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BLAST EFFECTS OF BOMB EXPLOSIVES 

The importance of bombing as a military operation during the recent 
conflict lead naturally to a considerable expenditure of energy and 
effort aimed toward the development of improved bomb filler. In a 
previous lecture on explosives used during World War II, those employed 
for various purposes were reviewed briefly with an explanation for their 
adoption for the particular use. It would be interesting to see what 
a wealth of technical development lay hidden behind the two short para¬ 
graphs of the previous coverage. To this end, a short description of 
the effects of bomb explosions, gratefully purloined from an excellent 
BEL report on the subject, is presented (BEL No. 477)* 

Action of Detonating Bomb on Surrounding Medium 

Description of the detonation. When a bomb detonates, its explosive 
charge is converted with extreme rapidity into a gas of very high 
pressure and temperature. The exact pressure and temperature vary with 
the kind of explosive contained in the bomb; the order of magnitude is 
100,000 atiaDspheres (700 tons per sq in.) for the pressure and 3#000 
centigrade (5500 F.) for the temperature. The detonation is initiated 
by the operation of a fuze in the nose or tail of the bomb, and it 
propagates with a velocity between 15,000 and 28,000 ft per sec depending 
on the type of explosive. Thus, the time required for the detone11 * 
of the charge of a 500-lb bomb is approximately 0.0001 sec. Z v 
this time, a bomb falling at 800 ft/sec travels about 1 incn. 

Under the pressure of the detonating gases, the metal casing of a 
bomb expands very rapidly like a balloon to approximately 1-1/2 times 
its original diameter (Fig. 1). 

INSTANCE - rtCT 



CONFIDENTIAL 

It then breaks into fragments. The strèngth of the metal casing does 
not constitute a serious obstacle to its expansion; it is the inertia 
of the casing and of the gases themselves that limits the rapidity of 
expansion. The velocity of expansion may be as high as 10,000 to 
15*000 ft/sec for bare charges or for charges whose cases are extremely 
thin, but it is from 5 to 8 times lower for heavy—walled armor—piercing 
bombs. A considerable fraction of the energy released by the detonation 
is spent in the process of accelerating the casing during its expansion. 
This fraction is directly related to the weight of the casing itself 
or,more accurately, to the weight per unit area for each part of the 
bomb. For a GP bomb having a casing and charge of approximately equal 
weight, the fraction of energy expended in this way is close to 5(¾. 

Flash photographs give a pictorial description of the course of 
detonation of cylindrical bombs. Such a description is shown in Fig* 2$ 

m+.t mms5 o? 
&<r THE CHM AUMA CYLINDRICAL 

njMB. (mmmmsmmo mm mum) 

Here the detonation is assumed to have been initiated from below and 
has not yet reached the upper part. The middle part is expanding; 
the lower part, which has detonated first, has expanded farthest, so 
that its casing is already broken into fragments which are flying 
outwards. 

Detonation in Air 

The expanding products of a bomb's detonation sweep out and 
compress the surrounding air and throw that compressed body of air 
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+had^0eüt 1frfs of air' In this »ay a belt is formed within 
which the aar has high pressure and high outward velocity. This belt 
is limited by an extremely sharp front (less than one thousandth of 
an inch) called the "shock front" in which the pressure rises abruptly. 

The shock front propagates with a velocity which is initially 
much higher than that of sound (3,000 ft/sec at 60 ft from a 4.000-lb 
LC bomo, where the pressure jump is 100 psi) and, after a distance, 
decreases rapidly towards sound velocity (about 1,100 ft/sec) as the 
pressure jumpalso becomes smaller. This loss in velocity is generally 

fapid slowirig down of the casing fragments, so the 7 
shock front lags behind the movement of the fragments. 

The compression of the surrounding air absorbs a considerable 

fIrriH0+n°iv,the-erieP ÏÎ the detonation- Most of this energy is trans- 
ed to the air when the amount of air compressed by the detonation 

attains a weight comparable with that of the detonated charge, that is. 
after the expansion has attained more than five times the original 
diameter of the charge. By this time, however, the fragments of the 
casing, ying along divergent paths, have become separated, and most 
of the front of the detonation products consists of gases. Therefore, 
it is the gases that supply most of the energy transferred to the 
air, and this occurs only after the fragments have taken up their 
share of the initial energy. Thus, the effect of a 500-lb GP bomb 

a11, is roughly comparable in intensity to that of 
a/7u b bare charge> for the casing of such a bomb absorbs about 40Í 
o the energy of its 260-lb charge. A high charge/weight ratio in- 
creases the effect of the detonation on the air in a twofold manner: 
it will increase the weight of charge included in a bomb of given 

r*"the ,r“ti“ °f ^gi™to the rt“~ 

Fig. 3 

CONFIDENTIAL 
3 

Fig. 4 



I 

CONFIDENTIAL 

ÂyàÂÂ8i- 
normal. ^ llSt óbíect ^lh f 1° T° ^ the Pres3ure becomes 

ÄÄ“3“Hr^ ^ - —» 
r= ä ä ».“S ss; 

\ 
< («U ♦ 

r*. 4.2 SOOMTic muCMTATW OF AJOMt fKFLQMN 

mrmrtmnM wnmm 
AWWWAIáTUv Ol *C AFTCT A AOMA 
IWJMtt AT TMK «AC OF A HOW OF TAUS 

\ ««oi or 

« 

.»» \te 
üä 

« A> SajJAT« ««««ATO. OF A »0« £WU>Sti>( 
RCTIAC8 OFSUCCMSMt *+*1 Qf jm ±A%1 

V': if«Hr 

Pf ' 

^VSW“—« t __ 

restricted 

Wg. 5 - 

»o« Sxw at S*«0;.01 í!:6 r^1™ ““*■ i»-”3”» »»i« 
at lo « i"« tL™-u'^ï '‘■se0-11’ “ br ^ *»»“ o-»‘ 
lasts some four times a3 Iohs bût th reSion of negative pressure 
much less than Ího! !’ but the pressure defect is normally 
much less than the pressure jump at the shock front, (figs. 6 and ?) 

CONFIDENTIAL 
4 

I 
« 



CONFIDENTIAL 

6 Fig. 7 

The .wall of a building hit by such a blast wave is first pushed 
inward by the positive pressure phase and then sucked outward by the 
negative phase. Whether the wall falls away from or toward the bomb 
depends on accidental circumstances (such as the ratio of the natural 
period of the wall to the duration of the positive phase of the blast). 

Pressure aid Impulse. The physical characteristics of the 
shock wave around a bomb are usually described by giving the peak 
pressure and impulse (more properly the impulse in the positive phase 
of the wave) at various distances. 

The peak pressure is the pressure jump at the shockfront, the 
highest pressure in the shock wave minus the normal atmospheric pressure. 

The impulse is the area under the excess pressure—time curve for 
the duration of the positive phase. This is approximately half the 
peak pressure multiplied by the duration of the positive phase (Fig. 8). 

Typical Pressure - Time fiecord 
for the Blast from a Bomb 
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Fig. 8 

The peak pressure decreases with distance ß from the bomb approxi¬ 

mately as l/Br/* to l/ß2*, 

, The impulse dfcreases with distance approximately as l/ß. 

The positive phase duration increases approximately as to R*. 

The peak pressure (at constant distance) varies as the charge 

weight to the one-half to two-thirds power. The impulse (at constant 

distance) varies as the charge weight to the two-thirds power. 

The values of peak pressures and impulses for various bombs 

apparently do not vary for different directions and do not depend on 

the velocity of fall of the bomb at the time of detonation. 

*At low pressures (1 lb per sq inch) the decay of pressure is more 

nearly 1/rV * pressures of 10 to 100 psi, the decay is wore like 
l/R . Correspondingly, the increase of positive phase duration is 

Jr at 1 psi, and R at high pressures. 
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Fig. 9 
Due to the reflection of the blast, the instantaneous pressure 

against a surface facing the point of detonation is actually two or 
more times* greater than the "hydrostatic pressure" (the pressure on 
a wall side-on to the blast which is that considered in Fig. 10, 

R.C.ÎB*. 

* A-O * 
•The exact ratio is 2(102.9/ 4P)/(102.9 / P) where P is the hydro- 

static pressure in psi. 
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and which is that normally referred to.) There is a corresponding effect 
for the impulse. 

The peak pressure gives a measure of the maximum, force exerted against 
a structure fay the blast (pressure times area = force). The impulse gives 
a measure of the force multiplied by the duration, which, for an un¬ 
supported _ structure, is proportional to the velocity given to the struc¬ 
ture. This is important, for example, in connection with the demolition 
of brick walls. A blast cannot quickly propagate around anything as 
large as a wall, therefore, it keeps on deforming it away from the boni» 
until the positive pressure has subsided. Because of the great inertia 
of the wall, however, this deformation seldom attains the point of 
collapse before the positive pressure has subsided. After*such time 
the inertia tends to continue the acquired motion of the wall despite 
its rigidity. The eventual attainment of a deformation leading to 
collapse will depend on the velocity acquired by the wall under the 
impact of the blast. 

^ In general, one may say that in order to demolish any structure, 
two criteria must be satisfied! the peak pressure must exceed a certain 
miniiBuai value, and the impulse must exceed a certain miirimnm value. 
The values of peak pressure and impulse necessary for demolition de¬ 
pend on the type of structure. The relative values also depend greatly 
on the type of structure. Window glass, for example, requires a 
moderately high peak pressure (about 1,5 psi **) but a very low im¬ 
pulse (perhaps 1 lb millisec per sq in.). The positive pressure does 
not have to last long to cause facture, and the blast from almost any 
charge that causes a sufficiently high peak pressure will necessarily 
have sufficient impulse. On the other hand, a brick wall withstands 
but little higher peak pressure (3-4 psi), but for demolition this 
pressure must last quite long (that is, the impulse must exceed about 
100 lb millisec per sq in.). For most bombs, therefore, if the im¬ 
pulse is sufficient to demolish the wall, there is generally sufficient 
peak pressure. 

This explains the somewhat confusing use of two criteria. In 
general, both criteria must be satisfied to cause damage. For some 
targets, however, one of the two criteria is so low that one need 
only consider the other as that which must be fulfilled to cause 
damage. In general, structures which, in comparison to the area they 
present to the shock front, are strong and light in weight, require 
high peak pressure but no great impulse for demolition. Heavy, but 
relatively weak structures require large impulse but not very high 
peak pressure to cause demolition. 

** The required pressure depends greatly on the size and thickness 
of the glass panes, and on the strength of their support. (Occasion¬ 
ally a small fraction of 1 psi may be sufficient to shatter windows.) 
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Finally, it should be noticed that when the blast hits a narrow 

object and quickly propagates behind it, the duration of action of the 

positive blast pressure may be considerably shorter than the duration 

of the positive phase. The impulse imparted to the object is then 

simply the product of the peak blast pressure and of its actual duration 

of action and thus is not correlated with the duration of the positive 

phase. Under these circumstances the impulse criterion does not come 

into consideration at all, but the peak pressure determines the impulse 
imparted to the object. 

To give some examples, it is estimated that 500 psi is required 

to blow out a steel column of ordinary construction, but irreparable 

damage may be produced by as low as 16 psi for a relatively weak coin« 
hit facing to the web up to 150 psi for a strong column hit in line 

with the web. For comparable destruction concrete columns require 

pressures about three times higher than steel columns. Furthermore, 

they do not present any comparatively sensitive face such as a steel 
column offers facing to the web. 

Human b'^gs have about a 50:50 chance of surviving 500 psi, but 

will probably be severely injured at 70-100 psi. Exposed eardrums 

will be ruptured 50¾ of the time at 15 psi. However, a standing man 

will be blown away at about 10 f/s velocity by a shock of 25 psi 
peak pressure. 

Obstacles fairly large in size, such as walls ten feet high with 

no opening or with only small openings, offer considerable protection 

from blast. However, a small cavity such as a foxhole offers practi¬ 

cally no protection. The intensity of a blast propagating along a 

straight tunnel, a corridor, a trench, or even a street, decreases 

with distance much more slowly than in the open. However, a simple 

right-angle bend in a tunnel reduces the pressure about 50¾. A 
system of four such bends reduces it to about 15¾. 

Since buildings with load-bearing brick walls constitute most 

of the housing districts of England and continental Europe, the 

■impulse criterion" has had wide application. The "vulnerable radius 

of demolition" for bombs detonating on the ground or on a roof with¬ 

in a district of houses having 15 inch load-bearing brick walls 

(current German construction) is taken to be that distance at which 

the blast impulse has dropped to 110 lb millisec per sq in. The 

radius, so defined, is the radius of a circle of the same area as 

the average area around the bomb within which complete demolition 

will occur. The analogous »vulnerable radius of visible damage" 

(as detected by aerial observation) corresponds to 50 lb millisec 
per pq in. 

The blast impulse is also the appropriate criterion for 

determining the effect on light but relatively poorly supported 

panels and partitions. A wood panel 1 inch thick, facing a blast 
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of impulse 10 lb millisec per sq in., will be blown away with an 

initial velocity of 30 f/s unless the attachment to the walls, floor 
and ceiling is secure. 

Effects of Confinement. The presence of obstacles that prevent 
the propagation of blast in some directions may increase the effect of 

blast in other directions. Little quantitative information is now 

available on such effects cf confinement of the detonation, so that 
publication of data is not feasible. 

In general, however, one may consider two types of effects of 
confinement: 

1. As mentioned above, a blast propagating along a tunnel, a 

corridor, a trench, and, in the case of a large bomb, even along a 

street, is effectively confined, so that its intensity decreases much 
more slowly than in the open. The reflection by the side walls forms 

a single unit with the blast propagating away directly from the point 

of detonation. The rate of decrease of the blast intensity depends 

on the nature of the side walls and cannot be easily estimated. 

2. When a small bomb detonates inside a room, demolition of 
the walls will probably occur even if the distance to the nearest 

wall exceeds considerably the »vulnerable radius of demolition" as 

defined above. This is due to a variety of effects, among which is 

the "multiple punch" effect created by the blasts hitting on a wall 

in quick succession after having been reflected by other walls. It 

is estimated that the "vulnerable radius of demolition" is increased 

for bombs bursting inside brick houses of German construction, so 

that it corresponds to an impulse of about 65 instead of 110 lb 

millisec per sq in. It should be noted that even an object readily 
demolished by the blast, light roof for instance, produces con¬ 
siderable reflection. 

Comparative Effects of Various High Explosives. The relative 

efficiencies of various explosives are presented in Table I (at 

the back of this report) for several miscellaneous compositions, 

and in Table II for the blast charges of the most extensive usage. 

It is apparent from perusal of these tables that the explosives of 

practical interest may be arranged in the following order of de¬ 
creasing blast power: 

Torpex 

Minol 

Tritonal 
Comp B 

TNT 
Amatol 

Vulnerable Areas and Radii. Aerial reconnaissance of the 

damage done by large bombs in typical German residential districts 

has determined the average area of demolition wrought by various 
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types of bomb. The largest bombs are normally used with instantaneous 

fuzing, so as to burst on the ground surface or on roof tops. The 

intent is to demolish houses "from the outside" and to produce a wide 

area of damage by taking advantage of the long range effects of un¬ 

confined blast. Under these conditions it appears that the radius of 

a circle of area equal to the average demolition area is the distance 

from the bomb at which the blast impulse measures about 110 lb millisec 

per sq in. Because of this, one may define arbitrarily as "vulnerable 

area of demolition" for each bomb the area of a circle having for radius 

("vulnerable radius of demolition") the distance from the bomb at which 

the impulse measures 110 lb millisec per sq in. This vulnerable area 

can then be taken as an index of the blasting efficiency of the 

particular bomb with reference to detonation on impact in German 

residential districts. This same area may finally be used to compare 

the blasting efficiency of all HE bombs, even though most types of 

HE bombs are not actually used or designed for the attack of German 

residential districts by unconfined blast. 

The "vulnerable area of visible damage" and the corresponding 

"vulnerable radius of visible damage", taken as the distance at which 

the impulse measures 50 lb millisec per sq in., have the same base, 

significance and use as the vulnerable area and radius of demolition. 

Medium size and small HE bombs are used to advantage with delay 

fuzing with the intent of demolishing houses "from within", thus 

relying on the short range enhanced effect of confined blast. Con¬ 

siderations analogous to those presented for the largest bombs lead 

to the definition of a "vulnerable area of demolition" and of a 

"vulnerable radius of demolition" with reference to bombs detonating 

within houses of typical German residential districts. This radius 

may be taken as the distance at which the impulse measures about 

65 lb millisec per sq in. However, the demolition effect of a bomb 

detonating inside a house generally does not extend beyond the limits 

of the house itself. Hence the theoretically defined "vulnerable 

area of demolition" serves as an estimate of the area that can be 

demolished only when the corresponding radius is much smaller than 

the dimensions of a house. This consideration sets an upper limit 

to the size of combs that are effectively employed to demolish a 
given type of building "from within". 

The foregoing description indicates, to a limited extend, the 

complexity of the blast process, which, at best, is just that - 

quite complex. As mentioned previously, blast is propagated through 

air, or other media, in the form of a pressure wave which may be 

considered qualitatively as a glorified sound wave; i.e., while a 

sound wave is a wave of infinitesimal amplitude (pressure differential) 

a blast, or shock, wave is one of finite and quite considerable 

amplitude. As in the case of other waves, tho;>e of shock are subject 

to certain laws, but due to their finite amplitudes, differences 

from the behavior of normal waves may be expected. At small angles 

of incidence (i.e., the angle between the surface and wave front) 
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shock waves are reflected normally, but not with equal angles of 
incidence and reflection as in the case of sound or light waves* The 
incident shock wave makes a larger angle with the reflecting surface 
than the reflected wave and the pressure behind the reflected shock 
front rises to over twice that behind the incident front at small 
angles of incidence and close to a critical angle to over three times 
the latter* Such reflection gives rise to an enhanced pressure wave 
at ground level and to a double pressure peak above the ground* The 
two cases free air (above) and above ground burst (below) are illustrated 

in Fig. 11. 

ABMNCC Of AMUNO KfLCCTION PUM NtfC-M MPUWON 

«ourar or koulan 

MFUCTtON 

Fig. 11 

along with the type pressure time-curve concerned. When the angle of 
incidence exceeds the critical value, dependent on the strength of 
the shock and decreasing with it (9Cr for very weak, 40° for very 
strong shocks), the reflected wave is no longer normal, but consists 
of two parts, one reflected at an angle smaller than that of incidence 
and the other propogated along the surface. This system of three 
shocks also involves a density discontinuity, or slip stream, all of 
which are centered about one point called the triple point. In such 
a case, termed Mach reflection, the reflected shock is not formed 
at the reflecting surface, but at the tip of a high pressure region 
called the Mach region, the front of which is called the «stem". 
The stem is, of course, the third shock and the pressure behind it 
is approximately twice that of the incident shock. The triple 
point, or top of the high pressure stem, travels away from the sur¬ 
face along a path that is straight for plane incident shocks, but, 
as shown in the slide, is curved for spherical shocks. This type 
of reflection accounts for the focusing action of the shaped charge 
which greatly increases the pressures exerted facing the cavity. 
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It also complicates the air blast picture by producing, due to re¬ 
flection of shock waves from the ground, a region of higher than 
normal blast pressure when a bomb is detonated above the ground* This 
is accomplished as indicated in the slide 

Confidential 
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Fig. 14 

and results 
to somewhat 
the slide, 
given point 
the ground. 

in the high pressure region extending from the ground 
above the triple point whose path is also indicated in 
Thus it is possible to maximize the blast exerted at a 
by causing the bomb to explode a certain distance above 
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ZmfctfTED POSITIVE IMPULSE AS A FUNCTION 

OF HEIGHT OF BUMT OF A 4000-tJ. LC SOM 

Fig. 15 

To best accomplish demolition of a structure, it appears desirable to 
have the bomb explode at such a height that the triple point will pass 
through the structure at about its center of gravity. Pressure and 
impulse appear to be maximized just atxwe and below the triple pqint 
respectively, so that this point is the approximate location of maxi¬ 
mum blast. 

The interaction between a bomb and its surroundings may seem 
quite complicated, but in spite of this, it is necessary to construct 
a reasonable and workable theory as to the causes of some of the 
effects noted in order to permit efficient work on the development 
of improved bomb explosives. A good starting point for such an 
air-blast theory is found ir the answer to the question "From whence 
comes the energy required to cause the observed demolition effects?" 
Certainly, it is obvious, the explosive itself must supply the 
energy through chemical reaction, but the explosive itself repre¬ 
sents in almost all cases, only a part of the total of reactants. 
It has been shown that the oxygen of the atmosphere takes part in 
the blast reaction to a significant extent; the only exception to 
this being in the case where the explosive contains within itself 
sufficient oxygen for complete combustion, which is not the case 
for any standard bomb filler. N.G., however, is completely oxygen 
balanced, / 3«5Í, and when detonated in nitrogen, oxygen, or air 
has the same blast effects. Tetryl and TNT, on the other hand, 
show decreases in efficiency when the surrounding atmosphere is 
changed from oxygen to air to nitrogen. It has also been shown 
that the amount of oxygen effectively utilized in this way, i.e,, 
in afterburning, is never as much as the amount required for com¬ 
plete combustion. 
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Thus the material reacting to produce energy which can be utilized 
in the blast process is the explosive plus an indeterm: 'ate amount of 
oxygen from the air, A second pertinent question would be "When and where 
is the energy produced?" First, part of it can be and is produced 
during the detonation proper and within approximately the volume 
originally occupied by the charge. In addition, however, after the 
detonation proper has occurred, and during the expansion stage, additional 
energy can be produced over a volume considerably larger than the 
original one. This additional energy Is, of course, produced by chemical 
reaction and can be derived from the following sources; 

a. Further reaction of any incompletely reacted portions of the 
explosive charge, 

b. Any change, by reaction, of the composition of the explosion 
products, due to changes in temperature and pressure conditions, or 
to differences in the rates at which certain components interact with 
others, and 

c. Further oxidation of the explosion products by atmospheric 
oxygen. 

The amounts of energy released in any of these processes are governed 
by the chemical equation involved, and the pressure, temperature and 
concentration conditions at the time and point in question. 

It is common knowledge that, in general, the brisance or 
shattering ability of a charge is proportional to its rate of deto¬ 
nation, This is so because shattering ability at the charge surface, 
i»e*, fragmentation, is the military definition of brisance and only 
energy evolved during detonation (within the original charge volume) 
is effective in this case. Certainly, energy produced by reaction 
after the case has fragmented cannot be effective. The detonation 
energy is proportional to the rate, and this establishes the pro- 
portionallity between brisance and rate. There is a rather widely 
held popular belief that blast is also roughly proportional to rate 
or brisance, and while this is true where only detonation energy 
is involved, the relation breaks down badly in cases where the after- 
detonation-reactions assume importance* Comparison of the air-blast 
efficiencies and rates tabulated in Table II (at the rear) shows 
the lack of correlation. 

Consider, for example, a case where, from all reactions in¬ 
volved, a certain quantity of energy can be effectively derived 
for blast purposes. What is the optimum arrangment for its 
generation? The degree of damage at a given point in space in¬ 
creases with the energy density at that point and likewise the 
amount of it used up will similarly increase, and, thus, the amount 
left to cause demolition at points further from the bomb will diminish* 
In view of this, the optimum arrangement would be to have the energy 
liberated at just the rate required to cause the demolition desired, 
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and no faster. This would increase the damage radius of the charge, 
as excessive energy would not be wasted in undue powdering or fracturing 
of demolished structures and would be available for demolition further 
from the charge, Altho, for reasons of a physico-chemical nature, this 
ideal situation probably could not be realized and a compromise towards 
initially higher generation rates would be necessary, the qualitative 
reasoning definitely shows it is unwise to have substantially all the 
energy liberated during detonation. 

Considering the above qualitative arguments, and the fact that 

if oxygen deficient material in the explosive can be made to oxidize 

(during the explosion by utilizing atmospheric oxygen) it thereby 

effectively increases the bomb charge weight, a probable method of im¬ 

proving bomb blast is made apparent. Trial of aluminized explosives 
confirmed the above idea, and, for instance, it was found that a 75/25- 
TNT/aluminum mixture produced blast pressures and impulses 11 and l6í 

greater respectively than the same volume of UJT alone. Addition of 

28¾ aluminum to amatol improved its impulse by about 14Í, while a 

2l/79-tetryl/aluminum mixture had an impulse 25Í above straight tetryl, 

(See Table III at rear). It might be added that the weight of oxygen 

utilized in the afterburning of such explosives is the effective 

increase in the bomb filler weight mentioned above, and represents 

weight not requiring transport since it is supplied at the point of 

air-blast demolition. 

The success attained, by the use of oxygen deficient materials 
such as aluminum, in enhancing blast effect lead naturally to the 
consideration, based on heats of combustion, of several other materials. 
For instance, a comparison of the heats shown below indicates that 
many other materials are worth considering. 

Fig. 16 

Material 

Magnesium (d= 1,74) 

Aluminum (d= 2.7) 

Carbon (d*/2) 

Asphalt 
Paraffin 

Crude Oil 

Gasoline 

Ht. of Combustion - Kcal/gn 

5.99 

7.49 

7.86 
9.53 

10.34 

10.5 

11.5 

Since the last four materials have a density near 1 aluminum has the 

highest combustion heat per unit volume, but it was assumed possible 

that the others might be more efficient if more easily dispersed or 

volatilized or might be more reactive. Replacement of 40¾ of a 

blasting gelatin charge by aluminum produced a 25¾ blast improvement, 

while use of a 30¾ replacement of mixed aluminum and gasoline had a 

similar effect. Coal dust as a replacement had a lesser effect, and 

a mixture of coal dust and gasoline produced a diminution in the blast 

effect. Studies involving exploding charges in gas bags filled with 

air plus a vapor indicated a marked improvement when unsaturated, 
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easily oxidized compounds such as benzene and acetylene were used; but 
little or no effect using materials such as propane, acetone or carbon 
disulphide• In general, results from different sources appear con¬ 
flicting, and probably are dependent to a large extent on experimentad 
conditions. For this reason, even the aluminum looks like the optimum 
adden' further study of other materials appears desirable* 

The foregoing studies lead further to trials of bombs made of 
aluminum or plastic, or containing explosive with combustible surrounds. 
This work was done in an effort to improve blast by slowing down the 
after oxidation reaction in the hope that it would take place over a 
greater volume and thus increase blast. The latter two types yielded 
disappointing results, but an aluminum bomb case improved blast. 
Using Minol and Comp B, in 4000-lb bombs, the following improvements 
were noted: 

Fig. 17 

Charge/wt 
Explosive Case Ratio 

Comp B 1/8» steel 90 
Comp B 5/l6n Aluminum 93 
Comp B 5/16" steel 83 
Minol j/l6" Aluminum 93 
Minol 5/16” steel 83 

(a) Corrected for change in charge weight ratio. 

Thus, the improvement was 18¾ in impulse of which 14¾ was attributable 
to the increase in charge - weight ratio and 4¾ to afterburning of the 
aluminum in air. This small increase due to afterburning indicates 
such a method of utilizing the combustible to be inefficient from 
this standpoint, although the overall improvement represents a worth- 
tfiile gain. 

Certain miscellaneous information on air-blast might be appropri¬ 
ately mentioned at this point. APG has shown that two end initiation 
increases radial blast by about 20%, this being due, of course, to 
the Mach reflection, radially, of the blast waves travelling in 
opposing directions frcm each end of the bomb. The 100-lb M30 Bomb 
(TNT loaded) was found to produce a slightly greater blast effect 
when the charge was initiated by the standard tail booster than when 
an aerial booster running along almost the entire length of the 
bomb axis was used. This is interpreted to confirm the foregoing 
speculation on rate of energy liberation. Some work has been done 
in an attempt to locate the size aluminum powder that would produce 
optimum blast using Torpex. Powdered aluminum all on 40 mesh was 
found to give only 82¾ of the pressure and 85¾ of the impulse afforded 
by finer grades ranging in size from about 150 mesh to 95¾ thru 200 
mesh*. Torpex made from I50 mesh aluminum was of interest as it had 
particularly low rifle bullet impact sensitivity. Minol 2, an ex¬ 
plosive rather insensitive to initiation, gave pressures 0 to 10¾ 
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greater when shot capped with Coop B and impulses 5 to 16| greater. 
The low values were obtained using 13 lb charges and the high values 
with 46 lb charges, which is indicative of Minol's relatively poor 
capability to propagate. e "" " 

A fairly extensive study was also made of the effects of ex- 
plosions in spaces with only small venting,-i.e., confined air blast. 
The findings showed that here also, afterburning contributed quite 
significantly to the blast, as in the case of unconfined air explosions, 
but that the proportion of energy so generated was even greater. Thus, 
while Minol and Comp B are definitely superior to TNT in open air ex¬ 
plosions, under confinement TNT offers a more sustained blast than 
either. Fig. 18 

Fig. 18 

shows the relative impulses afforded, in a space with small vent, 
by four explosives, at various times after explosion. All values 
given are relative to TNT. The British have studied to some ex¬ 
tent a charge they term SBX (slow burning explosive), and have 
applied it to use under conditions of confinement and as a flash- 
lite charge. ¿BX consists of a small charge of black powder or 
explosive, as a core, surrounded by various types of conbustible 
material such as coal dust, aluminum, gasoline, etc. British 
sources state that aluminum surround charges produce blasts equal 
to, or, above, that afforded by plain HE charges, but which are 
more sustained, especially in closed spaces. The curves(d)(SBX) 
and (b) (Tritonal) in Fig. 19 show this to be the case. 
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Fig. 21 shows the effect of venting on the pressure time curve, 
which in the case of large venting illustrates the periodicity of the 
blast which would also become evident in the case of the other two 
curves were they extended. This periodicity give! rise to the multiple 
punch effect mentioned earlier. Evidently, SBX charges would provide 
excellent means for demolition from within. The above data, it is 
believed, also support the previous belief that more blast work with 
combustibles other than aluminum is warranted. They also indicate 
that in all air blast work more study should be expended to determine 
an optimum ratio of energy released during and after detonation. Work 
on this subject is at present under way at the Arsenal. 

-I MM VfNTM '/* 

POWTS RCPRESENT AVENASE PRESSURE M EACH INTERVAL, 
AS RECORDED ON THE ‘SPACE ‘ SAUM. 

ALL CURVES ARC POR TNT 
(shot nos. ra, it, as scvectivclv.) 

THE EFFECT OF YSRVNG VE NT HG AREA UPON THE SMOOTHED PRESSURE- 

TM- CURVE (NORWOOD). 

Fig. 21 

It is apparent from the blast values presented in the fore¬ 
going that a series of explosives will not necessarily be ordered 
similarly for free air blast and for confined air blast. There 
are two other conditions of importance under which explosions may 
occur, underwater and underground, and again performance under 
these conditions need not correlate with that in air. However, 
the similarity between free air blast and that under water and 
underground is closer than between the latter two and confined 
air blast as shown in Fig, 22. 
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Fig. 22 

Explosive 

Torpex 
HBX 
Minol 
Tritonal 
Comp B 
TNT 
Amatol 

No 1 = best; 

Free Air 

1 
2 
3 
4 
5 
6 
7 

Confined 
Air 

2 
4 
1 
5 
3 

Under Water 

1 
2 
3 
5 
4 
6 

Under Ground 

1 
2 
3 
4 
6 
5 

higher numbers represent poorer performances. 

topsides C°í:relation3 referred 

irioT^T ‘ÄuU 
th, heat of c^Sti„1“(^rf5rC9 13 ^33^ TOtioad to 
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UNDERWATER SHOCK WAVE 

(TUT • i.oo » 
RELATIVE HEAT Of DETONATION 

(TNT-1.00) 

Fig, 24 

but cannot always be proportional to it as Tritonal (not shown in 
the figure) out performs TNT. This would not be the^case if detona* 
heat were the sole criterion as the detonation teat oî^T is Se 

St r;h-ThUS’ Senerated aft8r ^tonation al2o pïays sSe 
interanthlS ¡¡‘n?r8J, s-acs aJ-r 15 not present, must be derived from 
interaction between the products and aluminum resulting in the oxidation 
of aluminum with resultant liberation of energy. The quSitv of 
performed ,p^oduced musJ;,be limited, however, as Tritonal is out¬ 
performed by Comp B, which is not the case in underground exnlosinn«. 

£voîÂ“ir i - 
e l“1: h explosfns* This is indicated both by the 
of iS which f 'ar ergr0Und ainato1 explosions as compared to those 
of î!!1 I f Superior in free air; and also by a consideration Of the physical conditions involved. nsiaeraiaon 

In work currently underway at this Arsenal, the prime interest 

sensitiiíftfTT6”1 °f fiUer °f ^0760 blast Zd decreased 
f !, SVÍty-t0 sb°ck* as a yard stick by which to gage progress 
in such an investigation, there is need of a rapid simple Set 
by which to evaluate blast. Of course, the proS o? tte pL i 
in the eating, and likewise actual blast determinations represent 
the best criterion short of field trials, and they wiïl afïte 
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appropriate time be resorted to. Blast measurements are, however, 
relatively expensive and time consuming. For preliminary évaluaiional 
purposes, a rapid, simple inexpensive test, the Sand Test, is available. 
It involves exploding a small charge of explosive (0,4 gm) within a 
volume of sand, and determining the weight of sand crushed. At first 
glance the results might not be expected to correlate well with air 
blast, but when it is remembered that the sand volume comprises sand 
grains and air voids in about a 1:1 ratio, with a free air space a 
snort distance above the charge (i.e., above the sand's upper level) 
the comparison appears more reasonable. Fig. 25 / 

AIR BUST 

Fig. 25 

indicates the correlation between the results of the Sand Test 
(on a volume basis) and blast pressure, impulse and energy. Aa 
might be expected, the Sand Test is a better indication of peak 
pressure than impulse, or energy which is roughly proportional 
to peak pressure times impulse. 

In closing, it might be emphasized that, although the lecture 
was organized with a view to presenting a qualitative description 
of blast effects, it has been directed towards disclosure of the 
most fruitful field of study for future blast work. This involves 
investigation of the importance of the amount of energy generated 
during and after detonation. Since heat of detonation bears a 
rough direct relation to rate of detonation, it is believed that 
the contemplated study can be effected through work with the 
appropriate type compositions having various rates of detonation. 
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TABLE I 

BLAST CHARACTERISTICS OF ViRTOil.S EXPLOSIVES 

Explosive 

60/40 Amatol 
5O/5O Amatol 
Amatex 
Baronal 

5/95 Cyclotcl 
60/40 Cyclotol 
7O/30 Cyclotol 
DBX 
Dent ex 
Ednatol 

EL389A 
EL389B 
HBX 
Methylite 20 
Methylite 25 
Minol 2 

25/75 Pentolite 
50/50 Pentolite 
Pentolite D-l 
PTI-1 
PTX-2 
RDI Comp B 

RDI Comp C-3 

RDl/Paraffin Wax/Al-72/13/15 
TNT 
Torpex 2 

Trialen 
Trialen D-l 
Tritonal 

TNT = 100, for reference 
Peak Pressure Impulse 

95 85 
97 8? 

111 113 
110 112 

100 
no 
109 

118 127 

126 129 
108 110 
107 101 
101 101 

115 118 
96 99 
98 99 

n5 n6 
103 

105 107 
103 

111 109 
113 n3 
no no 
105 109 

113 
100 100 
122 125 
117 120 
113 119 
no 115 

84 

138 

108 

133 

116 

100 
146 

119 
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Explosive 

Composition - %• 

TNT 
RDI 
AN 
A1 d 
F/ax D - 2U 

Cast Density - g/cc 

Air Blast; 
Peak Pressure 
Impulse 
Energy 

Air Blast Confined: 
Impulse 

Under Water Explosion: 
Peak Pressure 
Impulse 
Energy 

Underground Explosion: 

Peak Pressure 
Impulse 
Crater-radius cubed 

Fragment Velocity 

Plate Dent Test 

Ballistic Mortar Test 

Rate of Detonation 

TABLE II 

QQMPABISQN OR BQim EXPLOSIVES 

Torpex Minol 
2 HBX 2 

Tri- RDI 60/40 
tonal Comp B TOT 

40 40 40 80 
42 38 - 

40 
18 17 20 20 

5 - 

40 100 40 
60 -.- 

--60 

1.Î1 1.65 1.64 1.70 1.60 1.55 1.56 

122 115 115 
125 118 116 
146 - 133 

110 110 100 95 
115 110 100 85 
119 116 100 84 

114 90 130 75 100 

116 113 

127 125 
153 145 

108 105 
126 ns 
140 119 

no loo 
108 100 
121 100 

139 134 
150 139 

151 147 

118 109 107 

119 106 66 

138 126 141 

7500 740 0 5800 

(50/50) 
11? 104 100 104 
127 97 100 104 
136 107 100 104 

102 n4 100 103 

93 131 100 

117 134 100 

6700 7800 6800 6040 
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TABLE II (contd) 

Explosive 
Torpex 

2 HEX 
liinol Tri- RDI èO/4ü 

2 tonal Comp B TNT Amatol 

Heats of - Kcal/cc 
Explosion 
Combustion 

3.08 
6.40 6.70 

2.66 3.05 
5.19 7.63 

(50/50) 
1.98 1.64 1.50 
4.49 5.62 3.09 

Impact Sensitivity 
Drop Test 
Dent Test 

42 75 47 88 46 100 
85 100 -- . gç 

Rifle Bullet Impact Test 
% - Unaffected 

Cal. 30 - 2» X 3" long 0 (b) 
bombs 

Large Scale £ 3 
Bomb Drop Test - 4 

72 (b) 
100 (a) 0 (b) 60 (b) 95 100 

1-2 3 3~ 1 
2 4 2 

a. 12-325 U A1 

b. noo M Al 

c. 1 = least sensitive 

d. 84/2/14 - wax/lecithin/NC of 11.8-12.3$ N, l/2 sec 
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TABLE III (contd) 

II. Lead Flock Tost; 

a. IgT 

0 . 
10 
18 ' 
20 
30 

b. Ammonium Nitrate 

lil 
0 
3 
7 

16 
21 
25 
30 
W 

c. raw 

Ui 

o 
15 
32 
41 

Expansion - ce 
100 
116 
123 
123 
98 

SxBansion - cc Bate 
100 100 

102 124 
112 147 
180 148 
196 158 
209 
202 138 
177 

Expansion - cc 

100 
130 
135 
102 

III. Calorimetric 

&. TNT 

Q = Ht of expl 7 = Gaa 7ol 

0 
5 

10 
15 
20 
25 
30 

100 
120 
125 
160 
178 
195 
210 

100 
80 
80 
67 
57 
47 
40 
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