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Quantitative determination of the consequences of a pressure vessel
failure should form part of the hazard assessment prior to conducting
pressure testing.

A method has been developed for the determination of possible
fragment and supersonic shock generation during pressure vessel
failure and the protection needed to contain them.
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INTRODUCTION

All items and equipment which operate at pressures above ambient need to be tested before
use, to check that they function correctly, but more importantly, to check that, as far as
this is possible, they are safe to use. Pressure testing can be divided into two types, those
which are carried out at or below the design working pressure and those which are carried
out at a substantially higher pressure. The former are generally concerned, in some way,
with demonstrating that the equipment functions correctly. The latter are very much more
concerned with seeking out serious flaws in the design or manufacture of the equipment.

The hazard posed by a pressure test is a combination of the energy stored in the
pressurised fluid in the equipment and the degree of ignorance about the suitability of the
equipment to contain pressure. This leads us to suggest that no pressure test should be
conducted without first performing a hazard assessment. In the case of small items which
pose little hazard, this might be conducted very quickly and could indicate that very little
protection is needed during the test. For others, very much more serious work may be
required and it could point to the need for large fixed test facilities.

The object of this paper is provide information relevant to the performance of the
hazard assessment and to indicate the measures which can be taken to reduce a hazardous
operation to a low risk one. Issues which will be considered include the determination of
the energy stored in a pressurised system, how that energy will be released in a failure and
how it can be contained. We limit consideration to metallic pressure equipment, althoufh
such equipment may contain windows and sight glasses provided that this non—metallic
part does not represent a major part of the equipment.

TAZARD ASSESSMENT

We divide pressure tests into the following types, in order of decreasing hazard:

* Research proof test: one carried out on a new design of vessel, or where metallurgical
data such as creep rates and fatigue life are to be determined, or where autofrettage is
carried out on a thick—wall vessel to increase its working pressure or to enhance its
resistance to fatigue. .

e Proof test: one carried out when a vessel is built to an established design and applied
when the vessel is first fabricated or significantly modified or repaired.
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s Leak test or function tesi: one carried out to test the correct functioning of the
equipment after it has first undergone a proof test.

The two main hazards during pressure testing are the formation of missiles and the

eneration of a shock wave (a pressure wave which moves at supersonic speeds) following
ailure of some part of the system. The failure can be of the item being tested, clamping
equipment holding it in place or the source of pressurising fluid. Experimental evidence,
Esparza and Baker (1), indicates that shock waves are not formed when the pressurising
medium is a compressed liquid, the disturbance created is only a sound wave — a loud bang
— which does very little damage although the use of ear defenders may be indicated. On the
other hand, shock waves are t%xe norm when pressurising with 4 gas or a saturated volatile
liquid. In contrast, missiles can be generated whatever tlsjc pressurising medium.

The hazard assessment must determine all possible missiles and their speeds and the
magnitude of any shock for the test in question. In the case of a research proof test, this
will include every conceivable missile; all modes of failure must be considered possible. In
the case of an ordinary proof test of a production item, the quality control measures
exercised during its production may enable one to consider some failure modes as of
negligible probability. This will almost certainly be the case when doing a function test.

STORED ENERGY

The damage caused by a pressure vessel failure is largely determined by the amount of
energy stored at the time of failure. In the absence of chemical reactions, the main source
of energy is the fluid expansion energy, Ez. We estimate this energy release by assuming
that the expansion process is thermodynamically reversible and sufficiently rapid for there
to be negligible heat transfer to the surroundings. The process is, therefore, isentropic and:

By, = —AU (1)

Figures 1 to 4 show E for nitrogen and various liquids for a range of pressures up to
10 kbar when expansion is to atmospheric pressure.

FRAGMENTATION

The size and initial speed of fragments formed by a pressure vessel when it fails depend on
the mode of failure. We can classify the relevant modes of failure as:

o complete fragmentation due to brittle fracture, usually into a large number of fragments;
» complete destruction of the vessel in a ductile manner, usnally into a small number of
rather large fragments: a typical example would be a large welded vessel where failure
begins in a longitudinal seam, extends from end to end of the vessel and then runs around
the circumferential seams joining the cylinder to the domed end—caps;

e loss of a major section of the vessel in a ductile manner: a typical example would be
failure of the circumferential weld between the cylinder and one end cap;

e loss of a closure, such as a manhole in a large welded vessel or an end closure in a vessel
where the closure gives essentially full-bore access to the vessel;

e loss of a plug or other small closure, which gives only limited access Lo the vessel.

In the last three cases, failure leads to the production of two fragments, one small
and one large. If the large fragment is sufficiently massive or is adequately anchored, it
may not move at all, so that only one genuine fragment is produced. On the other hand, an
inadequately anchored larger fragment may have the characteristics of a rocket.

The most common pressurising fluids are water, hydraulic oil and a gas such as air
or nitrogen. Figures 1 to 4 show that very much more energy is contained in a vessel
pressurised with gas than one pressurised with liquid. Other things being equal, this means
that fragment velocities will be largest when a gas is used as pressurising medium.
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Total failure due to brittle fracture

Although pressure vessels should never be made of a brittle material, mistakes can
be made, whether during stock control or fabrication. It could also be that a vessel
intended for high temperature use is made from a material with poor low temperature
properties and is tested on a cold day with the temperature below the brittle—ductile
transition temperature. Low vessel-wall temperatures may also be generated during
depressurisation of a vessel filled with gas or a volatile liquid. In a research proof test,
brittle failure should be assumed to be the norm, whatever the material.

The failure of a pressurised vessel in a brittle manner is very similar to that of a
shell full of explosive when it is detonated. One source of information on fragment size and
speed is therefore the results of military tests on armaments. Based on the, admittedly
limited, information available, Moore (2) and Baum (3), we conclude that about 40% of the
stored energy goes into the kinetic energy of the fragments and 60% goes into the shock
wave or blast associated with gas—filled vessel failure.

Experimental evidence, Baum (3) and Christopherson (4), points to all fragments
having the same initial speed when a brittle vessel of uniform wall thickness breaks up into
a large number of fragments. Thus the fragment speed is obtained from:

Ey, = %mlﬂ (2)

where F denotes the total kinetic energy (40% of the stored energy), m the mass of the
vessel and V the initial speed of each fragment.

The situation with regard to liquid—filled vessels is less satisfactory in that no
experimental information is available. Accordingly, the only conservative solution is to
assume that for the purposes of estimating fragment speeds, all available energy is
communicated to the fragments. Again, we assume that all fragments have the same speed.

The number and size of fragments produced during brittle failure is in general
unknown, apart from the general observation that the number of fragments produced is
usually large. We postulate, as a working procedure when assessing the requirements for
protection, that one assumes the largest fragment is 20% and the smallest. 1% of the shell.
In addition, there are the identifiable items which may be ejected intact: end caps, end
closures, manhole covers, nozzles and so on. Each of these items should be identified and
the mass, size and shape and speed of each determined.

Loss of a major section

The most likely major section to be lost in a ductile failure is a closure. This could
be a domed end in a welded vessel, a flanged closure or a screwed end plug or cap. The
assumed failure modes include failure of the circumferential weld between a domed end and
the eylindrical parl of the vessel, failure of the bolts holding a blind flange on to a nozzle,
failure of the nozzle to shell or nozele to flange weld, failure of the threads in the end plug
or cap.

In all cases, the expected scenario for a gas—filled vessel involves acceleration of the
closure in a two—stage process. In stage 1 gas escapes through the developing
circumferential gap between the closure and the vessel, with choking taking place on the
cylindrical front thus created. This stage persists until the fragment displacement reaches
D/4, where D is the diameter of the breach, at which point, the limiting flow area becomes
the circular hole in the vessel itsell and choking takes place on this plane. To a first
approximation, one can trcat the force on the fragment as constant during stage 1 and
equal to the initial pressure in the vessel acting over the area of the vessel opening
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(assuming that the volume of gas in the vessel is sufficiently large for this to be
reasonable). During the second stage, the situation is more complex since the jet leaving
the choked vessel opening will undergo expansion downstream and exert a varying force on
the fragment which will depend on the relative dimensions of the vessel opening and the
fragment as well as on the properties of the fluid.

Moore (2? proposed that the initial closure acceleration should be treated as being
maintained until the fragment is clear of the vessel by an amount equal to the diameter of
the hole left in the vessel, that is, the initial pressure within the vessel is maintained on the
underside of the closure fragment until this clearance is reached. The total distance over
which this force would operate would therefore be the diameter of the hole plus any
additional travel which the closure would have to make before a clear leakage gap was
formed (this latter would thus be very important for screwed plug closures but irrelevant
for domed ends on a welded vessel). Experiments, Baum (5), suggest that this is a
reasonable approximation, even if conservative in some cases.

In the case of a liquid—filled vessel, the fluid pressure within the vessel will decay
very much more rapidly than when it is gas—filled. Therefore, the assumption that the
acceleration of the closure remains constant until a gap equal to one diameter has opened
up may no longer be true. The assumption will be closest to being valid when the volume of
the vessel is very large compared with the volume swept out by the closure during its
escape. This suggests the following procedure to evaluate the speed of the closure:

e evaluate the speed assuming the material within the vessel is a gas;

e assume that the whole of the stored energy within the vessel (based on a liquid—filled
vessel) is converted into kinetic energy of the closure and hence determine a speed;

o take the actual speed as the smaller of the above two speeds.

Speed of a rocketing fragment

An analysis of the rocketing motion of a vessel which has lost its end can be undertaken by
assuming a two—stage process:

e in stage I, which incorporates the period when expansion waves move up and down the
vessel: assume that conditions in the vessel do not differ significantly from the initial
conditions; this stage lasts until the vessel has lifted by a height equal to a quarter of its
diameter: thereafter the area for efflux becomes constant at the cross—sectional area of the
vessel;

e in stage II, assume that there is reversible adiabatic (isentropic) decay of pressure of a
perfect gas inside the vessel; this stage lasts until the acceleration of the vessel reaches zero
and its velocity is a maximum.

If in addition it is assumed that gravitational effects are negligible and flow out of
the vessel is choked, it can be shown that the maximum velocity Vpax of the vessel is given

by:
—(7+1)/27}

Vs = [a0-02]" + 2[:4]

| (xRS
Here: a = Poj{ gz(m/sg)i
p =5

(r+1)/27-1)
] 0
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po is the initial pressure in the vessel (Pa);

Pa is the ambient pressure (Pa);

Ty is the initial temperature (K);

L is the inside length of the vessel (m);

Dis the inside diameter of the vessel (m);

m is the mass of the vessel (kg);

Cy is the discharge coefficient (—): a value of unity is suggested;
7 is the specific heat ratio of the gas (—);

M is the molar mass of the gas Ekg/kmole :

R is the universal gas constant (8.3143 K/mole-K).

Loss of a plug or small closure

The situation is similar to that for loss of a major section except that the volume of
the vessel is so large that there is negligible loss of pressure until the plug is well removed
from the vessel. The force on the plug is therefore maintained at a higher level for a rather
ionier period of time. Experiments conducted into this situation, Baum (6), are consistent
with the assumption that the full system pressure remains acting on the plug until the
clearance between the tail end of the plug and the breach in the vessel reaches twice the
diameter of the plug. In the absence of any information to the contrary, we propose usin
this same procedure for liquid filled vessels as well but with the proviso that the tot
kinetic energy of the missile should not exceed the stored energy of the fluid in the vessel.

PROTECTION AGAINST FRAGMENT PERFORATION

Most work on missile perforation of targets is of ordnance origin, although in recent years,
the importance of 'industrial missiles' and the damage which they can cause to plant has
been recognised and some research has been directed to this, mostly by the nuclear
industry. This distinction is important since fragments (missiles) produced by failure of
pressurised equipment tend to have speeds which rarely exceed 500 m/s, whereas ordnance
missiles tend to have speeds in excess of 500 més. The mechanism of penetration and
perforation at lower speeds (a few hundreds of m/s) is not the same as at nearer 1000 m/s,
thus making the extrapolation of ordnance results to lower speeds a somewhat uncertain
operation.

Protection provided by steel

A number of empirical correlations can be found on the penetration and perforation
of steel by projectiles. Generally each covers a limited range of variables and use outside
the range of fitting is dangerous in the extreme. However, given sufficient of these
correlations, it is possible to develop an overall safety envelope around them. The actual
development of such an envelope is complicated by paucity of published experimental
resq}tsb la,nd the incomplete knowledge of the range of applicability of the correlations
available.

We considered correlations by Recht, by DeMarre and by the Ballistics Research
Laboratory (BRL) (gall quoted by Recht (7)), by the Stanford Research Institute and by
NDRC (both quoted by Tulacz (8)). A comparison of published experiments for industrial
type missiles with these correlations indicated that the DeMarre and SRI correlations were
unacceptable as they underpredicted perforation thicknesses in several cases, second best
were the Recht and NDRC correlations, but the BRL correlation always predicted the
largest perforation thickness over a very wide range of variables and was, in general, closest
to the experimental values where these were available. The BRL correlation in SI units is:

t = 4.9x10°7 (M V2)0'667 / d ' (4)
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where: ¢ is the thickness of the shield for perforation by 50% of missiles (m);
M is the mass of the missile (kg);
Vis the speed of the missile (m/s);
d is the diameter of the missile (m).

BRL suggest increasing this thickness by 25% in order to stop perforation by all
missiles, an adjustment which we believe should be made. Also, in order to avoid a rather
poor performance for thin shields we put a lower limit of 3 mm on all shield thicknesses.

Protection provided by reinforced concrete

In his review, Kennedy (9) demonstrates that although several correlations have
been put forward for the penetration and perforation of concrete, only one of them, the
NDRC correlation, fits all of the experimental data. The NDRC correlation is based on an
approximate theory of penetration, rather than being purely empirical; hence one can have
greater confidence in the extrapolation of its results. It is generally stated that the NDRC
correlation predicts wall thickness to within 20% for the range over which it has been
validated. Experimental evidence (4) points to the fact that penetration and perforation of
concrete is independent of the amount of reinforcing present, provided that there is
sufficient for the wall not to disintegrate totally.

To use the NDRC correlation, one must first caleulate the depth of penetration into
an infinitely thick slab of concrete from:

Glafg) = 2553109 K N M Vso] o (5)
whe.re: G(z/d) = (z/2d)? ?f G, HS1 (that ?S zfd < 4.0)
and: G(.z'/'d) = (z/d)—1 if G{:E/d) > 1 (that is z/d > 4.0)

with: K= 15000/ac°'5;
o, is the ultimate compressive strength of concrete (Pa);
N is the nose—shape parameter; a value of 1.0 is suggested;
M is the mass of the missile (kg);
Vis the speed of the missile (m/s);

d is the diameter of the missile (m);
z is the depth of penetration into an infinitely thick block of concrete (m).

The scabbing thickness s (m), the thickness which just resists scabbing and which is
therefore the required thickness for plain reinforced concrete, is calculated from:

s/d =791 (z/d) —5.06 (z/d)? for z/d < 0.65
5/d=2.12 + 1.36 (z/d) for z/d > 0.65
BLAST AND IMPULSE LOADING OF STRUCTURES

During failure of a gas—filled pressure vessel, as much as 60% of the stored energy is
converted into a blast (or shock) wave. However, the impact of a missile with a wall also
results in the transference of kinetic energy of missile to the wall in the form of an impulse
and this has a very similar effect to the impingement of a blast wave.

Our knowledge of the generation of blast waves by a failing pressure vessel and their

effect on structures is very limited. Most of the available information is for military
explosives, conventional and nuclear, and for chemical explosions such as gas explosions. In

442



ICHEME SYMPOSIUM SERIES NO. 141

order to provide a link to the stored energy in a pressure vessel, we use:
1 kg of TNT is equivalent to a stored energy of 4.5 MJ.

Although the blast characteristics of a TNT explosion and a pressure vessel failure
are quite different in free air, it is fortunate that due to the numerous reflections of the
shock on the walis, the differences are very much less marked when the explosions take
place in an enclosed structure such as a cubicle. This means that experiments conducted
with high explosives can be used to predict how a pressure vessel failure within a protective
cubicle will behave. An additional factor, when compared with an explosion in the open, is
the release of gas within the cubicle. If the vent area of the cubicle is sufficiently small, this
gas will build up an internal pressure, which decays relatively slowly.

Baker (10) has shown that this complex behaviour can be approximated by a simple
model. He assumed that the overall shock pressure on each wall of the cubicle could be
treated as a triangular pulse of duration typically 1 millisecond. Meanwhile, gas pressure
builds up, reaching a maximum in a time comparable with the shock pulse and is then
followed by an exponential decay to atmospheric pressure. Thus each wall of the enclosure
is subjected to two pulses, one which is intense but of short duration, and a longer—lived
gas load which has a very much lower peak pressure. To simplify the design calculations,
we require the structure to withstand each of these pulses separately rather than
cumulatively. Thus we seek an 'engineering' solution commensurate with our relatively
imprecise knowledge of the nature of a given pressure vessel failure.

Test 'cubicles' can range from a single cantilevered wall at one end of the scale to a
fully enclosed 4—wall plus roof cubicle at the other (all cubicles are assumed to have a
floor). In all cases except the fully enclosed cubicle, the 'missing' walls provide sufficient
venting to prevent any build up of gas following the explosion. Thus the slow release of gas
referred to in the previous paragraph only takes place when a fully enclosed cubicle witﬁ a
limited vent area is used. If the vent area is very small, this release can take several
seconds.

Internal shock loading of protective cubicles

Based on Ayvazyan et al (11) we have derived charts for the average shock loading
of the walls of a cubical chamber where the explosive source is placed at the centre of the
cube (or at the centre of the notional cube in the case of a single wall). Figure 5 gives the
average peak reflecied pressure and Figure 6 the average reflected impulse on each wall.
The letter codes refer to:

A a single vertical cantilever wall;

B either wall of a 2—wall cubicle or the side wall of a 3—wall cubicle or the roof of a
2—wall cubicle with roof;

C the back wall of a 3—wall cubicle or any wall of a 4—wall cubicle or either wall of
a 2—wall cubicle with roof or the side wall or roof of a 3—wall cubicle with roof;

D the back wall of a 3—wall cubicle with roof or any wall or roof of a 4—wall cubicle
with roof.

The scaled distance used in both figures is the ratio of the distance of the explosive
source from the wall (one half of the internal length of the cube in our case) to the cube
root of the energy relcased during the explosion. The same scaling, by the cube root of the
energy release, is also used for the impulse. Although the curves are strictly applicable only
to hjlgh explosives, we presume their validity for shocks produced by failing pressure
vessels.
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Gas impulse loading of protective cubicles

As indicated above, gas loading of a cubicle is only relevant when the cubicle totally
or almost totally encloses the explosive source. An open wall is sufficient to reduce gas
loading to essentially zero. However, walls of very light construction are often used to keep
out the elements on nominally open walls, usually termed 'blow—out panels'. Ayvazyan
(11) considers these blow—out panels to have negligible effect provided they will be
displaced by a pressure which does not exceed 1 kPa %0.01 bar).

The computation of the gas load on a cubicle wall involves the determination of the
initial peak gas pressure, at time zero, and its rate of decay. In the case of failure of a
gas—filled pressure vessel, the temperature of the gas released will be very much lower than
ambient. However, the gas released will mix with the ambient air in the cubicle and
interchange heat with the walls, so we propose, as a slightly conservative solution, to
assume that the gas released from the vessel instantaneously achieves ambient
temperature. The calculation of the gaseous over—pressure at time zero is then quite
straightforward.

The rate of decay of gas pressure depends on the vent area of the cubicle. If there is
no vent, this initial over—pressure must be assumed to persist indefinitely. If a vent is
present, an approximate equation describing the pressure—time history, (10), is:

Bl = Frexp(-2137) (6)
where:  p = p(1)/po;
7 = [(pok/p0) + 1J;
Pek is the peak gas pressure (barg);
Po is the ambient, pressure (bara);
P = e As tag | _ [ae As L ao].
YO 667| | 70-333 v ’
@ i8 the ratio of the vent area to the wall area;
Ag is the internal surface area (m?);
Vis the internal volume (m?);
ap is the speed of sound at ambient conditions (approx. 340 m/s)

The duration of the impulse due to the gas release is the time taken for the pressure
to fall from the initial absolute pressure of py (= ppx + po) to ambient pressure po and is
obtained from (6) as

tim = cln(m/po) (7)
and the impulse from

ig = pcll—exp(~tin/c)] — po lim (8)

where: ¢ = HR S
213 ae As
Missile impact loading

The impact of a missile with a wall imparts a transient impulse which the wall, and
most importantly, its anchorages, must withstand, otherwise the wall may become a
missile itself due to this cause alone. This impact is usually highly localised. It 1s this which
results in penetration or perforation, but the absorption of the energy/momentum of
impact is spread over a much wider area. In order to maintain a consistency of approach to
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the effect of transient loadiu% on protective walls, we will assume that this loading takes
place uniformly over the whole wall. On this assumption, the impulse experienced by the
wall is:

i = mylA (9)

where:  m = mass of missile (kg);
v = speed of missile (m/s);
A = area of the wall which is impacted by missile (m2).

The impulse duration may be estimated by assuming that the missile is brought to
rest, linearly with time, thus the duration of the impulse is:

i = 2zfv (10)
where: 2 = the depth of penetration of the missile into the wall.

The peak 'pressure' is then, assuming a triangular impulse:

o o= 2ii/t (11)

The expected depth of penetration of a missile, z, is not normally known, however, a
sufficiently accurate estimate can be made by treating it as equal to the thickness of target
required to resist perforation and this can be calculated by the methods described above.

Structural response to blast

The response of a structure to blast depends on the relationship of the duration of
the pulse to the period of vibration of the structure. At one limit, the impulse is over before
the structure has had time to move (impulsive loading), at the other, a long slow pulse will
cause considerable deflection before the pulse comes to an end (quasi—static loading). A
convenient way to represent loads which cause a given level of damage is as iso—damage
curves on a peak—pressure v. impulse diagram. A cubicle design procedure based on this
concept has been derived for stuctures to resist the effects of pressure vessel failures.

In order to make the procedure more tractable, we make a number of assumptions:
e the protective cubicle is cubic in shape but may have one or more sides missing,
e the item being tested is placed at the centre of the cubicle,

e the edges of the cube are sufficiently strong so that failure is of the walls of the cubicle
and not the edges.

When a flat plate, clamped or supported on all four edges, is subjected to an
increasing uniform load, elastic failure first takes place at the centre of the plate where the
stress is largest. The plate does not, however, totally fail at this stage, but it does start to
plastically deform and, as the load is increased further, the plastic region expands until it
reaches the edges and the whole plate is now completely plastic. Failure of the plate follows
shortly afterwards. This elastic—plastic behaviour greatly complicates the dynamic analysis
of the plate, so the engineering solution advocated by Baker (10, 11) is to ignore the plastic
behaviour of the plate and to treat it as elastic within the body of the plate and to use the
elastic failure criterion only when the plastic—elastic boundary reaches the edges of the
plate. The results of a dynamic analysis of a plate which behaves in this way is summarised
g] the pressure impulse diagram, Figure 7, which shows the iso—damage line. In this

iagram:
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X = length of each side of plate (m);

h = thickness of plate (m)

» = peak impulse pressure (Pa);

7 = impulse (Pa-s);

d = density of plate (kg/m3);

E = Young's Modulus of elasticity of plate (Pa);

gy = dynamic (or, conservatively, static) yield strength of plate (Pa);
[= a numerical factor which equals 0.48 for a square plate.

Validation

High (12) conducted a series of tests on the strength of cubicles intended to be used
in the containment of hazardous high pressure experiments. The tests involved the
detonation of a small RDX/TNT charge inside 1/6th scale models of the planned cubicles.
The models were heavily instrumented with pressure transducers 1o monitor the blast and
successively larger quantities of explosive were used until the cubicles were destroyed.
Tests were conducted on a brass cubicle, which was not taken to destruction, and
reinforced concrete ones, which were. The brass cubicle was 24"x24"x30" of wall thickness
0.25" with a vent area of 24"x12". The concrete cubicle was 30"x30"=x17" with 2" thick
walls and a vent measuring 17"=15".

The expected normalised peak pressure (pX?/foyh?) and normalised impulse

(EY'5/ foyhd0'5) for the supersonic shock and the gas overpressure pulse were calculated by
the methods described in this paper for the three best documented tests and are shown in

Table 1.

In the case of the brass cubicle, both the supersonic shock and the gas pulse points
are within the survival region of Figure 7 and this is consistent with the experimental
observation of no significant damage.

In the case of the concrete cubicle with the smaller charge, we see that the shock
wave lies essentially on the boundary between survival and deformation whereas the gas
pulse lies well on the survival side. The experimental result was reported as 'no damage', in
agreement with the predictions.

Table 1. Impulse loading of test cubicles

Cubicle Charge Loading Peak pressure Impulse
Brass 0.25 oz Shock 40 0.35
Gas pulse 4.8 0.23
Concrete 0.25 oz Shock 2.67 1.10
Gas pulse 0.34 1.20
Concrete 0.53 oz Shock 5.3 1.9
Gas pulse 0.72 3.8

With the larger charge in the concrete cubicle, the shock wave is clearly within the
'deformed' region with the gas pulse remaining in the 'survival' region. Experimentally,
this charge resulted in 'slight eracking' in various parts of the structure.

Increasing the charge still further, to 1.03 oz, resulted in substantial damage to the
cubicle, corresponding to predictions that both the shock wave and the gas pulse would be
in the 'deformed' region.
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These results indicate that this method has predicted the onset of failure in the
reinforced concrete cubicle with remarkable precision. The experimental results also
indicate that on a 'once in a lifetime' basis, a reinforced concrete cubicle should be able to
withstand an energy release of about 4 times that which it can sustain without showing
obvious signs of damage and which may, therefore, withstand the loading repeatedly.

CONCLUSION

Quantitative procedures have been developed to assess the fragments and shock produced
during the failure of a pressure vessel and to determine the protection needed to contain
them. It is suggested that these considerations should form part of a hazard assessment
when conducting pressure testing.
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