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I. INTRODUCTION

A. Backsround

During one of the meetings of the Blast Technology Subcommittee for the
Revision of the Protective Structures Manual" it was pointed out that there
495 1 :lata gap with regard to the effect of angle of incidence on reflected
impulse impinging on finite structures. The effect of angle of incidence
of ths shock wave striking an infinite plane on peak reflected pressure and
g reflected impulse has beea documented in many height of burst stulles. The
1atast of these was conducted in Canada and reported in References 2 and
3. After a literature sucvey there appeared to be little information on
the effect of angla of incidence on reflected impulse loading of isolated
structures.

g e e 1 ““\‘“‘M*"W]ﬂwwr“m“\}]ﬂmﬂ W e
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3. Objective

e o f e

The ohjertlve of this study is to determine experimentally the effect
of angle of Lncidence of the shock front on the reflected impulse loading
H on an isolated stcucture., The experiment was conducted with 1/50 scaled
i nonresponding wmodels of a single structure.

IT. TEST PROCEDURES

This section will describe the procedure followed in conducting an
axperimental program to meet the stated oblective.

A. Neslgn of Model

The model was designed to represent a structure 15.24 metres wide by
15.24 metres loaz hy 22.86 metres high (50 ft x 50 ft x 75 €t). A 1/50th
scale produced a madel 9.305 m x 0,305 m x 0.457 m (1 ft x 1 ft x 1.5 ft ),
The aodel was constructed of a 2.54 cm thick steel plate. A sketch of the
model is presented in Figure 1. The four upright walls were welded
together with the top bolted on to allow access to the pressure gages. &
reinforced c¢oacrate msount with an anchor bolt imbedded(as shown in Figure

2) was a3+l 1 sacare the model. The pressure transducers were then
; b
t
£ g
i
- 2
1 i

Depurtment of the Army, the Navy, and the Air Force, "Structures to
Resigt the Effects of Accidental Explosions,"June 1969, TM5-1300,
NAVFAC P-397, AFM 84-22.

LR L ST

1 2R, Reisler, B. Pettit ¢ L. Kennedy, "Air Blast Data from Height of
4 Burst Studies in Canada, Vol I: HOB 5.4 to 71.9 Feet,” BRL Report No.
1950, December 1976 (AD B016344L).

3 s, Reigler, B. Pettit and L. Kennedy, "Air Blast Data from Height
P of Burst Studies in Canuda, Vol. [I, hJB 4.5 to 144.5 Feet  BRL Report
Do No. 1990, May 1977,
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Figure 1. The 1/50th Scalce Steel Structure Model.
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Fignre 2. Concrete Mount with Anchor Bolt.
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installed and the top plate was boited in place. An exploded view of the
model, mount, and pressure transducers is shown in Figure 3. The model vas
held in place by tightening the large nut down against the top plate. By
loosening the nut, the model orientation could be changed for esch test and
then retightened. A total of eight models was constructed. The pressure
transducers were placed on the center line of a front and side wall at a
he‘ght of 0.152 m. The model was rotated to change the angle of incidence
of the shock front with the model walls.

B. Test Charges

The test charges were cast Pentolite (50 PETN, 50 TNT). The shape was
hemispherical and the point of 2tonation was at the center of the flat
alde which was placed on the ground eurface. Th2 full size charge yield
gelected for simulation was 125000 kilograma. Therefore,a 1/50 scale model
would require (according to cube root scaling) a one~kilogram charge. Omne-
kilogram cast Pentolite charges were used on all of the fifteen tests
conducted.

C. Test Instrumentation

The instrumentation for this test series consisted of pressure
transducers, magnetic tape recorder/playback, and a data reduction
system. A block diagram is shown in Figure 4.

1. Pressure Trangducers. Piezoelectric pressure transducers were
used for this series of tests. The PCB Electronics Inc., Models 112422,
113A24, and 113A28, with quartz sensing elements and built-in source
followers were used extensively.

2. Tape Recorder System. The tape recorder consisted of three basic
units, the power supply and voltage calibrator, the amplifiers, and the FM
recorder. The FM tape recorder was a Honeywell 7600 having a frequency
response of 80 kHz. Once the signal was recorded on the aagnetic tape it
was played back and recorded on a Honeywell Visicorder. This oscillograph
has 5 kHz frequency response and the overpressure veraus time recorded at
the individual etations can be read directly rom the playback records for
preliminary dati analysis.

3. Data Reduction System. For the final data output, the tape signals
were processed through an analog-to-digital converter, to s digital
recorder-reproducer, and then to & computer. The computer (TEKTRONIX 4051)
was programmed to apply the calibration values and present the data in the
proper units for analysis. From the computer, the data is put on a digital
tape from which the final form can be plotted or tabulated. The digital
tape can be also stored for future analysis.

D. Test Layout

The test layout was planned to acquire the maximum amount of data for
each test conducted. A total of eight peak overpressure levels was
selected and therefore eight models were constructed. Twenty-one angles of
incidence were selected with eleven bunched between 37.5 and 62.5 degrees
in order to document the transition between rezular reflection and Mach
reflection. The test layout is shown in Figure 5. The peak overpressure

11
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range of interest for this project was from 345 kPa down to 6.89 kPa. The
distances sclected to meet the required preeauri range were based on the
standard TN1 hemispherical surface burst curve. The free-field incident
peak overpressure was measured near each structure to provide the input
blast parameters. Nomenclature used to identify the gage locations et each
station {8 as follows: Station 1 is the free-field gage, Station 1A is in
the front of the model with orientation from O to 45 degrees, and Station B
ls in the side cf the model with orientation from 90 to 45 degrees. On
Test 1, Station A on all models was at an angle of O degrees or normal
reflection while Station B on all models was at an angle of 90 degrecs or a -
side-on meagurement. The station locations, predicted peak overpressures, -
and impulses are listed in Table 1 for Test Number 1. The locations of the

free~-field statlons remained the same on all 15 tests. The radial

dlstances for the Stations A and B chenged on each shot. A photograph

showing Structures 2 (foreground), 1, 4, and 6 for O degree and 90 degree

orientation with a 1 kg charge in place is presented in Figure 6.

E. Test Hhtrl§

Eight model structures were placed at the distances shown in Table 1 to
receive the predicted input pressure and impulse. After each test, each
model was rotated the same number of degrees in order that the shock front
would strike each set of structure walls at the same anzles of incidence.
The angle of incidence foc Tasts 1 - 12 is listed in Table 2. On Tects
13, 14, and 15 the structure models were exposed at diff-~eat angles and at
different pressure levels. These exposures are listed in Table 3.

F. Predictive Approach

There are nany references {in which the enhancement of peak overpressure
as a function of angle of incldence is reported. One of the more complete
treatments Is given in Reference S. Normal reflection or head=-on
reflectlion can be predicted for the range of incldent overpressures of
interest in these tests using the fcllowing equation:

7P + 4P
Pr 2 Ps o s

(1)

7P +P
o ]

where P, = Ambient atmospheric pressure,
P, ® Normal reflected overpressure, and
P, = Side-on fincident overpressure.

This 1s valid where the ratio of specific heat (Y) for air is a constant 1.4,
The equation is good o~* _.r predicting the reflected pressure when the
models are in the D-degree otrientation, face-on.

CoN. Kingery, "Air Blast Parameters versus Distance for Hemispherical
Surfuce Burgts,"” BRL Repurt 1344, September 1986 (AD 811673).

"Nuolear Weapone Blast Phenomena, Volume II, Blast Wave Interaction,”
DASA 1200-1I, 1 Dgcembar 1870 (Confidential RD).
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A second source used for predicting the reflected pressure in the
regular reflection reglon for different angles of incidence is Reference 6.
This report I3 based on a theoretical treatment by J. Von Newman. It
considers the shock wave reflecting on an infinfte plane as {n a height of
burst study. The reference does not treat impulse.

A newer source, Refarence 7, treats both the enhancemeat of pressure in
the regular reflectton on rising slopes as well as the enhancement in the
Mach reflection region on rising slopes. The reflected pressure versus
incident pressure undergoing regular reflection for varlous rising slopes
(Figure 12 from Reference 7) is presented as Figure 7. The reflected
pressure versus incident pressure undergoing Mach reflection for various
rising slopes (Figure 5 from Reference 7) {8 presented as Figure 8.

A family of curves from Reference B showing the reflection factor or
pressure ratilo Pr/Ps for selected input pressures (P;) versus angle of
incidence are presented in Figure 9. They were used in predicting the
reflected pressure, P., expected to load the model. These curves and the
other predictive methods will be compared with the field measurements.

ITT. RESULTS

As mentioned {n the introduction, the primary objective of this project
is to determine the enhancement of overpressure impulse as a function of
the angle of incideace of the shock front striking an isolated structure.
Presented (n Section F of Test Procedures are predictive approaches for
detecsnining the peak reflected pressure, but there 18 a lack of information
on predleting the reflected impulse other than normal or head-on.
Information that is available {3 from various height of burst studies,
where the reflzactlon process 18 on an infinite plane.

The results will be presented in the form of reflected pressure
compared to side-on pressure or reflected pressure ratios (Pr/Ps)‘ This
comparison will also be done for {mpulse where ratios of Ir/l will be

developed for angle of incifdence and a varlety of side-on or free-field
impulses.

C.N. Kingery and B.F. Pannill, "Parametric Analysis of Regular
Reflection of Air Blast,” BRL Report 1249, June 1964 (AD 444997).

Kenneth Kaplan, "Effects of Terrain on Blast Prediction Methode and

L
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Prediction,” BRL Contract Report ARBRL-CR-00355, January 1978 (AD A051350).

H. L. Brode, "Height of Burst Effecte at High Overpressures," The Rand
Corporation, RM-6301, DASA 2506, July 1970.
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SHOCK FRONT (Zero-Time! OVERPRESSURE {kPa)
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Reflected Pressure versus Incident Overpressure for
a Shotk Wave Undergoing Regular Reflection on a
Rising Slope.
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A. 35ide-on Overpressure and Impulse Measurements

In order to determine the pressure reflection and impulse reflection
ratios, the side-on or incident overpressures and impulses must be
established., Eight pressure transducers were placed at the distances and
locattons shown in Figure 5 to record tha incident overpressure versus time
of the blast wave. Records were obtalned on each test and the incident
peak overpressure and incident overpressure impulses are listed in Table 4
foc each station. An average value froan the fifteen tests was used to plot
a peak overpressure versus distance for a 1 kg hemispherlcal Pentollte
aurface burst., Over ninety percent of the values of both pressure and
impulgse fell within a +5 pevcent of the average value estahlished at each
stat{fon. The average peak incident overpressure (Ps) versus horizontsl
distances are plotted in Figure 10. The solid lines in Figures 10 and 11
were established froa data presented in Reference 9. The average incident
impylsas (IS) varsus horizontal distances from Table 4 are plotted in
Figure 11.

B. Reflected Peak Overpressure and Impulse versus Angle of Incidence

The reflacted peak overpressure versus angle of {ncidence is a direct
measurement aade on the front and side wall of the model. TY- reflected
impulse 1s obtained froa the integration of the overpressure versus time
recorded from Stations A and B located on the model.

The refl:cted pressure recorded on Stations 1A and 1B through 8A and 8B
are plotted versas angle of incidence in Figure 12. The lines through the
data points are visual flts and were used to establish the values of
reflected pressure listed in Table 5.

The reflected ifmpulses versus angle of incidence recorded at Stations
1A and 1B through 8A and 8B are plottad Ln Figure 13. The solid lines are
visnql fits of the data points and were used to determine the values of
reflected impulse listed (n Table 5,

C. Reflected Pressure and lmpulse Ratios versus Angle of Incidence

Both the reoflected pressure (P,) and the reflected impulse (Ir) will be
presented as a functlon nf gide-on pressure (Ps) and side-on impulse (I,)
in the form of ratfos. That is, P./P; and 1,./I, will be presented versus
angle of lncidence,

The reflected pressure ratios P./P, were calculated for each angle of
incidence at each statlon and are listed in Table 5. It was noted in the
Test Layout Section that Station A and Station B are located at different
radial distances (AR) but this AR becomes less as the model is rotated
and AR = O at 45 degrees angle of {ncidence. In Table 5 the side-on

(Text continued on pa-e 38)

9 Charles Kingery and Geonge Coulter, "TNT tquivalency of Fentolite

Hemiepheras,”" ARBRL-TR-02456, December 198%Z (AD A123340).
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pressute (P') for a @ of 0 degrees is listed for Station A and the P, for
90 degrees is listed for Station B. The P, for each radial distance

from 8 = 0 degree through @ = 90 degrees was calculated to insure that the
correct Py for each angle was used in determining the ratio P./Pg. The
values listed in Table 5 are plotted in Figuree 14 and 15.

The reflected impulee ratios liasted in Table 5 are based on the
reflected impulse curves plotted in Figure 13 and the side-on impulse
listed in Table 4 adjusted for the R distance between Statlon A and B.
The ranga of side-on impulses is listed for each station in Table 5. The
values of reflected impulse I, divided by the side-on iwpulse 1. listed in
Tatle 5 are plotted in Figure 16.

IV. DISCUSSION

The data tables and plotted curves presented in the Results section
show rrends of the effects on reflected pressure and impulse, of the angle
cf incidence of the shock front striking an isolated structure. Some of
these trends follow theory and predictions as presented in the Predictive
Approach of the Test Procedures section while other results are different.

A. hoflected Pressure in the Regular and Mach Reflection Regions

The curve showing reflective pressure (Pr) as a function of incident
pressure ‘P ) for all angles of incidence in the regular reflection region
{s shown in Figure 17. Thig curve {s quite similar to the family of curves
presented in Figure 7, Note In Figure 7 the slope angles are identified
rather than the angle of incidence. The spread of data is indicated by the
band at each station location. This means that when a particular station
receives the same incident pressure (Ps) and as the model is rotated to
change the angle of incidence the reflected pressure (P,) does not change

greatly in the regular reflection region. This 1is shown graphically in
Figure 12.

The family of curves presentrd in Figure 18 show a trend similar to
that presented in Figure 8 for pressure enhancement in the Mach reflection
region. The quantitative values are higher in Figure 8 ihan measured
experimentally in Figure 18. This difference 18 because the measured
values from this series did not record the enhancement at the transition
zone from the regular reflection region to the Mach reflection region as
shown in Figure 9. The enhancement shown in Figure 9 1s of very short
duration and would have little effect on impulse in the blast wave.

B. Reflected Impulse in the Regular and Mach Reflection Regions

The reflected impulse versus incident impulse and angle of incidence is
presented in Figure 13. A variation of this presentation is made in Figure
19 where the data 1is plotted for reflected tmpulse I as a function of
incident fmpulse (T_;) in the regular reflection region. The two solid
lines show the varlation in reflected impulse measured on an isolated

structure when the angle of incidence is in the regular reflection region.
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The dashed line presented in Figure 19 1s to show the difference in the
zero degree or head-on reflected impulse on an infinite plane and that
recorded on & finite model. The lovwer values recorded on the model are
because the arrival of the rarefaction waves from the sides of the
structure cauges an increase in the rate »f decay éf'tﬁéreilectxon pressure
which produces a lower reflected impulse.

The reflected impulse recorded in the Mach reflection region is plotted
in Figure 13 and presented in a different manner in Figure 20. 1In this
figure the enhancement of reflected impulse becomes less as the angle of
incidence gpproaches 90 degrees, or side—-on conditions. The vortex from
the front corner of the structure causes a lowering of the overpressure
during the passage of the blast wave snd the reflected impulse becomes less
than the side-c impulse at an angle of incidence of 90 degrees. This is
algo true at gome of the values measured at an 80 degree angle of
incidence.

V. CONCLUSIONS

The results presented in this report are based on one size structure

and one charge mass. Therefore it cannot be applied in general (o all size
structures and all charge masses. The model was 0.3048m x 0.3048m x 0.4572m
exposed to a 1 kg charge mags. This means the results could be applied to
structures where the size 1s fncreased by the cube root of the charge mass,
for example, a 1000 kg charge mass and a 3.048 metre structure or a 125000 kg
charge and a 15.24 metre structure or & 512000 kg charge mass and a 24.38
mecre structure 36.58 metreghigh. Care would have to be exercised in applying
the results to other combinations of charge mass and structure dimensions. 1If
a charge mass is held constant and the structure size increased, the reflected

impulse values in the regular reflection region would approach the infinite
plane case.
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Mlease take a few minutes to answer the questions below; tear out

in the mail. Your comments will provide us with information for
improving future reports.

1. BRL Report Number

2, Does this report satisfy a need? (Comment on purpose, related
project, or other area of interest for which report will be used.]

3. How, specifically, is the report being used? (Information
source, design data or procedure, management procedure, source of
ideas, etc.)

4. Has the information in this report led to any quantitative
savings as far as man-hours/contract doliars saved, operating costs
avoided, efficiencies achieved, etc.? If so, please elaborate.

5. General Comments (indicate what you think should be changed to .
make this report and future reports of this type more responsive b
to your needs, more usable, improve readability, etc,) 4

6. If you would like to be contacted by the personnel who prepared
this report to raise specific questions or discuss the topic,
please fill in the following information.

Name:

Telephone Number:

Organization Address:

e e e e — b e v —— - - e e e e n ————— e —




I R TR R T T

—_ — — — ~— — — == — TOLD HERE — — ~— — — — ~— — —

4 Director .

: US Army Ballistic Research Laboratory ggcggg}‘;‘;"

ATTN: DRSMC-BLA-S (A) IF MAILED

! Aberdeen Proving Ground, MD 21005 IN THE

) UNITED STATESl
OFFICIAL BUSINESS ]

; PENALTY FOR PRIVATE JBE. $300 BUSlNESS REPLY MAIL

FIRST CLASS  PERMIT NO 12062  WASHINGTON,0C .

. POSTAGE WILL. BE PAID BY DEPARTMENT OF THE ARMY SN

t

S

Director I

US Army Ballistic Research Laboratory R

ATTN: DRSMC-BLA-S (A)

‘ Aberdeen Proving Ground, MD 21005 R

PRI YR S P AR 1

oy TS L A | 8 OO

[pv——
" BRI sy

il
i

G A TSR S

gk

g oo Amp ety S XS Lo s e et R M S = m iR S R s o e e S e S

o O L

I

TR

Fn i
P il

-
el Ll

Pt

ey

éa:m» g e W PRIV T R DY gy

i

priabrpt



