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I. INTRODUCCTION

There 1s a considerable body of data on soniz boom structural
damage effects from various experiments that have been conducted
over the past fifteen years. Experiments have shown that there is a
small but finite probability of sonic booms breaking especially sus-
ceptible items such as windows, plaster, and bric-a-brac. The
probability of breakage was consistently found to increase with higher
overpressure sonic booms, The resiilts of the experiments have in
general agreed with the Air t'orce's experience in reimbursing
damage claims from the public from supersonic overflights., The
claims most frequently substantiated and reimbursed have been for

damage to glass, plaster, and bric-a-brac.

Window glass is gznerally the most susceptible element in a
house to sonic boom damage. Our previous work [1,2,3,4] has
determined the probability of breakage of various window configura-
tions as a function of sonic boom overpressure. It was calculated
from our statistical model that for a typical window population there
would be 1.1 breaks per million panes in good condition boomed at
a nominal overpressure of 1 pound per square foot (psf). This

est‘mate agreed well with sonic boom claims data.
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The statistical modeling method which was used in the previous
studies of glass breakage is a method we call "the response probability
dengity function technique. " This technique, which will be described
in detail in another chapter, combin2s the probability density functicn
(pdf) of the sonic boom stress with the pdf of the material strength. N

The resnltant pdf readily yields the probability of structural failure.

v

Since the response pdf technique was first applied to sonic

ST AN

booms on glass in 1972-73 we have made substantial progress in

extending it to other structural response applications. It was applied

30 ¥ L S RN

to estimating the probability of air terminal window breakage from
the noise from taxiing aircraft in 1974 [5], Then in 1975 it was

applied in the Concorde environmental impact statement to determine

YRt RXTE R e SRR AR

the breakage probabilities of windows, plaster ceilings. stone bridges,

and brick chimneys to noise from subsonic overflights. On the basis

TAR AR RN T

Dt

of the success of the technique for these cases, this study extends the

method to o'+ “re?izcn of sonic boom breakage for plaster, bric-a-brac,

and brick. Thus, with the glass previously accounted for and the
three items considered in this study, there is now a compreheasive

treatment for predicting the probability of breakage for the vast

2 i e L R i R R mrs EORL AR Ly

majority of sonic boom structural damage cases.
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II. SONIC BOOM LOADING

The basic problem in sonic boom breakage prediction is one
o® finding the stress created by a transient overpressure. The over-
pressure caused by a sonic boom is usually an N-wave (see Fig-
ure 1). Those small variations in the wave shape that make some
individual waves more peaked or more rounded than the ideal N-wave
have little influence on the results deirived here. Thesse variations
are accounted for in the fact that the present statistical model's
parameters were derived from actual field data which represented

the typical waveforms encountered., The paragraphs which follow

review the definitions of the parameters shown in Figure 2.

1, NOMINAL OVERPRESSURE, po

Adequate methods presently exist for calculating a predicted

peak sonic boom overpressure value based on aircraft's altitude,
speed, weight, and dimensions [7]. This calculated value is called
the nominal overpressure, po. Its value is generally in the range
of 1 paf to 4 psf for typical supersonic aircraft operations. It is

desired to predict P, the probability of a window being broken by a

given boom, as a function of pg.
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Figure 1. Typical N-Wave
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2. FREE FIELD OVERPRESSURE, p¢

The sonic boom suffers various attenuation and focusing effects
in passing through tke atmosphere to the ground. The random inhomo-
geneities in the atmosphere cause a spread in the range of values of
the peak free field overpressure (pf) that is measured on the ground.
By convention, tiie value of pr is measured with a microphone mounted
on the groiund, usually on a plywood board. This method of measure-~
ment results in a pressure doubling effect from the ground reflection
being included in the value of pf. Thus the measured value, py, is
not really a free field pressure as the term is comraionly used in
acoustics, but it is conventionally called this in the sonic boom com-
munity. Similarly, the calculation of py, the nominal pressure, in-
cludes a conventional value of the ground reflection coefficient of
1.9. In general, the mean value of pf will be very clese to pg, but
individual values of pf will exhibit considerable spread. This random
effect results from the atmospheric inhomogeneities and from dif-
ferences in the aircraft cperating parameters from those used for

calculating po.

3. EXTERNA!l OVERPRESSURE, pe

When a soni: boom having a free field peak overpressure pf
impinges on a structure it creates an external overpressure waveform

having a peak value pe. The value of pe will depend on the angle the
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incoming wave makes with the structure, the reflection coefficient
of the structure surface, and whether *he wave combines with other
waves reflected off other structures or the ground. For instance, it
has generally been observed ‘n experiments (8, 9] that the side of

a house exposed to a head-on sonic boom wave exhibits a much
higher overpressure than the opposite side. There have been some
attempts [10, 11, 12] to obtain analytical solutions for pp in terms of
Py by mode:ing the acoustical scattering. These attempts, however,
involved complicated computer solutions which were applicable only
to a single structure geometry and wave angle. For practical engi-
neering situations, the relation between ps and pe would seem to be

best treated by statistical methods.

4. INTERNAL OVERPRESSURE, pi

Thr waveform of the overpressure inside a structure depends
on the transmissibility of the structure to sound as a function of its
geometry. The solution for the internal waveform is quite compli-
cated and differs for each struciure [13, 14]. It is generally observed
{13, 14] that the internal overpressure waveform is sinusoidal with
a period the same as that of the N-wave and a peak value p; which is
some fraction of the external peak overpressure pe. Subtracting the
waveform of the internal pressure from that of the external pressure

gives the net loading waveform acting on the window (see the top of

Figure 3).
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5. STATIC STRESS

The analysis of the loading of a structure by a sonic boom has
been a protlem that has attracted much intzrest in the past fifteen
years [9, 14-21]. Generally these analyses have included s compari-
son with loading urder uniform static pressure., This is because most
structural elements are designed to static wind loading, and hence

static pressure design data are much more readily available than sonic

boom loading data.

A window configuration, for instance, is usually assumed to be
¢ rectangular plate simply supporced at all four edges; which has been
found to agree with experimental studies of static window loading [22].
For small deflections, the stress is a linear function of the static

pressure and is given by the well-known formula [23]

psa2b2

Og =

- (1)
2hZ(a2+b2)

where og is the extreme fiber stress at the center of the plate, pg is
the static pressure, a is the longer side of the rectangle, b is the

shorter side, and h 1s the thickness of the plate,

6. DYNAMIC AMPLIFICATION FACTOR (DAF)

Since windows are usually designed to static load requirements,

it is desirable to compare sonic boom loads to such static loads., This
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is accomplished by finding the dynamic amplificatior factor (DAF)

defined by

{)

DAF =g, (2)
d

The numerator of the DAF is the maximum stress in the plate and

the denominator is the dynamic stress defined by

22
pab
od = £ peF (3)

-——-—-———')_» -
2h2(32+b")

where F 1s a stress factor. Note that ad 1S the stress that would be

produced by a static pressure equal 1n magnitude to the pea'. external

pressure p_.

Throughout the literature there are various definitions of DAF.

. . irle o g a2 A b ek
AR 26 FeW T TR ar SATAER ALY § 0 B TP (1 it M A AL St B A et AT M 3 8 MR 200 LVEAL TS st ke AR Al PR SN N TR 20

Some definitions use a ratio of deflections ratherv than stresses, and

C

others use the peak value of the net loading waveform ppet rather
than p,, the peak value of the external pressure waveform. Since
the problem at hand is one of rupture and not deflection the current

definition was deemed more appropriate. In the definition of g4

PO 0 P LW D SO L TR e - PP T AR T S

of (3) it was decided to use p, rather than ppet because (a) pe is
more easily measured, (b) pe is very nearly equal to ppet as can be
seen from the top of Figure 3, (c) the available overflight data base
contains only values of pe, and (d) it was found by statistical analysis

that the internal pressure does not correlate well with window stress.
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7. SONIC BOOM STRESS ANALYSIS

According to thecry, when a thin plate such as a window is loaded

q to the extent that its deflection exceeds one half its thickness, :onlinear

effects start to come into play. This results because membrane stresses
become comparable in magnitude to the bending stresses. Because of
this effect, the stress will be somewhat lower than that predicted by
Equation 1 once the deflection starts to exceed one half the thickness.

The nonlinear differential equations for large deflec.ions have been
solved in recent years {24,25] and the result.; have been presented as a

T series of graphs for rectangles having various aspect ratios [26].
£

Unfortunately the stresses in glass plates correlate very poorly
- with large deflection theory [14]. Although the center deflections of the
plates follow the nonlinear theory fairly well the stresses do not. Thus
what some authors [14-16] have done is to calculate DAF 's on the basis
of deflection using dynamic analysis with the nonlinear theory, It can

be seen from Figures 3 and 4 from the linear theory and Figure 5 from

2k LR

the noniinear theory that the envelopes of the DAF curves seem to range
‘ between 1 and 2 whether the linear or nonlinear theory is used. The
'Z curves in Figures 3 and 4 were developed by Seaman [14] using the

conventional approach of modeling the window as a linear single degree

: of freedom system, finding its impulse response, and ccnvolving with
the excitation to find the maximum excursion. The slight difference
B 11
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between the curves in Figures 3 and 4 results from the fact that Figure 3

p-
uses an internal pressure ratio q = 2= .25 and Figure 4 has q = ,5.
e

Since these figures resulted fromn linear analy.is the deflection DAF's

shown are numerically equal to stress DAF's, Seaman then went

through a large deflection analysis which resulted in the curve in
Figure 5. The other references cited [15-21] all displayed results
similar to Seaman's, These three curves are introduced liere to point

out two striking similarities which hold regardless of whether deflection

Y AT

is assumed linecr or nonlinear and no matter how great the value of

TR TR T T

T
o]
.

Most of the values of the DAF are between 1 and 2.

VR RERNAF ¢ R X
—
.

2. The values of the DAF below 1 occur only for small values

T

of the period rati»y, for cases where a structural element

AT

oty

with a low resonant frequency f, is ercited by a short

duration boom with a small value of T,

The second point above emphasizes that the structural element's

frequency can be important in some cases. Assuming linear deflection

(9 S Bl SUN M S AR RS

PRI

and simple support around all four edges of a plate, its natural fre-

quercy is [27]

rh Y (/1 1
f°:_2"—\/12p(1-112)(:=1—2 _b_2) (4)

where Y is Young's modulus, p is the mass density, and v is Poisson's

ratio. A case of a low period ratio can occur when an F-104 aircraft

13
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with T = ,067 sec booms a large storefront window with f, = 4dz, In
this case, the window suffers minimal deflection because the excita-

tion is considerably above the window's natural frequency,

In the present study the linear stress theory of Fquation (1) is
used exclusively. The reasons for disregarding the large deflection
theory here are the following:

1. The DAF measurements used in the present study were

at small deflections in the linear range.

2, The large deflection theory gives poor results for pre-

dicting breaking stress.

3. 'The coefficient relating stress to pressure in Equation (1)

will be seen to cancel out later in the analysis anyway.

In effect we will be working only with boom pressure and
breaking pressure, agssuming the relation between stress
and pressure to be linear between the sonic boom test
pressures and the structural elcment breaking pressures,

This allows the use of linear trangformations.

Having surveyed the problem of sonic boom loading, the dis-
cussion will now review the data from sonic boom structural resgonse

experiments,
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II1. SONIC BOOM EXPERIMENTS

A large data base consisiing of over 70, 000 readings from
various experiments of the past twelve years has been utilized in
this study. The experiments which generated this data were the
foliowing:

1, Oklahoma City Sonic Boom Tests performed by FAA and

NASA in 1964 [28].

TR o T E Ty TR apH A 5 ot Tk AT

White Sands Sonic Boom Structural Reaction Tests per-

Ept DA

N

formed by FAA in 1965 [29,30].

I LT A

Edwards Air Force Base Sonic Bocm Tests performed

by FAA and NASA in 1966 [31,32].

Each of these experiments will now be described, together with the

contribution of its data to the present study.

(s

1. OKLAHOMA CITY TESTS

The sonic boom tests conducted in the Oklahoma City area from

sam e 1 SN ar g T AL

: April to July 1964 were primarily to determine community response.
; In addition to surveying how acceptable the booms were to the public,

the tests also included measurements of ground overpressure. The

16
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overpressures measured were values of | P the peak free field

overpressure, Over 3500 sonic boom signatures were recorded during

gt bt ) Korbid Rk AL

this test series. These signatures form the basis of the present analysis

A

of the relation between peak nominal pressure P, and peak free field

pressure p;.

The aircraft used to produce the Oklahoma City soni: booms were
the F~-104, F-101, F-106, and B-58 shown in Figure 6. These were
planes whose characteristics had been thoroughly analyzed by NASA,

; and they were able to calculate a nominal overpressure P, for each
flight. The values of P, ran from , 64 psf to 2. 17 ps{ for the F-101

and F-104 flights. Only the F-101 and F-104 data are analyzed here since
there were an insufficient number of readings from F-106's and B-58's

to be statistically meaningful.

LTS Sh R e

The flight track for the test series is shown in Figure 7. Note

TEE sy

that there were three ground measurement stations at various distances

UYL N

from the flight track: Station 1, Station 3, and Station 4, A test building
was located at each station with a microphone shock mounted inside,
These inside microphones which measured p, were at the center

of the room 5 ft from the floor level. Outside microphones, which

17
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measured py were shock-mounted at ground level on the surface of a

plywood reflecting board, NASA obtained strip charts of internal and
free field overpressure for each boom at each station., From these
strip charts NASA determined the peak values Pe and P; and the
positive duration T/2 and positive impulse I/2 for each boom. A
representative page of Oklahoma City data is shown in Table 1, Note

that Apo, Api , Atopos, and Iopos of the column headings are P »

P; » T/2, and 1/2, respectively, in the present notation. The
nominal overpressure values for each station have been added at the

bottom of each station set for comparison.

In its analysis of the data NASA calculated the ratio pf/p0 for
each boom measured. Histograms of this ratio were then plotted by
NASA for each station's readings for the F-101 and F-104. These six
histograms are shown in Figures 8-13 In the present notation
AP, meas/ AP, cale of the abscissas is pf/po. Each figure also
includes a cumulative probability plot of the data on a lognormal scale.
Note from the straight lines shown for compariscen that the data do
appear to be distributed lognormal, As will be discussed later
this lognormal probability density leads to & simplification of the

analysis,
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2. WHITE SANDS TESTS

The main purpose of the White Sands, N. M., tests of 1965 was

to measure structural reactions to sonic booms., These tests were

conducted by FAA at the White Sands test range. Se.eral structures
were equipped with microphones on various external walls to measure

external pressure P, In addition there were also microphones outside

3
{
A
1
:

on the ground for measuring P and inside at the centers of rooms
for measuring P, . For measuring the structural reactions there ?
were strain gauges, scratch gauges, and accelerometers attached to

windows, walls, and roofs.

The aircraft used in the White Sands tests were F-104 s and B-58's '

Lok W 1T £ AR TS

as shown in Figures 6a and 6d. These aircraft were flown over the

e bk ey e

uninhabited test structures at much lowei altitude than for normal

operations to deliberately create high overpressures. Wuile typical
sonic booms from nc ‘mal aircraft operations are of the order of 1-4 psf,
those in this test ceries were often in the 10-20 psf range. These high
0- -pressures3 were necessary to cause the large structural responses

neceesary to explore darnage conditions,
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The particular structure which provided the data used in the present

¥
]
E
;

study was designated W4, The instrumentation on this structure, shown

RPNy 274

in Figure 14, consisted of strain gauges (labeled R), microphones
(labeled M), velocimeters (labeled V), and accelerometers (labeled A),

In addition to the instrumentation shown there were also an interior

FSRLHE RN TR R BT LT FEL VY B G

microphone M-7 and an exterior ground-mou:ited free field microphone

SR INY

M-16. The readings from the instrumentation which were utilized in

the present study are shown in Tables 2-5 [33]. In each case the table

YOFSEINENS ST PRI VY TR oS

values of strain and pressure are the peak values for the tape recorded
sequence. Note that the coiumn headed ''vector' has the letters A-H.
These correspond to eight possible angles of sound wave incidence in

45° increments as keyed to Table 6.

In addition to the foregoing strain gauge data from building W-4,

P L RN W TINS PR TN RS T AP T TSR IVL. SN LR ENRPE TR

there was also another series of 484 external pressurz reading sets

from this same building. These readings formed the basis of the present

R TR

statistical analysis of the effect of the angle of incidence. The first 30

of these sets of readings are shown in Table 7 as »rinted out by the
computer, including some transformed values. The fourth column
contains the cosines of the angles between the incoming sound rays and
the normal to the surface. Note from the values of the cosines that ag

in Table 6 all angles have been approximated as the nearest 45° multiple,

Columns 5 and 7 contain the ratio pelpf for the north and south walls,
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Table 2, White Sands Strain Readings Rosette R-1,
November 27, 1964
AlL. Strain y in./in.  _Recorded Pressures - psf
Run Mach x 1,000 Vector a__ b c M-1 M-7 M-16
1-145 1.40 13.5 0 57 35 MR NR NR NR
: 2-146 1.43 14.0 H 54 29 MR 3.1 1.9 3.5
3-147 1.32 13.5 0 NR NR MR 2.8 2.7 3.9
4-148 1.30 14.0 £ 0 26 M 1.4 0.9 3.9
5-149 1.30 14.0 & 80 48 MR NR NR NR
6-150 1.30 14.0 E 69 42 AR 1.9 0.9 3.9
7-151 1.39 15.0 F 40 26 M 1.8 0.9 3.8
8-152 1.3 13.0 A 66 42 MR 5.5 1.1 3.4
$-153 1.38 14.0 F 46 29 M 1.9 1.3 3.1
10-154 1.40 14.0 G £2 29 MW 2.2 0.9 3.9
11-155 1.40 14.3 ¢ 43 29 Nk 1.8 1.8 3.9
12-156 1.38 14.0 6 MR NR MR NR R NR
; 13-157 1.30 14.0 H 86 48 MR 3.6 1.4 2.0
; 14-158 1.36 14,0 ) 66 35 MR 2.5 2.2 3.4
3 15-159 1.36 14,0 H 57 42 MR 3.2 1.4 1.9
16-160 1.25 13.5 A 6 35 M 5.0 2.2 7.4
' 17-161 1.30 14.0 F 63 36 MR 1.7 2.2 - 37
: 18-162 1.30 14.0 A 89 52 MR 3.2 1.2 2.7
3 . 19-163 1.20 14.0 8 100 58 AR 3.2 1.9 2.5
: 20-164 1.38 15.0 £ 60 36 R 1.5 1.0 1.9
4 21-165 1.34 14.0 8 83 45 MR 4.3 2.0 5.0
22-166 1.45 16.0 ¢ n 2 W NR NR NR
23-167 1.39 14.3 6 22 39 M NR NR R
24-168 1.45 13.9 ¢ 80 45 MR NR NR NR
: 25-169 1.30 14.0 0 80 45 MR .1 2.7 3.9
26-170 1.30 14.0 H 117 6 M 3.2 1.4 5.3
3 27-11 1.40 14.0 D 69 36 AR 2.3 1.8 3.9
28-172 1.3 14.0 E- M 19 W 1.9 0.8 2.0
: ) 29-173 1.3 14,0 8 72 42 W 4.5 1.4 3.2
30-174 1.33 14.0 3 2 13 M 1.7 0.8 4.3
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Table 3. White Sands Strain Readings Rosette R-2,
November 27, 1964
Alt. Strain y in./in. Recorded Pressures - psf

Run Mach x 1,000 Vector a_b ¢ M-2 M7 _M-16

1-145 1.40 13.5 0 19 35 28 MR MR NR

2-146 1.43 14.0 H N 9 M 46 1.9 3.5

4-145 1.30 14,0 4 7 9 6 1.9 09 3.9

3-149 1.30 14.0 B 30 39 25 N MR NR

6-150 1.30 14.0 E 1n 13§ 23 0.9 3.9

7-151 1.39 15.0 F n o1 o9 3.5 0.9 3.4

8-152 1.34 13.0 A 19 2 N 45 1.1 3.4

9-153 1.38 14.0 F n 26 19 46 1.3 3

10-154 1.40 14.0 6 2 30 28 1.5 09 3.9

~ 11-155 .40 4.3 c 7 13 9 1.9 1.8 39
3 13-157 1,30 14,0 H 33 M4 46 3.3 1.4 20
; 14-158 .3 14.0 ) 22 2 22 3.6 2.2 34
: 15-159 .36 .0 o 19 35 3 2.5 1.4 .9
: 16-160 1.25 13.5 A 30 39 38 6.5 22 7.4
¢ 17-161 1.30 14,0 F 37 M4 N 2.6 22 37
1 : 18-162 1.30 14.0 A 19 30 25 45 1.2 27
19-163 1.20 14.0 ] 3 4 4 24 1.9 25
20-164 1.38 15.0 € 9 2 5 .2 1.0 19
E 21-165 1.34 14.0 8 2 35 28 2.3 2.0 5.0
22-166 1.45 16.0 ¢ nm o133 M N NR
23-167 1.3 4.3 6 9 2% 28 MONR MR
24-168 1.45 13.9 ¢ 7 91 MM NR
3 25-169 1.3 14.0 0 n o139 29 27 3.9
- 26-170 1.30 14.0 H 2% 49 & 56 1.4 5.3
] 27-.1n 1.40 14.0 0 7 9 1 20 1.8 3.9
28-172 1.35 14.0 € 7 9 9 1.8 0.8 2.0

29-173 1.30 14.0 (] 0 39 M 6.0 4 32

30-174 1.33 14.0 3 7 9 9 23 08 83
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Table 4, White Sands Strain Readings Rosette R-1, j
November 28, 1964 B

i

Alt. Strain p in./4n. Recorded Pressures - psf ‘

"Run Mach x 1,000  Vector a_b_ ¢ M-l M7 M1
2176 1.30 1.9 A 109 6 M 9.0 3.6 59
3177 1.25 11.7 F 52 29 MR 45 1.1 4.0 ;
4-178 1.25 11.4 H 80 25 M 73 17 53 .
5-179 1.26 12.5 ) 9 29 W 6.4 20 3.8 :

Table 5. White Sands Strain Readings Rosette R-2,
Novermber 28, 1964

Alt. Strain y n./in. Recorded Pressures - psf
fun Mach x 1,000 Vector a_ b ¢ Me2  M-7  M-16
2-176 1.3 11.9 A MR 2 19 14.3 3.6 5.9
3177 1.25 11.7 F MR ¥ N 6.2 1.0 4.0
4-178 1.25 11.4 H MR 52 8 19.0 1.7 5.3
8179 1.26 12.5 D N 26 22 4.8 2.0 3.8
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Table 7. External Pressures on Building W4 at White Sands

3
Per e Pey P () ot (__) ;
Py North South cos 9 Py Py %10 '?-"' 10\ 7 $
Wwall wall %
1 $.20000 3.40000 340000 ~1.00000 +S403¢ 454839 -+26091 ~+26091 {
2 +.00000 3.20000 4560000 -+T0700 +66607 495833 -.1760% ~.01868 i
3 S.60000 2,90000 3.00000 ~.70700 51786 +53571 -, 20579 -.27107 §
: . $.30000 3.40000 2430000 0.00000 LY 43396 -+19280 -.36255 3
s S.30000 4,00000 2430000 0.00000 JT3472 +63398 -J12222 ~+36255 f
6 7.00000 3.60080 2.70000 0.00000 +S1620 J38571 -.20080 --41373 :
r $.90000 3.80000 6.70000 ~1.00000 o64407 1.135%9 -.19107 05522 ;'1
s 4480000 6.7000¢ 1470000 i1.00000 1.39583 $38417 +14483 T ASETe :
’ 7.40000 6,80000 1430000 +70700 8974 7108 =.04830 07 j
10 $.30000 3.00000 4.20000 ~«70700 +56804 J79245 =.28715 *e10.73 S
n 7.00000 4.00000 1.30000 +T0700 1.20871 18871 +10914 =. 73115 ;ﬁ
i 12 7.30000 6.50000 130000 +70700 «89001 17808 ~205061 -JT4038 ;
3 13 €.50000 S.30000 1.10000 «70700 81538 16923 ~.08864 -. 17182 p
: 14 7.00000 4.60000 3.20800 0.00000 85718 5714 “.18224 =.33998 i
: 15 S.e0008 4,00000 2.70000 0.00000 JTla2e 48214 ~s16413 ~.31682 f;
3 18 6,20000 3.40000 1.50000 0.00000 +54839 26104 ~+26091 =e$1630
37 6.20000 3440000 1450000 0.00000 +54839 s26104 ~.20091 ~.61630 ‘
s 18 3.90000 2.90000 3.80000 -.70700 274330 97434 ~.12047 “.81128 )
3 1o S.30000 6.30000 1,300 J70700 1.10808 20528 +07508 =.61033 <
; 20 3.90000 2.90000 4,6000) =.70700 +74389 11700 ~e12007 +0716% k
3 2 S.00000 3.00000 3420000 ~1.0000¢ 83871 87143 ~2M107 “i20308 ¢
E 24 $.30000 7.40000 1.80600 1000000 1.4330¢ «20302 «15054 =.54818 .
r; 2 6,20000 3.20000 S.70200 ~1.00000 #5161 «81938 28728 «.03882
2 2 S.10000 340000 3.80000 =s70700 «60067 +74510 =.17609 -, 12779 E
A s 1.90000 $.70000 1,30000 «70703 72152 +16488 =.14178 -.78368 '
: 26 5.60000 3.00000 3.40000 =+70700 83871 160714 -.27107 -s21671
: 27 4.90000 5480000 2430000 0.00000 110367 +48939 07323 -.32047
E; 28 $.20000 6.00000 1.20000 0.00000 1.15388 23077 08218 -.63682
3 » 1.90000 3.10000 3.10000 -1,60000 1.63158 1.63188 21261 «21201
- 3 €.00000 1.50000 2.00000 0.00000 +28020 +33333 ~.60208 .02
. .
. .
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respectively. Columns 6 and 8 contain the common logarithms of the
ratios from Columns 5 and 7, respectively. It will be she /n later how

these ratios and logarithms are used in the present statistical model.

3. EDWARDS AIR FORCE BASE TESTS

The sonic boom tests conducted at Edwards Air Force Base,
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California, in June 1966 were for measurement of both human response
and structural reaction. Like the previous tests, these were conducted

under FAA sponsorship. Stanford Research Institute, under the direc-

tion of Karl Kryter, performed the human response stu ..c3 a

John A. Blume and Associates again performed the struc . . 8
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[31,34]. NASA also participated in reduction and analysis ¢. _.. sonic

boom data.
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As part of the Edwards structural test two test houses, shcwn

17 P LA 04

in Figures 15 and 16, were extensively instrumented. Of particular

FL RSN E e PO

3 interest in the present study, five windows were instrumented with

strain gauges and two indoor microphones were installed. There was
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also extensive instrumentation of walls and ceilings.

Py

Between the Edwards tests and the White Sands tests, there

T2 mam s

were seven windows of various sizes instrumented. These are sum-

marized in Table 8. The stiain readings on these windows form the

LEL 1.3

basis of the present statistical model of the dynamic amplification 1

k. factor.
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Of the Edwards data there were 102 data sets which were found
to be complete and suitable for use in this study. These correspond
to 102 different overflights whose readings are shown in Table 9. Note

that for @ach overflight there are strain gauge readings from windows

on five channels, internal pressure readings from two microphones,
' and a frece field pressure reading. No readings of external pressure
were made in the Edwards series. The readings shown in Table 9 form

the basis of the correlation analysis which led to the statistical model.
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IV. RESPONSE PROBABILITY
DENSITY FUNCTION TECHNIQUE

All the calculations of breakage probabilities in this report are
based on the response probability density function (pdf) technique. In
order to understand the analyais it is essential that the concept of a
probability density be fully understood. Therefore, this chapter begins

with a review of that concept.

1, PROBABILITY DENSITY FUNCTIONS

3 For illustration, assume that a group of 402 readings have been

E taken, representing the breaking strengths of steel rods. The readings

T

are then sorted according to size and the number of readings in each

250 psi interval is tabulated. The number of readings in each interval

GaCi ™ I P S et R

is then graphed as a bar chart as shown in Figure 17a. (If the readings
were from glass rather than steel the shape of the distribution would

be different, as will be discussed later.) This particular form of

PR L i o Y

bar chart, showing the number of readings in each interval, is known

Ghide Hgagiz)

as a histogram. The shape of the histogram in Figure 17a is the well-
known bell shape which occurs often for distributions of men's heights,

students' grades, and many other measurements.
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C. PROBABILITY DENSITY FUNCTION
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Figure 17, Example of a Probability Density Function
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Now assume that for each interval shown in Figure 17a the num-
ber of readings is divided by the total number of readings for all
intervals combined. This will give the slightly different histogram
shown in Figure 17b. The ordinate o1 Figure 17b shows the percentage
of the total number of readings that are in each interval. If the sample

rods tested were typical of the rods being manufactured, Figure 17b

A ear e B Sad ik s ast L E AT A TS SSAAL

could also be viewed as a histogram of probabilities, Then it could

be observed from the histogram that the probability is .17 of

ot Sl aA Wb L B TIINE

picking a rod at random whose strength is in the interval centered at

52.0 kps:.

Note that the histogram of Figure 17b is a discrete function. :
For most analyses, it is more convenient to work with continuous
functions, such as the curve in Figure 17c. Note that the curve looks
very much like Figure 17b. In fact, it is what would be obtained if

there were a very large number of éamples and the strength intervals

L2

were made smaller and smaller. The curve of Figure 17c is an

example of a probability density function. The ordinate of the curve

LA LT AL

: . is a density in probability per unit length. For the normal curve

shown (also called a gaussian density function), the probability

density function is

1 (x--u)2
exp| -
,/ 2no 20’2

f(x) =

' (5)
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where u is the mean and ¢ is the standard deviation. To find the

probability that a stress, x, falls between two values, xj and x,

merely take the definite integral of the probability density function
between x; and x,. Obviously the integral of a probability density

functionfrom -otow is 1.

. .
C P 3 e
PP U PP RRYORIG WV W23 12 APTOE PR S IO LI K JEFRr T 18 S TS

Now observe the probability density function of a stress from

some form of random loading as shown in Figure 18, Note the wide

ran,e of values that may be expected for readings of stress from the
randomly occurring loads of this type. Assume that this probability

density function has been determined from a very large number of

EHG WL AR

experimental values, Now suppose that another large sample of the

same form of random loading is taken, The probability density

functions should be almost identical for the two large samples, {If
both sample sizes are infinite they will be identical.) Thus, although
individual stress values are random, the shape of the density function
is for all practical purposes constant. The probability that stresses

will fall in a given range can be predicted with certainty.

Similar to the probability density function for stress, a proba-
bility density function for the breaking strengths of the specimens is

shown in Figure 19. Again, the probability that a strength reading

w:ll be in a given range can be determined.
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Now, suppose one of the stresses Om, from the loads selected
at random acts on one of the random strength samples og t For this

case, an effective factor of safety No can be defined by

.

¢/
ex Omi

Since the stress and strength are agssumed to be statistically indepen-
dent, the probability density function of the effective factor qf safety
can be found from the probability density functions of the stress and
strength. ‘'i1e process for finding the probability density function of
N, in the general case isa convolution-li}ce procedure [35], which

can usually be accomplished by computer integration only,

@

F(Ne) = fO—G(NeUm)fo-m (Um)amdam (7)

(4]

Note that the factor in the integral is a joint probability density of

two variables,

Considerable simplification is possible if the stress and strength
probability density functions are both lognormal. The lognormal prob-

ability density function has the form

f(x) =

exp [- —2-2- (In x -p)z] (8)

x0/2r 20

for x>0 and 0>0, and f(x) = 0 for x>0, A variable is distributed

lognormal if its logarithm is distributed normal.
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If imposed stress and material strength are both distributed
lognormal, the probability density of the effective factor of safety will
then also be lognormal, This is because the logarithm of the effective
factor ot safety will be the difference of the logarithms of the stress
anc. strength, and the difference of two normally distributed random
variables is normally distributed with its mean equal to the difference
of the means and its variance equal to the sum of the variances. The
probability of breakage can then be found as the area under the curve
of the probability density of the effective factor of safety, for effective
factor of safety less than1l, Equivalently, this is the area under the
curve of the density of the logarithm of the factor of safety to the left

of zero.

The probability density functions for the effective factor of safety
and its logarithm are shown in Figure 20. The easiest way to find the
probability of breakage in this case is to work with the normal curve
of the logarithm of N, in Figure 20b, since the probabilities under a

normal curve are a tabulated function.

The following sections will develop the probability density func-
tions of sonic boom stress and material strength so that the above

nique can be utilized.
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2, SONIC BOOM STRESS

bl o AT

With the definit 'ons of the peak overpressures and the DAF

discussed in Chapter II, a correlation analysis was performed using

REE NS AR LRV TR

experimental data from the sonic boom tests performed at White Sands
in 1965 [29,30,33) and Edwards Air Force Base in 1966 {31,32,33].

These data consisted of values of pf, De., and pj measured from micro-

E L B atele B S0 s Bl s

phones and concomitant values of o,, measured with strain gauges on

ity

the windows on the test houses.

Correiation analysis [1, 4] of the Edwards data indicated that
strain in the test windows correlated well with free field pressure and

poorly with other variables. The correlation coefficients calculated

s St i AT T2 o S LAY 0 TS PP L a2

[} SO EWIES

between py and the strains on four windows were 0,66, 0.69, 0.69,

and 0.42., All these results indicate significant correlation at the

SXOF BEPTRRE PO

99 percent confidence level. Correlation coefficients were also com-

o 5 L P A ol ¥ il

puted between the strains and the impulse pgT /2, but correlations

PIR R

were found to be less than for the pressure p;. Similarly correlations

PZTR R RIr Y]

with wave energy psz/B were also found to be less than those with pg.

R R

These results indicate that the free field pressure, pg, is the correct

variable to use in formulating a lir.ear expression for stress.

Three variables that were discarded on the basis of low correla-
tion were the internal pressure p;, the rise time of the free field

pressure waveform t., and the sonic boom duration T. The strains

A b ” Npurntoant
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on two windows were found io have correlations of -0. 06 and +0.18

respectively with p;/ps. These low correlations with signs in both

s
|
|
|

directions suggest that internal pressure is for all practical purposes

uncorrelated with strain. The DAF's on five windows were found to

have correlations with rise time of +0.20, -0.28, +0.01, and -0. 06.
This indicates that DAF is not correlated with rise time. Correlation
analysis and examination of scatter diagrams also showed that stress
is unrelated to the sonic boom duraticn T except in the case where a
very short duration boom impinges on a vzry large storefront window. ‘
In this exceptional case, such as might occur from an F-104 boom,

there is a lowpass fiiter effect. The short duraticn boom is ineffec-

3 tive in exciting the window above its natural frequency and a low DAF

occurs, perhaps of the order of 0.5,

A correlation of 0. 78 was found between the peak external
pressure pe and the peak free field pressure n;. Scatter diagrams

of pe,/pf from the White Sands data indicated a marked dependence on

the cosine of the flight path angie, 6. On this basis a regression
analysis was performed resulting in the relation
logyo{pe/ps) = .1427 cos 8 - .1258. (9)
Having observed the results of the correlation analysis it was
now desired to formulate a statistical rel. .ionship between the stress

and the nominal overpressure. Data from the Oklahoma City sonic

- D . . Iy Sy
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boom tests of 1964 [28] indicated a correlation of 0, 42 between the

Mk b
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nominal pressure pg and the free field pressure p;. The dependence
{ of external pressure pe and free field pressure py had also been noted

earlier as had the dependence of stress on p;. Thus the most suitable

45 e L AP R RN

» S 23

form for the stress relation was determined to be

RIrIE o]

om = Po (PP Pe/PeNa g/ Pl oy /ag). (10)

LIRoY S

In the above form all the ratios shown are measurable values for
which data are available, The Oklahoma City tests provided 3500 values :
of pf/ P, and the White Sands tests provided 900 values of pe/ ps. The
value 04/pe is deterministic; it can be visualized as a stress factor F

such as that given in Equation 3 for the flat plate case. The value

e AW I S e M

om/od is the DAF, for which 500 values are available from the

F Edwards Air Force Base and White Sands tests,

t is readily apparent from the physical situation that the ran-
dom variable factors in Equation 10 are all statistically independent.

The value of (pf/po) depends on the inhomogeneities in the atmos-

ML N A R

and on the deviation of the aircraft from its planned altitude and Mach

AR

number. The random variable (pe/ps) depends on the geometry of the

YN

surfaces involved and their reflection coefficients. The DAF depends

on window size and mounting. Since the three random variables

depend on independent phenomena, they can be expected to be

independent.
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Using the data from the Oklahoma City, White Sands, and
Edwards Air Force Base tests, histograms were computer plotted
for pf/po' pe/pf’ and DAF. The results [1,4] showed that their
pdf's were to a reasonable approximation lognormal. Thus the histo-
grams of the logarithms appeared normally distributed as did the
example of (pf/ Py} wnown in Figure 21; a gaussian curve of the
same mean and variance is also plotted for comparison. Thus we
have verified that the stress was indeed lognormal. The next
section considers the probability density function of the material

strength.

3. MATERIAL STRENGTH

The breaking stress og of a materiel can be expressed in terms
of a breaking pressure pg multiplied by a stress factor F, which
depends on the loading configuration.

oG = pGF. (11)
The materials we are discussing here are brittle in nature, such as
glass, plaster, and mortar. For each of these materials the ques-
tion arises as to what the shape of the pdf of the breaking pressure
is.

We have been able to obtain data on the shape of the breaking

pressure for some of the materials and found them to be lognormal.
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In our previous work on glass [1,4] we obtained a large data base
of glass breaking pressure readings from the Libbey-Owens-Ford

Company [36]. By plotting the histograms of the breaking pressures

we found the probability density function of the glass breaking pres-

sure to indeed be lognormal, Similarly we obtained experimental

LN S e s et LG T

data on the tensile strength of mortar (37, 38] and determined that

0 st s b

the pdf is also lognormal. For other materials we have been unable

to find sufficient experimental strength data to plot a histogram indica-
tive of a pdf but on the basis of their brittle nature and their similarity
to glass or mortar we have assumed their pdf's to be lognormal

also.

RO L FCR PR NP TIVrav. LT P, LRI ST L AV

4, PROBABILITY OF BREAKAGE

Having examined the pdf's of the stress and the strength and
found them to be lognormal, the response probability density function
technique can now be applied to find the probability of breakage. The
effective factor of safety N is given by

Ng = oglo,. (12)
where og is the breaking pressure of the material and oy, is the maxi-
mum stress created by the sonic boom. Using Equations 10 and 11
for the maximum sonic boom stress o, and the material strength

o; we have after taking logarithms

59
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log10 om = 10810 Po + log1g (pg/po) + logic (pe/myp) (13) 5

+ . 710F + logyo(DAF), ;

log1 g oG = logy oF + logig pG- (14) ;ﬁ

Thus there results from Equations 13 and 14

E {log10 Nef = E {log10 pgj ~ log1o Po - E {logio (ps/po)f (15)

-E iloglo(pe/pf)f - iloglo(DAF)f. %

and

Var (log gNg) = Var [loglo (pf/po)] + Var [loglo(pe/pf)] (16) i

+ Var [log1 O(DAF)] + Var [logm (pG)] ’%

The pdf's of the terms involved are illustrated in Figure 22, z
g The mean and variance of the distribution of each logarithm :
were found for each case, Note that the mean must be found after :
; taking logarithms, since the mean of the log is not equal to the log of
the mean [39]. For log)q (pg/p,) the mean was found to be 0, 0471 ?
~ and the variance was 0,0446. For sonic booms equaily likely from :
any flight path direction the mean of logyg (pe/pg) was -0.1251 and ;

its variance was 0,0439. If instead only head-on booms are consid-

Ak WL, S0

ered ther the mean of log)g (pe/pg) is 0.0174 and its variance is
0.030S. For the remaining random variables DAF and pg the mean
and variance depend on the material configuration. The other two

numbers F and pg are deterministic.
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Having found the mean and variance of logjg Ne, the probability
of breakage follows directly. By finding the value of
z = E {logy g N| / [Var (logy No)]* $%)
the area to the left of zero in Figure 20 can be found by entering a

standard gaussian table,

This is the technique which will be used in succeeding chapters
to find the probabpility of breakage for various materials. The next
chapter will consider glass, and subsequent chapiers will analyze

plaster, bric-a-brac, and brick,

62




CoM deat

T TR ETF e

T YIRS

Lihy

T

x
s
5
-

e A e £ v SRR Y ISR BT TR IR I Ty ST TR Y e e S T
STl e = £ . g

b S

V. GLASS

Unlike metals, the microstructure of glass is amorphous
rather than crystalline, Because of this fact, the practical design
strength of glass is a surface condition property rather than a con-
stant material property. For example, glass that is acid-etched and
coated with lacquer to protect its surfaces can have an average
strength of 250 kpsi. If the same glass is severely sandblasted,
its average strength is reduced to 2 kpsi [(40]. Because of this
dependence on surface scratch condition. strength tests on seemingly
identical panes of glass will show a wide scatter of values. Even if
the panes of glass have received the same handling, the depth and
location of minute surface scratches wili be random. The exact
valur ot breaking strength for a given pane cannot be predicted;
however, the mean and variance of large lots of glass of the same

cize. type, and surface condition will be repeatable.

In addition to the variations due to surface scratch condition,
there are also variations with loading geometry, loading rate, atmos-
pheric moisture content, and composition. Glass exhibits a property
known as ''static fatigue' in that it is weaker for loads of longer dur-

ation. Static fatigue is a stress corrosion type of process that takes
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place when water vapor gets into cracks during loading and aids their

growth [41]. Thus for sonic boom loading, which has a duration of

v bzl e et o AT Tt S e i LM

the order of 0.1 sec, the strengths of glass will be roughly twice
those obtained in typical laboratory measurements whose locding

duration is of the order of 60 sec, as shown in Figure 23, -

In our study we were fortunate in being able to use a data base
of unpublished static test results on 2500 lites of glass, which the
Libbey-Owens~Ford Company graciously made available, The data
consisted of 119 sets representing a full range of window sizes with
: approximately 25 readings of breaking pressure per set. Each
reading was obtained by loading the glass incrementally to failure on
a vacuum test fixture, with the effective load duration being approxi-

mately one minute,

2 Two adjustments were necessary in extrapolating from the

Libbey-Owens-Ford data of new glass under static loading to the

TR T, R

case of used glass in people's homes under sonic boom loading.

First, the glass must be considered to have twice the strength under

sonic boom loading as under 60 second laboratory lcading because of

DL s T b osibaki iy

the static fatigue effect. Counterbalancing this, a reduction of the

strength must be allowed for the deterioratioa of the surface condi-

ik a1 oy

tion over time. After the glass emerges from the factory it suffers

scratches in shipping, unpacking, handling, installing. cleaning, and
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Figure 23. Stress-Time Characteristics of Glass
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weathering. Although the glass is weakened by this progressive
scratching over time, there appears to be no cumulative dynamic
fatigue effect due to repeated sonic boom loading [42]. On the basis
of comparing the only available published strength data on used glass
with test results on the corresponding size of new glass [42], it was
observed that the used glass appeared decreased in strength by a
factor of 2, as shown in Figure 24, Thus the two factors of 2 above
compensate ror each other, and the strength of new glass under static

loading can be assumed to be the same as that of used glass under

sonic boom loading.

Computer-generated histograms (1, 4] were run for the glass
breaking strength and the glass breaking pressure, Both were found

to be lognormal to a reasonable approximation.

It was necessary to provide in the statistical model for the
presence of already cracked glass in the window population. Aliiough
there appear to be no published test data on cracked glass, experi-
menters in the glass community have said that 10 percent of the
strength of ordinary used glass is a good rule of thumb. O: this
basis the present study has assumed that the mean strength o?
cracked glass is one-tenth that of used glass, and that the variance
of the distribution of the logarithm of its strength is the .;: : as that

of used glass. A previous study {31] found cracked giass to be
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.61 percent of the population. On this basis the glass population
was assumred in this study to consist of 89,39 percent gooa glass and
0.61 percent cracked glass. The pdf of the logarithm of strengt-
for the entire population is shown synthesized in Figure 25. Note

that in ‘1is model all glass is assumed to be either used glass in

g#-0d condition or cracked glass. No provision has been made for

brand new glass or for any state between cracked and good. Using
this model the probabilities of breakage for the healthy glass |y and

the cracked glass Pc can then be combined into a population proba-

bility of breakag2 P by using the relation

P =0.9939P + 0.0061Pc. (18)

In applying the response pdf technique ro predicting the sonic
boom breakage probability in a group of windows, all the windows
will have the same pdf's of log; g (pg/py) and logyg (pe/pg). But the

pdf's of loglo (PAF) and loglo (pG) wili. in general. be different for

eaun window dependiny cn its geometry. Sev:niypical window types

for which data were available are indicated in Takle 8. In it s

table the column headed f, gives the ratural freque.:.cy of the :ite,
whirh is imrportant on)v in the case where a short duration boom
excites a very large window. The sixth celumn gives the stress

factor F trom Equation 3. The last column gives the value of

(ab)”%/h; stress is roughlv p.oportioral to the square of this

68
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parameter for small deflections. The means and variances of the

k)

%
}

varicus facto.ss for these windows for all flight paths combined and

| for head-on booms are shown in Tables 10-13.

i e s —— 7
Lk i ] e N S

Note that for a given window size the mean of log;gN, of Equa-

W e o AL s NS L Uit bt B R Lt € e i YT Buta e e

tion 15 decreases with increasing p,. Probability of breakage vs.

nominal overpressure p, was plotted for the seven typical window

sizes in good condition; the results were straight lines on lognormal
paper. These are shown f r the cases of booms equally likely from
any direction and for head-on booms in Figures 26 and 27 respectively.
These results agree well with sonic boom damage claims data at low

cverpressures of 0.6 breaks per million pares boomed at a nominal

2L e

overpressure of 1 psf (43.44]. The results also agree with NASA

PRICLTIN

experiments at high overpressures [45].

Probabilities of breakage were also computed for a model win-

S TPe F SURI A Y )

3 dow population consisting of both good glass and cracked glass using
Equation 17. The results are shown in Tables 14-21 for various

nomineal overpressures from 1 to 130 psf with booms equally likely

L e M T

e dha 1 N DR R wand ] Fan

from any direction or head-on. The composite glass population

7 AT

probabilities assume equal numbers of each (f th. seven window types.

Note that for this low crpressure the majority o1 “reaks are likely

to occur in already cracxed windows.
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Table 14, Probability of Glags Breakage Calculated for Model Window Population for
All Flight Paths Equally Likely at a Nominal Overpressure of 1 psf

Window Ty pe 3
Glass 1n Good Condition Cracked Glass Combined ;

Window Mean Mearn ’
I z P P P 3
No. IogmNe log1 ONe 5
|
; 1 1.8836 5. 67 .7X107" .8836 2,65 0040 2.44X107°
[ i é
2 1,9250 5.71 .6x10"" .9250 2.74 0031 1.89x107° ;
§
3 1.8892 5.59  1.1X10"° .8892 2.63 0043 2.62X10°° )
‘i
4 1.6875 4.47  4.3X107° .6875 1,82 ,0346  21,53X107 %
5 2.0821 5.11  1,67X107  1,0821 2,65 .0040 2.46X107* a
6 1.7637 4.51  3.4X10~* 7637 1.95 .0254  15.83X107* 3
7 2.3107 5.41  .3X107  1,3107 3,07 .001C .61X10~"
3
§
; Good Glass Py=  1.1x107° :
.; .zi
Cracked Glass P, = 0.0109 ;
: Glass Population P =  67,6X107* 3
’ i
|

7

i
z
]
i
H
3
i
q
3
i
:
3
§
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Table 15, Probability of Glass Breaka

ge Calculated for Model Window Population
for Head-On Flight Path at

a Nominal Overpressure of 1 nsf

Window Type
Glass in Good Condition

S T S At

Cracked Glags Combined 5
Window Mean Mean E
' . z P P P 1
No. logmNe logml\le %4
1 1.7411  5.59 1.2x10~° L7411 2,38 0087 5.13X107°
i
2 1.7825 5.62 9. 8x10~' .7825 2.47 0068 4.15x10~* §§
3 1.7467 5.49 2.1X10-* .7467 2.34 0096 5.86X10~" ﬁ
4 1.5450 4.29 8. %10 .5450 1.51 0655  40.81X10"°
5 1.9396  4.96  3.5X10°" .9396 2.40 0082 5.04X10™* 4
]
i 6 1.6212  4.34 6.9X10~" .6212  1.66 .0485 30.27X10™° z
7 2,1682 5.26 17.4X10~" 1.1682 2.83 0023 1.41X10"°
3 :
Good Glass Py = 2.3x107* i
Cracked Glass PC = ,0214

Glass Population Pp

i

1.33X10°*
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Table 16. Probability of Glass Breakage Calculated for Model Window Population for

All Flight Paths Equally Likely at a Nominal Overpressure of 2 psf :

%

Window Type

Glass in Good Condition Cracked Glass Combined :

Window Mean Mean \
. z P . z P P

No. long\e loglol\e ,‘

! 3
: 1 1,5826 4.76 1. 02x10* .5826 1.75 0401 2.46X10™"* 3
2 1.6240 4.82  .80X10™*  .6240 1.85 .0322 1.97X107* !

3 1.5882  4.70  1,31X107°  .5882 1.74 .0409 2.50X107"

3

:

4 1.3865 3.67 1.3 X107'  .3862 1.02 .1539 1.07x107°

5 1.7811 4, 37 5.5 X10™* L7811 1,92 .0274 1.73X107°. s

8 1.4€27  3.74 1,0 xX107° .4627 1., 1379 9.41X107*

1

7 2.0097 4.70 1.31X107*  1,0097 2,36 .008! 5.07X107°

%;

Good Glass Py=  3.43%107° !

Cracked Glass PC = 0.0629 1

Glass Population P =  4.18X10™*

i
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H :

3 Table 17. Probability of Glass Breakage Calculated for Model Window Population d
E for Head-On Flight Path at a Nominal Overpressure of 2 psf

.-;

g X

; Window Type :

E Glass in Good Condition Cracked Glass Combined H

| i

t L]

L Window Mean Mean F

} 7 T 2 P Zz P P by

' No. IOgIOI\e 1onge §

i - - ;;

1 1.4401  4.63 2.0 X10™'  .4401 1.41 .0793  4.86X10 §

2 1.4815  4.70 1.4 X10"  .4815 1.52 .0643 3.94X1y" §

3 1.4457  4.54 2.8 X107 .4457 1.40 .0808 4.96X10~"

4 1.2440  3.45  2.81X10™°  .2440 .68 .2451 1.77X%10" :

5 1.6386  4.1% 1.5 X10 6386 1.63 .0515 3.29%X10"" ]

6 1.3202  3.53  2.20X10°  .3202 .86 .1949 1.41X10" 5

. - e E

7 1.8672  4.53 2.8 X107 8672 2.10 .0179 1. 12X10

f Good Glass Py = 7.5 %10

Cracked Glass Pc = .105 §

: Glass Population P=7.15x 10" i

: ;

? ;
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Table 18, Probability of Glass Breakage Calculated for Model Window Population
for Head-On Flight Path at a Nominal Overpressure of 4 psf
| Window Type E
f Glass in Good Condition Cracked Glass Comb:ned 5
' Window Mean . P Mean P p
{ \ :
[ No. 1og101\e longe
; ;
-4 3
1 1.1390 3.66 1.4X10 . 1390 .45 . 3264 2. 13X10°° E
2 1,1804  3.72 L9X107°  .1804 .57 . 2843 1.82x107°
3 1,1446  3.60 1.6X107*  ,i446 .45  .3264 2.15X10" 3
4 .9430 2,62  4,4X1077 -,0570 - 16 5636 7.81X10”
5 1.3375  3.42 3.24:77% 3375 .86  .1949 1.50X107
: 6 1.0191 2,73  3.2x107°  ,0191 .05  .4801 6.11X107°
7 1.5661 3. 80 .8X10-‘ .5661 1.37 . 0853 .60X107
[
§ Good Glass Py L. 20X10°
4 Cracked Glass PC = ,323
Glass Population P = 3.16X10"

T R A R P 7 T

81

f
3
g
b
B
§
K
b
y
i
3
L
3
7 BN AN 0 R 0 YN il S SR YD 18 R A B B b 1A Kot P IS S Mo 23 el L S Bt ] TN




Table 19.

g o T e T e

Suaky S s 5 o R Rl TR

Probability or Glass Breakage Calculated for Model Window Population
for Head-On Flight Path at a Nominal Overpressu-e of 20 psf

Window Type

Glass in Good Condition Cracked Glass Combined
Window Mean Mean

; No. log1gNe 2 P log1gNe 2 P P
| 1 . 4401 1. 41 . 0733 -.5599 -1.80 . 964. . 085
2 . 4815 1.52 . 0643 -.5185 -1.63 .9485 .070
3 . 4457 1.40 . 0808 -.5543 -1.74 .9591 .086
4 . 2440 .68 . 2451 -.7560 -2.10 .9321 .250
5 .6386 1.63 . 0515 -.3614 - .92 .8212 .056
6 . 3202 . 86 . 1949 -.6758 -1.82 .9656 .200
7 . 8672 2.10 .0179 -.1328 - .32 .6255 .0Q22

Good Glass PH = .108

Cracked Glass PC = ,895

Glass Population P . 110
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Table 20. Probability of Glass Breakage Ctlculated for Model Window Population
for Head-On Flight Path at a Nominal Overpressure of 40 psf

Window Type

Glass in Good Condition Cracked Glass Combined
Window Mean Mean
No. longe z P logml\'e 2z P P
1 .1.40 .45 .3264 - .8810 -2,76 .9971 . 330
. 1804 .57 .2843 - .8196 -2.58 .9951 . 289
. 144R .45 .3264 - .8554¢ -2.69 .9964 .330
-.0570 - .16 .5636 -1.0570 -2.93 ,9983 . 566
.3375 .86 .1949 - .6625 -1.69 .9545 . 200
.0191 .05 .4801 - .9809 -2.62 .99%6 . 483
. 5661 1.37 .0853 - .4339 -1.05 ,8531 .090
Good Glass PH = .323

Cracked Glass PC = ,.970

Glass Population P

“

.327
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Table 21, Probability of Glass Breakage Calculated for Model Window Population
for Head-On Flight Path at a Nominal Overpressure of 100 psf
Window Type
Glass in Good Condition Cracked Glass Combined
Window Mean Mean
No. lc:gl ONe 2z P log1 ONe z P P ;
“ 1 -.2589 - .83 .7967 -1.2589 -4.04 .9999 .798 ';
1 2 -.2175 - .89 .7549 -1,2175 -3.83 .9999 . 156 g
3 -.2533 - .80 .7881 -1.2533 -3.93 .9999  .789 3’
4 -.4550 -1.26 8962 -1.4550 -4.04 .9899 . 897 5
Z« 5 -.0604 - .15 .5596 -1.0604 -2.71 .9966 .562
g 6 -.3788 -1.01 .8438 -1.3788 -3.68 .9999 . 845 ‘
7 +.1682  + .41  .3409 - .8318 -2.02 .9783  .345
Good Glass PH = ,711 ‘
Cracked Glass PC = ,9963
Glass Population P = .7T13

84
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The external overpressures are somewhat higher for head-on
booms than for flight paths equally likely from any direction as
indicated in Equation 9. For a 1 psf head-on boom, the breakage
probability calculated for the model glass population was 133 breaks
per million panes boomned; for 2 psf head on, 715 breaks per million.
Note that these values of P are almost twice those shown in Tables 14
and 16 for the same overpressures and flight paths equally likely
from any direction. Breakage probabilities for the model population

were also computed for head-on booms at higher overpressures; at

R I L R A T (R I KO L T T A A Tt v

4 psf, 3,160 breaks per million; at 20 psf. 110, 000 breaks per

million; at 40 psf. 327, 000 breaks per million; and at 100 psf.

713,000 breaks per million.

BEL I LI DR T DU P
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This concludes the analysis of glass; the remaining chapters

extend the response probability density function technique to plaster,

bric-a-brac and brick.
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V1. PLASTER

Plaster, like glass, is a brittle material which is sometimes
subject to sonic boom damage. Plaster is manufactured by heating
(calcining) gypsum at 300°-330°F, The calcining process drives off
water vapor and changes the state of the material from dihydrate
calcium sulfate to hemihydrate., The calcined gypsum can be used
to form various plasters at the building site, depending on the aggre-
gate with wvhich it is mixed. In older construction the aggregate con-
sisted of lime and sand. Other possible aggregates are wood fiber,
vermiculite, and perlite. When the plaster and aggregate are mixed
with water they form a slurry and entrapped air bubbles float out.

As the plaster sets, a crystallization process takes place and the
gypsum returns to its dihydrate form and bonds in the aggregate

materials.

The proportioning of ingredients, the thcorcughness of mixing,
and the removal of air bubbles all aepend on the workmanship of the
individual plasterers. For this reason plaster shows considerable

variation in strength.

The strength of the plaater will depend to a large extent on

whether the correct amount of water is mixed in; too much or too
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little will lower the strength. The izey parameter in determining the

mechanical properties of plaster is the water-to-plaster ratio, which

[ TSI B T LY T LR Y Mg I F N R A

is called the consistency. If too much water is added the excess will

run off, leaving the set plaster weak. I too little i3 added incomplete

i
~
£
7
H
x
i
4
3
=

hydration will take place and the resulting plaster will have places

-
LTTOArAF LA™

that have never gone into the crystalline form. Figures 28 and 29

[46, 48, 49] show the variation in mechanical properties,

LS T e

There is also a substantial variation in tensile strength of

T et

plaster depending on the proportion of aggregate and the type of
aggregate used. This variation is indicated in Table 22 [50]. Note
from the table that plaster is considerably stronger in compression
than in tension, so that for sonic boom push-pull loading only tension
failures would be expected. From Table 22 it appears that a typical
conservative figure to use for the tensile strength of plaster is

100 psi. However, the strength could get up to 350 psi.

Usually plaster is applied to a wall or ceiling in three coats.
The first coat or ''scratch coat' is applied directly to the lathing.
Its surface is then scratched with a rough tool to provide better

adherence of the following coat. The seccnd coat, called the ''brown

coat, " is somewhat thicker. The "finish coat' which goes over the
brown coat is the one that is visible to the eye. It is often composed

of ""gauging plaster, " a combination of calcined gypsum and lime.
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Table 22. Strength of Basecoat Plaster for Mixtures 3
i With Various Aggregates :
F Type of Plaster Compressive Strength | Tensile Strength *
and Miv* Range, Dry, psi Range, psi i
o v e o £
5
Mili-* ired Perlite
' Plaster 600-800 125-160

Wood Fiber Plaster
Neat 150C 2000 320-39%0
Sanded 100:1 1200-1600 180-240

St D 135 L e U GALS O, S Pk G LML 2 O I 0 e 1B B o Lt el i d S il W it ) A

WPk

G_rpsum Neat Plag'er

t N xer With:

S 200:2 750-1100 140-170

3 100:2-1/2 650-850 120-145

100:3 550-750 100-125

2 Perlite 100:2 600-800 120-150

100:3 50-600 95-110

Vermiculite 100:2 400-525 90-100

E 100:3 250-325 75-85

*Aggregates shown in cu ft, plasters in lb
E Note: Average laboratory test results; actuai job str2ngths may

vary from these data because of job conditions and b
methods of mixing and handling.
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The total thickness for all three coats combined is usually 1/2

to 3/4 inch.

The analysis of plaster failures on buildings is much more
difficult than those »f glass, because plaster never appears as a lone
element subjected to sonic boom as glass does. Plaster is always
used in coajunction with a wall or ceiling configuration, which sup-
plies the vast majority of the load-resisting capacity of the assembly.
Each wall or ceiling configuration thus represents a different support
for the plaster mounted upon it and the stress on the plaster can be
expected to vary accordingly. The more the support structure de-
flects, the greater the stress on the plaster. Because of the many
variations possible, the best that can be attempted within the scope

of this study is to perform the analysis for a few configurations which

seem typical.

Besides the structural variation another problem which compli-
cates plaster failure predictions is the nature of plaster tailures.
Generally the overstressing of building plaster in tension merely
results in hairline cracks, but not in immediats catastrophic failure,
This is much different {rom sonic boom failure of glass where it is
likeiy that the window will shatter, or that a highly visible crack

will appear. Plaster cracks by comparigson are very thin and are
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difficult for the untrained observer to detect with the naked eye,

i
!
|
d
i
5
E
&
=
2

v

especially if they occur in a ceiling. Only when a catastrophic failure

T o

occurs, such as a piece of plaster falling from the ceiling, is the
damage apparent. For such a failure, where the plaster actually
breaks loose and falls, it is necessary not only that it be cracked at

its surface, but also that its hold on the lath structure be cracxed.

Patterns of plaster fzailures caused by sonic booms in the White
Sands tests [30] are shown in Table 23, Note from the table that

almost all the observed damage consisted of hairline cracks and the

extension of existing cracks. The table indicates two types of failure
for plaster, diaphragm and racking. In diaphragm failure the wall or

ceiling bellies out due to the sonic boom, bending the plaster on its

A2t s e o R RN At sl i ot i G AR M AR ko BRI

surface. In racking failure the adjacent walls and ceiling lean forward

i 4

slightly, trying to push the wall into a parallelogram shape. This
results in a tearing action on the plaster at the corners of the room

and near doors and wiu..>ws. As seen from the table, diaphragm

failures and racking failures occur at about the same overpressures.

3
E
4
o
3
&
E:
E
3

Since racking failures are much harder to treat analytically and data

on them are scarce, we treat diaphragm failures only here. The

AR

results should also extend to racking failurcs, however, on the basis

of the similarity in failure overpressures,

92
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We performed calculations of the probability of plaster cracking

from sonic boom for the six plaster configurations shown in Table 24,

PN PRELE R0 D 2P N g R ey g e

i

The entries in the table for Numbers 1 and 2 are calculated static

pressures frr the ceiling configuration indicated. The first ceiling

i oL

has low strength plaster with a tensile strergth of 100 psi, and the

second has high strength plaster with a tensile strength of 350 psi.

W M 202 W Sk S ST R

The four plaster wall configurations shown »2present ¢:xperimental

results from pressurizing wall sections in laboratories [51, 52].

£
Sl

Plaster configurations 3 and 4 failed at lower overpressures than
would be expected for a typical external wall in a home, since these

configurations represented party walls rather than outside walls.

b L e S A AR A L A MM

o

Configurations 5 and 6 represent the most susceptible configurations :

of external walls, those of wood frame houses. The fact that the

g BT Tl R

failure pressures in Table 24 are so low shLows the reason why plas-

M LT SO A

ter often fails in ordinary occurrences, such as slamming a door

R

or hammering a nail in the wall.

X
-
o

A thorough search was made for data on the probability density
function of the breaking strength of plaster, We reviewed the litera-
ture and contacted manufacturers, trade associations, and the
National Bureau of Standards. Unfortunately no probability density
function data on plaster were available, We were, however, able to

find sufficient data on a similar material, mortar {37], aud found
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its distribution to be lognormal, The fact that mortar has a lognormal
: distribution allows us to apply the response probability density function
technique, as we did for glass, ir treating brick-mortar systems later
in this report. On the basis of the structural similarity of plaster and
mortar, we represent the probability density function of plaster here
with a lognormal probability density function having the variance of its

logarithm the same as the variance of the logarithm of the breaking

TR TR

pressure of mortar, The variance of the logarithm of the breakiag
pressure of mortar was found to be ,0324; this figure was thus also

used here as the variance cf the logarithm of the breaking pressure of

3
E

plaster,

The response probability density function technique was used in
analyzing the plaster configurations shown in Table 24. The resulting
estimates of the probability of breakage as a function of rominal
overpressure are shown in Figure 30, Note that the breakage proba-

bilities indicated are comparable to those of glass.

In calculating the breakage probabilities of the ceiling configur-
ations 1 and 2, different values of the mean and variance of
logi0 (pe/pg) were used than were used for the walls. This is done
to account for the transmission loss of the boom in passing th.ough

the attic structure. For ceilings the mean of logg(pe/pg) = -. 1609
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and the variance of logy() (pe/pg) = .0029. For the wall configurations
the mean and variance of logj g (pe/pg) which were used for windows
were again used. The dynamic amplification factor distribution found
for the large window, Window 4, was used with the plaster calculations,
since this window is comparable in size to a wall or ceiling, On the

basis of the above procedures the graphs shown in Figure 30 resulted.

Aok ko e ok o ok ok ok %k

RET R AT I OL

IR AL

In summary, the estimated breakage probabilities for plaster,
3 shown in Figure 30. are similar to the results found for glass. As
in the case of glass there is a great deal of variation in the probab-

bility of breakage for the various configurations.
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VII. BRIC-A-BRAC

For the purpose of this study bric-a-brac is defined as an
assortment of miscellaneous ornamental_articles, which sit on sur-
faces such as shelves or tables. Typical examples would be figurines,
ashtrays, clocks, cup and saucer sets, or candlesticks. Not included
in this definition are objects which hang from walls such as pictures
and mirrors. The exclusion of hanging objects from this category is

in keeping with earlier sonic boom claims categorization work [32].

By its very nature this type of sonic boom damage is very diffi-
cult to analyze. The objects which make up this category vary by
orders of magnitude in the force needed to overturn or slide them.
They also vary by orders of magnitude in their probability of breaking
once they fall from their supporting surface. For one extreme,

imagine a heavy steel disc paperweight sitting on a rubber mat in

- the middle of a table, For the other extreme, imagine a delicate

saucer whose owner has balanced it on edge, precariously leaning on
the wall of a narrow knick-knack shelf, with a concrete floor below.
The steel paperweight would be immune to any sonic boom ever
created, both in the matter of falling and also of bresking if it did

fall, The precariously balanced saucer, however, would probably
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break with any small disturbance such as a door slamming, a footfall,

or a wind from opening a window,

The above examples point out three key factors:

VR bt B DR e St & e IR LN e

. There is no "typical'' piece of bric~a-brac.

Pieces of bric-a-brac vary tremendously in their
strength.

7
3
i
E
*
i

. The susceptibility of pieces of bric-a-brac to overturning
or sliding off their supports depends to a large extent on ]
how their owner places them. i

L & Tt e

T o

It is apparent from the above discussicn that bric-a-brac do not
lend themselves well to a stress analysis, such as was used for glass

windows. The determination of the probability o breakage of bric-a-

L LA U T L s

brac will have to be based instead on claims data and on observations

L ind

of bric-a-brac breakage during severe booms at White Sands. Our

U fadal o

Ll

analysis extrapolates from these measured breakage probabilities by

assuming a lognormal effective factor of safety holds, such as was

R T T T T o

observed for window glass.

The two measured breakage probabilities for bric-a-brac are
indicated by the circles on Figure 31. The point at 2 psf is from the

Edwards Air Force Base claims data [32])., The point at 38 psf is

from the White Sands experiment,

The break: 7e probability shown at 2 psf of 8.8 x 10-7 was

calculated by observing the ratio of bric-a-brac claims to window

100
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clairms from the data in Table 25 to be 3/58. We also estimated that

there are roughly twice the number of bric-a-brac items in an average

g
i
g
¢
4
%;
2
i
¥

home as there are windows, based on a count in the author's own home.

We assumed the breakage probability of a typical window population to

be 3.4 x 10-9, as found in our previous studies. Thus multiplying
these gave (3.4 x 10-9) x (3/58) x (1/2) = 8.8 x 10-7 ag the bric-a-brac

breakage probability.

The point at 38 psf indicating a breakage probability of 0.2 per-
cent was derived from the White Sands data [30]. It was observed
that 2 out of an estimated 900 pieces of bric -a-brac in the test houses

were broken by a sonic boom with an overpressure of 38 psf.

In Figure 31 these two points are connected by & double line on
a lognormal probability scale. This is the same scale that was used
earlier in Figure 26 to display the probability of breakage of glass as
a function of sonic boom nominal overpressure. The graphs for
glass breakage are shown with single lines on the same graph for
comparison. It can be observed from the very steep slope of the
bric-a-brac line shown that the standard deviation of the effective

factor of safety is much higher for bric-a-brac than it is for windows.

This is as expected since, as discussed above, bric-a-brac has a
much greater structural variation than does giass. The bric-a-brac

line indicates that because of the very wide variation of strength and
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support condition there would be a breakage probability, comparable
to the less susceptible glass, even at very low nominal overpressures,

such as 1 psf, By the same token, however, it is unlikely that more

than about 1 percent of the bric-a-brac bcomed would be broken even

3

for the highest overpressurcs, %
%k ok %k %k ok 3k & & % ¥ ;S;
In summary, bric-a-brac breakage is generally less than glags ;

for the normal range of sonic boom nominal overpressures. Estinmates
of bric-a-brac breakage probabilities are given by the line in Figure 31.
]

However, it must be emphasized that the breakage probabilities for i
bric-a-brac exhibit large variations depending on the strength of the
individual items and their support conditions. ‘
]
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VIII. BRICK

Brick is a far stronger material than glass or plaster and is
generally not susceptible to sonic boom damage. For the sake of

completeness, however, we are also considering brick in this report.

Common bricks are typically manufactured by heating rectangu-
lar prisms of clay or shale in a kiln. The processes used include the
dry-press process, the stiff-mud process, and the soft-mud process
[53]. In the dry-press process relatively dry clay mixes are used
and the molding of bricks is done at high pressure. This results in
all 3ix surfaces being smooth and even with good uniformity among
the bricks. In the stiff-mud process the clay mixture is more moist

and it is extruded by a machine into a long ribbon with the cross-

section of a brick. The ribbon is then cut by wires into brick-length
pieces, leaving rough surfaces at the wire cuts. .n the soft-mud
process the brick is formed from a wet mix of clay under only slight

pressure.

Various forms of kilns are used for firing the brick. In tunnel
kilns the bricks are placed on cars and move slowly through the tun-
nel gradually reaching a temperature of about 2000°F, and then they

are gradually cooled as they emerge. The tunnel kiln method of
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firing results in very uniform bricks. Other ‘.inds of kilns, however,
results in more variation among bricks depending on where in the
kiln the brick was fired, These other kilns include scove kilns,
round kilns, continuous kilns, and permanent kilns. The brick may
be classified as 'top brick" from the top of the kiln, "body brick"
from the center, or "bench brick" from the arches of the kiln.
Variations in strength of bricks have practically no effect as far as

sonic boom loading is concerned; the weak point in the brick struc-

ture is almost always the mortar,

Mortar consists of cement, lime. and sand combined in vari-
ous proportions. The proportions used result in mortars with desig-
nations as M, S, N, O. and K as shown in Table 26. In general the
compressive strength of the mortar increases with increasing pro-
portions of cement. There is a trade-off, however, since mortars
with more lime and less ceraent tend to be easier f .r bricklayers to

apply.

For the purpose of this study we gathered data on the strength
of mortars when used in walt assemblies subjected to uniform load-
ing [37,54,55]. An analysis of the data, covering types M, N, O,
and S mortars showed the probability density function of the strengths
to be lognormally distributed with a mean modulus of rupture of 45.6

psi and a standard deviation of 16.9 psi. The distribution of the

k]
4
X
3
:Sx
i
4
2
£
a
f:
4
&
]
2
1
E
3
2
]
a
3
Kl

oWk ] i

£0nh T e




Ui P M R M L R U EAR B U S L A R e M B R U R A e Mt £6 bl L P R S Rt g e B T LA A e e L L L S R A A e R e I T S T e s ey e

WA ey e

g
m,.,
o *94 6T F 03 dn £q 01381 PUSS-SNOLHIUIWID |10 €1 1 J2 usunsnipe aqissod apnpus conwa Ifuang ;
m JUIWIY ASUOSEIN = "D)'JAl PUBS = § WY = ] 1IUAWI) puviIIod = D J
b i
Wﬁ.
i oSy 009 00€ S adAL b { 4 € 1 !
s 00ST 000E 008 1134y o'W N £ - D1 t~ ]
s 0S¢ 008 00S 13d4L “O'NW o £ —_ onmt o ;
9 st1 00E 0s N 3dAJ, 10 Aang -t
00T 00¥ szt SadAy — £ T o ‘,
1 00s 0sL GSE N HAL 0 Ang
m_ 006 11744 1174 sdi (o] 6 4  §
B 00Z1 0081 008 N 34y 30 Aang
_m 0081 oorY 00s1 S 3dAy, N 9 1 1
i 0092 000£ 00EZ — s Uy % z
00¥E oG8t 000E - W € "A 1
1114 009 008E —_ - €t 1] 1
aPwiaasy R/ Uy sS 1 o
syaduang uRWAY) o uonywudisay 1 uotsodosg Jepopg
JAI833dW0)) sunxosddy sun-g jo ¥dA L, IBBOIN WISV

sad{J, pue suorjaodoa,J Iej}I0 SNOIIBA
20j yduasig aarssaxdwoy; ut safuey ojeunxoaddy ‘gz aiqel




TR
o e —ares w—— wems LA e Ve T SISO T TR, m B © TR ey F.'@;!-!vjaf\@wﬁg’ﬁ LE e e SRS
S R TN TR R s 7 N e e e BN e T = -

logarithms of the strengths had a mezan of 1. 6252 and a variance

of .0324, On the basis of these data probabhility of failure of brick

b Al b b L A D

structures was calculated for sonic boom loading using the response

prokability density function technique,

The first calculation presented here should lay to rest once

and for all any fears that people may have of sonic booms knocking

down brick walls of homes. Table 27 from the nuclear effects

A 5 e B o RO S S

literature [56] shows that it takes a pressure of 7 psi (1008 psf) to

knock down a brick wall of a house. The most intense sonic booms

%

deliberately created for test purposes were of the order of 100 psf.

e L e oy

Even if one of these acts on the brick wall the breakage probability

::g

3

¥

3

3 is 1.3 x 10-19,  With an astronomical probability like this we can s

? say that for all practical purposes there is no chance of knocking

:; down a brick wall of a home. E|

3 ‘4

; The question remains, however, of the probability of damage B

,3 to other parts of more susceptible brick structures; fer instance.

- cracking mortar on free-standing brick walls. The probability of :
4 such occurrences will be examined here using National Bureau of

e gt 0, e offd 4 S L8 WS 0

Standards data on tests of brick walls [37].

£t

The four brick wall configurations analyzed are shown in

Table 28, All the brick walis shown were tested by National Bureau

iy 2

of Standards using an air bag technique to create the pressure load.
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Table 27, Conditions of Failure of Peak
Overpressure-Seansitive Elements

k|
3
o
3
1{3
4
¥
%
i
-y

3
Approximate i
Strvcturol Element Foilure Incident Blast
Overpressure Z
{psi) g
Gloss windows, lorge and  SkoMtaring usvully, 0.5-1.0 %
smel. occasional frame 3
foilure. d
3
Corrvgoted osbestos siding  Shoftering. 1.0-2.0 3
Corrugated steel or alumi-  Connection failure 1.0-2.0 }
inum poneling. followed by buck- 3
‘ king. 3
Wood siding ponels, stand-  Usually failure oceurs  1.0-2.0 §
ard howse construction. al the mein con. E
nections allowing a <
. whole pone! t» be 7
blown in. E
<
Concrate or cinder-block  Shottering of the wall.  2.0-3.0 3
wall ponels 8 in. or 12 2
n. thick {not reinforced).
g Brick Wall ponel, 8 in, or Sheoring ond flexure 7.0-8.C K
R 12 in. thick (not rein- failures. <
. forced). 3
4 :
5 i
X

AT ST T L T AR T

109

. B e e e o SR




"> e o oard A1
ser AT P T AW AR TR PR RETR GTRERBRT R ™

e i TR TS AT T 9T LY

puoq §9J400 [BAO ¢ YIim Sjtun
b 891 ~-y31y 09. G2°¢ 80°8 | GL'E N2=3aIm ‘papnaIxa ‘Lean b
$3J00
puoq punod ¢ yirm sjun jnd-aaim o
c'g8 -ydy 0¢8 €2'¢ L6°L | €9°¢ Papnaixa ‘pagojod weaan £ -
puocq S3103 OU Ym
9°LS -y3ry ovL 892°'¢ 00°8 | 29°¢ | Siun INd-axim ‘pIpnaixs ‘pay 4
§94100
punoa ¢ Yijim sjtun nd-aaim
gLl AR ER¢ 068 52°2 L6°L | €9°€ papnaixa ‘paaojod ureaan I ]
3sd) ad{ g, (xsd) (u1) (ur) {ur) uo1ydiaosag WolIg Jaquiny
aanssaad | 18120 {aanidny Jo| Y313y | YIdua1 | Yipim
aanjieyg SNINPOIN | Aotag | yYotag | ¥oluyg
on3els

suorjeandijuoy) 11em Molag JO saanssadd aanjled dijeis "gg d1qel

e

TLTRIEE

. Ty
el el e AL
e il L LSt s el b Gt SIS ol it bl SR e
et ger I i gt i b L .




T

All the walls were constructed of bricks with a nominal width of
4 inches. The static failure points indicated were when the first

cracking of the mortar was observed. In each case two specimens

e T b T P € S 6 P 7 e T L ri’w;dM}J

were tested; the value shown in Table 28 is the lower of the two

static failure pressures., All tests were performed on 4-foot wide
by 8-foot high test panels. The mortar referred to in the table as ;
1:1:4 consisted (by volume) of one part of Type 1 portland cement,

one part hydrated lime, and four parts sand. The mortar referred

to in the table as "high-bond™ contained one part (1 cubic foot) port-

land cement, one part (1 cubic foot) fine limestone (passing a No. 200
sieve), four parts (4 cubic feet) masonry sand, and four gallons of

a polyvinylidene chloride additive called Sarabond.

Sy s 28t o o M 7 A L L A St T T

The breakage probabiiities for sonic boom loading of the four

brick wall configurations were calculated using the response proba-

TR T PN A R R F 0 1

bility density function technique. The results are shown in Figure 32.
Note that the breakage probabilities shown are generally lower than

" those for glass except for the 17.3 psf wall, which was not made
from high-bond mortar. The results from the four wall cases shown
and the house example make it appear extremely unlikely that any
damage to brick structures would occur during supersoric overflights.
It would be very unusual for anyone ‘o have a free-standing 4-inch

brick wall, and only one made from lower bond mortar would be more
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. susceptible than windows. In fact, the only damage to brick struc- ’
tures reported in the White Sands tests was that three bricks

¥ loosened below a window under a 38 psf boom.
g . B sk ok .ok Aok ok kK ’
« B!
4
. :
Structures made of brick are not very susceptible to sonic ;

booms. For rare cases of free-standing brick walls the probability

of breakage is generally somewhat lower than for windows.
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IX. CONCLUSIONS

The analysis presented here has generally confirmed the
findings from sonic boom claims experience. The most likely
elements to break are windows, plaster, and bric-a-brac, and their

likelihood of breaking increases with increasing overpressure.

The combined graph for the probability of breakage of glass.

plaster, bric-a-brac, and brick is shown in Figure 33. It presents

YT R BT I

the results that had been shown earlier for the separate materials,

a0y B, DA IR T D 2 B g A

except that the bric-a-brac curve has been broadened to indicate a
range of probabilities at each overpressure typical of other mate-
rials. The curve for the brick wall with low strength mortar was
eliminated. since it is not a very representative structure; it was

merely a sample in a laboratory test rather than a real wall in use,

For sonic booms with a nominal overpressure of 1 psf, with

E

3

3

K.
=
=
3

5

s
:

e
R
e
7
3
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B
o
3
=
L

=
3
<

all flight paths equally likely, the breakage probability ranges for

the structural elements were as follows:
Windows: 4x10-6t03 x10-8
Plaster: 3x107%t05x10"7
Bric-a-Brac: 1 x10°8t01 x 108

Brick Walls: 6x 10 7tol x 1079,
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On the basis of the results of the study various measures can

be suggested for reducing the probability of structural damage from

supersonic overflights. These measures are summarized in Table 29

and listed below:

1, In planning flights —reducing nominal overpressures

2, In designing aircraft —
(1) Increasing altitude capability
(2) Decreasing weight

3. In designing window installations —
(1) Reducing the width to thickness ratio
(2) Reducing the lite size
(3) Replacing cracked panes
(4) Avoiding scratches during installation and cleaning

(5) Placing windows so that they face away from the
flight path of supersonic aircraft

(6) Mounting windows carefully to avecid stress con-
centrations from direct contact with the glazer's
points or looseness of the window in the sash

4, In designing plaster installations—

(1)  sStiffening walls and ceilings

(2) Using higher strength plaster

(3) Mixing plaster thoroughly with correct proportion
of water during installation

5. In placement of bric-a-brac—avoiding precarious
positioning of items near edges
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6. In designing brick walls—
(1) Using thicker walls

(2) Laying of bricks with high-bond mortar.

In conclusion, this report has estimated the probabilities of
structural damage of various susceptible elements using the response
probability density function technique. These probabilities were
found to vary widely with the specific material configuration, but
to consistently increase with increasing nominal overpressures.

For all materials in good cordition, breakage probabilities were
found to be below , 001 for a nominal overpressure of 1 psf. By
using appropriate measures in aircraft design. flight planning, and
material installation the probability of sonic bcom structural

damage can be significantly reduced.

118

RS B iy

T e R T P Ny

AN ik VWb AR

5 .

REI PR F SRt

T el RS A AN

T P T T4

5 Y e




LT R S r TR

R e R R By SUITR N S e e s e e R Y F S VAL R SIENS T e g e o S AR T R A AR S e 4 il o ST

LIST OF REFERENCES

Hershey, Robert L. and Higgins, Thomas H., "Statistical
Prediction Model for Glass Breakage From Nominal Sonic
Boom Loads, " FAA Report No. FAA-RD-73-179,

NTIS No. AD-763-594, January 1973,

Hershey, Robert L. Higgins, Thomas H., and

Magrab, Edward B., "Application of the Response Proba-
bility Density Function Technique to Predicting the
Probability of Sonic Boom Glass Breakage, ' Journal of
the Acoustical Society of America, 1974,

Hershey, Robert L. and Higgins, Thomas H. 'Design of
Windows for Dynamic Loading, ' Sound and Vibration,
March 1975,

Hershey, Robert L.. "Statistical Model of the Rupture of
Brittle Rectangular Plates Under Loading by Transient
Overpressures, ' Ph,D. Dissertation, the Catholic Uni-
versity of America, April 1973,

Hershey, Robert L. and Turner, Louie, "Aircraft Taxiing
Noise Measurements, ' FAA Report No. FAA-RD-74-114,
NTIS Report No. AD787-235, August 1876,

Hershey, Robert L., Kevala. Russ J., and Burns, Sharon L..
"Analysis of the Effects of Concorde Aircraft Noise on
Historic Structures,' FAA Report No. FAA-RD-75-118

NTIS No. ADA 017-082, July 1975,

Carlson, Harry W. and Maglieri, Domenic J.. "Review of
Sonic Boom Generation Theory and Prediztion Methods, "
Journal of the Acoustical Society of America. Volume 51.
No. 2, February 1972,

Blume. John A., and Associates. ''Structural Reaction Pro-
gram National Sonic Boom Study Project.' Supersonic Trans-
port Development. Federal Aviation Agency. Washington, D.C.,
Prepared under Contract FA-SS-65-12. April 1965, SST-65-15,
Volume 1 and Volume 2.

119

T

CAEA LU E

TR,




10.

11,

12,

R = TR i CE=TRp I
[ — = e B E oni s Dot it e e e P
T T TITTRAF A B . EIE e WA T SVEEESES *

Wiggins, John H,, Jr., "Effects of Sonic Boom, " J. H. Wiggins
Company, Palos Verdes, California, 1969,

Ting, L., and Pan, Y, S., "Incidence of N-Waves on Structures, "

Second Conference on Sonic Boom Research, 'TASA SP-180,
May 1968, pp. 89-98,

Ting, L., and Kung, F., "Studies in the Diffraction of a Pulse
by a Three-Dimensional Corner, ' Third Conference on Sonic
Boom Research, NASA SP-255, October 1970, pp. 161-180.

Lowery, Richard L., and Andrews, Don K., "Acoustical and
Vibrational Studies Relating to an Occurrence of Sonic Boom
Induced Damage to a Window Glass in a Store Front, " prepared
uncer Contract No. NAS1-5813 by Andrews Associates, Inc.,
Oklahoma City, Oklahoma, for NASA, NASA CR-66170,

Wiggins, John H,, Jr., "Phase A Status Report on the Theoreti-
cal Study of Structural Response to Mear-Fizsld and Far-Field
Sonic Booms, " under Contract No. AF49(638)-1777, Datacruft,
Inc., August 3, 1966,

Seaman, L., '"Response of Windows to Sonic Booms, '' Technical
Report 7, Mechanics Department, Stanford Research Institute,
Menlo Park, California, June 1967,

Crocker, M. J., and Hudson, R. R., ''Structural Response to

Sonic Booms, " Journal of Sound and Vibration (1969), 9(3),
454-468.

Cheng, David H., "Some Dynamic Effects of Sonic Booms on
Structural Elements, ' National Aeronautics and Space Admini-
stration, Langley Research Center, Langley Station, Hampton,
Virginia, LWP-25, August 14, 1964.

Cheng, David H,, '"Dynamic Response of Structural Elements
to Traveling N-Shaped Pressure Waves, '' National Aeronautics
and Space Administration, Langley Research Center, Langley
Station, Hampton, Virginia, LWP-47, S:ptember 15, 1965,

Pretlove, A,J., ""Forced Vibration of a Rectangular Panel
Backed by a Closed Rectangular Cavity, ' Journal of Sound and
Vibration (1966) 3(3), 252-261.

120

gy RIS =

ey e tarty

o B, RV P T 2 kot VS
[P AR e L PO L SO St R Ord s ettt . S RER e, RPPTAeIETEN




{E AR L P e O ST e T LS M O A M R S LET

LA

T WO

19,

20.

21,

22,

23,

24,

25,

26.

. 21,

28.

29,

OSSR T et s ol el T (SRR 228 ex 22 40 SR ES

Pretlove, A.J., "Acousto-Elastic Effects in the Response of
Large Windows to Sonic Bangs, ' Journal of Sound and Vibration
(1969) 9(3), 487-500,

Pretlove, A.J. and Bowler, J.F., "An Estimate of Sonic Boom
Damage to Large Windows, ' Journal of Sound and Vibration
(1972) 22(1), 107-112,

Clarkson, Brian L, and Mayes, William H., "Sonic Boom-
Induced Building Structure Responses Including Damage, "
Journal cf the Acoustical Society of America, Volume 51,
No. 2, Fehruary 1972,

Bowles, R. and Sugarman, B., ''The Strength and Deflection
Characteristics of Large Rectangular Glass Panels Under
Uniform Pressure, " Glass Technology, Volume 3, No. 5, 1962,

Seely, Fred B., and Smith, James O., "Advanced Mechanics of
Materials, "' New York, Wiley, 1952,

Timoshenko, S., and Woinowsky-Krieger, S., Theory of Pl-tes
and Shells, New York, McGraw-Hill, 1959,

Levy, Samuel, '"Bending of Rectangular Plates With Large
Deflections, ' National Bureau of Standards, No. 846, May 1942,

Hemp, W.S., "Elastic Direct Stresses and Deflections for
Flat Rectangular Plates Under Uniformly Distributed Mormal
Pressure, "' Engineering Sciences Data Unit, 251-259 Regent

treet, London, Wl,, R7Ad, approved for issue May 1971,
Item No. 71013.

Timoshenko, S., and Young, D.H., "Vibration Problems in
Engineering, New York, Van Nostrand, 1956.

Hilton, David, Huckel, Vera, Steiner, Roy, and Maglieri,
Domenic, "Sonic Boom Exposures During FAA Community
Response Studies Over a 6-Month Period in the Jklahoma City
Area, ' National Aeronautics and Space Administration,

NASA TN D-2539, December 1964,

Blume, John A,, and Associates, ''Structural Reaction Program
National Sonic Boom Study Project, ' Supersonic Transport
Development, Federal Aviation Agency, Contract FA-S3-65-12,
SST 65-15, Volumes 1 and 2, April 1965,

121

b
k:
2
b3
|
’%
g
g
%
e
¥
w
£
&
A
g
3
i
-
s
z
=
ry
E|
i
&
x
=2
A
F
=
+
3
=
&
£
-
=2
3
£+
%
£
E]
3
%
%
:
~
g
]
3
2
-
£
3
2
E
%
*
%
<
n
>
A |
=
=
=
3
ES
E
3
4
=
z
3
E
3
%
=
]
E]
E]
%
5
=
i
B
=
3
2
£
s
o
g
2
3
E
3
b
b
3

A F 4 I b Y et P A




YGRS T

30.

33.

340

35.

36.

317.

38.

39.

41,

Blume, John A., and Assoc’ates, ''The Effects of Sonic Boom
on Structural Behavior—A Uupplementary Analysis Report, "
Federal Aviation Agency, SST Report NO-65-18, October 1965,

Kryter, Karl, et al, '"Sonic Boom Experiments at Edwards
Air Ferce Base, " Stanford Research Institute, July 28, 1967,

Blume, John A., and Associates, ''Response of Struciures to
Sonic Booms Produced by XB-70, B-58, and F-104 Aircraft, "
October 1967,

Lee, Lloyd A., "Additional Sonic Boom Data Related to Tests
Conducted at White Sands, New Mexico, and Edwards Air
Force Base, ' John A, Blume and Associates, August 1972,

Blume, John A., and Associates, '"Response of Structures to
Snnic Booms Produced by XB-70, B-58, and F-104 Aircraft
Based on Sonic Boom Experiments at Edwards Air Force Base, '
October 1967,

Wozencraft, J, M. and Jacobs, 1. M., "Principles of Communi-
cation Engineering, "' New York, Wiley, 1965,

Unpublished data from Libbey-Owens-Ford Company.
August 1972,

National Concrete Masonry Association, "Comments on
Detailed Structural Analysis for the Design of L.oad Bearing
Concrete Masonry. "

Copeland, R.E. and Saxer, E. L., "Tests of Structural Bond
of Masonry Mortars to Concrete Block. '™ Proceedings,
American Concrete Institute, Vol. 61, No. 11, November 1964.

Hershey, Robert L., "Analysis of the Difference Between log
Mean and Mean log Averaging, "' Journal of the Acoustical
Society of America, Vol. 51, No. 4, April 1972,

Shand, E.B., Glass Engineering Handbook, McGrew-Hill,
1958.

Wiederhorn, S. M., "Influence of Water Vapor on Crack Propa-
gation in Soda-Lime Glass, " Journal of the American Ceramic
Society, Vol. 50, No., 8, August 1967,

122

b STy PR TS i Sadir AW v




. R I T T Tt TR et -t e i = TR RO R T T PR AR I =
WFU TR D Th R ENAEREDE - - LT AR D E A e S £ M sFDRTEIREL SR TR e e XS SR T LRI Ie Rk ks

42, White, R., "Effects of Repetitive Sonic RBooms on Glass
Breakage, ' Wyle Laboratories for Federal Aviation Admini-
stration, No., FAA-RD-72-43, April 1972,

43, Higgins, Thomas H., "Analysis of U.S. Air Force SR-71 Sonic
Boom Damage Complaints and Flight Data, " presented to the
Committee on SST-Sonic Boom, NAS-NRC, November 1967,

e’ "
¢ e A b VR A ST e b b T o

‘ 44, Higgins, Thomas H., "A Survey of Sonic Boom Community
Overflight Program Qverpressure Distribution, Community
Reaction, and Material Failure Data Related to the Supersonic
Transport, "' Federal Aviation Administration, April 1967,

S U oy 5% W v T D s B R i

: 45, Maglieri, Domenic J., et al, "Ground Measurements of Shock

‘ Wave Pressure for Fighter Airplanes Flying at Very Low
Altitudes and Comments on Associated Response Phenomena, "
National Aeronautics and Space Administration, Langley

Research Center, Technical Memorandum X-611, December 1961,

SYTERL IV J IRLN

2 b Ll o

' 46. Leigh, Barry R. 'Lifetime Concept of Plaster Panels Subjected
to Sonic Boom, "' UTIAS Technical Note No. 191, University of
] Toronto, July 1974,

47, Diehl, John R., "Manual of Lathing and Plastering, " Nationai
Bureau for Lathing and Plasteriag, 1965,

TR TR TGS AT T

48, Soroko I. and Sereda, P.J.. "Interrelation of Hardness,
Modulus of Elasticity and Porosity in Various Gypsum Systems,"
Journal of the American Ceramic Society, Vol. 5, No. 6,

June 1968,

Lol e R LR

49, U.S. Gypsurr Company, ''Casting With Plaster and Hydrocal
Gypsum Cements, "' IGL Bulletin No. 350, Chicago, 1970.

50. U.S. Gypsum Company, Correspondence, April 1974,

51. Arde Associates, ''Response of Structures to Aircraft
Generated Shock Waves.'" WADC Technical Report 58-169,
April 1959.

52, Wiss, Janney, Elstner and Associates. "Transverse Load
Tests of Plastered Partitions for the Gypsun Association, "
October 1968.




b LT T AGEnL T R S Sy ) At A e 3 e
T AT L T TR R IR L - - T ARATT VT ITE AT Y AT

. -
‘

PRI T

53. Plummer and Reardon, 'Principles of Brick Engineering !
Handbook of Design, " Structural Clay Products Institute. :

54, Fishburn, Cyrus C., "Effect of Mortar Properties on Strength

of Masonry, '' National Bureau of Standards, Monograph 36,
1961,

55, Copeland, R. E. and Saxer. E. L., "Tests of Structural Bond
of Masonry Mortars to Concrete Block. " Proceedings.
American Concrete Institute, Vol. 61, No. 11, November 1964,

56. U.S. Department of Defense, ''The Effects of Nuclear Weapons. "
Table 6.6, p. 232, 1957,

- 57. Yokel, F. Y., Mathey, R. G.. and Dikkers. R. D., 'Strength
: of Masonry Walls Under Compressive and Transverse Loads. "
Building Science Series 34, National Bureau of Standards. :

i
March 1971, = |

o’ (Qas k& T N B LAY Pt

124




LR L Y AL

RRTLISSENIREVNTENETA N vy e e 2 ORI AN I A P AN ST TS S T N SRR UL L AR 8 e, wea o wer o e STRR R TN Gl R RS TIT AT e L T
o 7 2 b S XSS -

E()

h

1= PT/2
Iopos = peT/4
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Pe2

LIST OF SYMBOLS

length of window (inches)

area of window (square feet)

width of window (inches)

dynamic amplification factcer

expected value (mean) of random variable

natural frequency of window (Hz)

statistic used in testing for differences
between groups

thickness of window (inches)
impulse of a sonic boom signature

impulse of positive haif of a sonic boom signature
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number of factors of the sensitivity random variable

effective factor of safety
peak external overpressure {psf)

peak external overpressure measured on the north
wall of Structure W4 (psf)

peak external overpressure measured on the south
wall of Structure W4 (psf)
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Pt peak free field overpressure (psf)

PG material breaking pressure (psf)

P; peak internal overpressure (psf)

Pnet peak net overpressure on window (psf)

Po nominal overpressure (psf)

Ps static pressure {psf)

P probability of glass breakage for the model

population

g Pc probability of breakage of cracked glass
* Py probability of breakage of glass in good condition
% q p;j/ pe internal pressure ratio
; At pos duration of the positive half of the sonic boom
3 signature
s tr rise time of the free field pressure waveform
T total duration of the sonic boom signature
Var ( ) variance of a random variable

4 Young's modulus of elasticity (psi)

normally distributed random variable with zero
mean and unit variance

flight path angle
mean of random variable

Poisson's ratio
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p ma.s density

o

o standard deviation of random variable
g4 dynamic stress (psi)

oG strength of material (psi)

m Maximum stress (psi)

oy static stress (psi)
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