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Foreword

The ACS SYMPOSIUM SERIES was founded in 1974 to provide a
medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
"IN CHEMISTRY SERIES except that, in order to save time, the
papers are not typeset but are reproduced as they are submitted
by the authors in camera-ready form. Papers are reviewed under
the supervision of the Editors with the assistance of the. Series
Advisory Board and are selected to maintain the integrity of the
symposia; however, verbatini reproductions of previously pub-
lished papers are not acceptéd. Both reviews and reports of
research are acceptable, bécause symposia may embrace both
types of presentation.
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Preface

THIS BOOK DESCRIBES the assessment of the combined hazards of toxic
chemical and explosives facilities. The principal considerations regarding
explosive and toxic chemical outputs are blast pressure, fragmentation,
thermal parameters, and toxic chemical exposures. The book provides
design considerations for protecting workers from these outputs and for
protecting property within and away from the facilities. Practical examples
and protection principles from multiple disciplines are given; these deal
with practices, training, site selection, quantity-distance separation,
downwind hazard-prediction models, storage methods, and disposal. In
addition, methods of measuring and controlling the exposure of workers to
toxic-chemicals and the development and implementation of engineering
and construction features are addressed.

RALPH A. SCOTT, JR.

Defense Explosives Safety Board
Alexandria, VA 22331
LAURENCE J. DOEMENY

National Institute for Occupational Safety and Health
Cincinnati, OH 45226

May 13, 1987
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BLAST PRESSURE AND FRAGMENTATION
EFFECTS



Chapter 1
Blast Pressure Effects: An Overview

W. E. Baker
Wilfred Baker, Inc., P.O. Box 6477, San Antonio, TX 78209

This keynote paper gives a general discussion of blast
waves developed by high explosive detonations, their
~___effeets on structures and people, and risk assessment.
= methods. The properties of free-field waves and norm-
ally and obliquely reflected waves are reviewed.
Diffraction around block shapes and slender obstacles
is covered next. Blast and gas pressures from explo-
- -sions within vented structures are summarized.

~~Simplified methods of estimating damage .to structures
by pIrast waves appear next, followed by methods of
estimating blast spalling for strong blasts.

Prediction curves or graphs are given for external
blast wave properties, and internal blast and gas
transient pressures.

Practical techniques for explosion containment and
venting are discussed, and the topic of risk assessment
for explosives facilities is reviewed.

A selected reference list closes the paper.

Blast Pressures

Basics of Free-Field Blast Waves. The most severe types of energy
Teleases which can occur in toxic chemical and explosives facilities
are explosions of high explosive materials. When such materials

are initiated by some stimulus, they may burn, deflagrate or detonate.
Detonation is by far the most severe of these three chemical reac-
tions, so it is usually assumed to occur in accident situations,
unless one,can prove otherwise quite conclusively.

A defonation wave is a very rapid wave of chemical reaction
which, once it is initiated, travels at a stable supersonic speed,
called the detonation velocity, in a high explosive. Typically,
detonation velocities for pressed or cast high explosives range from

0097-6156/87/0345-0002$14.40/0
- © 1987 American Chemical Society




. BAKER  Blast Pressure Effects: An Overview 3

22,000 -~ 28,000 ft/sec. As the detonation wave progresses through
the condensed explosive, it converts the explosive within a fraction
of a microsecond into very hot, dense, high pressure gas. Pressures
immediately behind the detonation front range from 2,700,000 -
4,900,000 psi.(These pressures are called Chapman- Jouguet, or CJ,
pressures. )

The most important single parameter for determining air blast ;
wave characteristics of high explosives is the total heat of detona-
tion, E. This quantity is, in general, directly proportional to
the total weight W or mass M of the explosive. Any givenfexplosive
has a specific heat of detonation, AHg per unit weight or mass,
which can be either calculated from chemical reaction formulas or
measured calorimetrically (see References 1-3). So E equals W-AHg
or M'AHg, depending on units for AH.. Values for AHp for many ex-
plosives are given in References 1 and 4. .

If the detonating explosive is bare, the detonation wave propa-
Gates out into the surrounding air as an intense shock or blast
wave, and,is driven by the expanding hot gases which had been the
explosive material. If it is encased, the detonation wave simply
overpowers the casing material, and drives it outward at high veloc-
ity until the casing fragments. The high pressure gases then vent
out past the casing fragments and again drive a strong blast wave
into the sufrounding atmosphere.

" As the blast wave expands, it decays in strength, lengthens
in duration, and slows down, both because of spherical divergence
and because the chemical reaction is over, except for afterburning
as the hot explosion products mix with the surrounding air.

Good descriptions of the characteristics of air blast waves
appear in References 5-7. The description here is paraphrased from
Reference 5.

"As a blast wave passes through the air or interacts with and
loads a structure or target, rapid variations in pressure, density,
temperature and particle velocity occur. The properties of blast
waves which are usually defined are related both to the properties
which can be easily measured or observed and to properties which
can be correlated with blast damage patterns. It is relatively
easy to measure shock front arrival times and velocities and entire
time histories of overpressures. Measurement of density variations
and time histories of particle velocity are more difficult, and
few reliable measurements of temperature variations exist.

Classically, the properties which are usually defined and meas-
ured are those of the undisturbed or side-on wave as it propagates
throuch the air. Figure 1 shows graphically some of these properties
in an ideal wave. Prior to shock front arrival, the pressure is
ambient presgure Po- At arrival time tg, the pressure rises guite
abruptly (discontinuously, in an ideal wave) to a peak value Py
Po- The pressure then decays to ambieént in total time ta +tg,
drops to a partial vacuum and eventually returns to Po- The quantity
Pg is usually termed the peak side-on overpressure, or merely the
peak overpressure. The portion of the time history above initial
ambient pressure is called the positive phase, of duration tg.

That portion below p, is called the negative phase. Positive spe-
cific impulse, defined by :
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1. BAKER  Blast Pressure Effects: An Overview 5

ta + ta

ig = [p(t) - poldt @)

ta

J
is also a significant blast wave parameter. This impulge is shown
by the cross-hatched area in Figure 1. (The units of i are force
times time divided by length squared, or pressure t.imesstime. They
are, therefore specific impulse or impulse per unit area, rather
than true impulse, which has units of force times time.)

In most blast studies, the negative phase of the blast wave
does not affect damage and is ignored, and only blast parameters
associated with. the positive phase are considered or reported.

The ideal side-on parameters almost never represent the actual pres-—
sure loading applied to structures’ or targets following an explosion.
So a number of other properties are defined to either more closely

approximate real blast loads or to provide upper limits for such
1oads. (The processes of reflection and diffraction will be dis-
cussed later.) Properties of free-field blast waves other than
side-on pressure which can be important in structural loading are:

Density, p

Particle velocity, u
Shock front velocity, U
Dynamic pressure q =p u2/2

Because of the importance of the dynamic pressure g in drag
or wind effects and target tumbling, it is often reportecd as a
blast wave property. In some instances drag specific impulse i,
defined as s

ta * ta tg *+ tg
ig = gadt =3 pu2 at - (2)
ta ta

is also reported.

Although it is possible to define the potential or kinetic
energy in blast waves, it is not customary in atr blast technology
to report or compute these properties. For underwater explosions,
the use of "energy flux density" is more common. This guantity
is given approximately by

A 7

iy ok a d

Ee = oo : = 2. (

£ P00 [p(t) po] dat 3}
a

where p, and ag are density and sound velocity in water ahead of
the shock.



6 TOXIC CHEMICAL AND EXPLOSIVES FACILITIES

At the shock front in free air, a number of wave
properties are interrelated through the Rankine-Hugoniot
equations. These three equations are (Reference 5):

ps(ug-U) = P5(up-U) (4)

Ps(ug-U)2 + pg = Po(ug-U)2 + p, (5)

—
|—

> ?02 + eo) (uo—U) Fibola =
(6)

—
=

> “52 + es) (us - U) + pgUg

In these equations, subscript s refers to peak gquantities
immediately behind the ideal shock front, e is internal
energy, and

Ps = Pg tiPo Za

Scaling of the properties of blast waves from ex-
plosive sources is a common practice, and anyone who has
even a rudimentary knowledge of blast technology utilizes
these laws to predict the properties of blast waves from
large-scale explosions based on tests on a much smaller
scale. Similarly, results of tests conducted at sea level
ambient atmospheric conditions are routinely used to
predict the properties of blast waves from explosions
detonated under high altitude conditions.

The most common form of blast scaling is Hopklnson-
Cranz or "cube-root" scaling. This law, first formulated
by B. Hopkinson (Reference 8) and independently by
C. Cranz (Reference 9), states that self-similar blast
waves are produced at identical scaled distances when
two explosive charges of similar geometry and of the same
explosive, but of different sizes, are detonated in the
same atmosphere. It is customary to use as a scaled
distance a dimensional parameter,

z = R/EL/3 (8)

or pee

Z

R/Wl/3 : (9)

where R is the distance from the center of the explosive
source, E is the total heat of detonation of the explo-
sive and W is the total weight of a standard explosive
such ‘as TNT. The correct equation, Equation 8 or 9,

will be apparent in the problem. Figure 2 shows schemat-
ically the implications of Hopkinson-Cranz blast wave
scaling. An observer located at a distance R from the

|
|
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center of an explosive source of characteristic dimension
d will be subjected to a blast wave with amplitude P,
duration tg, and a characteristic time history. The
integral of the pressure-time history is the impulse i.
The Hopkinson-Cranz scaling law then states that an
observer stationed at a distance AR from the center of a
similar explosive source of characteristic dimension Ad
detonated in the same atmosphere will feel a blast wave
of "similar" form with amplitude P, duration At§ and
impulse Ai. All characteristic times are scaled by the
same factor as the length scale factor A. In Hopkinson-
Cranz scaling, pressures, temperatures, densities and
velocities are unchanged at homologous times. This
scaling law has been thoroughly verified by many experi-
ments conducted over a large range of explosive charge
energies. A much more complete discussion of this law
and demonstration of its applicability is given in Chapter
3 of Reference 5. i

The blast scaling law which is almost universally
used to predict characteristics of blast waves from ex-
plosions at high altitude is that of Sachs (Reference 10).

‘Sachs' law states that dimensionless overpressure and

dimensionless impulse can be expressed as unique functions
of a dimensionless scaled distance, where the dimension-
less parameters include quantities which define the am-
bient atmospheric conditions prior to the explosion.
Sachs' scaled pressure is

P = (B/pg) = (10)

Sachs' scaled impulse is defined as

3 iag
P i
g E1/3 pg/3 (11)

where ay is ambient sound velocity. These quantities
are a function of dimensionless scaled distance, defined

as
T Po\1/3
R:RE_) (E2)

Both scaling laws apply to reflected blast wave
parameters, as well as side-on parameters. (Note that,
if charge weight W is used instead of energy .E, these
parameters have dimensions.)
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Basics of Reflection and Diffraction Processes

Normal Reflection. An upper limit to blast loads is
obtained if one interposes an infinite, rigid wall in
front of the wave, and reflects the wave normally.

All flow behind the wave is stopped, and pressures are
considerably greater than side-on. The pressure in
normally reflected waves is usually designated pr(t),
and the peak reflected overpressure, Py. The integral
of overpressure over the positive phase, defined in
Equation (13), is the reflected specific impulse iy.
Durations of the positive phase of normally reflected
waves are almost the same as for side-on waves, tg. The -
parameter i, has been measured closer to high explosive
blast sources than have most blast parameters.

ta + tg

iy =Jr

ta

[pr(t) - pol dt (13)

The Hopkinson-Cranz scaling law described earlier
applies to scalihg of reflected blast wave parameters
just as well as it does to side-on waves. That isy,  allic
reflected blast data taken under the same atmospheric
conditions for the same type of explosive source can be
reduced to a common base for comparison and prediction.
Sachs' law for reflected waves fails close to high ex-
plosive blast sources but it does apply beyond about ten
charge radii.

For shock -waves weak enough that air behaves as a
perfect gas, there is a fixed and well-known relation
between peak reflected overpressure and peak side-on
overpressure (References 5 and 11).

- = (Y+1) P2

PiiEsdoPr+ BT T - (14
r g For2 (14)

'I—’S = ps/po ; ( 15)

Fr = pr/po ( 16)

At 3d% incident overpressures (Pg+0), the reflected
overpressure approaches the acoustic, limit of twice the s
incident overpressure.* If one were to assume a constant
Y= 1.4 for air for strong shocks, the upper limit would
appear -to be Py = 8Pg. But, air ionizes and dissociates
as shock strengths increase, and Y is not constant:. 1In
fact, the real upper limit ratio is not exactly known,
but is predicted by Doering and Burkhardt (Reference 11)
to be as high as 20. Brode (Reference 12) has also
calculated this ratio for normal reflection of shocks in
sea level air, assuming air dissociation and ionization.



