FRAGILITY ASSESSMENT THEORY AND TEST PROCEDURE

R.E. NEWTON - 1968

In order to adequately and economically package goods
for shipment, it is necessary to know both the input environment and
the characteristics of the product. The package, then, must account
for the difference between the environmental stresses which occcur
and the product's ability to withstand abuse. If either of these
areas is overlooked, excessive damage in shipment or excessive
packaging costs can result.

This report will examine technigques which can be used to
accurately assess product fragility from the standpoint of shock
and vibration. Although other environmental .parameters such as
temperature, humidity, etc. must sometimes be considered, 1t 1s
generally agreed that most shipping damage is caused by shock

and/or vibration.

I.. Shock Fragility Assessment

The severest shocks 1ikely to be encountered during
shipment result from dropping of the package onto a floor, dock,
ar platform.

Consider first the process by which the effect of the
abrupt deceleration of the outer package at the termination of
a drop is communicated to the pﬁctageﬂ item. The nearly instan-
taneous velocity change which takes place at the outer surface

of the package wpon striking t1~ iloor 15 accompanied by local
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accelerations of many thousands of g's. The compliance of the
outer package, the cushioning material, and the inner package
{(if any) transforms the pulse delivered to the packaged item

0 that the maximum acceleration is greatly reduced and the

time required to attain this maximum 15 many times as long.

The situation is represented qualitatively in Figure 1. The
maximum cushion deformation 15 assumed to occur at B. The
correspoending ordinate BM is generally glose to the maximum for
the packaged item. The shaded areas under the two curves must
be substantially equal, since each of these areas corresponds to
the striking velocity® Because the cushioning material exhibits
some elastic recovery, upward acceleration of the packaged item
continues until point C is reached.

Some additional oscillation of the packaged item will
generally occur, but the accompanying accelerations are quite small
compared with the first maximum. A useful simplification for
analysis and testing results from assuming that the damaging effects
result solely from that portion of the curve between A and C. Thus
the input motion is simplified as a single acceleration pulse. The
chaded area, A to B, is equal to the striking velocity. fht unshaded
area, B to C, is equal to the rebound velocity. The ratio of rebound
velocity to striking velocity is called the coefficient of restitution e.
Energy considerations establish that e must l1ie between 0 (fully

plastic impact, no rebound) and 1 {fully elastic impact).

*There is an area difference, vt 311y negligible, because the
packaged item continues to acc- . .rate downward until the cushion
force exceeds the item weight.
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Usual practice in package design assumes that the maximum acceleration
Ap alone measures the severity of shock. If this is less tham the
rated fragility of the item, a margin of safety against damage is
assumed to exist. This method neglects the influence of item
flexibility upon the damaging effects of the shock. Because any
real item has distributed mass and flexibility, it will underga
elastic (and possibly inelastic) deformations during a shock.
Correspondingly, maximum accelerations will not be the same
throughout the packaged item.

It is readily apparent that a fully rational analysis
of the response motfon of an actual packaged item is not practical.
There is avaflable, however, a 5ihpT1f1eﬂ mathematical model
which affords a substantial improvement over the rigid model with-
out introducing unmanageable complexity. .This model 1s the basis
for the widely-used shock spectrum. Briefly, the model for the
packaged item consists of a rigid mass m] toe which & second
mass m, is attached by a spring of stiffness K (see figure 2).

The rigid mass my s assumed to represent the bulk of the item.
The small mass ms and spring K represent a critical component
and its stiffness (flexibility). The fragility of this model
is characterized by the maximum a[lnwable acceleration of the
critical component (acceleration of msj. Because ms 1s much

smaller than my, its effect on the motion of m, may be neglected.

1
fccordingly, the system is analyzed by assuming that my; undergoes

a specified acceleration vs. time history and the resulting
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maximum acceleration of ms 15 determined. Results of the
foregoing analysis are usually presented as a shock spectrum.
For a pulse of specified shape (e.g. 2 half-cycle sine wave)
the ratio of the peak 2cceleration of my to the maximum accel-
eration of the input pulse is plotted versus the product of
pulse duration by the natural frequency of the critical
compenent. Such a curve is shown in Figure 3. Symbols
used are defined as follows:

A, = peak acceleration of input pulse

Ap = peak acceleration of critical component

Te = effective pulse duration = ¥elocity change

Rp
fe = natural frequency of critical component

e

Examination of Figure 3 discloses that, for a given

shock (specified T, and Ap), the peak acceleration of the critical
component depends strongly upon component frequency. In particular,
if £.T, {,%_ the component peak acceleration depends only on the
velocity change V = Ap T, of the pulse. Such a low freguency
component is, in a sense, its own shock iselator and it benefits
Tittle, if at all, from the cushioning. On the other hand, for
companents with Fcﬂ’g?—%- » the compomnent peak acceleration exceeds
that of the pulse. The ratio may vary from 1 to about 1.8, depend-

ing on component frequency.



Page &

m2z

~4——— Critical Component

Packaged Item

mz'{'f m

Figure 2. athematical Model for Packaged Itenm




Page 7

To make ratfonal use of the shock spectrum the designer
needs much information not usually available. For the equipment
he needs to know:

heg = maximum safe peak acceleration of critical component;

e = npatural freguency of critical component.
It should be observed that there may be many fragile components,
each of which might be critical for a particular pulse. To
verify the adequacy of a particular design the following are
needed ;

Ap = peak acceleration transmitted te item;

Te = effective duration of acceleration pulse.
If the acceleration pulse were always & half-sine, the above
information would suffice. Unfortunately, this is not the case
and the shock spectrum is sensitive to pulse shape. In Figure 4
the shock spectrum curves for four different acceleration pulses
are shown. Examination discloses that the maximum component
acceleration may range from about 0.9 Ap to 2.0 Ap for shocks
of different shapes, even though T, and Ap and fixed.

A realistic appraisal of the data reguirements makes
evident the impracticality of using a fully rational version of
shock spectrum analysis for routine package design. A simpler,
and soemewhat less accurate, procedure it needed. Specifically,
it is proposed that fragility tests be based on shock spectra,
but that cushion selection may continue to be based on drop height,

static stress, and peak acceleration. Details are given in

the fellowing paragraphs.
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Comparison of the shock spectrum curves for various
pulse shapes (Figure 4) reveals that the rectangular pulse curve
provides an upper bound. Thus, if an item is subjected to a
shock pulse of given peak acceleration AP and effective duration
Te the peak acceleration of any component will not exceed that
which would result from a rectangular pulse having the same
Ap and Te. Accordingly, it is proposed that item fragility
tests be performed using rectangular pulses. The only compli-
cation in this procedure is that the effective duration 7, to
be used i1s not initially known.

In order to determine an appropriate pulse duration
for tests it is pertinent to recall that:

Vo= ApTe (1)
where V is the velocity change (pulse area). Thus W} = V/Ap and it
is uniquely determined by these two parameters. The velocity
thange in & drop test may be expressed as:

Vo= (1+e) Jzgn (2)
where & 15 the coefficient of restitution, g is the acceleration
of gravity, and h is the drop height. MNow, as has been cbserved
earlier, e must be between 0 and 1. Accordingly, the V for 2
given drop height 15 known within the 1imits of uncertainty on
e and;

Jion =< vL 2 Vagn (2)

annning this uncertainty fn V for an actual drop, a test

procedure may be used based vpon controlled values of V and Ap.
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Faor a chosen V, drops are made for successively
increasing peak pulse accelerations Ap. The item is inspected
for damage following each drop. The maximum peak pulse acceler-
ation Acg that can be sustained without damage {15 taken to be

the fragility measure of the item at that velocity change V.

Customary practice ignores the indicated dependence
on V. It is instructive to explore the nature of this dependence.
Consider the shock spectrum for a rectangular pulse
shown 'in Figure 5.
It is easy to show that the segments of OA, AE and BC

are represented with adequate accuracy as follows:

OA: .ﬁ: = E"IT'fET!, ﬂéchE{:_%_ H [3}
P
AB: _Pc = 2 sin (mwfcTe), - £f, Tedlo 5 (4)
A, & =7
BC: fe = 2, 1 Lf.T,. (5)
p

Assume now that the critical component has a specified natural
freguency f. and that it may safely sustain a peak acceleration
Acs without damage. Substituting Acs for Ac in Egquation 3, re-

placing ApTe by V (Equation 1} and solving for V gives:

W = 1 'u"f!u ¥ {ﬁ}
1 T T,

where a subscript f/ has been appended to ¥W. It is easy to show

that a pulse for which V& WVf will result in a peak component
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acceleration A % A.,. It is evident from inspection of
Equation 5 that any shock for which ApLAp, will Tikewise give

Ae = Mg, where:

Apr = —%— .ﬂ.“ {7)
Hote also that:

Point A: Vo= Vg . Ap = AL (8)

Point B: v o= _'T;_vf » hp o= _é_ Pee (9)

Finally, substitution in Equation 4 gives the relation:

Aes =2 sip M feV , (10)
iy Ap

which defines the relation between AP and ¥ in the segment between
A and B.
Using the results of Equations 6, 7, 8, 9, 10, Figure 6 is plotted.
In Figure &, the curve 0 A B C is the image in the V,
AP plane of the shock spectrum curve with Ac = Acs and f: = constant,
(Point 0 lies at v = Vi » Ap == in the V, AF plane.) For shocks
on the curve or in the unshaded region to the left and below,
ﬂcﬁ A.g and no component damage will result. Conversely, shocks
corresponding to points in the shaded region give Ac> Agg and
damage will result.
The practical importance of the vertical portion of the
damage boundary depends upon the drop height against which protect

is to be afforded. 1In some ¢. =5, the item may have a sufficiently
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high Vp so that no cushioning is needed to prevent damage during
drops from the desfan height.

To establish the complete damage boundary by test
requires a shock test machine which is equipped with suitable
shock programmers to control the acceleration-vs.-time pulses.

As already described, tests at constant V and progressively
increasing AF will establish the ordinate L. for the right hand
portion (bottom line) of the damage boundary. A second
sequency of tests with successively increasing V will establish
Vg » the velocity change defining the left-hand portion of the
damage boundary. It has been shown that the transition curve
is tangent to the vertical ling Vi = ¥V at Ap = EAPP‘ and 1is
tangent to the horizontal line Ap = APr at Vv = 1.57 Vg . The
transition curve may be plotted from calculated points or a
Square corner may be substituted.

It should be noted that only a lTimited range of velocity
changes ¥ is of practical interest. The lower l1imit is found
from Equation 2 wsing the minimum H of interest with e = 0. The
upper limit is given by the maximum H and & = 1. Clearly there
is no reason to conduct fragility tests outside this range of

velocity change V.

IT. Vibration Fragility Assessment

While the shock envirconment may be neatly characterized

in terms of drop height, the vibration environment is unguestionably
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random in nature. This implies that accurate environmental
cimulation requires random vibration testing-- and this is
indeed true. But the purpose of fragility assessment is not
necessarily to reproduce the environment, but to analyze and
reproduce its damage-causing properties. The approach, then,
is to investigate the most probable failure modes of the
product and their relationship to the environment.

It is generally agreed that the transportation
vibration environment has no significant high acceleration content
which would directly cause damage due to non-resonant fnertial
loading. Damage is most likely to occur when some element aor
component of the product has a natural frequency which is
gexcited by the environment. If this "tuned"” excitationm
is of sufficient duration, companent accelerations and displace-
ments can be amplified to the failure level.

The response of & product or component to input wibration
may be represented by & curve having a shape generally 1ike that
of Figure 7( this 15 a familiar "transmissibility curve" for a

single-degree of-freedom system).

AH = Response acceleration of the product or companent
A = Input acceleratiaon

f = Input freguency

f = Resonant frequency of the product or component

f
It can be seen that for very small values af—?‘
" L]
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ﬂRIAI = 1. For very large values of LA _%E = 1, But at or
near T = f., Ap/B;2> 1. The exact magn1tude1nf the peak ampli-
fication depends upon damping in the system, but values or & ar 10
are not uncommon. This is the freguency region where, for that
particular product or component, damage is most likely to occur.
Vibration fragility assessment consists of identifying these
critical components and frequencies.

The tests reguire a vibrator which is capable of
producing single-axis sinusoidal motion over a frequency range
sufficiently wide to encompass the freguencies which occcur
during transportation. The acceleration amplitude is not
critical as long as it is great enough to excite identifiable

resonances but not so great as to product damage inm short-

duration tests.
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