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ABSTRACT

A study of the shock-diffraction pattern in the vicinity of a structure was conducted to determine
the loading of a structure in the vicinity of another structure and to determine at what distance
the diffracted shock recovered to its free-field condition.

Fourteen Wiancko inductance-type pressure-time gages were mounted at ground level, and
5 feet above the ground, in an array to the rear and side of the 3.1t structure. This structure
was 12 feet long, 6 feet wide and 6 feet high, and was located 2,200 feet from ground zero. It
was oriented with its long side nearly, but not quite, parallel with the shock front. Pressure
applied to the gage varied its inductance which, in turn, varied the frequency of a Hartley oscil-
lator, of which the gage formed the inductive element. The frequency-modulated signal was
transmitted by wire, and recorded on magnetic-tape recorders. In playback, the frequency-
modulated signals were converted to amplitude-modulated signals and presented as pressure-
time traces.

On Shot 9, the 3.1t structure was supposed to be in the regular reflection region, however.
due to the presence of a heated layer near the ground, a Mach shock (a so-called thermal Mach
shock) formed relatively close to ground zero, and the structure, in reality, was in a Mach re-
gion. Pressure records from all gages exhibited typical diffraction patterns in the form of
initial spikes and pulses. The diffraction peaks had pressures as high as 25 percent above the
undisturbed free-field peak pressure, and the diffraction effects persisted for 80 msec behind
the shock front. The gages at the 5-foot height showed diffraction effects similar to, but less
pronounced than, the ground-level gages. In addition, they registered the effect of a vortex that
had developed on top of the structure.

On Shot 10, the 3.1t structure was also in the Mach region, but was loaded by a precursor-
type pressure wave. The diffraction effect was not typical, being characterized by both pressure
wave-shape distortions and a lowering of the pressure by as much as 40 percent, at times, be-
tween 50 and 300 msec after the shock-front arrival. Qualitatively, the gage records at the 5-
foot height were the same as the ground-level records at corresponding locations.

Even though the shock loading on the 3.1t structure was different for Shots 9 and 10, the dif-
fraction effects disappeared at about the same distance from the structure on both shots. Diffrac-
tion effects to both the side and rear were visible, but almost gone, at 4S, where S is a charac-
teristic dimension of the structure (front-face height or half width, whichever is less); the effects
had disappeared at 8S, and it is estimated that the blast wave again was identical with the free-
field condition at 6S. Although the diffraction effect in front of the structure was not measured,
it seems reasonable to expect that such an effect extended to the same distance as did the effects
observed to the side and rear.



PREFACE

This is one of the reports presenting the results of the 78 projects participating in the Military
Effects Tests Program of Operation Upshot-Knothole, which included eleven test detonations.
For readers interested in other pertinent test information, reference is made to WT-782, “Sum-
mary Report of the Technical Director.” This summary report includes the following informa-
tion of possible general interest: (1) an overall description of each detonation, including yield,
height of burst, ground-zero location, time of detonation, ambient atmospheric conditions at
detonation, etc., for the eleven shots; (2) compilation and correlation of all project results on
the basic measurements of blast and shock, thermal radiation, and nuclear radiation; (3) com-
pilation and correlation of the various project results on weapons effects; (4) a summary of
each project, including objectives and results; and (5) a complete listing of all reports cover-
ing the Military Effects Tests Program.

This project was carried out in conjunction with Projects 1.1a and 3.28.2. All three projects
employed an identical integrated-instrumentation system and were conducted by the same person-
nel. Sincere appreciation has been acknowledged individually to project personnel for their
efforts in successfully carrying out all phases of those projects (References 1 and 3). This ap-
preciation is gratefully extended to this project.

Especial appreciation is expressed to J. Petes of the Naval Ordnance Laboratory for his
assistance in the analysis of the results and review of this report.
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SHOCK DIFFRACTION IN THE VICINITY OF A STRUCTURE
OBJECTIVES

The objectives of Project 3.1u were to determine the shock diffraction pattern in the vicinity
of a structure and the distance necessary for a shock wave diffracted around a structure to re-
cover and become identical with the free-field shock wave.

BACKGROUND

In a city complex, where structures are in close proximity to each other, the loading of
many structures will be altered by blast shielding and shock-diffraction effects. It is important
to know the true loading of these structures. Conversely, it is important to know at what dis-
tance a structure will cease exerting a shielding or diffraction effect. This latter information
is needed not only for the city-complex situation, but also for determining adequate distances
between structures in nuclear tests where free-field loading is desired.

Most studies of the interaction of shock waves with structures have pertained to blast loading
on isolated structures. Relatively little investigation has been made of the effect of a structure
on the free-field shock wave or on the shock loading of another structure close by. A limited
number of laboratory shock-tube experiments, a few high-explosive field tests, and still fewer
full-scale nuclear tests have been conducted on the shielding effect of one structure on the load-
ing of another structure.! Again, a few shock-tube experiments have been conducted on the
effects of a model structure on the incident shock wave. However, up to the time of Operation
Upshot-Knothole, no field tests had been conducted.

It was this state of affairs that prompted the shock-diffraction study. The purpose of this
experiment was to measure shock-pressure times at various locations in the vicinity of a struc-
ture in order to determine the shock pattern as a function of its location relative to the structure.
Also, by selecting a large enough region for the measurements, the distance at which the dif-
fracted shock recovers and becomes identical with the free-field shock wave was to be.determined.

Such a method, using isolated pressure gages, was the most practical and economic way to
determine both shock recovery and the shock pattern that is presented to a shielded structure.
Of course, this experiment did not produce the back-and-forth reflection between the shielding
and shielded structure that would take place and be of importance if closely spaced structures
were employed instead of pressure gages. On the other hand, to place a number of structures
at various locations relative to one another would have been expensive and would have raised
problems of complicated diffraction effects between multiple close-spaced structures.

INSTRUMENTATION

The instrumentation employed for the pressure-time measurements on Project 3.1u was
identical with, and a part of, the instrumentation system used on Projects 1.1a and 3.28.2. Only a

1Project 3.1 (Reference 1) conducted an experiment on Upshot-Knothole on parallel walls separated by
various distances. The results showed that the reflected shock from the shielded wall contributed mater-
ially to the pressure buildup on the back side of the shielding wall.
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brief description will be presented here. A more detailed description of the pressure gage and
its characteristics, the recording and playback system, and system errors is presented in Ref-
erence 2; Reference 3 gives still more detail on the characteristics of the pressure gage; Ref-
erence 4 describes all the projects that were instrumented, along with Project 3.1u, by the
Naval Ordnance Laboratory (NOL) instrumentation system.

The pressure gage was a Wiancko twisted-tube inductance gage. Pressure applied to the
twisted-tube sensing element rotated an attached armature which changed the inductance of a
coil. The coil comprised the inductance of the tank circuit of a Hartley oscillator used for sig-
nal generation. Thus, a forcing-pressure signal changed the frequency of the oscillator, thereby
providing the means of intelligence generation. The pressure gages were located in appropriate
mounts near the 3.1t structure in a pattern presented in Figures 1 an*

The frequency-modulated signals were transmitted by a pair of twist:d, unshielded, tele-
phone wires, buried in the ground, to the recording instrumentation hc sed in a van-type trailer
at 7,000 feet from ground zero. Two gage-signal frequencies, one cer cred at 15.4 kc and the
other at 10.7 ke, were diplexed on one transmission and recording ch ~nel in order to accom-
modate the required number of gages. The trailer recorded the signa!s from approximately 85
gages per shot. All recording-instrumentation controls were unmanned at shot time, and were
remotely controlled.

After each shot, the magnetic tapes were recovered and played back. The magnetic varia-
tions, in the form of frequency modulations, were converted into amplitude-time variations in
discriminator units and presented in graphical form on a string oscillograph. The diplexed
signals were divided into their constituent parts by means of bandpass filters in each discrim-
inator unit, so that the original gage-induced center-frequency variations were recovered as
separate pressure records.

The overall frequency response of the system was such as to respond to a step-wise positive-
pressure pulse in 0.2 to 0.3 msec, the gage response being the limiting factor. The overall
accuracy of the system, including instrumentation and record-interpretation errors, was ap-
proximately +5 percent. Time resolution of the system was approximately 0.2 msec.

LAYOUT

The 3.1t structure located at 2,200 feet from intended ground zero was selected because:

(1) The structure was located where it would be loaded by shock waves of representative shapes
and configurations. For Shot 9, a 12-psi shock in the regular reflection region was predicted;
for Shot 10, a 10-psi shock in the Mach region. (2) The structure was nondeformable, simple
in shape, and of fair size. Structure 3.1t was of reinforced-concrete construction, rectangular
in shape, and 12 feet long, 6 feet high, and 6 feet deep. Although a structure of larger size
would have been preferred, the only structures of such size were located at 4,900 feet from
ground zero, a region where the shock wave would have had less desirable characteristics for
the proposed study; i.e., 8 psi and 3 psi for Shots 9 and 10, respectively, and a Mach-shock
region for both shots. (3) The structure was not near any other structures that might have
distorted the diffraction pattern.

Fourteen pressure-time gages were available for the project. The problem was to place this
limited number of gages in such a manner as to cover the full extent and give the full detail of
the diffraction pattern in the vicinity of the structure. The gage plan selected was an array of
gages at ground level, and 5 feet above the ground, arranged in three lines, one directly behind
the structure, one to the side of the structure, and the third line at approximately a 45-degree
angle with the other two. The full layout is presented in Figure 1. Figure 2 is a photograph of
the gage installation. Though it would have been desirable, no gages were placed in front of the
structure, due to the limited number of available channels. The layout was identical for Shot 9
and Shot 10.

10
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The ground-level gages were mounted flush with the ground surface in 30-inch concrete cubes,
which also provided housing for the oscillators associated with each ground level and 5-foot-
high gage. The latter gages were mounted in 17-inch diameter disc-type baffles directly over
the ground-level gages. The baifles were held vertically in place by means of 5-foot-high ver-
tical poles with 18-inch horizontal extensions, as shown in Figure 2. In order best to measure
shock pressures diffracted from the structure, all baffles to the side were oriented, with the
gage-entry side of the baffle facing the structure. For the gages to the rear of the structure,
there was no preferred baffle orientation. The front face (gage-entry side) of all vertical baf-
fles made an angle of 5 degrees with intended ground zero, in order to ensure that the gage-
entry side would be presented to the shock front in case of a moderate bombing error of + 5
degrees.

RESULTS, SHOT 9

The yield of Shot 9 was 26.0 kt. Structure 3.1t, located nearly due west from intended
ground zero, was oriented so that a long side of the structure was perpendicular to the radial
line from intended ground zero in order to simplify the blast loading, i.e., the expected shock
front parallel to the face of the structure. Due to bombing error, the Shot 9 burst coordinates
were 837 feet south and 15 feet west of intended ground zero. As a consequence, the shock
front made an angle of 22.5 degrees with the front face of the structure, as shown in Figure 1.
This shock orientation must be taken into account in the analysis of the results.

For a planned burst height of 2,400 feet, the 3.1t structure, at 2,200 feet from intended
ground zero, was expected to be in the regular-reflection region; the actual burst height of
2,423 feet, and a realized ground range of 2,267 feet, closely approximated this geometry.
However, as it developed, the 3.1t structure was in a Mach-shock region. This occurred be-
cause of the fact that a so-called thermal-Mach shock, induced by the presence of a heated
layer near the ground (from the thermal radiation from the bomb), developed at a distance
much nearer ground zero than would be experienced in the absence of a heated layer. Briefly
explained, a thermal Mach shock forms in a manner similar to that in which the usual Mach
shock forms; i.e., as the spherical shock proceeds from ground zero, the angle that the shock
front makes with the ground increases with distance, and when a critical angle is exceeded, a
Mach shock forms. If a heated layer is present near the ground, the incident shock undergoes
diffraction as it passes into this layer, resulting in an increase in the angle that the shock front
makes with the ground. Thus, the critical angle is reached at a distance nearer ground zero
than normally, and when exceeded, a thermal Mach shock is formed in the same manner as the
more usual Mach shock.

While this heated layer was not hot enough to produce the better known precursor shock it
was sufficient to produce an incipient-precursor condition characterized by the development of
a thermal Mach shock and a rounding of the pressure peak of the shock wave. This rounding at
the peak may be observed at Station F-201-0 (Figure 6), which is a free-field record near the
structure. This same characteristic appears in the diffraction records, and should not be con-
fused as a diffraction effect. For a full discussion of these thermal effects, see Reference 2.
At the location of the 3.1t structure, the triple point of this thermal Mach shock was at a height
of 7 feet above the ground. The evidence for this is discussed on Page 16. Thus, for the pur-
pose of this study, the 3.1t structure and gages of Project 3.1u were all in a Mach region.

Records were obtained for all fourteen gages, and are presented in Figures 3 through 6. Gage
positions relative to the structure are designated by the station numbers appearing in Figure 1
and Table 1. A second number following the station number identifies the gage height in feet.
Thus, Station 2-5 indicates that the gage in question was located at Station 2 (12 feet directly
behind the structure) at a height of 5 feet above the ground. Pertinent data on distance, arrival
time, peak pressure, duration time, and impulse for each station is tabulated in Table 1.

12




Discussion of Ground Level Results. For comparison of the pressure records in the diffrac-
tion field with a pressure record in a region undisturbed by any structure, the ground-level gage
along the blast line of Project 1.1a (Reference 1) nearest the 3.1u gages was used. This gage
was at Station F-201, located 2,250 feet from intended ground zero (2,377 feet from true ground
zero). Upon comparison, it was found to be essentially identical with the record of Station 7-0
of this study (see Figure 6, Stations 7-0 and F-201-0), and the two may be used interchangeably
to represent a free field record.? Diffraction effects are clearly portrayed by superposition of

TABLE 1 SUMMARY OF DATA, SHOT 9

Gage Gage Location Ground Arrival Peak Positive Positive
Station Height To The To The Range Time Pressur Phase Impulse
g Rear Side g e Duration P

ft ft ft ft msec psi msec psi-sec
1-0 0 6 0 2,275 1,692 15.1 860 3.14
1-5 5 6 ] 2,275 1,692 14.2 770 3.16
2-0 0 12 0 2,281 1,693 15.2 776 2.91
2-5 5 12 0 2,281 1,693 16.0 744 3.03
3-0 0 24 0 2,292 1,701 12.5 47 3.08
3-5 5 24 0 2,292 1,701 12.7 745 3.21
4-0 0 48 0 2,314 1,712 12.5 812 3.13
4-5 5 48 0 2,314 1,712 13.3 787 3.29
5-0 0 0 9 2,262 1,684 14.0 710 2.89
5-5 5 0 9 2,262 1,685 12.6 748 2.92
6-0 0 0 24 2,256 1,680 13.0 760 2.95
6-5 5 0] 24 2,256 1,681 12.0 709 2.84
7-0 0 12 9 2,275 1,691 11.8 707 2.83
8-0 0 24 24 2,281 1,695 11.8 714 2.94
F-201-0 0 On Blast Line 2,377 1,735 11.5 822 3.14
F-201-10 10 On Blast Line 2,379 1,735 13.6 763 3.17

the free-field ground-level record on all the 3.1u ground-level records, and this has been done.

In the vicinity of the structure, both to the back and to the side, the diffraction effect mani-
fested itself as pressure spikes and pulses, near the shock front, that rose in about 5 msec to
pressures 17 to 26 percent higher than the corresponding free-field pressure. Behind the struc-
ture, the pressure build-up was attributed to shock recombination after flow around-and-over
the structure, and reflection from the ground directly behind the structure. To explain this re-
flection: after passing over the top of the structure, the vertical Mach shock front curved to a
horizontal position as it traveled down the rear wall of the structure; the horizontal shock front
next was reflected from the ground and traveled back up the rear wall.

These diffraction effects behind the structure were visible at Stations 1-0, 2-0, and 3-0
(Figures 3 and 4) as an initial slow pressure rise of 5 msec duration, to a spike followed by
several pressure oscillations. At Station 1-0, the spike pressure was 26 percent greater than

2 In this report, a free-field measurement is defined as a measurement under free-field conditions (as along
a blast line), and, in addition, the shock being measured is in an undisturbed state. For example, a shock
would be disturbed (and not a free-field shock) if it were i{n the diffraction field near a structure and showed
diffraction effects in its pressure-time record.

13
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the free-field peak pressure. To the side of the structure, at Stations 5-0 and 6-0 (Figure 5),
the undisturbed shock first arrived at the gage, and was registered as the initial pressure rise.
Following this, a second pulse was observed. This second pressure pulse was clearly one that
originated at the structure, for the arrival time of this pulse at each station was consistent

with the time required for the shock incident on the structure to travel directly from the struc-
ture to the station. The magnitude of this diffraction pulse at Station 5-0 was 17 percent

greater than the free-field peak pressure. The diffraction effects persisted for 50 msec (except
for the two Stations 1-0 and 2-0 nearest the structure which showed a slight effect up to 90 msec),
after which all the pressure records were identical with the free-field record.

In spatial extent, diffraction effects were observed in the records as far as 24 feet behind
(Station 3-0), and 24 feet to the side (Station 6-0) of the structure. The diagonal Stations 7-0
and 8-0 were very nearly identical with the free-field record of Station F-201-0, though some
slight irregularity, perhaps a vortex action or other diffraction effect, was observed at Station
8-0, and to a much less extent, at Station 7-0. At 48 feet behind the structure (Station 4-0),
the shock pattern had again assumed the shape of the free-field pattern, but was 1 psi higher
than the blast line value of Station F-201-0.

While this pressure difference might possibly have indicated that the diffraction effect still
persisted at this distance, it almost certainly arose from difficulties associated with record
interpretation, instrumentation variations, or shock irregularities not associated with any dif-
fraction phenomenon. This conclusion was strengthened by examination of the initial pressure
rise of Stations 5-0 and 6-0, shown in Figure 5. This initial pressure rise, which was also
about 1 psi greater than the free-field pressure of Station F-201-0, represented the free-field
peak pressure at that location, since the reflection effect from the structure did not arrive until
after the free-field shock-pressure peak had been recorded.

Summarizing, diffraction effects were observed behind, and to the side of, the structure for
a distance of 24 feet. At 48 feet behind (and assumed to the side), the shock wave had recovered
and resumed its free-field characteristics. In terms of a representative structure dimension,
S, (height or half length, whichever is less), the recovery distance was greater than 4S and less
than 8S. Inspection of Table 1 and the pressure records indicates recovery was nearly complete
at 4S. It is interesting to note that the diffraction effect extended as far to the side of the struc-~
ture as to the back.

The diffraction effect did not make any observable contribution to the positive impulse, as
may be noted in Table 1; the impulse values at any of the stations where diffraction effects were
observed compared favorably, within the scatter of the data, with the free-field impulse.

Comparison of the pressure records of the first two stations behind the structure (Stations
1-0 and 2-0, Figure 3), with the pressure record of Gage P24, which was located near the ground
at the center of the back face of the 3.1t structure (Figure 7), revealed close similarity in the
three diffraction patterns. The initial spike had much the same shape, and the pressures of all
three spikes were about 15 psi. This indicates that the shock diffraction effects observed at Sta-
tions 1-0 and 2-0 and on the structure had a common origin at the structure, and from this
origin they propagated without much change out to a distance of 12 feet (2S) behind the structure.

Discussion of 5-Foot Level Results. Much less reliance was placed on the results from the
gages mounted in baffies at the 5-foot height than for gages at ground level. For the measurement
of accurate free-field pressure, the baffle surface should have been vertical and pointing toward
ground zero. In Shot 9, this was not the case. First, the shock made an angle in azimuth of 27.5
degrees with the plane of the baffle; the bombing error introduced a 22.5-degree error to the south
which was added to the planned offset of 5 degrees to the north from intended ground zero, as ex-
plained on Page 10. Further, uncertainties in proper baffle orientation were unavoidably intro-
duced by the shock-angle variation accompanying the diffraction path of the shock in the vicinity

16




g pue G suorye)s ‘spaoodaa awry-aanssaxd ‘g joys ¢ aandig

(O3S W) 3NIL

0se 002 os! 00l 0s 0
___d__q________.__

S-9 NOILVLS

gamanannn
O ¥ NG OOTNO

2
&
9
8
ol ©
22 =
0-9 NOILVLS v_m
am
0 3
L N =
4
9
8
o
21
S-S NOILVLS ot
o
052 002 oSl 00! oS 0 o
2
4
9
8

™~
Ol

2l

0-S NOtLVYLS v
J¥NSS3Yd 01314 33Y4-~~ 9l



—-—-—FREE FIELD PRESSURE

STATION 7-0

onse®d ?" 3

>

81

PRESSURE (PSI)
ondoaON &

oo by

150 200 250

BLASTLINE STATION F-20i-10

oONLONDON & FD

[

o 50 100 150 200 250
TIME (M SEC)

Figure 6 Shot 9, pressure-time records, Stations 7 and 8
and blast-line Station F-201.



of the structure. Still worse, the baffle placement for Stations 5-5 and 6-5 was such that the
shock was incident at an angle of 27.5 degrees on the baffle side opposite the entry to the gage,
and accordingly, the shock had to diffract around the baffle before registering on the gage
(Figure 2).

Additional uncertainty was introduced into the 5-foot-level gage results by the whipping action
of the 5-foot poles on which the gages were mounted. The gages experienced severe accelera-
tion as a result of this whipping, which, in turn, affected the gage response, resulting in oscil-
lations in the gage records. The oscillation is evident upon comparison of the ground level
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Figure 7 Shot 9, pressure-time records of Gages
P1 and P24 on the 3.1t structure.

records with the 5-foot records. All in all, the 5-foot records were of value for their qualita-
tive features, but quantitatively, they may be in error.

Superposition of a free-field record on the 5-foot-high diffraction records could not be car-
ried out, since no free-field records were available at this height, either from Station F-201,
or elsewhere.

In general, the 5-foot-level records (Figures 3, 4, and 5) indicated a diffraction spike,
though not as pronounced as the ground-level spikes (at Station 1-5, 18 percent greater than the
free-field-peak pressure; at Station 5-5, 4 percent). In contrast to the ground level stations,
the records of 5-foot stations close to the structure (Stations 1-5, 2-5, and 5-5) dipped in pres-
sure immediately behind the initial peak to a value 25 percent below the corresponding free-field
pressure. This dip was ascribed to a vortex that developed on top of the structure, peeled off,
and traveled to the nearby stations. This feature of the pressure records was similar to that in
pressure records obtained from gages located on top of the 3.1t structure. For example, Fig-
ure 7 shows the record from Gage P1, which was located on the top center of the structure close
to the back side. This record was quite similar to the records at Stations 1-5 and 2-5. All
three records had peak-pressure values ranging from 14 to 16 psi, followed by pressure dips to
values ranging between 9 to 10 psi,

The 5-foot records, in agreement with the ground-level stations, indicated that all diffraction
effects were gone at 48 feet (Station 4-5) and were almost, if not completely, gone at 24 feet
behind, and to the side, of the structure, (Stations 3-5 and 6-5).
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the peakedness factor, i.e., the ratio of the shock dimension UT to the structure dimension H,
is the same.

Without going into details of the experiments, it will suffice to summarize the results in
Table 2. From the table it appears that in the SC experiments, the recovery distance, as de-
termined by the parameters of both impulse loading and pressure on the structure, agrees
well with the NOL recovery distance. The recovery distance in both cases turns out to be
four in the dimensionless ratio of D (distance behind the structure) to H (height of the struc-
ture).® The agreement may appear surprising in view of the fact that the peakedness factors
are so different. Comparison of the ARF recovery distance, as measured by the parameter
of impulse loading on the structure, with the NOL recovery distance, shows a difference of
about a factor of two, even though the peakedness factors are very nearly the same.

If the peakedness factor is not considered important, then the models subjected to the high-
explosive type of loading scale with the nuclear test results better than the models subjected to
the shock-tube type of loading. If the peakedness factor is considered to be important before
scaling procedures apply, then neither the ARF nor SC experiments scale well with the nuclear
test results. Perhaps equally important in the comparison is the ratio of the nuclear-test
structure dimensions to the model dimensions. For the SC experiments, the ratio was 1:1;
for ARF, the ratio was 36:1. Thus, comparison with the SC experiments is in reality a com-
parison of the effect of charge weight and not scaled structural dimensions; in contrast, com-
parison with ARF experiments is more nearly a comparison of the effect of scaled structural
dimensions.

RESULTS, SHOT 10

The yield of Shot 10 was 14.9 kt. The burst coordinates were 137 feet south and 86 feet west
of intended ground zero. This error resulted in the shock front making an angle in azimuth of
3.5 degrees with the front of the structure, instead of being parallel as planned for intended
ground zero. This small error in angle can be ignored as it will have a negligible effect on the
results and analysis. The burst height was 524 feet, and therefore, the 3.1t structure 2,115
feet from actual ground zero was in the Mach region.

The anticipated precursor shock formed, and the structure was in a region where a well-
developed precursor shock existed. The shape of the free-field precursor shock can be observed
in Figures 10 and 11. In reality, a real shock did not exist at this location; instead, there was a
pressure pulse characterized by a slowly rising pressure with a broad rounded peak.

Records were obtained from eleven of the fourteen gages; those at Stations 1-5, 2-5, and 3-5
failed at zero time. The poles holding the 5-foot gages were all bent, some to the ground. Slow-
speed records of all the ground-level stations are reproduced in Figures 8, 9, and 10; high-speed
records of all stations are reproduced in Figures 11, 12, and 13. Data on distances, arrival

3 The meaning of recovery distance needs to be explained. Often, recovery distance is defined as the
structure-separation distance sufficient for the net-impulse loading on the shielded structure to regain

its unshielded value. This usually occurs at a separation distance D considerably smaller than that ob-
tained when the pressure record of individual pressure gage on or near the structure is used as the recov-
ery criteria. This means that the impulse-loading parameter is a less sensitive recovery parameter than
the pressure gage record. As used here, recovery is defined in terms of the more sensitive pressure
parameter, and recovery is considered complete when the wave shape, pressure peak, and impulse have
resumed their unshielded or free-field values.

The recovery distance of 4H quoted for the NOL recovery value in Table 2 may seem to contradict the
statement of “ Discussion of Ground Level Results”, which states recovery occurs between 4S and 88,
which values correspond to 4H and 8H, respectively. However, if gage locations are restricted to distances
directly behind the structure, and if it is recalled that the pressure record was nearly restored at 4H (peak
pressure and impulse recovered but a small wave distortion then the statement is essentially correct.
This is to say that recovery behind the structure takes place at a distance very close to 4H.
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times, peak pressures, durations and impulses are tabulated in Table 3. For Shot 10, the same
stations and station designations were used as for Shot 9 (See Figure 1 and Table 3).

Discussion of Ground-Level Results. Slow-speed records (Figures 8 through 10) are repro-
duced to show best the overall shape of the precursor wave and the changes produced on it by
its diffraction around the structure. The high-speed records (Figures 11 through 13 are used
to measure pressure amplitudes and to reveal the fine details of the pressure wave. After de-

TABLE 3 SUMMARY OF DATA, SHOT 10

Gage Location Positive .

aon o T ot Gont AT T e Do
g Rear Side ge Duration P

ft ft ft ft msec psi msec psi-sec

1-0 0 6 0 2,115 760 6.3 520 1.59
2-0 0 12 0 2,121 760 8.5 535 2.04
3-0 0 24 0 2,133 m 9.5 610 2.56
4-0 0 48 0 2,157 784 8.2 608 2.38
4-5 5 48 0 2,157 787 8.2 620 2.66
5-0 0 0 9 2,106 747 7.0 535 2.07
5-5 5 0 9 2,106 748 7.0 525 1.92
6-0 0 0 24 2,106 749 8.5 575 2.32
6-5 5 0 24 2,106 749 8.5 — —
7-0 0 12 9 2,121 759 8.1 555 2.15
8-0 0 24 24 2,133 770 8.2 570 2.31
F-201-0 0 On Blast Line 2,166 74 9.0 670 2.81

tailed examination of both.the slow- and high-speed records as well as consideration of the
pressure amplitudes, it was concluded that the records of both Stations 4-0 and 8-0 represented
the free-field shock pattern at the location of the 3.1t structure better than the blast-line record

of Station F-201-0 which was located laterally 200 feet away. These three records (Figures 9

and 10 were essentially identical in all respects except that the pressure record of Station F-201-0
showed a small depression that occurred in the time interval between 100 and 200 msec. It is
believed that this difference, though small, is real, and represents a real change in the pressure
record over this distance. For convenience, the record of Station 4-0 was selected to represent
the free-field shock and was superimposed on all the other high-speed records in order to show
most clearly their similarities to, and departures from, the free-field record.

The first thing to note upon examining the high-speed records is the absence of a typical dif-
fraction effect (such as was observed on Shot 9) characterized by the presence of pressure spikes
and oscillations in the first 50 msec of the pressure record. The absence of this more familiar
type of diffraction effect is to be expected since there is no shock to produce transient reflec-
tions; rather, the loading is more static in nature, and the reflections’ that tend to develop are
continuously dissipated during the time the pressure is slowly building up. The situation is anal-
ogous to the equilibrium conditions that develop after a short time in the pressure record of a
true shock; i.e., the initial diffraction effect disappears and the shock pattern becomes identical
with the free-field record. None of the records display any such diffraction pattern and are all,
free field and those influenced by the structure, nearly alike in the initial portion of their rec-
ords up to approximately 50 msec.
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At times later than 50 msec, however, and extending for as long as 300 msec, the structure
does affect the passing precursor wave, resulting in both lowered pressures and slow-pressure
oscillations in this time interval. This may be considered as a diffraction effect different from
the more familiar type and is most easily visualized in the slow-speed records of Figures 8
through 10. At Stations 1-0, 2-0, and 3-0, the pressure records show distinct dissimilarity
to the superimposed free-field record of Station 4-0; the rest show slight, if any, differences.
Turning now to the high-speed records of Figures 11 through 13, plus examination of peak pres-
sures from Table 3, it is evident that the pressure records at Stations 1-0, 2-0, 3-0, and 5-0
are significantly at variance in peak pressure and/or wave shape with the superimposed free-

STATION 7-0

R T N NN NN
o 100 200 300 400 800

SYATION 8-0

|||||l||l|1¢111111111111
o] 100 200 300 400 800

PRESSURE.
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Figure 10 Shot 10, slow-speed, pressure-time records,
Stations 7 and 8 and blast-line Station F-201-0.

field record. At Station 1-0 the pressure is lowered as much as 40 percent below the corre-
sponding point on the free field record; at Station 5-0 the lowering is 25 percent.

The lower pressure and somewhat shorter time duration at Station 1-0 is definitely reflected
in a resulting decreased impulse. At Stations 2-0 and 5-0, a shorter duration and decreased
impulse are also indicated, but to a less degree.

Translated into distance, the pressure wave shows this new type of diffraction effect to a
distance of 12 feet behind the structure, and at least 9 feet to the side; the effect has almost if
not entirely disappeared at 24 feet both to the rear and to the side. In terms of dimension S
(height or half length) recovery has taken place between 4S and 8S, with 4S being nearer the true
recovery distance.

The Shot 10 records obtained in a precursor environment are in distinct contrast to the Shot
9 records obtained in a non-precursor region. Records from stations in the vicinity of a struc-
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ture on Shot 9 exhibited diffraction patterns which lasted for only 50 msec, after which the
pressure records were identical with the free-field record; corresponding records from Shot

10 showed no diffraction effects within this 50 msec time, but did show a wave-shape change
and a pressure drop in the time interval from 50 to 300 msec. The diffraction effects observed
on Shot 9 were to be expected; the lack of these same types of diffraction effects on Shot 10 were
likewise to be expected; the diffraction effect of Shot 10 characterized by a pressure drop and
wave-form variation was not expected, however, and is unexplained. As a conjecture, the
pressure drop might have been due to a vortex which originated at the structure and then peeled
off and traveled to the station affected.

Discussion of 5-Foot Level Results. As statea on Page 21, the three gages at Stations 1-5,
2-5, and 3-5 failed at zero time. The remaining three gages at the 5-foot height were subjected
to severe acceleration effects as is evident from the fact that all the poles were badly bent. Thus,
the 5-foot gage records are suspect due both to acceleration effects and orientation errors.

Comparison of the 5-foot records with the superimposed Station 4-0 record (Figure 12) in-
dicates the results are more valid than might be expected. Excluding several oscillations
caused by the effect of acceleration, the Station 4-5 record follows the Station 4-0 record re-
markably well. While the records of Stations 5-5 and 6-5 have considerably more oscillation
(Figures 12 and 13), nevertheless, the superimposed record passes (for the most part), through
the center of the oscillations. It is, therefore, believed that the records of these two stations,
under more normal acceleration conditions, would either duplicate or closely resemble the
free-field records of Stations 4-0 and 4-5, as well as their respective ground-level stations.
Whether the small diffraction perturbation apparent at Station 5-0 is present also at Station 5-5
cannot be ascertained because of the distortion of the record produced by the gage-acceleration
effect. Further, it is believed that the peak pressure of the record at Station 4-0 represents the
true peak pressure at Station 4-5, 5-5, and 6-5; i.e., the average value, which was recorded in
Table 3, should be used rather than the peak value of the oscillation. Since the three stations
behind the structure was lost, nothing can be inferred about diffraction effects at the 5-foot
level at these locations.

DIFFRACTION EFFECTS IN FRONT OF THE STRUCTURE

As stated previously, the limited number of available channels prevented installation of gages
in front of the structure. According, diffraction effects in front of the structure can only be in-
ferred. Since diffraction effects were observed on Shot 9 out to a distance between 4S and 6S
both behind and to the side of the structure, it seems reasonable to assume that these effects
will be present to about the same distance in all directions. It is, therefore, postulated that
diffraction effects will be present out to a distance of between 4S and 68 in front of the structure.*
For Shot 10, where the diffraction effect was of a different nature and probably was due to a flow
phenomenon rather than a reflection phenomenon, it is more difficult to surmise the extent of the
diffraction effect in front of the structure. To be on the conservative side, it seems best to as-
sume that diffraction effect would also persist out to a distance of between 4S and 6S.

CONCLUSIONS

The objectives of the experiment on diffraction effects in the vicinity of a structure were sub-
stantially met. The results were complete, of good quality, and have added new information on
the subject of shock diffraction. The conclusions will: (1) provide assistance in predicating the

4 Reference 1 reports a test situation where a wave reflected from the front face of a 6-foot high, 12-foot-
wide wall was strongly evident 18 feet upstream in front of the wall.
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shock loading a structure will undergo when affected by the diffraction pattern of a neighboring
structure and (2) help determine the separation distance necessary for one structure to be free
from the diffraction influence of another.

The conclusions pertain to three-dimensional structures; nevertheless, they apply as well to
two-dimensional structures, e.g., infinitely long front face. The effects observed on three-
dimensional structures will, if anything, be enhanced by two-dimensional structures; e.g., recov-
ery distance and diffraction-peak pressure will be increased.

Common to both Shots 9 and 10, which presented radically different shock-wave patterns to the
3.1t structure, was the fact that the structure had a measurable (but dissimilar) diffraction effect
on the free-field shock both to the side and to the rear of the structure for a distance of between
48, where S is a characteristic dimension (height or half width, whichever is less). While no
measurements were made, it is postulated that diffraction effects would be present at the same
distance in front.of the structure.

Shot 9. The shock wave incident on the 3.1t structure was a thermal Mach shock of near
ideal wave form. Therefore, the structure was in a Mach region rather than in the predicted
regular reflection region.

The diffraction effects produced by the shock loading around the structure were characterized
as follows:

1. At ground level behind the structure an initial-pressure spike rose slowly in about 5
msec to a peak pressure which was 26 percent greater near the structure than the free-field peak
pressure. This was followed by several oscillations of lesser magnitude lasting between 50 to
90 msec, after which time the pressure-time record became identical with the free-field record.

2. At the 5-foot level behind the structure the diffraction spike had a value less than the
ground-level spike (but 18 percent greater than the free-field ground-level value) followed by a
vortex action which reduced the pressure momentarily to a value 25 percent below the free-field
value.

3. At ground level stations to the side of the structure, a pressure pulse followed the arrival
of the free-field shock in a time interval consistent with the shock-travel time from the structure
to the station in question, indicating this pulse had its origin at the structure. This pulse rose in
5 msec to a maximum value 17 percant greater than the free-field peak pressure. Pressure va-
riations persisted for about 50 msec after which time the pressure-time record became identical
with the free-field record.

4. At the 5-foot level to the side of the structure the pressure pulse corresponding to the
ground-level diffraction pulse was reduced in magnitude (4 percent greater than the free-field
value) followed by a vortex action {similar to the other 5-foot stations) which reduced the pres-
sure momentarily to a value 25 percent below the free-field record.

In spatial extent, both behind and to the side, diffraction effects were observed at a distance
of 4S and were gone at 8S. Although observable at 48, they were not significant. So, recovery
was probable at 6S; certain, at 8S.

Diffraction effects extended approximately equal distances to the rear and to the side of the
structure.

Diffraction effects to a distance of 2S behind the structure were closely similar to effects
observed at a position close to the ground on the rear face of the structure. Thus, the pressure
pattern at appropriate positions on the structure predicted the pattern that would be observed at
some distance to the rear.

The recovery distance of this full-scale diffraction experiment agreed reasonably well with

scaled high-explosive experiments.

Shot 10. The shock wave incident on the 3.1t structure, which was in the Mach region was a
well developed precursor wave. This was not a true shock wave, but a slowly rising pressure
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pulse with a broad, rounded peak.

No typical diffraction effects, characterized by pressure spikes and pulses which develop in
the first 50 msec or so behind the shock front, were observed in the vicinity of the structure.

An unusual diffraction effect was produced in the vicinity of the structure. At ground level,
this effect was characterized by distortions of the free-field pressure-time curve for stations
in the neighborhood of the structure along with a depression in pressure to a value 25 and 40
percent below the free-field pressure at each of the two stations nearest to the side and rear of
the structure, respectively. These distortions and pressure depressions took place in the time
interval from 50 to 300 msec behind the shock front. The reason for this shock perturbation or
diffraction effect is not understood, but may have been due to a vortex building up on the struc-
ture and then peeling off.

The shock pattern at the 5-foot height followed the corresponding ground-level patterns,
although loss of records and gage acceleration effects obscured any diffraction effects that may
have been present.

Recovery of the precursor wave from the diffraction effects induced by the structure was
complete not far beyond a distance of 4S from the structure, S again being the characteristic
structure dimension. Behind the structure, recovery was complete between 4S and 8S. In
more exact terms, recovery was nearly complete at 4S; probable at 6S; a certainty at 85. To
the side, recovery occurred between 1.5 and 4S, probably near 48S.

RECOMMENDATIONS

1. I further diffraction and shielding experiments are conducted, it is recommended that
dynamic pressure measurements be included.

2. It is recommended that drag and diffraction experiments on model structures in a city
complex be conducted.
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