, 0.15 and 0.12) for the standard deviations of the logs of the three terms, KS, (E/CL)

and Vpk that define the calculated damage stress for building stone based on a threshold value
for blast damage peak velocity, Vpk. In the absence of any known sources of actual damage or
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Table 4-5

Size Categories and Associated Parameters
Used in Evaluation of Potential Window Damage

h
Category(l) Area Thickness Surface Wt. a(2) fo(1) f0(3) S.D.(4 ) a/h

ft2  inches psi inches H2 Hz -

A 0-2 3/32 .00814 14 95 96 0.138 149
B (6) 2-10 3/16 .0163 25 60 60 | 133
C 10-50 1/4 .0217 57 18 15.4 228
D 50-100 5/16 .0271 100 6 6.2 320
E >100 3/8(5) .0326 120 4 5.2 320

(1) From Haber and Nakaki, 1989.
(2) Assumed length or width of square plate.

(3) Computed from Eq. (4-10). (For evaluation purposes, the resonance frequencies for
Categories A and B windows were assumed to be 100 and 63 Hz respectively.)

(4) Estimated Standard Deviation of Log (fo) based on range specified in Haber and
Nakali, 1989.

(5) Thickness for this category increased from 5/16 inch in Haber and Nakaki, 1989 to
3/8 inch to be consistent with maximum allowable ratio of a/h of about 330 from
Uniform Building Code for windows of this size (Seaman, 1967).

(6) Category selected for this report for historic buildings.
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Table 4-6

Summary of Estimated Failure or Damage Stress Values for Various Types of Masonry Walls
Based on (a) Blast Damage Criteria and (b) Static Test Data

Level Peak Estimated
Type of Thickness of Velocity E/CL Stress(4)

Masonry Wall in. Damage(5) in/sec psi/in/s psi

(a) Blast Damage Criteria

Stone and Mortar 18-24 None 3.4 ± 1.3 48.2 ± 12.5 220 ± 110
Basement Walls (1)

18-24 Minor 10.3 665 ± 175

Stone and Mortar (1) NA None 3.4 220 ± 58
NA Threshold 4.5 284 ± 75
NA Minor 7.0 452 ± 118
NA Major 10.0 646 ± 168

Concrete Block (1) 8-10 None 3.0 13.1 + 6.5 53 ± 27
8-10 Threshold 3.0+ I 53 ± 27
7-9 Threshold 10.0I 176 ± 87

Brick Wall (1) 4 Threshold >12 (6) 17.2 ± 4.8 >280 ± 77(6)

Level Peak P Estimated
Type of Thickness of Velocity Static Load Stress

Masonry Wall in. Damage(4 ) in/sec psi psi

(b) Static Test Data

Brick Wall (2) 4 First Cracks NA 0.418 ± 153%
Brick Wall (3) 6-8 NA NA 0.528 ± 410%

4-8 Average 0.473 55 (7)
Brick Wall 1:3 mortar(8) 4-8 Failure NA NA 18.5 ±10.3(8)
Brick Wall, high bond

mortar (8) 4-8 Failure NA NA 190 ± 84 (8)

(1) Stagg, et al., 1984

(2) Hershey and Higgins, 1976, average for two samples of four different walls with low strength (1:1:4 mix)
and high bond mortar.

(3) Average for four mortar mixes, low to high strength (Appendix B).
(4) Estimated damage stress, in psi, ar = KS • (E/CL) = 48.2 psi/(in/sec) for typical masonry walls (see

Table 4-1 and text in Section 4.2.1).
(5) Level of damage as defined in Uniform Classification Scheme (Siskind, et al., 1980b)
(6) Estimated based on Peak Strain > 160 1 in/in (Stagg, et al., 1984), E = 1.72 x 106 psi and KS = 1.34.

(7) Estimated based on a = K.(a/h) 2 .P and K(a/h) 2 _ 116 for 4 ft x 8 ft brick wall test specimen (see Eq. 4-1 1).
(8) Yokel, et al., 1971, estimated stress is actually computed modulus of rupture assuming partial end fixity.
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failure stress data for historic (unoccupied but maintained) and prehistoric stone masonry
buildings or partial building segments, such as free-standing walls, it was assumed that the
damage threshold stress would be respectively one and two standard deviations (in terms of
logarithms of the stress) below that for current building-stone walls. The resulting values were
170 and 100 psi respectively for historic and prehistoric stone masonry walls. These are
considered reasonably conservative values since, in fact, some stone masonry structures
constructed by early Americans (the Anasazi) in the 11 th century are still standing, often in
remarkably good condition (Lekson, 1984).

For concrete block walls, the average of the two values for damage threshold stress in
Table 4-6 is approximately 120 psi. In the absence of more complete data, it was assumed that
the standard deviation, oL of this damage threshold stress for concrete blocks is the same as for

building stone, ±0.214 (±4.28 dB).

For brick walls, the log mean damage threshold stress was estimated to be 55 psi for
the first two data sources identified in Table 4-6. This estimate is based on the computed stress
(Roark, 1965) for the average damage threshold (i.e., first appearance of cracks in the joints)
for a static load of 0.473 psi. The average static damage loads for the two sets of data differ by
only 26 percent. However, it should be noted that within each data set, there was a very large
range in the values of static load for failure or damage of bricks walls - a variation as much as
±400 percent. This wide range is due to: (1) real differences in the strength of brick walls as a
function of their geometry and type or mix of mortar, and (2) the complex, potentially inelastic
behavior of brick walls under severe lateral loads (Yokel, et al., 1971). As cracks develop in a
masonry wall from large lateral loads, the wall may no longer behave elastically (Stagg, et al,
1984), so that estimated stress values based on linear stress response theory can be suspect.
For historic brick buildings, a reduced damage threshold stress of 17 psi was assumed that
corresponds to the estimated strengths for older, low-strength mortar brick walls. The last two
entries for estimated damage stress levels for brick walls are actually computed values for the
Modulus of Rupture for four different types of low strength (1:3 mortar mix) and high strength
mortar (Yokel, et al., 1971). Unfortunately, this parameter is not a reliable measure of the
actual fiber stress in a structure at failure (Eshbach, 1952). A large statistical data base was not
available for these estimates of damage threshold stress values for brick so it was assumed that
the more extensive data base on strength of adobe bricks, considered below, should be used to
define aL for conventional (fired clay) brick walls. The resulting value is ±-0.239.
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4.4.2.3 Adobe Walls

For adobe walls, data from static loading tests conducted on approximately five adobe

bricks of various types from each of 58 manufacturers (Smith, 1982), provide a substantial

statistical data base for the static load strength of adobe bricks typically about 10 x 4 x 14

inches in size. The log mean compressive strength and Modulus of Rupture from these data

were 400 psi and 49 psi respectively. See Figure 4-6 for an illustration of the apparent log-

normal distribution for the reported Modulus of Rupture values for this important data set..

The corresponding values for the standard deviation of the log of the Modulus of Rupture

± 0.239. However, only this measure of statistical variation, aL of ±0.239 was considered

useful to apply to adobe structures since, as noted above, the Modulus of Rupture is not a

reliable measure of actual failure or damage stress. It was assumed, in the absence of other

data, that the ratio between the compressive strengths of adobe (400 psi as stated above) and
conventional (fired clay) bricks (an average of 2565 psi for three grades of conventional brick

according to Eshbach, 1964) could be used as a correction factor ,to adjust the damage

threshold stress of brick walls of 55 psi to provide an estimate for the damage threshold stress

for adobe walls. The resulting value was equal to (400/2565).55 = 8.5 psi (rounded to the
nearest 0.5 psi). Thus, 8.5 psi is taken as a baseline estimate for the damage threshold stress

for an adobe wall with a corresponding value for the standard deviation of the log of this stress

of ±0.239. This baseline value for the strength of adobe walls was considered applicable for

current construction.

One pair of data points was also available (Smith, 1982) for the Modulus of Rupture of
about 10 year old and 145 year old Terr6n adobe, a particular type of adobe. For this particular

set of data, the Modulus of Rupture for the "new" adobe was 53 psi and 20 psi for the 145 year
old adobe. Based on these two data points, and in the absence of any other information on

strength of old adobe, the log mean strength of old adobe walls found in historic buildings was

assumed to be equal to (20/53) x 8.5 = 3.2 psi; the standard deviation of the log of the strength
was assumed to be the same as for new adobe, ±0.239. For prehistoric adobe buildings, some

of which are centuries old and at least partially intact, the damage threshold stress was assumed

to be equal to one standard deviation, (in terms of logarithms) below the value for "old" adobe
or 3.2.10(-0.239) = 1.8 psi. Again, the same value for OL of ±0.239 (±4.78 dB) was

assumed for the variation in log of damage threshold stress for these very old structures.
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4.4.3 Material Strength Estimates for Wood Frame Buildings

Interior walls of wood frame historic buildings are expected to be either plaster or

wood. Damage threshold values are considered for such walls in this section.

4.4.3.1 Plaster Interiors

While wood frame buildings of current construction will normally have an interior wall

finish of wallboard (also called plasterboard or drywall), it is assumed that interior walls of

unconventional historic wood frame buildings used plaster instead. This assumption is

consistent with actual field investigation of two such typical structures (Hershey et al., 1975).
This structural element will tend to be the most susceptible to damage when such buildings are
exposed to sonic booms. The basic dynamic stress prediction model developed in Section 4.2

is strictly applicable only for homogeneous walls and must be modified to predict stress and
estimate damage probability of non-homogeneous built-up walls such as used for standard

wood frame construction. For the same reasons, stress in such panels under static loads must
be evaluated differently from stress in homogeneous plates under the same type of load. The
bending stress 7 in a wall or equivalent beam under a static load is equal to Mc'/I where M
is the bending moment associated with a lateral load on the wall, c' is the distance from the
neutral bending axis to the outermost fiber (approximately equal to one-half the wall thickness),

and I is the area moment of inertia for a unit width strip of the wall. This relationship can be
used to derive the following basic expression for stress a in a homogeneous wall (or
equivalent plate) with a short side a and thickness h, under a static pressure, P:

S= K. (a/h) 2 .P (4-Il)

where K is a function of the plate aspect ratio (Roark, 1965) with a value of about 0.75 for a

16 inch by 96 inch "plate" corresponding to one section between studs of a standard 8 ft wood
stud wall. (Note that the comparable expression in Hershey and Higgins [i.e., their Eq.(1)]
would predict K = 0.486, low by 35 percent.) For a non-homogeneous (built-up) wood
frame wall, the same basic expression, a = Mc'/I, can be used to show that the maximum

stress under static loading, which occurs at the inner or outer surface of the wall, can be
defined from a modified version of Eq.(4- 11) equal to:

a = Kb K (a/h) 2 P (4-12)

where K, a, h and P are the same as before (h being the total thickness of the wall) and the

added term Kb is approximated for a typical wood frame wall by:
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Kb = )2 (3nt/d + w'/a)] (4-13)

where a,b = short and long sides, respectively, of the 16" x 96" section of a standard

wood frame wall.

n = 1 or 2 for a wood frame wall with one or two covering surfaces (i.e.,

exterior only for a typical barn, or both exterior and interior covering for a

typical dwelling).

t the thickness of the inner and outer surfaces of the wall (assumed equal to

3/4")

d = thickness or depth (3 5/8") of a 2" x 4" framing stud

w = width (1 5/8") of the stud.

For these assumed dimensions of a typical wood frame wall, the value of Kb is approximately

27 for a wood frame wall with covering (exterior and interior) on both sides of the wood studs,

and 50 for n=l (bare studs inside). Thus, Eq. (4-12) provides one way to estimate damage

stresses in building walls based on published static load data where failure load is only given in

terms of the static pressure on the wall.

For dynamic loads, the same basic expression relating peak stress, Opk and peak

velocity, Vpk, given by:

Opk = KS (E/CL) Vpk (4-14)

is still valid. However, the constant KS must be defined by the general expression, c'/N 'WA,

treating the wall as an equivalent beam, where c' can be taken as approximately equal to half

of the built-up wall thickness, I is the area moment of inertia of a unit width of the "beam" and
A is its cross-section.

Assuming a typical 2" x 4" x 8' wood stud wall with studs 16" on centers,* it was
shown in Section 4.2.1 that for external and internal skin coverings 3/4" thick, KS has a value

of approximately 1.13, and for no internal covering, a value of 1.19. As discussed earlier, aFL

• A change in the spacing to 24 inches, more representative for older wooden buildings, does not
change the value of KS signficantly.
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of the log of KS will be assumed to be zero since this variance will tend to be already included

in the variation of resonance frequencies of walls.

With this modified relationship, it is now possible to relate two sets of data on damage

thresholds for such walls for historic dwellings - one set defining limiting values of structural

velocity from blast damage criteria from which damage threshold stresses can be calculated,

and the other defining static load failure stresses in the interior skin materials (e.g., plaster).

This same process has also been applied for estimating potential damage to gypsum board

walls of conventional structures exposed to noise from low-flying military aircraft (Sutherland,

1989).

Table 4-7 summarizes the recommended criteria for peak velocity (or displacement) of

structure (or of the adjacent ground surface) to prevent damage from blasting operations

(Siskind, et al., 1980b). More specific criteria suggested by the same Bureau of Mines studies

are shown in Figure 4-7 for typical wood frame buildings in terms of damage threshold values

of peak velocity or displacement, measured at the base or foundation of the building, as a

function of frequency (Siskind, et al., 1980a). The Bureau of Mines test data also showed that

at a typical fundamental resonance frequency of interior walls (e.g., 10-20 Hz), the peak

vibration at the center of a wall due to blasting operations was about 2.5 times the vibration

measured at the base of the structure (Siskind, et al., 1980b). Thus, to a first approximation,

threshold levels for damaging stresses in the wall materials can be estimated from Eq. (4-14)

and the data in Table 4-7 or Figure 4-6 but accounting, where applicable, for the higher

vibration at the wall relative to the particle vibration on the ground. As indicated in Table 4-7,

many separate individuals or organizations have proposed varying criterion levels for these

vibration parameters for different types of structure. The criteria listed in Table 4-7 that are

applicable to unconventional structures vary by a factor of about 6 from a minimum of about

0.08 inches per second (2 mm per second) to 0.5 inches per second. Different limits on

structural velocity are recommended by some organizations according to the type or historical

importance of the structure.

However, in one case (King and Algermissen, 1987) a much lower velocity of 0.004

in/sec (0.1 mnm/sec) is recommended for sensitive prehistoric structures exposed to seismic

vibration to allow for an amplification of vibration by a factor of 20 (as estimated by the

authors) between the ground at the base of a wall and a point on the wall. While such an

amplification is feasible, it is only expected to occur for essentially steady-state vibration, a

condition not applicable for structural response to sonic booms. All of the other displacement
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4-42



or velocity limits listed in Table 4-7 are believed applicable only for structural response to

blasting (and sonic boom) and correspond to limits of vibration measured on (or in) the ground

or at the base of a structure (Siskind, 1980b). This is a vital point relative to the application of
the data in Table 4-7 or Figure 4-6 to this program. It should also be pointed out that for such
transient excitation, as shown earlier in Figure 4-5c, dynamic magnification of the structural
response (i.e., DAF) for blasting is expected to be lower than the DAF for sonic booms by a
factor of about 1.8 (Clarkson and Mayes, 1972) due to the differences in pressure time history
between blast and sonic boom overpressures. Thus, the criteria in Table 4-7 and Figure 4-5
could be reduced by such a factor of 1.8 to be more realistic for application to sonic boom

damage assessment.

In their Table 22, Hershey and Higgins summarize tensile strength data on a variety of
plaster materials, from which a log mean strength of 140 psi and standard deviation of the log
of strength of 0.185 is estimated. In their interpretation of these same data, Haber and Nakaki,
1989, estimate log mean failure loads in the range of 11 to 61 psf for various types of interior
and exterior plaster walls. An average value for these failure loads for plaster walls is atout
28 psf which corresponds, according to Eqs. (4-12) and (4-13), to an estimated failure stress
for a 3/8" thick, 16" x 86" plaster panel of 150 psi. Data on tensile strength of 3/8" plaster
beams under alternative loads indicate failure in one cycle at a stress of 300 psi and 200 psi
after 10,000 cycles (Stagg, et al., 1984). Other test data on tensile strength of plaster mortar
from a variety of sources (summarized in Appendix B) indicate a range of tensile strength of
165 to 350 psi. Thus, for analysis purposes, the average of the lower end of this range of
failure stresses (e.g., 140 to 165 psi) or 150 psi, will be used, along with a value of +0.185
(±3.7 dB) from the Hershey and Higgins statistical data on mortar strength for the standard
deviation 0 L of the log of failure strength of plaster walls.

A limited correlation can be drawn between these static failure load data for plaster and
the statistical data shown in Figure 4-8 on damage threshold values for ground velocity at the
base of structures exposed to blasting operations (Siskind, et al., 1980b). Based on a median
velocity of about 5.3 in/sec (measured at the ground) in Figure 4-7, a value for KS of 1.19 (see

Table 4-1) and an average value of 18.2 for E/CL for plaster (Table 4-1), and allowing for an
amplification between the ground and wall vibration of 2.5, the estimated peak stress is about

(1.l9).(18.2).(5.3).(2.5) = 290 psi.

This is within the range of the static failure stress of 140 to 350 psi indicated above for
plaster. On this basis, the peak velocity criteria in Table 4-7 and Figure 4-7 are believed to be
reasonably consistent with actual material strength data for plaster. (Note that Eq. (4-14)
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could also be applied to estimate damage threshold stresses for homogeneous walls such as

adobe or masonry, and can then be compared with the values defined earlier in Section

4.4.2.2.)

4.4.3.2 Wood Interiors

For old wood frame buildings with bare wood walls inside, Eqs. (4-12) and (4-13) are

used along with data on typical failure loads (1.5 to 2 psi) on wooden walls (Appendix B).

The constants Kb and K in Eq. (4-12) are estimated to be 27 and 0.75 respectively for a wood
frame 7 x 4 stud wall with an interior and exterior wood skin of 3/4" panels or boards, the

estimated log mean damage threshold stress is 410 to 540 psi for current construction. The
failure stress for older historic buildings is arbitrarily set at 1 standard deviation below the
current log mean value, so that for wooden structures the design value for damage threshold
stress for wood walls will be the geometric mean of the above range (470 psi) times 10"-'L or
0.617 where aL = 0.210 is an estimated oaL for wood based on the range in failure loads. This
gives an estimate of as = 290 psi.

4.4.4 Material Strength Estimates for Metal Frame Buildings

The same process just outlined for wood frame buildings can be applied to the type of
lightweight metal frame utility buildings that can be found on farms or in industrial plants.

These are included in the category of unconventional structures. Such buildings commonly
have vertical metal channel "studs" or columns, and horizontal stiffeners, or girts, covered by a
thin corrugated metal skin. For a minimum form of such construction consisting of an 18 gage
(0.049 inch) steel skin supported by 1.5 x 3 inch channel 18 gage steel columns spaced 16
inches on centers, the factor Kb to be used in Eq. (4-12) to define the peak stress in a 16" x
96" panel section of such a wall under a static load respectively can be approximated by:

b )
Kb- ( .- / [(3t/d) (l+w'/a) + t/a (4-15)

where a,b = the short (16 inch) and long (96 inch) sides of a panel section, respectively

t = thickness of the metal skin and channel (0.049 inch)

d, w= depth and width of channel = 3 inches and 1.5 inches respectively.

In this case, Kb has the value of 635. The modified value for the constant KS in Eq. (4-12) for

such metal walls is 0.89 (see Table 4-1). Using Eq. (4-12), static failure loads are of the order
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of 1.2 psi for such a wall (Appendix B) or, using Eq. (4-14), estimated peak vibration

velocities for dynamic loads at damage thresholds are estimated to be about 35 in/sec.
Applying the preceding expression, it is estimated that these static and dynamic loads would
produce peak stresses of about 4,000 and 4,700 psi respectively. Allowing for stress
concentration factors of of 2 to 4 which would be typical for such steel structures (Eshbach,
1952), the resulting peak stresses would be in the range of 8,000 to 18,800, values which
bracket the typical maximum allowable working stress of common structural steel of 15,000
psi, but which are well below the ultimate failure stresses of structural steel of about 49,000 psi
for cold-rolled steel or 33,000 psi for annealed steel (Eshbach, 1952). Since this allowable
working stress includes a factor of safety to insure that actual stresses are well below ultimate
failure stresses, 15,000 psi is considered a suitably conservative design value for a damage
threshold for typical structural steel for this study. This stress and a value for KS of 0.89 will
therefore be used herein for analysis of potential damage to lightweight steel buildings. In the
absence of more definitive data on the variation of this damage threshold stress, from the above
estimate of variation (e.g., stress concentration factors, etc.), the log of the standard deviation
of the failure stress or strength for metal buildings is assumed to be ±0.15 (equivalent to
±3 dB). These same values are used for the rough estimates of potential damage to radio
telescopes constructed with a solid metal parabolic reflector as discussed in Section 4.1.3.

4.4.5 Estimated Damage Stresses for Seismically Sensitive Structures

Structures in the category of seismically sensitive structures are wells and water tanks,
early American archaeological caves or rocks with valuable pictographs or petroglyphs, and
snow on soil slopes subject to avalanches or landslides.

4.4.5.1 Wells and Water Tanks

For wells and water tanks, only elevated empty metal water tanks are considered
potentially susceptible to damage from all but very low altitude supersonic flights. In the most
extreme case, the acoustic pressure loads from sonic boom will be much less than the average
hydraulic pressure on the sides of wells or ground mounted stone, masonry or metal tanks
containing as little as six inches of water. For such an amount of water in a well or tank, the
hydraulic pressure on the sides, equal to the water weight density (62.4 lb/ft3) times the water
depth would vary linearly with depth from zero at the top surface of the water to (1/2) . 62.4 =

31.2 psf at the bottom of the 6 inch water depth. Thus, the average hydraulic pressure of just 6
inches of water would be about 15 psf, over 30 times greater than the average sonic boom
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pressure under ACM activity in the WSMR tests, and about 3.5 psf higher than the highest

sonic boom pressure (6 psf) observed in these tests (see Figure 3-8).

For empty elevated water tanks, typically constructed of low strength sheet iron or

galvanized steel, the damage stress threshold will be assumed equal to a value of 11,000 psi

based on an estimated reduced strength for the weaker of these materials, cast iron, resulting in

a reduction in strength comparable to that assumed above for structural steel to allow for stress

concentration and fatigue effects. Actual ultimate strength of cast iron lies in the range of

20,000 to 40,000 psi (Eshbach, 1952). The standard deviation CaL of the log of this damage

stress will be assumed to be the same as for structural steel, or ±0.15 (±3 dB).

4.4.5.2 Archaeological Sites

For archaeological sites, one estimate of the damage threshold stress is provided by

assuming that the stress is the same as that of old adobe, or 3.2 psi. A second basis for this

important strength parameter is provided by the most conservative criteria for critical ground

velocity given in Table 4-7 (1 mm/sec or 0.08 in/sec) to prevent damage from blasting to

historic structures. This is used in Eq. (4-14) along with a value of I for KS and 48.2 for

F/CL for stone (see Table 4-1). This gives a stress of 3.9 psi. An average value for the failure

stress of prehistoric stone walls of 3.5 psi is therefore used for analysis. In the absence of any

other data source, the standard deviation aL of the log of this damage stress is assumed to be

0.239 which is the same as the value obtained for the substantial set of measured failure data on

adobe discussed earlier.

4.4.6 Avalanche Sites and Landslide Areas

While the likelihood of triggering a dangerous avalanche or landslide by sonic booms

from most supersonic flight operations is apparently small, the potential consequences of such

an event justify some care in making an evaluation of this possibility.

Anecdotal evidence exists to the effect that sonic booms have been used to intentionally

trigger unstable snow avalanche-prone areas in Glacier National Park (The Seattle Times, 9

February 1960). It is also customary, in Switzerland, to cancel supersonic flights of military

aircraft over avalanche-prone areas during recognized moderate to severe avalanche hazard

conditions (Rathe, 1986).

However, definitive knowledge of the magnitude of sonic boom pressures required for,

and probability of, triggering avalanches by sonic booms is extremely limited. A previous
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attempt to trigger an avalanche by sonic boom was not successful (Lilliard, et al., 1965) due,

apparently, to unsuitable weather conditions for avalanches at the time of the test. A more

recent effort involving 20 flights over 7 days successfully triggered two avalanches, both on

the same day (Perroud and LeComte, 1987). Based on the measured peak sonic boom

overpressures of about 12.5 psf for this recent test and the estimated seismic coupling factors

for snow listed in Table 4-3, the estimated shear stress for avalanche conditions was about

0.08 psi. Closely related information is available (Gubler, 1977) on the approximate required

blast pressures from explosive charges used to trigger avalanches. Peak pressures on the order

of 5 to 40 psf are indicated by the latter data straddling the 12.5 psf figure noted above.

However, lower sonic boom pressures may apply for two reasons:

(1) The sonic boom N-wave may generate a higher effective response for the same

peak pressure as the blast wave (evidence to this effect was shown earlier in

Figure 4-5c.

(2) A sonic boom carpet pattern would expose a much wider area than is possible

by maximum explosive charges (approximately 2 kg of TNT) allowable for
safety reasons for avalanche triggering.

A somewhat similar situation exists for triggering of earth slides by sonic booms. One credible

observation of a slide triggered by a sonic boom was reported by a National Park ranger
(Holbrook, 1980). In this case, however, no information was located relative to explosively

triggering an earth slide with relatively small surface charges such as for avalanches.

The magnitude of acoustic pressures required to trigger an avalanche or landslide is also

estimated on the basis of limited experimental data on avalanche and landslide internal stresses,
supported by extensive published background on their mechanics. It must be emphasized,
however, that the physical mechanisms involved in triggering avalanches or landslides are

complex and are not fully addressed here (Perla, 1980; Terzaghi, 1950). Rather the objective
here is to provide a reasonable basis for evaluating the general magnitude of the potential

hazard.

4.4.6.1 Snow Avalanches

Avalanches can be divided into two categories: (a) loose snow avalanches involving
common and frequently harmless sloughing off of loose snow from a slope, and (b) a slab
avalanche involving fracture and slipping of a large mass of snow that can, depending on the
size of the avalanche, result in major damage to anything in its path (Forest Service, 1968).
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An avalanche occurs when external forces (including simply gravity) cause internal
stresses within the snow mass to exceed the restraining forces, resulting in an unstable
condition. A basically unstable condition is reached when the shear stress (normally due to the
component of gravity parallel to the slope) exceeds the shear strength (Forest Service, 1968).
This may be achieved by an increased snow load or a decrease in strength (resulting from
weather-induced changes in the geophysical structure of the snow (Perla, 1980). The shear
stress due to gravity can be calculated rather simply if the thickness, mean density, and slope
angle of the snow slab are known (Forest Service, 1968).

Avalanche potential depends on several variables: angle of slope (see Figure 4-9 for
typical range of slope angles for slab avalanche), temperature, depth and density of snow (see
Figure 4-10 for relationship between density within a slab avalanche and the stress at the
interface between the slab and the remaining snow), ground cover under the snow, i.e., natural
snow retention capability) and grain size and structure of snow crystals.

Avalanche triggering can be caused by a change in any of these variables in the
direction which reduces stability of the snow slope. Stability is measured by the ratio of
internal shear resistance to external stress. Triggering can also be caused by any addition to the
external stress caused, for example, by the transient pressure of a skier passing over a section
of a snow bank which is close to an unstable condition or by the pressure of an explosive
charge intentionally set off in an attempt to trigger the avalanche (Forest Service, 1968). "It is
conceivable that a much weaker sound (than that produced locally by an artillery blast or some
other explosive charge) could trigger a slide when extreme instability exists" (Forest Service,
1968). This is the case of concern here since the acoustic pressures associated with sonic
booms can be comparable to those from explosive charges.

Avalanches occur regularly in the winter time in certain areas in the U.S. For example,
the rate is as high as about 90 per year along U.S. 550 in southwest Colorado (Armstrong and
Ives, 1976). However, due in part to attention paid by Federal and State personnel to safety of
winter sports activity in snow areas, these avalanches are seldom a hazard to skiers. Not only
is avalanche forecasting improving (Armstrong and Ives, 1976), but, where necessary, steps
are often taken to trigger an avalanche artificially with explosives (Gubler, 1977) on an
unstable snow slope to minimize the risk of an unpredictable avalanche occurrence. However,
the science is still young and avalanche hazards still remain for snow recreationists.

To support this very limited analysis of the potential for triggering an avalanche or
landslide by noise from sonic booms, the additional data on soil and snow dynamic properties
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Table 4-8

Static and Dynamic Properties of Soils and Snow

All* bit
Load :Density: E(l0) 6(10) :Wave Speed (9) :Poisson s Ratio; S/CMS)

-No. Note; SOIL / SNOW MATERIAL :N/m 2x10^5: Kg/eql3: / 2  N/2 : C(L) C(S) : : psi "der
: (7) i l:x07: x 10^7: a/s a/s :Coaptd Est'tdC in/sec.

------------------------------------------------------------------------------------------------------------------ ---------

: SOIL MATERIALS : t :
:(I) :Gray Plastic silty clay with sand i organic silt 0.98 :(1,760): 3.04 1.79 131 (78): 0.42 0.35

2 :(1) :Brown saturated silty clay with sand 1.47 :(1,760): 4.31 2.56 156 (93) 0.42 1.01

3 :(1) Dense silty clay with some sand (above water table): ( 4.90 :(1,760): 29.90 10.30 405 (240): 0.42 i.58

A :(1) :Medium soist sand 1.96 : 1,620 : 5.30 3.22 : 181 (110): 3.35 i.j

5 :(') :Dry sand with gravel 1.96 1,700 ; 5.30 3.33 :(177-432) 250 0.265 0.15 J.9;

S(U) ;Fine saturated sand 2.45 1,650 8.34 5.00 :(211-225) 110 0.392 0.35 ".07

7 ;Il -Medius-grained sand 2.45 1,650 : 8.14 4.81 (222-318) 160 0.434 0.35 1..1

9 ý(1) :Loess with natural moisture 2.94 : 1,670 11.30 : 6.70 :(260-511) 260 0.416 0.40 0.?5

10 :(1) ;Moist loessial soil 2.94 :(1,760): 11.0 : 7.03 (259) (155): 0.40 1,o7

11 ;(1) ;Moist clay : 1,800 : : (316) 150 0.492 0.50

12 :(1) :Medium-sized gravel 1,800 : (366) 190 0.456 0.40

13 :(4) ;6ravellSandlSilt 0 - 0.2m top layer 1,700 : (101) 60 0.429

14 :(4) !Gravel/Sand/Silt 1.5 to 4a depth (: : (617) 360 0.467

SNOW N/m
2
XI0

2
1 :

: • ~(8) ;

15 :(2) :Snow Slab (Thickness z 0.08 to 4.2 a) :0.65-90.5: 60-460: : 0 to 0.5:
16 :12) :Snow (From Perla's best fit line through data - 1.0 100 :
17 (2) :Snow (Shear Stress, N4 2) a 0.01'(0nsity, Kg/I^3) 4.0 200 : :
18 !(2) :Snow ,, ,, 9.0 300 : :
19 :(3) :Snow - Estimated properties in field experiment 100 : 2.5-101 :500-1000 : 0.3)
20 14) :Sno,-properties within 0.12 e thick layer over soil: :192-290! t

22 :(5) :Snow 210: 3 : 1.1: (378) 229: 0.36 0.18

24 :5) :Snow 250: 8.5 : 3.5: (593) 375: 0.21 -.14

25):5) !Snow 300: 20 : 7.5: (816) 500: 0.33 1.55

26 :6) :Snow 120-210:(.55-.97) : (215) :0.3)

Notes SUMMARY - 6/C(S), (psi•/ins)
( ) Signifies estimated or range of computed values
(i) Based on, or computed from, data in Barkan,1962 Avg St.@ev.

(2) Based on. or computed from, data in Perla,1977 ----

(3) Subler,1977 Soil Materials 1.16 + ).-'
(4) Albert and Orcutt,1999

(5) Johnson, 1992 Snow 0.36 + 0.15
ý6) Albtrt,1999
:7) Allowable Load under Compression
98) Shear Stress at failure
,9) C(L speed of longitudinal waves

C(S) spoed of shear waves

(10) E, 9 z Young's Modulus and Shear Modulus, respectively.
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listed in Table 4-8 were collected. The data provide specific details on soil and snow properties

relative to prediction of the possibility of triggering an avalanche by sonic booms.

4.4.6.2 Acoustic Triggering of an Avalanche

The strength or critical shear stress as at the failure point (i.e., initiation of an

avalanche) is estimated from Figure 4-9 according to the empirical relationship developed by
Perla, 1980, between this stress and the snow density p (in kg/m3) at the surface of the snow

bed. This relationship, illustrated in the figure, can be conveniently expressed in terms of the

stress in psi as:

as = 1.45- 10-6 [ p (kg/m3 ) ]2 , psi (4-16)

According to the data in Table 4-8 and Figure 4-9, the density p for slab avalanche

areas is estimated to have a mean value of about 210 kg/m 3. For loose snow avalanches, the
corresponding estimate for mean density p is 77 kg/m3 .

Based on Eq. (4-16), these correspond to failure stresses (or strengths) of 0.062 psi
and 0.0087 psi for slab avalanches and loose snow avalanches respectively. The estimated
failure stress of 0.062 psi is close to the value (0.08 psi) derived from the tests by Perroud and

LeComte (see Section 4.4.6). The standard deviation of the log of these stresses are computed
from the rms value of the sum of the estimated variances for the regression constant
(1.45.10-6) in Eq. (4-16) (based on Figure 4-10) and the density p for the two types of
avalanches. The resulting values for aL are 0.33 for slab avalanches and 0.25 for loose snow

avalanches.

4.4.6.3 Landslides

For landslides, the critical shear strength will vary widely for similar reasons as for

snow avalanches except time and water content will tend to replace temperature and grain size
and structure of snow crystals as dependent variables (Terzaghi, 1950). A design value for
this critical stress was made from estimated shear stresses for a large number of fissured clay
slide areas observed over many years in England (Skempton, 1948). From this trend over time
in shear stress, illustrated in Figure 4-11, a minimum value for the shear stress was estimated
to be in the range of 0.1 to 0.35 metric tons/ft2 . In the absence of more complete data, the
lower end of this range of shear stress for landslides in fissured clay (0.1 metric tons/ft2 or
1.5 psi is used as an estimated shear resistance of landslide areas). The value for GL was

estimated to be 0.18 based on the range.
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Figure 4-11. Diagram Showing Gradual Decrease of Shearing Resistance of Stiff, Fissured
London Clay. The curves are based on the results of a statistical study of slope
failures in the London area. Each curve represents a different locality. (From
Skempton, 1948.)
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These estimated values for the shear strength of snow banks and earth slopes are
believed to be at least within an order of magnitude of correct values and should provide the
basis for reasonable estimates of the potential for triggering avalanches or landslides by sonic
booms. Such events will be assumed to occur when the acoustically induced peak shear stress
(Ypk in these materials, computed according to the procedures specified in Section 4.3.2, exceed

these shear strengths.

4.4.7 Summary. Damage Stress Criteria

This last section completes definition of the basic models needed to estimate stress
response, and strength, and hence potential damage for unconventional structures. The models
have sacrificed precision for generality to allow a more reasonable basis for application of the
predictive models to cases for which experimental data are lacking. The next section presents
results of an experimental program designed to help validate some aspects of the models and to
explore techniques for detecting or documenting potential structural damage.

4-54



5.0 EXPERIMENTAL EVALUATION OF DYNAMIC RESPONSE OF

UNCONVENTIONAL STRUCTURES

This section describes the experimental portion of this program which evaluated the

response of two unconventional structures to excitation from sonic booms generated by ACM

activity. The following procedures were employed and evaluated during these tests:

* Acoustic measurements of the sonic boom environment.

* Mechanical impedance measurements of adobe walls.

* Structural response measurements of various structural elements of these two

structures.

Photographic analysis of wall cracks.

Measurements of structural response to sonic boom were made over a 21/2 month period from

February to April, 1989 at two different historical adobe structures at White Sands Missile
Range (WSMR) in New Mexico. At the first structure the system was installed and left in

place for 4 weeks of data acquisition, while at the second structure, 2 weeks of data were

obtained. During these two periods sonic boom pressure levels and the structural response of
the buildings were recorded. The two structures, although both adobe houses, were distinctly

different; the first is completely enclosed with intact doors and windows while the second
structure is in poor condition missing doors, windows, and several walls.

The structures are located in an area close to the middle of the Lava/Mesa airspace
within the WSMR which is designated as a supersonic training area. An extensive series of

sonic boom measurements were also carried out in this area for another program from July

1988 to January 1989. The acoustic data from these earlier measurements are contained in
Plotkin, et al., 1989. As discussed in Section 3.0, results of this earlier study produced

estimates of the average level generated by sonic booms and also the number of booms

produced per day. Figure 5-1 illustrates the distribution of sonic boom impacts over the area of
the training range and the location of the two structures examined during the present study.

5.1 Structure Description

The two structures instrumented are called the George McDonald Ranch House

(Structure A) and the McDonald Brothers Ranch House (Structure B).
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5.1.1 Structure A Description

The George McDonald Ranch House is located west of the Oscura Mountains at

WSMR as illustrated in Figure 5-2. Also shown on this figure is the location of the site where

weather data was gathered daring the tests. The ranch house is designated as a National

Historic Site because of its use as the location for the assembly of the trigger for the first atomic

bomb detonated on July 16, 1945 at the Trinity Site, which is approximately 2 miles north-

northwest of the ranch house. The ranch house was first built in 1913 with the subsequent

addition of two north rooms in 1918; in 1965 it was taken over by the National Park.Service

who have maintained it since that date (McMullan, 1987)

The ranch house is approximately 2 miles north of a test site cui.-n'•v used by the

Defense Nuclear Agency (DNA) for non-nuclear, high explosive effects tests conducted since

1981 (Smith, 1985; McMullan, 1987). For some of their tests, the DNA have reinforced the

structure to minimize damage from blast effects from overpressures in the range of 23 to 119

psf, which is well above the range expected from sonic booms overpressure (Gambill, et al.,

1988). Although not quantified, it can be assumed that the structure has suffered some damage

from these tests. The structure, shown in Figure 5-3, consists of 18" thick adobe brick walls

with a painted plaster covering on both the inside and outside walls. This plaster surface is

basically intact for most of the walls, but has many small cracks varying in size and length.

The low pitched roof is supported on a wood frame resting on the adobe walls.

5.1.2 Structure B Description

Structure B, also a ranch house, is shown in Figure 5-4 and was built by the McDonald

brothers in about the same period as Structure A. It is of a similar adobe block construction,

but the house has not been maintained and, as indicated in Figure 5-4, is in poor condition. All

doors and windows are missing and several walls are gone. The roof and most of the floors

are intact, though some of the flooring is damaged. The house has been used as a haven by

small animals and is not in a habitable condition.

5.2 Structural Response and Acoustic Measurement Systems

The measurement systems were designed to automatically record acoustic and structural

response data from single events resulting from sonic booms generated by aircraft operating at

WSMR. The following techniques were utilized:
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The acoustic signal and the resultant response of the two structures were

recorded by a digital data acquisition system. The system was activated by the

acoustic signal (sonic boom) detected with a microphone placed outside the

structure.

The arrival direction of the acoustic signal was determined by three SBM- I

digital acoustic monitors.

A single Boom Event Analyzer Recorder (BEAR) system was utilized to define

the acoustic signature of the sonic booms.

Detailed descriptions of these sonic boom measurement systems are provided in Plotkin, et al,

1989.

5.2.1 Acoustic and Structural Vibration Measurement Instrumentation

A block diagram of the structural response system is shown in Figure 5-5. The system
consists of several transducers, mostly accelerometers, that are interfaced to a Compaq Portable
III computer through a 16 channel A to D converter. A hard disk in the computer with a

capacity of 20 megabytes could store store up to 100 single events. Each event stored was 2

seconds long at a sampling rate of 50,000 samples per second. Each sample was a 12 bit

word, therefore, 2 bytes (1 byte = 8 bits) of memory were required per sample, allowing 10
million samples to be stored on the hard disk. T"_ computer system and the signal

conditioning equipment (installed in Structure A) are shown in Figure 5-6.

Transducers in the system required signal conditioning of various types in order to
provide the proper signal to the A to D converter. Each type of transducer was interfaced to the

system as follows:

The microphone, a GenRad type 1971, was connected directly to a PCB line driver

amplifier which obtained its power from the coaxial line connected to the interface

board. According to the manufacturer's specifications, the frequency response of

the microphone itself was down 3 dB at 2 Hz. The cut-off frequencies (3 dB

down points) for the PCB line driver amplifier and input coupling circuit to the
interface board were 0.12 Hz and 0.32 Hz, respectively. This microphone was
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Figure 5-6. Data Acquisition Hardware and Computer

Figure 5-7. Acoustic Instruments - BEAR, SBM- I and Microphones
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placed in the conical windscreen with the BEAR and SBM-I microphones as

illustrated in Figure 5-7.

" Three B&K 8306 accelerometers with built-in amplifiers were attached to the

interface board with separate coaxial cables for signals and a 24 VDC power

supply.

" Four Endevco 2242 accelerometers were connected to model 2735 charge

amplifiers which were in turn connected to the interface board.

" The LVDT was driven by a Validyne CD-19 Carrier Demodulator, which translates
the displacement between a cylindrical transformer and a movable core into a DC

voltage.

" The two miniature Vibrometer accelerometers have built-in amplifiers and are
connected directly to the interface board which supplies power to them on the

coaxial line.

"* The Celesco string potentiometer is driven with the Validyne CD-19 Carrier
Demodulator which generates a voltage proportional to displacement.

The interface board contains several custom-made circuits which decouple DC power, provide
current sources for the microphone and some of the accelerometers amplifiers, provide
additional amplification for some channels, and also contains the trigger circuit andl
comparator.The interface board was connected to the A to D converter. The computer,
interface board, and the necessary power supplies were housed in a plywood enclosure to

provide some protection from the environment and from casual visitors to the sites.

Table 5-1 illustrates the assignment of transducers to the computer system channels.

These same transducers were utilized for the acquisition of data at Structure B. This table lists

the primary characteristics of each instrumentation channel in the system. Note that the upper
frequency limit of all channels was controlled by the sampling rate of the A to D converter,

e.g., for 12 channels and a rate of 50,000 samples per second, the maximum frequency is
50.000/12 = 4167 divided by the Nyquist criterion (2.56), therefore the highest observable

frequency would be 4167/2.56 or approximately 1600 Hz.
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5.2.2 Svstem Operation

The system was set up to record data for a selectable time period when the acoustic

level exceeded a preset threshold level. The computer program ran continuously waiting for a

trigger created when the acoustic level exceeded a threshold level of 110 dB SPL. When the

trigger occurred, the computer would store a 2 second block of data, which included a selected

number of samples before the trigger (usually 1000 samples). When the program was

running, data were written to two 16K RAM files until the trigger was received, at which time

data from the RAM files and incoming data were written directly to the hard disk. Recording

the pre-trigger block of data guaranteed the complete signal, i.e., single event signature, was

stored. In most cases, data from the channels recording structural response data occurred after

the acoustic signal. Thus, this data was always recorded. Although several non-sonic boom

acoustic events were recorded during the study, most of the "real" booms were accurately

stored together with the mechanical response of the structure.

5.2.3 Transducer Mounting

Due to the fragile nature of the wall surfaces in the structure where measurements were

to be made, transducers were usually braced against the wall instead of being fu-mly bonded, as

is the common practice. Figure 5-8 illustrates the plastered adobe on the outside of Structure A

at the front porch. This plaster on the outside of the house was quite coarse and approximately

3/4 inches thick. Inside the houses, the plaster was much thinner, less than 1/4 inch.

Figure 5-9 illustrates a typical area inside Structure B. This photograph shows both the

underlying plaster scratch coat and the finish coat. The transducer shown is a Vibrometer

accelerometer.

Figures 5-10 and 5-11 depict the procedures used for mounting two types of

transducers, accelerometers and LVDTs. In order to prevent damage to the surfaces, especially

in Structure A where the adobe was covered with plaster, transducers were placed in direct

contact with the wall and held in place by a soft mounting brace which ensured firm contact

with the wall but did not add any significant stiffening to the wall. A similar type of procedure

was used for mounting a vibration exciter to the wall for mechanical impedance measurements.

The mounting procedures were evaluated in the laboratory as described in Section 5.2.4.1.
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5.2.4 Mechanical Impedance Measurements

In exploring possible methods used for evaluating pre- and post-exposure conditions of

wall surfaces, mechanical impedance tests were conducted on at least two locations on each of

two walls of the two test structures. The mechanical impedance of a surface is the ratio of the

input force to the resultant velocity of the surface. The impedance was investigated through

trial evaluations, with both a sinusoidal sweep or an impulse input. This task was complicated

by the fragile nature of the wall surfaces. The plaster coating was variable in thickness and it

did not uniformly adhere to the adobe, thus there were pockets covered with very thin layers of

plaster which could easily be fractured. The intent was to see if gross, readily observable,

changes in point input impedance would appear as a result of sonic boom damage. Such an
impedance measurement does not attempt to simulate sonic boom loading but may serve to

detect surface or buried flaws in a structure.

5.2.4.1 Sinusoidal Response

To determine the point input mechanical impedance of the adobe wall to a sinusoidal

force input, a drive was provided by a mass-loaded electrodynamic transducer which was
originally a hi-fi system driver. This unit was designed to "attach" to a wall and, when driven
by a power amplifier, the wall would generate the sound. To measure the response of the wall,
an accelerometer was mounted adjacent to the driver. Prior to the field test, experiments were
cond-icted in the laboratory to determine the frequency response (measured by the
accelerometer) using either resilient or hard mounting for both the driver and the accelerometer.
Resilient mounting was based on bracing the transducers against the wall with a polyurethane

foam block. The hard mount for the driver was a steel stud in the wall; the acclerometer was

bonded to the wall for a hard mount.

The two mounting configurations (i.e., driver hard- and soft-mounted; accelerometer

hard- and soft-mounted) were tested and the frequency response characteristics for each
configuration were compared. For the first, with the driver hard- and soft-mounted, as shown
in Figure 5-12, between the lowest observable frequency of 200 Hz and up to approximately

1200 Hz, the difference in response is less than ±3 dB. With the driver hard mounted on the
wall, a comparison between the accelerometer hard mounted (attached to an accelerometer pad
bonded to the wall) and pressed against the wall with the resilient mount, the frequency

response was compared. For frequencies below 1,000 Hz, of primary concern for this
program, the difference was also less than ±3 dB.
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5.2.4.2 Impulse Response

An impedance hammer was constructed to provide an impulsive input to the wail. A

common machinists hammer was modified by attaching a force gage and accelerometer to the

head. The two-sided hammer head was approximately 1 inch in diameter with plastic sections

on each face. A PCB 231A force link transducer was attached to one face and a Endevco

2242C accelerometer was attached to the other. Each transducer was interfaced to an Endevco

charge amplifier to provide signal conditioning. The wall surface was tapped lightly with the

force gage and the response from both transducers was recorded by the digital system.
Measurements were made of the impedance and the response at nearby wall positions where

accelerometers were located. Figure 5-13 illustrates the impedance hammer and Figure 5-14

shows two accelerometers braced against a wall in Structure A.

5.2.5 Structural Response Measurements

The structural response measurement system was set up at each house in a fashion that
would allow sonic boom response data to be recorded automatically for over 2 days. For each

of the structures, a BEAR sonic boom monitor was set up outside the house to record the
waveform of each boom received. One SBM- 1 monitor was located adjacent to the structure;

one unit was located 1 mile north of the house; and the third unit was located I mile west.
These three units were time-synchronized and were used to determine the direction of

propagation of the booms.

Except for a few instances, the structural response measurement system was serviced
daily. The primary limitation for system operating time was the operation of the power
generator. The generator provided approximately 1800 watts at 120 VAC, although only about
500 watts was needed most of the time. An auxiliary 20 gallon fuel tank was added, that
allowed over two days running time. Two days was also the limit for the oil in the motor
which would cause the motor to shut down when too low. In total however, very few

problems were met with the system.

Structure A

The computer and most of the signal conditioners were set up in the house, which
remained closed and locked during all measurements. The motor generator was set up outside

the stone wall, north of the house. The wall and house provided enough attenuation to prevent
any interference with the acoustic systems which were deployed south of the house. At the
location of the microphones, the generator was almost inaudible.
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Figure 5-15 illustrates the floor plan of Structure A, wit, the rooms numbered and the

locations of the instrument transducers identified. The particular transducers were located as

follows:

The acoustic systems, a BEAR, a SBM-1, and the structural system trigger

microphone were placed approximately 50 feet south of the house.

"* An accelerometer was mounted in a vertical position on top of a steel spike in the

ground very close to the wall outside the house.

"* An accelerometer was braced against the wall in a horizontal position at the base of
the east wall in room 101 (Wall 101E).

A second accelerometer was braced against the wall near the center of wall 101E.

An accelerometer was braced against the middle of one section of wall 104W.

An accelerometer was braced against the middle of one section of wall 102S.

An accelerometer was braced against the middle of one section of wall 0I0S.

An accelerometer was placed on the floor in the center of room 101 with a 10-lb.
sand bag on top to hold it in place. (This added mass loading will not have a

significant influence on the dynamic response.).

An accelerometer was placed in the attic on top of a ceiling joist in the center of

room 101 with a sand bag on top to hold it in place.

A string potentiometer was placed on the floor 'n the center of room 101 with a
sand bag on top and the string (actually a wire in this case) was attached to the
ceiling directly above.

An LVDT was braced against wall 10IS near a crack and the core was attached to a
bracket on the other side of the crack. The bracket was semi-permanently attached
to the wall using a "Post-It" adhesive strip.

An accelerometer was bonded in a horizontal position near the top of the west wall
of the water tank. Data obtained from this transducer early in the program was
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erroneous due to a long coaxial cable coupling it to the charge amplifier. This cable

was excited directly by the boom, creating a high level signal.

Structure B

The computer and signal conditioners were set-up within this structure; however, the
structure was completely open. The motor generator was placed on the west side of the house,
while the acoustic systems were deployed on the east side at a distance of approximately 50 feet

from the structure. Acoustic interference from the motor generator was non-existent.

Transducers to monitor the acoustic levels and the structural response for measurements
at Structure B, as indicated in Figure 5-16, were deployed as follows:

Acoustic systems, a BEAR, a SBM- 1, and the structural system trigger microphone
were placed approximately 50 feet east of the house.

An accelerometer was mounted in a vertical position on top of a steel spike in the
ground very close to the wall outside the house.

An accelerometer was braced against the wall in a horizontal position at the center of
one section of the west wall in room 103(Wall 103W).

An accelerometer was placed on the floor in the center of room 103 with a sand bag

on top to hold it in place.

An accelerometer, attached to a aluminum block, was bonded to a ceiling joist in the
center of room 103. Access was obtained through a hole in the ceiling.

An accelerometer was bonded to the wall near the center of wall 107W.

An accelerometer was bonded to the wall near the top of the porch wall at a height

of approximately 10 feet.

An accelerometer was bonded to the middle of one section of the porch wall.

A string potentiometer was placed on the floor in the center of room 104 with a
sand bag on top and the string ( actually a wire) was attached to the ceiling directly

above.
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An LVDT was braced against wall 105S near a crack and the core was attached to a

bracket on the other side of the crack. The bracket was bonded to the wall.

An LVDT was braced against wall 103W near a crack and the core was attached to a

bracket on the other side of the crack. The bracket was bonded to the wall.

5.3 Test Results

The overall results of the evaluation of the two structure are presented in this section.

An evaluation of these results is provided in Section 5.4. In summary:

"* Photographs were taken to determine if cracks in the structure walls had been

altered during the study; no visible changes were observed in five-fold

enlargements of the photos.

"* Mechanical impedance measurements were made on Structure A before and after the

measurement period. The results were inconclusive since the test-retest

repeatability was no better than impedance variations before and after sonic boom

exposure.

"* Extensive acoustic event and structural response data were acquired. A summary of

time histories for these data is presented in Appendix E. A typical example time

history for a sonic boom is shown in Figure 5-17. This figure illustrates the

acoustic signal and the resultant acceleration at three locations within Structure A.

Analysis of these data in Section 5.4 indicates that the structural response

measurements on the walls were reasonably close to expectations.

5.3.1 Photo'raohic Examination

A series of photographs were taken of Structure A before and after the monitoring

period. Overall photos of the structure as well as close-up pictures of specific areas were

taken. The small study areas were selected based on the presence of cracks in the wall that had

the greatest potential to grow or elongate. Figure 5-18 illustrates a typical section of wall in

Structure A.
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Figure 5-18. Typical Wall Surface of Structure A
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5.3.1.1 Analysis Procedures

The contact prints of the negatives were assembled and arranged according to the pre-

and post-testing photo log. After performing an overall general inspection of the photos,

several were selected and 8x 10 color prints were obtained. Comparison of before and after

shots were made using two magnifiers. A 6X magnifier was used to select areas for

examination and then a 50X microscope was used for the more detailed examinations.

5.3.1.2 Photographic Analysis Results

An analysis of the photographs led to several conclusions regarding structural changes

caused by sonic booms during the test period.

The primary objective was to determine if clear, photographically documented

evidence of changes such as the appearance of new cracks or elongation and/or

widening of existing cracks could be established. However, there was no

noticeable visual difference between the pre- and post-experimental

photographs. Appendix D contains samples of the photographs taken. No

clear evidence of macroscopic difference exists between them.

The photographs cover a span of 6 weeks. Since the ranch house is over

50 years old, this may be too short a timeframe to establish any evidence of

structural damage from the sonic booms that occurred during the test period.

The true degradation caused by the booms, such as the development of new

cracks, may only appear after a much longer period of exposure. Furthermore,

the lack of evidence of damage is consistent with the low probability of sonic

boom damage predicted for this type of structure (see Section 6).

It is possible that the explosive tests conducted at the White Sands Missile

Range have had a cumulative "burn-in" effect on the ranch houses and the

structures were fully stress-relieved before the photographic session began.

5.3.2 Mechanical Impedance Measurements

5.3.2.1 Test Procedures

Table 5-2 lists the series of impedance tests performed on the two structures. Tests

were made on Structure A before and after the 1-month period of monitoring.
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Table 5-2

Summary of Impedance Tests Performed on Structures A and B

!..enaue :hanneis ,:ansducers Location 7ype

itructure A

:re-rests
;SiO11 4 FT. 3 Wall Acceis Wall 101! 1req. 3.eep
F3I01E2 4 FT. 3 Wall Accels Wail 101! e Seep

310111 & 2 4 FT, 3 Wall Acceis Wall 101! Hammer
4A10191 & 2 4 FT, Haim. Accel, 2 Wall Accels Wall 101! Hammer
HAI3ISI & 2 4 FT, Hams. Accel. 2 Wall Accels Wall 1I0S Hamser
3101SI to 4 4 FT, 3 Wall Accels Wall IB0S Hammer

FS101SI & 2 4 FT. 3 Wall Acceis Wall 0I1S Frei. S;eep
H10111 2 FT, Hall. Accel Wail 101! Hammer
:710182 2 iF, Bass. Accei Wall 101 Hatier
H31013 2 FT, ham.. Accei Wail 101! Hammer

?HllISI 2 FT, Hams. Accel Wall lIIS Hammer
?HIBIS2 2 FT, Hass. Accel Wall 1015 Hammer
PHIOIS3 2 FT, Hams. Accel Wall IB0S Hasser

Post-tests
101S1 & 2 4 FT, Baim. Accel, 2 Wall Accela Wall 1IS Bainer
M5iSi & 2 2 FT, Hass. Accel Wail 10i1 Hammer
IHIS3 & 4 2 FT, Bass. Accel Wall lIS Hammer
1HIS5 & 6 2 FT, Baim. Accel Wall IBIS Hasmer
THIl & 2 2 FT. Ranm. Accel Wall 101! Hammer
IHIE3 & 4 2 FT, Hams. Accel Wall '01! Hammer
IHE15 & 6 2 FT, Hams. Accel Wall 101E hamer
ialll & 2 4 FT. Haum. Accel, 2 Wall Acceis Wall 101! Hammer

itricture H

iH3W1 & 2 3 FT. Hams. Accel, Wall Accel Wall 103W Hammer
H3W3 & 4 3 FT, Haim. Accel. Wall Accel Wall 103W Hammer
5H3W5 & 6 3 FT, Hams. Accel, Wall Accel Wall 103W Hammer
H4S1 & 2 3 FT, gasm. Accel, Wall Accel Wall 1045 Hammer
:H4s3 & 4 3 FT. Ra. Accel. Wall Accei Wall 1045 Hammer
MESI & 2 3 FT, Hams. Accel. Wall Accel Wall 104S Hammer
1HS!3 & 4 3 FT, Same. Accel. Wall Accel Wail 104S Hammer
I5S5 & 6 3 FT. Rana. Accel, Wail Accel Wall 104S Hammer

4ote: FT ! Force Transducer
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Measurements were made using the impedance hammer as an input device, and thus

each tap on the wall resulted in a slightly different force input. In order to check repeatability

of these measurements, at least two strikes were made for each test. Figure 5-19 illustrates the
results of two taps at the same location. The data represents the transfer function between the

force input and the velocity response measured at three different locations. Accelerometers
were braced against the wall (Wall 101E) using the previously-described system and one

accelerometer was mounted on the hammer head. Conversion of acceleration to velocity was
performed through division of the Fourier Spectrum by angular frequency. The plots shown
here portray the relative mechanical impedance of the wall (i.e., ratio of applied force spectrum
to velocity response spectrum) and illustrate the typical repeatability of the tests.

Spectrum plots in this report, unless otherwise noted, were obtained from an FFT
narrow-band analysis program. Narrow-band values were calculated and the average value in

each one-third octave band was determined. This value was then normalized to a 1 Hz
bandwidth. Each value shown in the plots represents the average 1 Hz band level within each
one-third octave. This spectral smoothing technique was employed to provide a more useful
output format since the unsmoothed Fourier spectra contained so much fine structure with
sharp peaks and valleys making it very difficult to read.

The regular impedance measurements were made at several positions. The impedance
hammer was used to lightly tap the wall and a recording of the impulse was made using the
computer. In Structure A these measurements were made before and after the boom
measurement series. An example of the impulse impedance data measured before and after the

test period is shown in Figure 5-20. Clearly, the difference between pre- and post-test
impedance measurements are comparable to the pre-test repeatability tests in Figure 5-19.
Thus, this technique, as applied to the study, is not reliable as a means of assessing potential

damage.

At this same location on Wall 101E, the wall driver was utilized to determine the

frequency response characteristics of the wall. This involved measurement of the force input to
the wall and the resultant acceleration at different points on the wall. The same wall locations
were used as those used for the impedance hammer tests. This wall is constructed of adobe

blocks covered with a thin layer of plaster. The plaster on top of ný,e adobe was approximately

1/4 inch thick.
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The wall dii ,er was braced against the wall and supported by a soft foam layer between

the driver and the floor brace. Coupling between the driver and the wall was made through the

force transducer. A frequency sweep rate was set to cover the range from 0 to I kHz in about

4 seconds. The 4 seconds of data, which included the input force and three accelerometer

channels, were then stored on the computer disk.

Figure 5-21 illustrates the data obtained from the force transducer during a frequency

sweep. The top plot shows the time domain force levels coupled to the wall while the lower

plot shows the frequency spectrum of these data. Figures 5-22 and 5-23 show the acceleration

data obtained from two accelerometers braced against the wall beside the wall driver.

Accelerometer locations were 2 inches and 12 inches from the driver, respectively.

5.3.2.3 Impedance Measurement Results

The impedance measurements produced results which were reasonable for relative

values of mechanical impedance. For both impulsive and sine sweep measurements, the

following conclusions were drawn:

Most of the wall surfaces were quite fragile and thus it was difficult to perform

the measurements and avoid possible damage to the structure.

The wall surfaces were quite rough making it difficult to find a suitably flat

surface on which to place a transducer such as an accelerometer. Being unable

to smooth the surface or apply any adhesive left few satisfactory positions for

measurements.

Repeatability of impulse measurements was not good. Repeated taps of the

hammer produced similar results but not an identical response. This problem

made pre- and post-exposure evaluation very difficult. If this technique is

considered worthy of further evaluation, a larger number of baseline

measurements would be needed to establish some statistically reliable baseline

(i.e., before exposure) impedance data.

Sinusoidal frequency response measurements produced results that were not

easily interpreted. Small changes in position of either the driver or receiving

accelerometer results in large changes in frequency response. This technique
would similarly require additional study before it could become a viable

evaluation tool for assessing structural damage.
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5.3.3 Structural Response Tests

5.3.3.1 Test Data

A listing of the structural response test data is provided in Table 5-3. Data in this table
represent each event identified as a sonic boom and also a few events considered to be low
altitude subsonic flyovers of Structure A. The data were obtained during the six week
monitoring period of the two structures at WSMR.

Figure 5-24 illustrates the general frequency response characteristics of the structure at
the respective location of each transducer by sample time histories of response for one sonic
boom event. Thus, the relative response of the structural components can be compared to one
another. Similar data are shown for all events in Appendix E. The highest acceleration
amplitude observed (nearly lg peak) for this boom was from Channel 6, which was the
ceiling. Another large response was that of wall 101S, Channel 7, which had nearly a lg
response level. The base of wall 101E (Channel 2), as expected, had the lowest acceleration
level, an amplitude of about 0.02 gs. Appendix E contains a complete set of the time history
plots for all data. Appendix F contains a listing of the weather data (during the measurement

period) obtained at White Sands Missile Range.

Structural Resonse Results

An analysis of the data obtained from the LVDT mounted on the crack in Structure A is
shown in Figure 5-25 and illustrates the displacement observed during 12 sonic booms
occurring during the tests. During the tests, the LVDT was not intentionally moved so all
displacement shown in this figure occurred naturally. Of course, it is possible that the brace
supporting the LVDT could have moved slightly producing some of the large shifts between
booms. On the plot of Figure 5-25, a negative change in displacement corresponds to a
widening of the crack.

All but one boom produced an apparent widening of the crack, noted as a shift in the
DC level of the LVDT before and after the dynamic response from the boom. The average
change in displacement observed during the tests was 0.0M944 inches, not a large value but
quite significant if real.
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Figure 5-25. Displacement of Crack in Wall 10IS of Structure A
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Other comments based, in part, on an examination of detailed data plots (too numerous

to include in this report) from Structure A are as follows:

Comparison of the velocity response spectrum levels for Wall 101E show

almost the same spectral shape at the base and at the wall center. However, the

ratio of peak acceleration to peak sonic boom pressure at the wall center is about

75 percent greater than at the base of the wall. This is in the right direction but

represents less amplification than expected on the basis of other similar data

discussed in Section 4.3.2.2. However, the velocity response spectra at the
wall center was higher by a factor of about 10 over the velocity response at the

base. The dominant resonant frequency at both locations is between 6.3 and

16 Hz.

Wall 101S has a very prominent resonance at 8 Hz with all other resonant

frequencies at least 10 dB down. The low frequency content is also quite high.

Wall 102S and 104W have similar resonance peaks at 8 and 12.5 Hz, although

at lower levels than for the other walls. The ratios of peak acceleration to sonic

boom pressures for Wall 102S are lower by a factor of about 2 than for Wall
104W. There is no obvious reason for this difference in behavior of the two
walls which are believed to be very similar in construction.

The vibration response of Wall 101S, an internal wall, was relatively high and

could have been affected by the presence of a heating flue built into the wall,

severely limiting the wall strength.

Sonic booms occurring during periods when the system was being serviced
were not recorded. At least two booms were noted by the field engineer while

the system was off.

5.4 Evaluation of Test Results

The measured peak accelerations at the center of three outside walls and ceiling of

Structure A have been evaluated and converted into peak pseudo-velocities by dividing the
acceleration by 27c times the fundamental resonance frequency of the surface as determined

from the time history records. These peak velocities, derived from the measurements, were
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divided by the corresponding peak pressures to form a measured velocity to pressure transfer

function. These experimental values are shown in Figure 5-26 compared to predicted values
based on Eq.(4-5b) and estimated surface weights of 148 psf for the 18-inch adobe wall and
10 psf for the ceiling. A line is also shown representing a 50 percent overprediction case.
The upper bound of the data seems to agree very well with the prediction model while the
50 percent overprediction line is generally on the low side of the data.

A more detailed evaluation of the measured data is provided by constructing the spectral
content of the velocity response transfer function. This was simply the difference, on a decibel
scale, between the velocity exposure spectrum level in dB re 1 inch/second and the sound
exposure spectrum level in dB re 1 psf. The velocity exposure spectrum level, LVE(f),
represents the spectral content of the time-integrated velocity signal formed from the Fourier
Transform of the time-integrated acceleration signal and is given by

LVE(f) = 10 log [2g2IA(f)12/(2n-f) 2], dB re (1 in/sec) 2 - sec/Hz

where g = Acceleration of gravity, in/sec2

LA(f)I = Absolute value of Fourier Spectrum of Acceleration Signal, g's-sec
f = Frequency, Hz

Note that both the velocity and pressure spectra are averaged over a one-third octave band
interval for plotting purposes. This smoothing process also prevents computation of artificial
peaks in the transfer function which can occur when the raw, narrowbaud spectra are used to
compute a transfer function. The results of this analysis are shown in Figure 5-27a, b, and c
from measurements at the center of three walls in Structure A. The data show the mean and
mean ±1 standard deviation for the transfer functions computed from the wall response and
acoustic measurements for seven different sonic boom events.

Since these velocity to pressure transfer functions represent, in log form, the ratio of
Fourier spectra of the velocity and pressure signals, respectively, they represent general
velocity to pressure frequency response functions for each of the center wall positions. Thus,
the peak in the transfer function of each curve in the region of 10 to 20 Hz corresponds to the
fundamental resonance frequency of the wall and the magnitude of the peak transfer function
represents the influence of damping.

An analysis similar to that developed in Appendix C.2 would show that the maximum
value of this transfer function, expressed as the ratio of the velocity response spectrum V(f) to
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pressure spectrum P(f), for a uniform, simply-supported panel in its fundamental mode should

have the value:

V(f)/P(f)1max = gQ (in/sec)/psf7t2 (2ntfo) . w

where g = Acceleration of gravity (386 in/sec 2)

w = Surface weight, psf

Q = Dynamic Magnification Factor

fo = Fundamental Resonance Frequency

For these 18-inch adobe walls, the estimated surface weight is 148 psf and Q, derived from
analysis of the damping decay in the sonic boom time histories, is estimated to be about 18
(Table 4-2), and the average resonance frequency is 12.5 Hz. Thus, the predicted maximum
value of the transfer function at the fundamental resonance of the walls (assuming they behave
as a simply supported panel), would be about (16) (386) (18)/(t 2 (2n . 12.5)• 148) = 0.97

or -0.3 dB re 1 in/sec per psf. The peak values for the transfer functions plotted in Figure 5-27
have an average value of about 1 ±7 dB re 1 in/sec per psf, thus showing excellent agreement

with the prediction.

In summary, measured dynamic responses of the two unconventional structures
evaluated in this program have provided useful supporting data for the damage prediction
model and have explored techniques for damage assessment in the field. Recommendations for
improved procedures for the latter are presented in the final paragraph of this section.

5.5 Recommendations for Future Photographic Documentation

Examination of the detailed photographs of the study areas indicates the need for
improvements in photographic techniques which should be incorporated in future studies:

Slow speed color film should be used to obtain a finer grain photograph.

The camera should be tripod-mounted at a well-defined and documented
position. Distance from the film-plane to the wall should be documented and
repeatable within ±0.25 inches.

The same lens focal length and aperture and shuttle speed settings should be

used for before and after photographs.
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Preferably, lighting should be provided by a battery-powered cine flood located

to either side of the image area to accentuate the surface texture and presence of

cracks. This allows lighting to be optimized before exposure.

If a flash unit is used for lighting instead, it should be removed from the camera

and located at about 45' to either side of, and aimed at, the image area.

If possible, two photos should be taken with the flood or flash positioned on

each side of the camera.

A measurement scale should be held on the wall and be photographed with the

detail area.
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6.0 STRUCTURAL DAMAGE ASSESSMENT FOR UNCONVENTIONAL

STRUCTURES

All of the necessary elements of a basic damage assessment model have been

established in Sections 2 through 4 and related supporting data presented in Section 5. This

section presents, in a summary step-by-step form, the algorithms, procedures, or data suitable

for implementing a model for damage assessment of unconventional structures on the USAF

NSBIT ASAN Program. The section will conclude with specific results of applying these

procedures for a variety of unconventional structures and a range of sonic boom overpressures.

6.1 Step 1 - Selection of Structures

The first step is the definition of generic categories of structures covering the range of

types which may be encountered under supersonic flight operations and for which a systematic

assessment of potential damage can be made for each of the types of such flights.

Based on the analysis in Section 2, four broad categories of structure types were

selected for analysis. The general categories of unconventional structure listed in Table 6-1

include (1) common types of construction for normally unoccupied historic buildings,

2?) prehistoric structures, (3) seismically sensitive areas, and (4) miscellaneous utility

buildings and metal structures. Only a Category B window (2 to 10 ft2 ) has been included in

the first building category. Furthermore, the Category B window glass was assumed to be

already cracked and to have a resonance frequency that was about 75% of that for an uncracked

window. Types of prehistoric structures and archaeological sites included in this breakdown

are intended to cover the range of structures built by early Americans that are found widely

throughout many parts of the southwest (e.g., Lekson, 1984). Finally, avalanches and

landslides are listed under the category identified as seismically sensitive areas implying

sensitivity to acoustically induced ground vibration. Water tanks are also included in this

category for convenience although the primary concern for water tanks is expected to be

response from direct acoustic, rather than seismic, excitation induced by the aircraft noise (see

Secnon 4.2.2.2).

6.2 Step 2 - Definition of Free Field Sonic Boom Pressures

Based on the details developed in Section 3, the sonic boom environments will be

defined as follows for (1) ACM areas and (2) all other types of supersonic flight operations.
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Table 6-1

Four Major Categories and Subcategories of Unconventional Structures
Evaluated for Potential Damage by Sonic Boom

Major Subcategory
Category No. Type of Structure Type of Construction

Historic 0 Windows Category B, 2-10 ft2

Buildings 1 Historic Buildings (1) Masonry, Stone
2 Historic Buildings (1) Brick
3 Historic Buildings (1) Adobe
4 Historic Buildings (1) Wood Frame, Plaster Interior
5 Historic Buildings (1) Wood Frame, Wood Interior
6 Historic Buildings Covered Wood Bridge

Prehistoric 7 Prehistoric Structures (2) Masonry, Stone
Structures 8 Prehistoric Structures (2) Adobe

9 Water Tanks/Wells Metal/Stone (above ground)
Seismically 10 Geological/
Sensitive Archaeological Sites (3) Stone Caves/Rock Formations
Areas 11 Loose Snow - Avalanche Loose Snow on Steep Slope

Areas
12 Slab Avalanche Areas Snow Slab on Steep Slope
13 Slide Areas - Soil Soil on Steep Slope

Misc. 14 Utility Buildings Concrete Block
Structures 15 Utility Buildings Wood Frame

16 Utility Buildings Metal Frame
17 Radio Telescopes Metal Frame

(1) More than 50-100 years old (roof intact), unoccupied but maintained
(2) Early American habitation/ceremonial sites (roof missing)
(3) May contain petroglyphs or other Early American art

6.2.1 Air Combat Maneuver (ACM) Training

For ACM areas, the long time average of the log mean sonic boom pressure Po (i.e.,
the nominal value) anywhere within the SOA ellipse is given by:

PO = 0.56 exp (- [(X/a'x)2 + (Y/ay) 2]) 0.122, psf (6-1)

6-2



where X,Y are the coordinates along the minor and major axes of the supersonic main ellipse
and ax, ay, are 11.1 and 18.9 miles, respectively. These last two parameters represent the

standard deviations of the two-dimensional normal distribution of nominal sonic boom
pressures within the SOA ellipse. The free field sonic boom pressure Pf any time or position is
defined by the statistical variation in sonic boom pressure about the nominal value P0 . For the
analysis in Section 6.6, potential damage is estimated in terms of a probability for structures
located along the major axis of the ellipse (X=0) at Y=0, 20, 40, and 60 miles from the center
of the SOA ellipse and corresponding approximately to 0, 1, 2, and 3 times the standard
deviation of the spatial normal distribution (in the Y direction) of the nominal peak pressures.
As discussed in Section 3.0, these same nominal sonic boom pressures would apply at any
point on an ellipse with the same "elliptical radius" r = [(Xay/a~x) 2 + y2] 1/2.

The standard deviation aL of the log of this free field sonic boom pressure within SOAs
is estimated to be 0.366 (corresponding to 7.32 dB). For this value of aL, the peak sonic
boom pressure at the center of the ellipse is expected to exceed 0.56 x 10(0.366 x 1.282) =

1.6 psf and 0.56 x 10(0.366 x 2.326) = 4.0 psf for 10 percent and 1 percent of the time,
respectively. These correspond to the probability of occurrence at 1.282 and 2.326
respectively times the standard deviation cL of the log of the sonic boom pressures.

6.2.2 Other Supersonic Flight Activity

In the absence of predefined specifications for the detailed nature of other types of
supersonic operations, damage assessment will be carried out for the following specific
nominal sonic boom pressures increasing in steps by a factor of 2 and corresponding, very
approximately, to peak pressures under the flight track for the ranges of supersonic flight

altitude indicated below.

Approximate
Range of Selected

Approximate Sonic Boom Nominal Sonic Boom
Altitude Range, Pressures, Pressures,

ft psf psf

70,000-30,000 1-3 1,2
30,000-10,000 3-10 4,8

10,000-100 10-130 16, 32, 64, 128

For structural damage analysis purposes, these nominal sonic boom pressures will be assumed
to be the same as the corresponding long time average free field pressures at a structure located
within the carpet boom pattern for such flights. The actual spatial variation of peak sonic boom
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pressures within the carpet boom pattern is discussed briefly in Section 3.0. The standard

deviation aL of the log of the free field sonic boom pressures for these conditions will be taken

from the measured statistical distribution of sonic boom overpressures from the Oklahoma City

tests (Hilton, et al., 1964) to give:

Location atL 20 CYL
ldB

Directly Under Flight Path 0.114 2.3
To Side Near Lateral Cut-Off 0.172 3.4

The plotted data in Figures 3-9 to 3-11 in Section 3.0 can be used for initial rough estimates of

carpet boom pressures; more exact estimates of carpet boom peak overpressure can be made
using available manual (Carlson, 1976) or computerized (Bishop, 1988) sonic boom prediction
models. For example, assuming that, on the basis of such models, it is estimated that the
nominal peak overpressure is 8 psf for a structure located near the edge of a carpet boom

pattern, then 10 percent and 1 percent of the time the peak pressures would be expected to
exceed 8 x 10 (0.172 x 1.282) = 13 psf and 8 x 10 (0.172 x 2.326) = 20 psf, respectively. The
damage probability prediction models employed here will, of course, inherently include this
statistical variation in peak pressures when computing the probability of damage.

6.3 Step 3 - Definition of Effective Sonic Boom Pressures

The effective sonic boom pressure acting on a structure, Pc, is equal to:

Pe = Po (Pf/Po) (Pe/Pf) (6-2)

where P0  = nominal sonic boom pressure as specified in Step 2.

Pf/P 0  = free field sonic boom sound pressure at a given time and location for an
arbitrary supersonic flight condition. (The log mean value of this ratio
will be assumed to be unity. Thus, the standard deviation atL of the log

of P0 and of Pf/P0 specified in Step 2 account for the overall statistical
variation in Pr due to variations in weather and flight operations about

long time mean values.

P/Pf = ratio between effective pressure representing the effective load on a

structure and the incident free field pressure at the ground.

Table 6-2 defines the mean and standard deviation (in decibels) of the log of this ratio, PJ/Pf.
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Table 6-2

Estimated Default Values for Ratio Pe/Pf of Effective to Free Field Sonic Boom Pressure and
Corresponding Values of aL

Type of Structure Pe/Pf (TL 2 0 CYL
dB

Windows
Orientation 0.75 0.048 0.95
Surface Reflection 1.0Q 0.025 0.50

Total 0.75(1) 0.054(2) 1.07(2)

Buildings with Roof Intact (5)
Orientation Effects (see Section 3.3.1) 0.75 0.048 0.95
Surface Reflection (see Section 3.3.2) 1.0 0.075 1.50

Total 0.75 0.089 1.78

Buildings with No Roof
Orientation 0.75 0.048 0.95
Surface Reflection 1.00 0.025 0.50
Diffraction (see Section 3.3.2)(4) 0.26 0.068 1.36

Total 0.20 0.087 1.73

Water Tanks
Orientation 1.0 0 0
Surfce Reflection 1.0 0.075 1.5

Total 1.0 0.075 1.5

Archaeological Areas
Orientation 0.5 0.048 0.95
Surface Reflection (3) 1.0 0.075 L.50

Total 0.5 0.089 1.78

Avalanches/Landslides
Surface Reflection 1.0 0.075 1.78

(I) Product of individual values
(2) rms sum of individual values
(3) Worst case assuming normal incidence
(4) Default value for typical prehistoric buildings based on typical values for

height (9 ft) and resonance frequencies (23 Hz) for free-standing walls of
such buildings. See Section 3.3.2 for equations for other heights or resonance
frequencies.

(5) Also applies to metal buildings and radio telescopes with diameter 2! 50 ft and
solid metal parabolic reflector antenna.
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6.4 Step 4 - Define Peak Stress Response

Table 6-3 provides a summary of the structure-specific input parameters required to
calculate the peak stress oL for sonic boom loading. The first two columns after the left-hand

column of types of structures provides default values for the fundamental resonance frequency
fo and the estimated value of 0 L for the log of resonance frequency for each type of built-up
structure based primarily on data in Table 4-2. To estimate values for fo for other cases, refer
to Eq. (4-10) in Section 4.3.1.2. The last category of miscellaneous metal structures, the
values selected for fo and C7L are simply estimates within a range of possible values (see

Section 4.3.1.2).

The next two columns define the estimated surface weights w and corresponding values
for aL based on the data in Table 4-2. For specific estimates of surface weight not covered by
these default values, surface weight w can be computed by the product of weight density Pw
and thickness t. Data on weight density covering a very large range of building materials is
provided in Appendix B.

The next three columns define the default values of Ks (one of the velocity to stress
constants used in Eq.4-7) and the default values for the other velocity to stress constant (i.e.,
E/CL) used in this equation. Note that Ks and E/CL were usually assumed to be deterministic
variables with no statistical variation (i.e., oL = 0) since they depend on (1) material properties
whose statistical variation is already accounted for in w and fo, and on (2) geometric shape and
size parameters assumed to have exact (default) values which have no statistical variation by
themselves since, here again, the dlefined statistical variations in surface weight w and
resonance frequency f will account for any actual variation in shape and size parameters. One
exception to this is that finite values of aL for E/CL are applicable to seismic response areas
since resonance frequencies and surface weights are not applicable in this case.

The next two columns define the predicted value of the ratio of peak stress Tpk
(signified in the table by Spk) to effective peak pressure Pe and the associated estimate for the
standard deviation of the log of this quantity. Since it is assumed or known that the parameters
which define this transfer function have a log normal distribution, the value of aL is equal to
the square root of the sum of the squares of CFL for each component of the transfer function.
For built-up structure, according to Eq. (4-7), this ratio C":pk/Pe is given by:

apk/Pe = Ks (E/CL) (Vpk/Pe) (6-3)
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Table 6-3

Summary of Structural Response Prediction Model Parameters

------------------------ STRUCTURAL PARAMITERS ------------------------------------------

Reson. Freq. Surface 4t. ,7elocityiPress.:Stress/Velocity Constants Stress/Press.
No.: TYTPE o STRUCTUR . fo- ------- ------- 7(fo)/Pe Is ---, ICl . .- PiPe

lean 20.SD* lean 20.SD: lean 20.SD dean lean 20.SD lean :O-SD
9z dB psi dB :in/s/psi dB - psi/in/s lB psi/psi iB

3ISTORIC 3UILDINGS -------------------------------------------------------------------------------------------

0 WINDOWS, TYPI B, 2-10 ft : 46 2.76 0.016 0.91 334 5.40 1.39 50 0.00 3,200 6.13

1 HASONRY-STONE 25 2.34 0.760 2.10 13 3.00 1.34 48 3.00 332 4.35
2 BRICK 12 3.30 0.460 1.35 45 3.00 1.34 17 2.00 1,100 4.33
3 IDOBE WALLS 15 1.36 1.100 1.78 15 3.00 1.34 2.0 1.00 40 374

4 WOOD-FRAME, PLASTER 16 2.22 0.068 0.31 226 3.00 1.13 18 0.00 4,590 3.34
5 WOOD-FRAMI, WOOD WALLS 15 2.50 0.042 0.31 390 4.50 1.13 8.2 0.00 3.610 5.23
6 WOOD-FRAIE, OPEN (BRIDGE) 10 2.50 0.069 0.31 356 4.50 1.13 8.2 0.00 3,300 5.23

PRE-HISTORIC STRUCTURIS

7Ai T ASO: R0/STON-ROOF OK 5.1 3.78 0.73 4.53 56 3.00 1.34 48 0.00 3,630 6.i2
7B: RASONRY/STONE-NO ROOF 5.1 3.78 0.73 4.53 56 3.00 1.34 48 0.00 3,630 6.i2
8A: ADOBI - ROOF 01 11 3.78 1.20 1.78 19 3.00 1.34 2.0 0.00 50 5.14
aB ADOBE - NO ROOF 7.3 3.78 1.20 1.78 28 3.00 1.34 2.0 0.00 75 5,14

SEISMIC'LT-SENSITIVE AREAS

3 WATIR WILLS/TANKS 25 6.00 0.0380 0.31 259 4.50 1.46 100 2.00 37,300 7 -6
:10 ARLY AN.PETROG./CAVIS NA Following values to : 3.79 4.72 1 48 5.50 38 3 )3
11 LOOSE SNOW AVALANCHE NA right are ratios of 1.72 3.20 1 0.36 3.00 2.62 4 9

:12 SLAB AVALANCHE A Peak Velocity to 1.72 3.20 1 0.36 3.00 J 62 4 13
:13 LANDSLIDE AREAS NA Pressure,(in/s)/psi 1.90 4.72 1 1.2 2.40 2.3 533

MISC. OTIL.,ETAL STRCT'RS

14 UTILITT BLDGS-CONCRITI BLCK: 25 2.34 0.260 2.50 38 3.30 1.34 13 0.00 59 4 55

15 :3TILITT BLDGS-WOOD FRANE 15 2.50 0.042 0.31 390 4.50 1.19 B.2 2.00 3.310 5
16 UTILITY BLDGS-NETAL IRANE 14 1.39 0.019 3.10 324 4.50 0.39 150 3.00 :123,300 1 '0

':7 :ADIO TEIESCOP!S 25 1.39 0.069 3.10 :42 4.50 0.89 150 3.00 19,020 5 '3

S20.SD denotes 20 times
the Standard Deviation
7f the 'og of the Variable.
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and the envelope for Vpk/Pe including the factor of 2 correction for multimodal response (s'te

Section 4) is given by

21r (gf°T2/w), fo < -3 / itT, (in/sec) / psf (6-4a)

2g/(ir f0 w), fo -Ž F3 / nT, (in/sec) / psf (6-4b)

where

KS, E/CL = parameters defined in Section 4 (default values listed in Table 6-3)

g = acceleration of gravity, 386 in/sec2

fo = resonance frequency of the built-up structures, Hz

T - duration of sonic boom, sec

w - surface weight, psf.

(Note that a mixed system of units is employed to continue the practice of expressing velocity

in units of inches/sec and sonic boom overpressure and surface weight in psf.)

It should be pointed out that Eq. (6-4a) is very seldom applied since, even for a low
nominal sonic boom duration of about 0.075 sec, the frequency for which this low frequency

envelope applies in such a case (7.4 Hz) fadls below the fundamental resonance frequency, fo

of nearly all of the structures considered in this study.

The peak stress apk is then computed from Pe and the ratio Opk/Pe just defined. Also

required is the value of CL for this peak stress which is the square root of the sum of the

squares of the corresponding values of cL for each term in Eq.(6-3).

6.5 Step 5 - Computation of Probability of Damage for One Sonic Boom

Next, the material strength or damage threshold stress as is required from the data in

Section 4.4 along with the corresponding value of 20 aL. Default values for as and the

associated aL that were developed in Section 4.4 are summarized in Tahie ,-4.

Thus, given the strength as and imposed stress Gpk, and their corresponding values of

aL, the factor of safety FS = Gs/lcpk is computed along with its value of UL (FS) =

SaL(Os)2+0L(apk)2, and the generalized normal distribution variable:
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Z = log (FS)/GL (FS) <2 (6-5)

Then, using the theory and computational algorithms outlined in Section 2.2 for evaluating the
integral of the normal distribution, the probability of damage (POD) is computed for each type
of structure for the basic value of the nominal pressure P0 corresponding to a specified position

for the structure within an SOA.

6.6 Step 6 - Calculation of Weighted Probability of Damage According to
Estimated Frequency of Booms

6.6.1 Weighted Probability of Damage for SOA Used for ACM Training

The net result of applying the preceding calculation process is shown in Table 6-4 for a
typical SOA for a structure located at its center. The columns to the right of the list of structure
types defines the intermediate values necessary to compute the values of POD and a ' eighted
value PODn as explained below for a structure at one position for one sonic boom. Also
shown at the far right of the table are computed values for the peak displacement, velocity and
acceleration response for the one condition evaluated in the table. Infcrmation on expected
ambient vibration response levels of structure from other sources of dynamic excitation of
buildings, such as human activity, nearby road or rail traffic or weather (Sutherland, 1989)
would show that the latter, in some cases, exceed the dynamic response of structures to sonic

boom.

Table 6-5 presents a summary of the probability of damage occurring for an
unconventional structure located at four different "elliptical" radii from the center of the SOA
ellipse. The distance corresponds to positions along the major axis of the ellipse relative to the
center. The same probabilities would apply to distances along the minor axis if these were
reduced by the ratio o./Ioy (= 0.6) of the standard deviations for the X and Y axes of the SOA
ellipse. The damage probabilities listed in Table 6-5 have novw been weighted by the variation
in expected numbers of booms per day as a function of position within the SOA ellipse defined
in Section 3 by Eq. (3-2). Thus, the probability of damage values listed in Table 6-5 represent
the weighted probability of damage on any typical day according to a given number N of
sorties per month. That is, the probability of damage PODn occurring on a given day and
location X,Y in an SOA ellipse is given by

PODn = POD-n (6-6)
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Table 6-5

Probability of Damage Per Day for Unconventional Structures Located at
One of Four Different Elliptical Radii (X=0) Under an SOA Ellipse

With an Average of 500 ACM Sorties per Month

PROBABILITY OF DAMAGE PER DAY FOR

AVERAGE OF 500 ACM SORTIES PER MONTH

ELLIPTICAL RADIUS,[ X = 0 1, mi.

No< TYPE OF STRUCTURE 0 20 40 60

.HISTORIC BUILDINGS

0 : WINDOWS, TYPE B, 2-10 ft2 5.4E-03 3.0E-03 5.1E-04 2.4E-05

1 MASONRY-STONE 4.5E-05 2.3E-05 2.9E-06 3.4E--.3
2 BRICK 4.OE-02 2.3E-02 4.0E-03 2.1E-04
3 ADOBE WALLS 9.2E-04 4.9E-04 7.OE-05 2.6E-06

4 WOOD-FRAME, PLASTER 1.6E-02 8.6E-03 1.5E-03 8.7E-05
5 WOOD-FRAME, WOOD WALLS 1.4E-03 7.4E-04 1.1E-04 4.6E-06
6 WOOD-FRAME, OPEN (BRIDGE) 1.1E-03 5.8E-04 3.7E-05 3.5E-06

PRE-HISTORIC STRUCTURES

7A! MASONRY/STONE-ROOF OK 2.0E-02 1.1E-02 1.9E-03 1.4E-04
7B: MASONRY/STONE-NO ROOF 1.4E-03 7.5E-04 1.2E-04 5.3E-06
8A: ADOBE - ROOF OK 8.5E-03 5.8E-03 1.OE-03 5.0E-05
3Bý ADOBE - NO ROOF 1.2E-03 6.4E-04 9.7E-05 4.0E-06

SEISMIC'LY-SENSITIVE AREAS

9 WATER WELLS/TANKS 2.1E-04 1.1E-04 1.7E-05 6.5E-07
:10 EARLY AM.PETROG./CAVES 1.6E-03 8.9E-04 1.5E-04 7.3E-06
:11 LOOSE SNOW AVALANCHE 8.4E-02 4.9E-02 9.7E-03 5.8E-04
12 SLAB AVALANCHE 3.1E-03 1.7E-03 2.8E-04 1.3E-05
:13 LANDSLIDE AREAS 2.1E-06 1.0E-06 1.2E-07 2.9E-09

MISC. UTIL./METAL STRCT'RS

14 UTILITY BLDGS-CONCRETE BLCK:: 7.7E-05 3.9E-05 5.1E-06 1. 6E-I7
:15 UTILITY BLDGS-WOOD FRAME 1.6E-03 3.5E-04 1.3E-04 5. 4E-06
16 UTILITY BLDGS-METAL FRAME 3.6E-04 1.9E-04 2.6E-05 9. 4E-07
17 RADIO TELESCOPES 3,4E-07 1.6E-07 1.8E-08 4.0E-1O

----------------------------------------
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where POD = the probability of damage for one boom

and n = the estimated number of booms per day at the specified location of

the structure

0.00 12N exp [- •. (X/a'x)2 + (Y/ay') 2)J (6-7)

N = Number of ACM sorties per month into SOA

X,Y = Position coordinates of the structure in the SOA ellipse

ax', Oy' = 13 and 21.4 miles respectively (based on the WSMR tests, Plotkin, et al.,

1984, as outlined in Section 3.1.1).

The same information shown in Table 6-5 for structures located at the center of the SOA
ellipses is also shown in Figure 6-1 in graphical form. The code numbers across the bottom of
this chart correspond to the structure code numbers used in Table 6-1, 6-3 and 6-4. The
estimated probability of damage at this "worst case" position in an SOA used for ACM training
varies widely and it is helpful to list, as follows, the structure types in Figure 6-1 in descending
order of the probability of damage events in any average day at the center of an SOA ellipse.

Code PODn @ Range
No. Type of Structure X,Y = 0 of PODn
11 Loose Snow Avalanche 8.4 x 10-2
2 Brick 4.0 x 10-2 1-10%

7A Masonry/Stone - Roof OK 2.0 x 10-2
4 Wood Frame, Plaster 1.6 x 10-2

8A Adobe- Roof OK 8.5 x 10-3
0 Windows, Type B, 2-10 ft2  5.4 x 10-3

12 Slab Avalanche 3.1 x 10-3
10 Early American Petroglyphs/Caves 1.6 x 10-3
15 Utility Buildings - Wood Frame 1.6 x 10-3 0.1-1%
7B Masonry/Stone - No Roof 1.4 x 10-3
5 Wood Frame, Wood Walls 1.4 x 10-3

8B Adobe No Roof 1.2 x 10-3
6 Wood Frame, Open (Bridge) 1.1 x 10-3
3 Adobe Walls 9.2 x 10-4

16 Utility Buildings - Metal Frame 3.6 x 10 -4 0.01 - 0.1%
9 Water Wells/Tanks 2.1 x 10-4

14 Utility Buildings-Concrete Block 7.7 x 10-- 0.001 - 0.01%
1 Masonry - Stone 4.5 x 10-5

13 Landslide Areas 2.1 x 10-6 00001 -0.0001
17 Radio Telescopes 3.4 x 10- 7  <.0001%

This indicates that there is a I to 10% chance of a damage event occurring
in any one given day for these structures.
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This listing has been broken down into ranges of probabilities differing by a factor of 10. The

result indicates the most sensitive types of unconventional structures relative to potential sonic

boom damage in an SOA area. It is not surprising to find a loose snow avalanche at the top of

the list. However, recall from the discussion in Section 4.4.6 that:

(1) such "avalanches" are not usually dangerous to people or structures, and

(2) the probability of triggering such a moderate evens is highly dependent on the

simultaneous occurrence of the sonic boom with weather conditions for which such

phenomena are most likely to occur.

Perhaps more surprising is the estimated high damage potential for brick (historical) buildings
(code no. 2) and prehistoric masonry/stone structures with an intact roof (code no. 7A).
However, it may be recalled from Section 4.4.2.2 that for historic brick structures, it was
assumed that old, low strength mortar was involved and that for strength of prehistoric
masonry or stone buildings, a conservative estimate was made for the damage threshold stress.
The relatively high values for the estimated probability of damage to some unconventional
structures located under ACM training areas are due, in part, to the larger variance in the sonic

boom environments for such areas and the lower mean values and higher variance of the
damage threshold stress for the more sensitive unconventional structures.

6.6.2 Sensitivity Analysis

To provide some indication of the sensitivity of these results to variations in the various

parameters, a limited error analysis was made by examining changes in PODn for three beparate
types of changes in the damage prediction model parameters.

(1) Decrease the predicted stress response by 50% (this corresponded to a 6 dB

decrease in 20 log of the peak s#----- and is equivalent to increasing the factor of

safety by 2).

(2) Increase the standard deviation UL in the log of the peak stress response by 0. 15

(equivalent to a 3 dB increase in 2 0.aL)

(3) A similar increase in OL for the damage threshold stress
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The effect of these different changes is summarized in Table 6-6 for all of the four elliptical
radii positions in an SOA ellipse used for Table 6-5. For example, for brick historic buildings

and radio telescopes located at the center of the ellipse (X,Y = 0), the values of PODn change

as follows:

PODn PODn
Change Condition Brick Building Radio Telescorg
Baseline - no change 4 x 10-2 3.4 x 10-7

Decrease atpk by 50% 9 x 10-3 1.4 x 10-8

Increase 20 aL of log apk by 3 dB 7.4 x 10-2 4.8 x 10-5

Increase 20 oL of log cs by 3 dB 6.2 x 10-2 4.8 x 10-5

Thus, sensitivity of the damage estimate to changes in model parameters is low (changes are of
the order of 2 to 4 times) for structures with high baseline values of PODn and very high
(changes of 1 to 2 orders of magnitude) for structures with low baseline values of PODn.

6.6.3 Damage Estimates for Other Types of Supersonic Activity

Table 6-7 summarizes estimate of damage probabilities for the other types of supersonic
activity identified earlier. These estimates cover overpressures ranging from 1 to 128 psf for
structures located directly under the flight track (where the statistical variation in free field
pressures is lowest) and from 1 to 8 psf for locations near lateral cut-off where statistical
variation in free field pressures are highest.

As the overpressures increase, the probability of damage increases rapidly, eventually
reaching a value greater than 1 according to the model. In other words, the model predicts
100% probability of damage for most unconventional structures when the peak overpressure
reaches 128 psf - a very realistic overpressure for very low altitude supersonic flights.

It is important to recognize that the damage predictions in Table 6-7 are predicted
probabilities per sonic boom. In the absence of any standard data on frequency of air traffic in
supersonic corridors, it is not feasible, at this point, to define a value of PODn for the
probability of a damage event per day for such supersonic activity. It can be assumed, in this
case, that every supersonic corridor flight will generate a sonic boom providing the flight
conditions exceed the sonic boom speed and altitude threshold discussed in Section 3.1.
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6.7 Step 7 - Calculation of a Global Measure of Damage Potential

For a given study area, a global measure of the potential damage to any one type of

unconventional structure can be computed by summing up the product of the probabilities of

damage. Pn (weighted by the frequency of sonic booms) times the density of such structures

over any given area to come up with a space average probability of damage. Such a process is

discussed in more detail elsewhere for structural damage prediction under low altitude subsonic
Military Training Routes (Sutherland, 1989). However, such a refinement may not be
necessary in most cases since there will normally be a very limited number of unconventional

structures of any one given type within any given sonic boom exposure area.

6.7 Summary

A step-by-step procedure has been defined along with the basic computational

algorithms and supporting default structural response data for prediction of possible damage to

unconventional structures from sonic booms. The procedure outlined lends itself to computer
models, such as the USAF ASAN program, for a more detailed evaluation of damage potential

for such structures than had been possible until now.

Further improvements in the prediction model are needed to refine and/or validate the

many engineering estimates that had to be made concerning structural damage stress thresholds

of many of the materials employed in unconventional structures. Fortunately, however, the
damage prediction model is most accurate when the predicted damage probability is highest.

Thus, while necessarily limited in accuracy, the methods presented in this report will provide a

useful and rational basis for carrying out a preliminary analysis of potential damage to
unconventional structures from sonic boom.
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INTRODUCTION

This bibliography has been assembled in response to item 4.1 of the contract

statement of work. This literature is to aid in defining unconventional structures

and their sensiti/ity, and response to sonic booms. Literature on objective

analytical methods and means of non-destructive condition assessment has been

included. To simplify utilization of this bibliography, the literature has been

broken down into three broad categories: response, condition assessment, and

damage.

The primary concern is response of unconventional structures to sonic boom.

Literature reviews and papers on multiple or general topics have been grouped

together under this heading. Several papers are also included on underwater and

seismic response to sonic boom. Papers on the effect of sonic boom on structures

have been placed into several sub-categories. The sub-categories include response

of buildings, non-linear aspects, and response of specific structural elements such

as windows, individual wall panels, or bearing members. Another sub-category

concerns studies of the dynamics of liquid storage tanks.

Papers concerning other forms of acoustic excitation and response aspects

have been included as well. For a broader understanding of response to transient

sonic excitation, several papers on blast response have been listed. Papers

regarding response of primitive structures, an important subject of this program,

were concerned with a variety of excitation types. In order to group these

together, a category was formed for aircraft and general noise excitation. Papers

on the effect of structures on sonic boom signatures have been placed under the

heading of Indirect Effects and may be of little concern to this study. The effect

of ground motion on structures has also been placed under Indirect Effects, as a

structure may be excited by a sonic boom through acoustic coupling to the ground.

A category has also been included for response and damage prediction. This

includes analytical and numerical codes for response prediction and statistical

codes for damage probability.

The papers on condition assessment are grouped into two categories.

Guidance on general assessment of aircraft noise effects may be found in the first

list. The second is concerned with nondestructive evaluation. The techniques

which were deemed most likely to be useful for unconventional structures are set
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into sub-topics. These are photography, mechanical impedance, acoustic methods,

and uisual observation. These techniques may be helpful in documenting the

damage an unconventional structure might sustain as a result of sonic boom

exposure. This damage is likely to be slight for one given boom but may

accumulate over time. For this reason accuracy in making an assessment of

potential damage from a limited number of exposures to sonic boom is of prime

importance.

Papers -pertaining specifically to damage from sonic boom are listed

together. Literature on sonic boom-induced avalanches and damage to structures

and glass are set into subtopics. Papers on damage from blast and general noise

are placed together. Analysis of damage claims from aircraft noise and environ-

mental impact statements are included to aid in defining unconventional structures

and their sensitivity.

The literature listed under the broad topics of response, condition assess-

ment, and damage has been assembled and grouped for easy access. Under each

subtopic, the literature is listed alphabetically by author.
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METRIC CONVERSION CHART

1 ft = 0.3048 m
1 in = 2.54 cm = 0.0254 m
1 ft2  = 0.0929 m2

1 in2  = 0.0006452 m2

1 lb/ft3  = 16.02 kg/m3
1 lb/in3  = 27,683 kg/m3
I lb = 4.448 N

1 psi = 6895 Pa (N/m 2)

1 psf = 47.88 Pa(N/m 2)
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B .2 PHYSICAL PROPERTIES OF MATERIALS
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Re..foac d) a 07Roof Sla 1,500 - 12-31 507
2,.50

Rinforced CoAcre., 2,.500- I,500- I,5M 10 0 85-0 5512.3-3.4 0.07-0.1 0 06 155-1701

Ordierv I o a2% f 7,500 L3,OW 3.OOOMI 0.12
Teigl* Isr.,ofarmem,) 1750 - ;500 - 500-

I, 301 7501 7501

3,000 -
.000 0

,A.AS12,3.25

A'ealed Plate GluO ald 36,000 6 50b5 , 0.-, 10 .17- 3 002- 120-l9
Ni Gee. d0 Glen ' " l250 027 0.03

S % 3. 61

Am.00dwe Glen 3.500 Iml20-W

Tomp 'e Plate Glass 90,000- 20,000- 20, 000-2-8
IW3,00 30 m 30. 000

514U Slack Paeli 1 400 0.8 '0
-. too 100 ow Smr-d Swe-Vtl~i 600
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TABLE B.2-1 (CON'TINUED)

P04YSICAL ;qOPtUIES OF VAXIOUS LASIC WUILDING C-ZNSTRIJCTION MATECALS

D (DI io 0 !

2u0-

Plsw-Now, Nowod~bw.A, w ~- 50 I I
3on, md '".q 2.200 2,2w0

4" 0/8"I 2035 10.31-0 03!

A20-

270.
3500

ShoutIi. 9 Soord 770(9

Gypso.-Com',cre~ 520
,..oi A 500M AA i oo 01 CI 2-18

i 251 S I '22

~:al .0CM 1651 201
,2201 1.60 i

C3p.C,~ o.00- 60 00 -- H 2-1.8p
9,000 1,000 2, GM

5ypsmW rfoife. Me 75 A I

m.ETALS

CoowwaiY UWed in Swldi.9
Stý,cruresI

Aium,in~ Alle" -£

2.64 ,500 1 i,000- ),0- .6 01 02 2o 3 2 303 oS 49
1100-4, 201"-, 11,000 .000 9000 3 81

2003-4. 3004-0.
5052-0. 57 5":0
an.d W61 -O)

'4egi 1...~.d
2201 4-3,T4,T6) 32.00 53 OW00 - 34.010-M 0.5 1 0.0 0.33 1. .03 '65

58,000 60,0 ow .0000 '.al
ao61-r4.1'6,T621 14,000 - 26,000 - 16,300 - 0. 5 0o 0 23 2.303 -65

26.000 35,000 22.00 8

8eu 5,000 65.000 15.030 0.33 - 13. )3 52.5 22. 49
(12,0001 112,0001 [7,000! 15 4 81

B-5



TABLE B2-1 (CONTINUED)

PHYSICAL PROPERTIES OF VARIOUS .ASIC WUILDING CONSTRUCTION MATERIALS

UItOstet. t""fwr, psD( i ( Pa. 0 Lou(D
Moddulus E'.ramc* M--,' 1 ,Alloweai Str:ytt, DWI Mad of

C__ 
0..35-0...5 3-.147 0.33 0 0. 553 5 32.A9

C*Ppw6.41
Anm,eaod 30,000 33.000 23,000

36,70001

o., Railed 38.000 .00,0 ow 23,000
19, 0001 53,000 W o00 0

60,00 ow D I I,Ow0l

t9,001 Ow

G,,y C•o iro. 0.3,5-0.5 0.25 450 50
0o20 75.000 2,O0 13.0W2

110,0001 3.03001 :51
S40 40,000 is

Stuctum Steel 30,000- 52,000 37,000 0.65 29 0.33 0.001 - 490 31
41.000 75,000 52,000 121 p 0.003

2) 0001 [21,000 114.0001
33,0001

46,0001

MORTAR 45-70 9,29
Germllaio lmi 0. 1i

t Cwsme:Lime: Send)2.
sy voiumet

I1:6 900- 165- 45 -
2.t0 wo 3

100-

750CM

: 1/2 to : 4..I/2 2.100- 270 - 55-
3,00 A00 70
1, a0CM

1 1 4.2-I/4 1o 3.0 4.W00- 420-

,T,,. A-I0 5,500 40
2. 500M

1, 4to 1 2:2-i/4 ro3.0 2.100-• 260-
Ipe A-2) 2.300 300

1,4 00 M

0:2-1, 2 to 3.0 w;•th 5,000- 460 140- 0 -
'5% to 20% amt PeolyjW) 10,000 1,100 260

Stucco T /4-/41,500 - .

2.500-

STONE, h.,lud.n 2, 5

ýn.t.-te 7,"00 - 60- 2,000 - 1. 400 - 5,7-.2 160.190
60,000 1,000 4,.Mo0 5,200

L; -* e 2,600. 250 - 500- 5m0 -
7 

5 150-170
28000 900 4. 6 2.M00 2 24

ViaOl 8o000- _ 150- 1,300- 600-, 7.2- 40.-50
50.000 2,300 6.500 5,000 1A 5

Sandstone 5,000- 250- 300- 100-1 9-7.7 '35-1T0,
20,000 500 3,000 2.300w

Slate 3,000- 2.000 - 6.000 - 9 8.18 7-150A ,300 3,600 1 5, OW0

SYN¶4t•1tC mATERIAL ' 3

Acty*,€c tPIm,q,.. !8.000 10,.500 o..w5 3.002 I5 41,,8
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TABLE B.2-1 (COtfNT24ED)

P~ySICAI. PROPERTfIES OF VARIOUS BASIC BUILDING CONSTRICTION h-ATERIALS

jl'ete maod i Q ~ " i m1

Mod Of.CO O c P
1)61 ki -6 &

.C~.a.'-I
T  

14MR'.' acsn '.0aw '

:0-.Sia&c Cov'ry 520 3i 07 50 2.8 71 3

Mail so-; 01 .l 3

!0' B~ce-ll.COa.rv'VNeil 238 .20 S3 12.0 2 13

'0* Block-Glack Co.. y Wei 1 315 0.35 50 '3.0 . 41 3'

solid Convceve unit 1:00.140 61 0.1 0.012 '2

4laConce,* U~miC 701 51 0. .0 2
Mon.M,, .m Orai.wv

Rw.frcei Sjolid 250tee -m M0-501 0 3-0.4 i 01 0.012 7,.20
J.t PMasny I0. 75.0 9d

WNoo I'maoe well or
Pwqrpiafl.8 F,. iqin

Ca~niction:

- Mal Usnq 2X4 Studs; 92-140 1.5-2 20-38 10 3 - I 9.40
16'a..., 5/16" Ply~vSd I 1l A4

Shathing9 1/4" Ply.*"d
or /4" 'a 1/2" well-

Siigo Shingle; Total
Wel 1kThce,.a 5.1/4'

- Wall Us.nq 2xA Std# 1 ;0-157 2!-A 9-24 90.51 45,29

16o c.. Z5/32' Sh~av9-1 0, 44.0
"-9 300rde, LO..l Ssdi"

*r ~ESm-9" O,~~eo sc.

* Wall UU.j 2X4 studs; 5L.5 2.2-, 51 6.5 50.s5 45
We.c.. 25/32" $hear%- ~ 0 83

ng oar go brck0.52 ,
ie-mo Oww'de Face;
Lati -Ad P'ONMi l.wdo

;ace; Tow@ Th~ckoea

-wll UsingZ4 st.d,; 83.5 2-36,.. 26 57201 45

;:Ilod : hw Loth

- Wail. at Past'tia. Using 116 2.5 ! 0.5 6 65 3 61 47
Z.4 Studs; :6".e.
FPb..aeg. SlK..t Bar%
iraec,; ratei rh~ckinu

- soea m Excew og-78 'I 7-2 3 II '1-2. 4 .51 39,47

Sýmr qs or; Added
mos OuId ace, Tote

Tl,ckreu 5- 12"
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TABLE B91-.1 (CONTINUED)

3-YSICAL OQCPERT]IS CF VARICUS LASIC WUILDING CC-NSTIUC71CN MA~T14ALS

1000. 1J #8X0l 1 ,*

~r.'oas S C.95 '8 3 .8

i81 AOt CCO

" "$01P~ .as PNc -o

4 * 21,.ao Faces~ a-dI

Hal Ud.O~ s ia. 225.. 1 7 7 7&51 '2

'*ri Shooed Sbhw Steel

SI... 5',' Pe . N.de

S"oan O Corrivc-

,,9 Go tel Tm

.Vpn~1, 7r 4o' )j., .7.4

16"oq 2.c.

S".v5.. o e 16' I-w . I II 3. 0 512

ao.r.Oona Steel,-.*t

'rood oodup Monf 3,m FqcqsI 3I

2C c.

S~e. *0OiticI a 2 10.00

:ýaq* SBO8



TABLE B I- I (CONTINUED)

P94YSIC.&L PROP~fRTIES OF VARIOUS LASIC DUILDING CONSTRUCTION MAATERIAL.S

~'bm *m 00gt9 0 10 2w", J~~ Srot~c e kfld9 Aft.. C3..mori-

C"I'an AR¶6tu8I ... 7-va., L.-o

Par.,. wo. to L. 8 Sk. I. P.11.1 Far ' mrlP oPeo!

mOOD.TIMSIC ANO Refw...cets 2. 3. 5, 5 7. '7, 18. 21, 22. 23,54 I

F;, 26-30 4.6 - 82 6.3 1 3 ~ 7-

0. :2-1~ 6.8 .400 1 66- 0

"",@o Rat 0.t EG9stc ' 3.81 6

,,d4 Mletm-di Lots

slmF w ke 22-24 3.87- 1 0.38-I ~ ( 5?2- 08 '0' 7 6- '2-43 3
F.' 2f7 3 61 6* 3 I 2 9 3 .170 5.38 93*

0.9511o I
3 221 .

1406Ioct Ecob.- ard 125-26 '.02- 0.68- 1 6 1. 107- 13.10-i 8 9- 1, 2W 5~ 16
5.4 868: .12.4 0,111 101 1,450 6.2 1 I7

.0 95- 0.2211 6
1 .201 .9!:

Pý'* ,Lod 69qa. Mo.94.- 22-25 3.6g. 3.56- (~ ~ 6.2- 9 5- 10.09- 9 2- 1,260. a 84-
Wh0  *~9 4.48 0.75 6.7 11 .9 0.121 9 5 1,510 5.62 I:

oWh-y cmd Po us 0 5 0, 16- .1 3-

9
i'.~m~hw.Y.~m, 0-21 051 j3.19! T .61 1.- 15.78

a!.*i ouhe.Ye 1 3-3 .82. 0.83- 7.7. 12, I'10.16-1.5-170 8 3
*Ad Nmrgqm.I 6 IS 1 19 9,4 15.9 0.191 14.7 I'm~ 8." 1.50

1.05- 10.16- I6
-'0! 0. 281 2.61 1

Sp~uco 1EovewnI 25 4.16 0.59 6 65 11 4 0. 121 10 1 1,44 1 5 59 I 07 3
11 0! '0. 191 II 61

Ply-oodI0..gougisF;, 1 30 1.8- 1 .94 16.18 3.91 934 0 15.1 153 2
2.51 5 2.0 10 1,-1

0.411 3 01

Ply -- AiWhifeFirl 25 I1'.8 5.6.7 2.70 9 2 1.59 ico

Ply'avw..ilh,9 P;.'* 26 1-3- 2305 15.72 3.24 10 13 '0.1 . 15m0 M I
41.5 0 2'- 3. 1. ALI

3 281 2.01

2 0- 2 5- !7- > 8-1 l0

2.351 0.411 3 201' * 2211

-'o" lm...4.e" 29 1 1 65- 1 96 6.8 4.58 9. 25 . IS 12
2.31 0.33- 2 3-

0,351 2a 3.51
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LEGEND FOR TABLE 8.2-1

'a a :- rtss :reO * ae::.O *'es -ay =e ;g'aei as average .al.es 3r as Origes. ,>a..s
z~~-sm :' _e aj:ale - . '"as :.oavso'e =v American ararAs o n.a, -oa. -e0

e'-er -acicre ay~c-aac srrer~gam ia,'.s , scuore crac~xers -a~care 0OwcObe sr'e-gr'a :an'ar eca-'e"Cea

.',,cdu .50'i ý_x..e s O-ei*'ae as .*e sr-ess gi e-" :y -e 0""m a M~c 1. -- ere M % - axa-u~malla c-om- -ane'
:eaý szic -e'a zccea *a _crre, : s -e tslnce '-art -'e e-ewrla axis 'a 'exei-e ý:zef -.o11-e :rea -ce-c-

-er'a s a:; aC- O" as ''ecrar 'e'as e saaengafa

-- ?.*a' e,,-e ,r:!,cgtn at :0a :IV,:es at aaci'ag 7e S-N :4r,*S OlF sanac :anaom-a -armiras are ,o

O3or'a Youmq- a MVcou-. o5 eaOSTCtPY and mOCUIUS Of glicaY are 10eaerilma~e Oy sroatc lesa Cecelot "mose vci''es ýoawaer'
a etler 0' -m'cri -Cicztes fromt lymortaa -ests. /aoes at -adulvs Of -;gadjt are giaeim - scaire arocceas

-s -a e-ar aemoong lerm a zeiimea as Q 2~ ' -ere aý -'e zyom~c cr-;g;rcao?,o oocaor ar -eaca'a'ce,
ara s a "e cracal aaaa'o'g a'or C. C_. Vlues of q, are ;lve, -or a I-ecuemcy -ar-ge of '0 -a :0 :a5-o

10 Oeier'9aitea oy asocx -ave oreossgation maermcla, a V.ery lost -ate of acarrag.

0 --rrehrmga also ioiolmads on size at glass alcie..

Saaength also aco.'ads on load duration. 'est neriad, asoec''at and 'iarure of cading See ;gures B.2-1 '"'roug 8.2.5
' oraous aervrce Coma~fonsra.

O Lateral leoading 'or' glass olock: or aefooendicor adding far -me case of m"ertor

O ending parallel to t;;be of surfacinig.

0 3*ndi'ag across ficler of surfacing.

30sed on 10~ cycles of loading.

© Yield strength of strujctural steel .

G Vertical compression load on mail somole. vowues ;m as,

2
T lransverse load, ib/'a of surface areas, oosessamo eau;,olesa n.foerrm arerai oaddrg om ourailo face

20O A maeasurement of diagonal tensionf amid sh'ear stfcngtn, b/ ''a . casd orn cross-iecteonai area atoI ý

OMaximum droo taeigfst, ;m ilee,, of a 60 rb sandbag -hor :auses scoecirmen 'failujre. Nail IOom' -: 2 ;t. suoeerlea
along too and 13ottoim edgm af interior face. Dreo-icaoa on exterior ;ace.

10 Plovter cracks on interior side of xall

19 Mortar cracxt an exterior brick 'aenee

(~Small clear spelcimen, Fro* of defect, average maoistu.re 12 oercenat ;or -o~d and artaber, or z ercent ;or oiywood.
:or 'aarioss service conditions, see Tool* B.2-2

l~i Fr clear material under long-tim.t service at maa~ximum aesigim load and dry condition rae.

S Strengsth' much hi gher than the corresandirg cemoressive strenth

CU) Alpproximnately three times the corresparadna ,oluess of at'. cormoresusve strength.

OC Dougias fir:

poisian's Ratia `ast'c-V Ratio q~g'idv Ratio

'LR 0 29 EE I) 5 _RE, 0-0 64

"L'x0.450 E, 0 )68 5 E, 'a 3, 037

"qT 5 RT E L '0.07

'RL 0036 'ass Factor
"TL 0.029 )a )306 -

-r 0.374 'AI231.

-nesro xjascripts L, 4, and T 'adicate 'ngiru~dimaol, adial, and frongentioil respectively.
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20 V'S 0 0 so60 3010 15 20 00 0 1 .2 .3 .4.5 .6 .7 .3 .9 .2

ý.3@d, b scl, Itatio *1 SIhon Side to Long Side

-LFIGURE B.2-2 Aso.ct.Aa~o (S1.ort Sid.Lanq Soot
50 7M Z0 0 l0 '20 750 -200 200 Correction Factors ;oaraigi

0 iou Ponijois.

-i.Cd V.ioay,t 
me-n

FIGURE B.2-1 ,,iea.l L~oo for minimum Thick~nou of Rocrwio-

gwa Plistand Windo Giau. Four 5~.4fi SueDWor..
Sutbjectd to Wi;n4 kood (Solid linvs) art* Sonic boom
r001 ,,.d Lin~s), a. thet. Euivolowmi. One Mrinu 4
..ýn,faom Loadin~g, Qeormlsnentatie of Icnitmt M;ils

Ci ", Area Sy Usng Figure 12.2. -0TflotAr

25

'00 1_______________2

90Annealed, A;,*

30 Annooliea. Air
,(CycL'c "estms 4 rant)

~'60
so - (Cyclic Tests, 10,000 ram)

'4
2 2 20 20 I'0 '0 0 -2 I o2 !0 lo

Starts: I.Ood Duration, Minutes Strom.uration, Seconds

FIGURE B.2-3 Strengtt of Gloee as F.Mncf,an a, FIGURE 13.2-4 Swel,-T;,n. Charocltmitics and
.4od Durantion :vtsamic-Fotiguo Criaractrev,,eic of

ý5an atoom Tenmoetrtont..

-iica ces Stotec Test.
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~00
2 0 40 20 10 :00 200 400 *COO "0004000 00

FIGURE B.2-5 1.at~ Darnao crr.t.o ;or Glass Pineus of var.ou.. 74cknesse

qo.o 1 r t. Nol so confrof , 4L, ;3-19, 959.

TABLE B.2-2 Slr.grIl Variations of 'wood and Lu.4ml~tv Under Vaious Ser,,ict Condition,.

9rbe, Str~nqr of P,oaacvo., L;,. U -W0'o, 5toc 3..no-g
)Srrngin /oroarjors of NomSa and LwmtwW 0qn- Aila~o..qO St'lngm1 - 5CSIOtfonl
J.'o. /a,,.Ous Serr-c. conit~oni. 7n " _______________________y_________

p'.c~nowag Increae -§, a, Decrease I- CorntgtIv7 30,d."q Mo.. MAAd.3f 'f'ouN'g MOM,. 1
S..r, S..mall C.ew .,r Spo--e as Oe-e I". Pa~I. o Pgo,0r0

Siooeof G'alm.n-,,nqesoct '40 j I
Sra~ot'?.ra,n Ladd I0 -21 -. 0 .4.

, 'O .48 -38 _; I
S 5o. -od -o. -45 -3

O'do'ry :)*fact$ - 40 - 50 .50 -50 -0 -50 :

,creseat of.ec-O.n I Mot,ue Content .5 -55 .5 .3 4 2 0 3

21400ýOrclmo i8 d-wa -2! -' '3 16 '3~

':c from~ 
5

0crcs Avmraio

*en,.ormlumEffec?, 20 -- 321 -2S, '5 a 40I3.o10 8 . 30fS
Ocugqas Firl 3 -251 :51 1 .1o513 a15 '0 a 401

'D01 3
"O~l 3 3jo-

'090 ofl Us n er o tnu u l 
-3 o -28 -80

Ne od~.a sn-201p -21'20

;"O.ct of Loa" 0uralt.'an, -4

4
'0 p -421
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Appendix C - Analytical Background

C. 1 Relationship Between Various Spectral Measures of Sonic Boom

For a finite pressure pulse P(t) starting at time 0 and ending at time T, the Fourier

Spectra P(jf), or, for simplicity in notation, P(f), is:

T
P(f) = fP(t) e-J27tft dt, psf.sec (1)

0

The Energy Spectral Density E(f) is, by definition (Kryter, et al., 1966):

E(f) = IP(f)12 (psf.sec) 2  (2)

T
The mean square pressure p2 is ( f) P(t) - P(t) dt = SE/'T (3)

where SE is the sound exposure for the event over its duration T.

+00

But, from the inverse Fourier transform, P(f) = f P(f) eJ2nft df, then
-00

T +'0

P'2 = ()0JP(t) [ JP(f) ej2nft df] dt, (psf) 2  (4)

T
Since the complex conjugate P*(f) of P(f) = JP(t) ej2nft dt and changing the order of

0
integration in Eq. (4) and since the complex Fourier spectrum is symmetrical about a zero

frequency:

+00 0

2 =(1).,, p*(f).p(f)df = TJIP(f)12df (5)
-00 0d

Now, define the Sound Exposure Spectral Density SE(f), such that the integral of this

spectrum from 0 to infinite frequency is the sound exposure SE, or:

00

SE = f SE(f) df (psf) 2.sec (6)
0
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Combining Eq. (3) and Eq. (5), SE = 2 f IP(f)i2 df so, equating the integrands,
0

SE(f) = 21P(f)12  (psf)2(sec) 2  (7)

Therefore, from Eq. (2) SE(f) = 2 E(f) (8)

To evaluate the dynamic transient response of undamped systems to a transient pressure pulse.
the Residual Shock Spectrum DR(f) is useful since it defines the envelope of peak responses
versus natural frequency fo of the system when the peak response occurs after the end of the
transient pulse. It can be shown that DR(f) is related to P(f) by (Ayre, 1961):

DR(f) = (27rf o) IP(f)I psf (9)

where fo = natural frequency of the responding system. Thus, from Eq. (7):

DR(f) = 21rfo [ISE(f)]1/2 (10)

As shown in Section 4 of the main body of this report, the most useful response parameter is
peak velocity Vpk. For a single degree of freedom system it is shown in the next section that
this response can be expressed as a Residual Velocity Shock Spectrum VR(fo) in a
dimensionless form as:

VR(f)(27rfo) DR(f)

g w

where fo = resonance frequency of SDOF system, Hz

DR(f) = Residual Pressure Shock Spectrum, psf

w = surface weight of responding system in psf

g - acceleration of gravity, 386 in/sec 2

Thus, f-rom Eqs. (7) and (9) to (11),

VR(f) = . L2fo 1P(f)= IP(f)l, or (12)
27rfo w w

VR(f) = gw 2SE(f) in/sec (13)
w 2
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where the peak velocity VR(f) (= Vpk) is understood to occur at the natural resonance
frequency f = fo of a single degree of freedom (i.e., undamped mass-spring) system.

Thus, a simple expression is established relating the Sound Exposure Spectrum SE(f)
of a sonic boom to the Residual Velocity Shock Spectrum VR(f) for the response of an
undamped SDOF system, both being evaluated at the natural resonance frequency f = fo of the
system. In reality, of course, any structure will have many natural frequencies, one for each
vibration mode, and Eqs. (12) and (13) simply provide one way to estimate the envelope of
these peak velocity responses. Consider, now, what is the expected form of this velocity
response spectrum. The absolute value of the Fourier Spectrum IP(f)I for an ideal N-wave with
a peak free field (pressure doubling included) pressure Pf is given by (Sutherland, 1968a):

IP(Oj = Pr I sin(7Tf) - cos (rfT)J (14)
7tf MfT

where T = full duration of N-wave. Then from Eq. (9) and for f = fo

DR~fo 2PfIsin(nf°T)

DR(fo) = 2 Pr I sinOT . cos (tfoT) = Pf DAF(f) (15)

where, in this case, DAF(f) is the dynamic amplification factor for an ideal N-wave sonic
boom. Finally, from Eq. (11), the Residual Velocity Shock Spectrum, VR(f) as a function of
the fundamental resonance frequency fo, is:

VR(f) = -DR(f) = 2gPf jsin(7rfoT) - cosOtfoT) 1, in/sec (16)
27rfo w 27tfow rtfoT

The product of the Residual Shock Spectrum VR(f) and w/Pf is plotted in Figure C-I as a
function of resonance frequency f. for an N-wave, duration T, of 0.10. Also shown is the
envelope for T = 0. 1 and 0.2 sec. The lower duration value is essentially the same as the value
derived from the average Sound Exposure Spectrum Levels for the ACM sonic boom
measurements obtained in this program (see Figure 3-14b).

For design purposes, it is desirable to establish an envelope for the upper bound of this
velocity shock response.

For low frequencies, as fT -" 0, expanding the sin and cos terms,

C-4



4C-

4 = ~. s eec. .

L'iKJ)
o.5

J.'-i

1o 2R. ESONANCE 7E0LJENC~', H:

Figure C-I. Residual Velocity Shock Spectrum for Response of Undamped SDOF System to
Ideal N-Wave.
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sinnt'T(7tfT)2

-r 1-- for fT-- 0rift 6
(TtfT)

(7,fr)2

and costT -- 1----2--- for fT - 0

so the low frequency asymptote for VR(f) is:

VR(f) fgPr I 1 _ (tfoT)21

gPf (I 2fo2T2) 9-f2 (17)
7rfoww0

For high frequencies, the envelope of I -c"x 1 for x so:

VR(f) --- 2gPf , fo ->0 (18)
21ffow

These two asymptote trends meet at a frequency fmax given by:

fmax = f-3/7tT (19)

C.2 Response of a Simply Supported Panel to a Normally Incident Sonic

Boom

It has been shown in Crocker, 1967, that the multimodal displacement response

G(X,Y,t) at any position X,Y and time t on a panel to a sonic boom with a pressure time

history P(t) acting normal to the panel is given by the summation over all modes of the product

of the generalized displacement Emn(t) for the m,nth modal response and the shape gmn(X,Y)

of this mode, or:

G(X,Y,t) = " .Emn(t) gmn (X,Y) (20)

m n

for a simply supported plate,

gmn = sin (rrnX/a) sin(7nY/b) (21)
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where m and n are mode numbers (i.e., number of one-half bending wavelengths) along the
panel sides a and b respectively.

The generalized displacement -mn(t) is the maximum displacement amplitude in each
mode which occurs at panel positions X = a/2m and Y = b/2n for the m,nth mode. For
example, for the 1,1 fundamental panel mode, the maximum displacement occurs at the middle

of the panel (i.e., X = a/2, Y = b/2).

For transient excitation by a normally incident sonic boom of peak free field pressure Pf
(including pressure doubling) and duration T, the generalized displacement response Emn(t)
following cessation of the sonic boom, that is, the residual response, can be shown to be

(Crocker, 1987):

4abPf [ 2(sin coT/2 - os wT/2) cos c(T/2 -t) (23)

Emn(t) It >T rmnn 2Mmnr02  c0T/2

where Pf Peak free field pressure of N-wave

m,n,a,b = Odd mode numbers and panel sides as defined above

c = 2 7rfmn = Angular resonance frequency for m,nth mode, radians/sec

For this case of a normally incident sonic boom, the response is zero if either mode number m

or n is even.

The generalized mass of Mmn of any uniform panel vibrating in its m,nth mode is given
by:

w ab 2
Mmn = " f f gmn (X,Y) dxdy (24)

0 0

where w = the uniform surface weight of the panel with a total weight wA and area

A = ab, and

g = acceleration of gravity.

For a simply supported panel, with gmn(XY) given by Eq. (22), this reduces to:

Mmn wab/g (25)
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The m,nth resonance frequency finn for a simply supported panel with sides ab can be

conveniently given by:

fmn= fo [(mb/a)2 +n 2] / [(b/a)2 +1] (26)

where fo = the fundamental resonance frequency for the m,n = 1,1 mode of the

panel (see Section 4.3.1.2 in main body of text)

Since Eq. (23) is for the free (unforced) undamped vibration response of the panel after the

cessation of the N-wave, the velocity response Vmn(t) for the m,nth mode is simply equal to
2 ,tfmn times the displacement response or with Eq. (25):

Vmn(t) 16Pfg [ 2 (sin(ftfmnT) - o(7tfmnT)) cos (27tfmn(T/2-t))] (27)
mt2rn(27tfmn)w l-fmnT

Comparing this expression with Eq. (16) in Section C.1, it can be shown that Eq. (27) can be
expressed as: t-

Vmn(t)et>d - 16 [VR(fmn)] cos [27:fmn(T/2-t)] (28)

Thus, the time history of the multimodal residual velocity response of a panel in its m,nth mode

following excitation by a normally incident N-wave is simply equal to the peak velocity
response VR(fmn), predicted for a simple, mass-spring system given by Eq. (16), at a
frequency fmn multiplied by: a modal constant 16/it 2mn (with m,n odd), and the cosine time

function.

To find the total multimodal response, it is necessary to sum these time histories over
odd mode numbers m and n and determine the peak envelope of this time history as a function
of a non-dimensional parameter foT for several aspect ratios a/b of a simply supported panel.
For this evaluation, it is convenient to divide Eq. (27) by the dimensionless ratio of the free

field sonic boom pressure Pf to the surface weight w. In this form, the total multimodal
velocity responses VT(t) can be expressed as the double summation:

VT(t) 16g [sin(7.f°T'(fmn/f0 ))
(Pf/) -m n ltmnfinn (7CfoT)(fin/fo)

- cos (rtf 0T(fmn/f 0))] cos[2ntf 0 T(fm/f0 ) (1 t/T)] (29)
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The envelope of the absolute value of the peaks of this total modal (residual) response time

history becomes the multimodal Residual Velocity Response Spectrum for an undamped

simply supported panel. This can be compared then with the comparable velocity response

spectrum envelope for the simple mass-spring SDOF model defined by Eqs. (17) and (18).

For example, for the response of just the first mode of a panel, with fmn = fo, the
envelope of the first term in Eq. (29) (with m,n = 1) would simply be l6g/it 3fo. This can be
compared to the expected value from Eq. (18) (for the usual case where foT > ",43/t) for the
SDOF model which is simply g/nrfo. The ratio of these two factors is 16/i: 2 - 1.62 as expected

according to Eq. (28). This is simply the adjustment to the SDOF response model to account
for the effective mass and load, for normal incidence of a sonic boom, of a simply supported

panel.

Figures C.2 a to d show the normalized velocity response spectrum given by Eq. (29)
as function of frequency for T = 0.1 and 0.2 seconds and for an aspect ratio (a/b) of a simply
supported panel of 1.0 and 0.2 which encompasses the basic range of interest for this report.
The summation was carried for the first five odd modes in each direction (m,n = 1, 3, 5, 7 and
9). This was found to be adequate to define the total multimodal response within an average
error of ±1.5%. Also shown are the Residual Velocity Response spectrum envelope for the
SDOF model from Eq. (17) and (18) and the corresponding envelope for the multimodal
response spectrum. This latter envelope turns out to be closely approximated by simply
increasing the response spectrum envelope from Eq. (17) and (18) by a factor of 2.

In summary, a proper model for velocity response of a simply supported panel has a
Residual Velocity Response Spectrum envelope for the first panel mode which is 1.62 times
the value for a mass-spring SDOF model and approximately 2 times the SDOF value when
higher modes are included. This factor of 2 increase is included in Section 4.1.1 as an
approximate correction for multimodal response of walls and ceilings of built-up structures.
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APPENDIX D

Photographs of Structure A Walls
Before and After Tests
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(a) Pre-Test Photograph

40~W~

(b) Post-Test Photograph
Figure D- 1. Room 102 North Wall. Main Wall Crack
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(a) Pre-Test Photograph

(b) Post-Test Photograph
Figure D-3. Room 101 South Wall. Cracks Up to Trim
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APPENDIX E

Time Histories of Sonic Boom Pressure and
Structural Response of Structures A am". B

Amplitudes of the events shown in the time history plots in this Appendix are contained in

Table 5-3. Notable features of these plots are as follows:

For Structure A, Channel 0 (Figures E-l, E-2 and E-3) is acoustic pressure,

Channel 8 is displacement, and all other channels are acceleration. For

Structure B (Figure E-4), Channel 0 is acoustic pressure, Channels 6 and 7 are

displacement, and all other channels are acceleration.

"* Plots of the acoustic pressure of the sonic booms are distorted by the limited low

frequency response of the acoustic channel. The low frequency cut-off of

approximately 2 Hz causes the decaying ramp of the N-wave to be curved

upward. Many of the booms were truly U-shaped and there were several multiple

boom events caused by more than one aircraft.

"* For each event, the position of the boom pressure in its plot indicates the

approximate time the structural response should begin in the other plots.

For some events, particularly at Structure B, very low frequency interference is

apparent for some plots that could not be explained but may be due to shifts in the

transducer fixity to the wall resulting from the necessary nonrigid accelerometer

attachment method employed for these historic structures (see discussion in

Section 5.2.3 of the main body of this report).
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Appendix F

Compilation of Weather Data from White Sands Missile Range (Zurf Site)* for the
Period of February 20, 1989 to April 12, 1989

Wind Wind
Temp RH Speed Temp RH Speed

Date Time (OF) (%) (kts) Date Time (OF) (%) (kts)

2-20 0000 35 41 3 3-3 0000 49 18 12
0600 34 42 7 0600 41 26 10
1200 55 16 20 1200 57 16 22
1800 52 17 16 1800 52 17 15

2-21 0000 34 21 4 3-4 0000 32 60 4
0600 27 23 9 0600 30 59 9
1200 49 18 15 1200 31 24 18
1800 53 17 8 1800 37 20 5

2-22 0000 28 22 5 3-5 0000 22 31 5
0600 16 34 3 0600 21 47 3
1200 54 17 3 1200 39 20 4
1800 60 15 0 1800 46 18 3

2-23 0000 30 22 7 3-6 0000 21 29 5
0600 22 26 7 0600 15 42 52
1200 60 16 8 1200 50 18 6
1800 63 15 9 1800 57 16 5

2-24 0000 35 21 8 3-7 0000 29 22 6
0600 26 23 6 0600 25 24 7
1200 66 14 2 1200 62 15 3
1800 69 14 5 1800 64 15 13

2-25 0000 36 20 7 3-8 0000 43 19 4
0600 32 22 6 0600 31 22 7
1200 70 14 4 1200 71 13 2
1800 71 13 6 1800 76 12 1

2-26 0000 39 20 5 3-9 0000 41 19 7
0600 32 21 7 0600 33 21 2
1200 70 13 5 1200 76 12 4
1800 73 13 12 1800 79 12 5

2-27 0000 50 18 2 3-10 0000 43 19 8
0600 47 18 4 0600 35 21 6
1200 66 14 24 1200 77 12 7
1800 65 14 18 1800 80 12 1

2-28 0000 -'4 19 11 3-11 0000 42 19 6
0600 28 22 2 0600 36 20 7
1200 59 16 3 1200 79 12 2
1800 61 15 13 1800 78 12 4

3-1 0000 36 20 2 3-12 0000 46 18 5
0600 32 21 5 0600 35 21 6
1200 64 15 6 1200 79 12 4
1800 64 15 6 1800 79 12 10

3-2 0000 41 19 1
0600 26 23 3
1200 58 16 14 * Weather site located 8 miles northwest of
1800 58 16 7 Structure A (see Figure 5-2)
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Appendix F (Continued)

Wind Wind
Temp RH Speed Temp RH Speed

Date Time (OF) (%) (kts) Date Time (OF) (%) (kts)

3-13 0000 53 17 6 3-25 0000 44 19 3
0600 39 20 2 0600 30 22 5
1200 74 12 10 1200 69 14 5
1800 74 13 18 1800 70 13 10

3-14 0000 53 17 5 3-26 0000 43 19 1
0600 36 20 7 0600 43 19 8

1200 66 14 20
3-15 0600 28 22 6 1800 57 16 19

1200 68 14 3 3-27 0000 47 18 6
1800 70 14 8 0600 42 54 4

3-16 0000 44 19 6 1200 56 19 4
0600 31 21 7 1800 56 17 5
1200 71 13 9 3-28 0000 34 52 4
1800 73 13 12 0600 26 56 2

3-17 0000 44 19 6 1200 64 15 13
0600 40 20 4 1800 69 14 8
1200 74 13 10 3-29 0000 41 19 5
1800 76 12 12 0600 33 21 4

3-18 0000 47 18 8 1200 72 13 4
0600 33 21 7 1800 75 13 9
1200 75 13 4 3-30 0000 54 17 5
1800 75 12 10 0600 35 22 8

3-19 0000 51 17 4 1200 66 14 6
0600 34 21 7 1800 73 13 11
1200 73 13 8 3-31 0000 44 19 8
1800 74 13 12 0600 38 20 15

3-20 0000 60 16 12 1200 66 14 5
0600 40 19 3 1800 70 14 12
1200 63 15 6 4-1 0000 44 19 2
1800 45 21 21 0600 32 21 4

3-21 0000 27 38 19 1200 75 13 10
0600 23 51 10 1800 74 13 20
1200 43 20 6 4-2 0000 54 17 8
1800 54 17 2 0600 32 21 3

3-22 0000 27 47 1 1200 71 13 5
0600 21 53 6 1800 76 12 14
1200 60 15 5 4-3 0000 63 15 15
1800 66 14 12 0600 54 17 5

3-23 0000 47 18 6 1200 74 13 11
0600 28 25 6 1800 77 12 14
1200 70 14 8 4-4 0000 48 18 4
1800 69 14 12 0600 36 20 7

3-24 0000 48 18 7 1200 70 13 11
0600 29 22 2 1800 74 13 8
1200 70 13 3 4-5 0000 53 17 9
1800 71 13 7 0600 36 20 4

1200 68 14 7
1800 75 12 4
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Appendix F (Continued)

Wind
Temp RH Speed

Date Tuie ('F) (%) (kts)

4-6 0000 48 18 7
0600 34 21 4
1200 75 13 18
1800 80 12 12

4-7 0000 52 17 5
0600 34 21 1
1200 79 12 9
1800 85 10 12

4-8 0000 49 18 3
0600 37 20 6
1200 81 11 9
1800 86 10 7

4-9 0000 54 17 6
0600 48 18 5
1200 83 11 5
1800 78 12 15

4-10 0000 52 17 12
0600 30 22 23
1200 52 17 6
1800 56 16 17

4-I1 0000 40 20 14
0600 36 21 9
1200 61 15 13
1800 69 14 16

4-12 0000 56 16 17
0600 42 19 16
1200 71 13 7
1800 68 14 13
1800 73 13 23
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