STANDARDIZATION OF SHOCK
MACHINES USING SRS ANALYSIS

INTRODUCTION

his paper describes the theory and
special application of a method of
analysis of acceleration shock fran-
sients known as shock response spec-
frum, or SRS. This method is widely used in
environmental shock testing areas fo stan-
dardize or specify acceleration shock pulses.
Itis proposed to use the SRS method as a
means of comparing shock machines with
the goal of standardizing their performance.
The need fo standardize shock machines
becomes apparent when different results oc-
cur when festing the same product on differ-
ent shock machines using nominal pulse
specifications. The three point nominal speci-
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A procedure exists
for standardizing
shock machines.

This procedure is related

directly o procedures
already in use in many
environmental
test laboratories,

fication, amplitude and pulse duration af the
base, does not truly specify a shock pulse.
This is because any number of pulses can
pass through three points even though each
may have significantly different frequency
components as the base nominal specifica-
fions.

These differences have been most appar-
ent when using the nominal shock pulse
shapes as required in several test standards
such as ASTMD-3332,1 and the passfail
military shock testing using nominal pulse
shapes under MIL-STD 810,2 and [EC Publi-
cation 68-2-27.3 For this reason, the latter
two specifications have been changed to use
an SRS method as the preferred method. Cer-
tain edited figures and descriptions used in
this paper were taken from Figure 3.

BACKGROUND

Shock machines are used to test the me-
chanical integrity of products, For various
reasons, generally relating to economics, the

method of testing involves the use of input
shock pulses having nominal waveshapes of
variable severity. The waveshapes used are
termed half sine, trapezoid, and terminal
peak {or sawtooth). Each shock pulse shape
has one or more technical reasons for being
usedina speciﬁc test. These reasons center
on the need fo input energy of specific ampli-
tude, velocity change, and spectral content.

Until recently, most test standards speci-
fied pulse shapes by the minimal nominal cri-
teria only. These criteria being general
shape, acceleration peak amplitude, and
time duration. By these criteria, it was intend-
ed that frequency content and velocity
change of the nominal shock pulse would be
controlled and meet the needs of specific
lypes of tests.

In 1983, the D version of MIL-STD-810
was published changing the requirement
from nominal pulse shapes to tailored pulse
shapes to better match the real environmen-
tal shock hazard to which the product will be
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Shock Excitation

Three element SDOF mode! with buse excitation, af. Each SDOF will resonate at o different frequency fx, de-

pending on kx and mx values. Each SDOF will exhibita

different time history of acceleration, ax.

subjected. As expected, the change resulted
in a tighter specification such that better test
reproducibility was obtained.

The specifications of tailored shock pulses
under MIL-STD- 810D are controlled by the
SRS method. When the SRS plots of two tests
are identical then the products are certain to
have been subjected to the same shock exci-
tation. The SRS method results in an exacting
specification for a shock pulse that goes far
beyond the minimal peak amplitude and
time duration criteria previously used.

BASIC SRS THEORY

The SRS is presented as a spectral plot of
the peak acceleration response amplitudes
of an infinite number of single degree of free-
dom (SDOF| spring mass systems fo a given
excitation. Figure 1 shows a model of a three
SDOF spring mass system. When an acceler-
ation excitation shock, af, is input to the base
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of the system, each mass will resonate ata
specific frequency, 11, f2, and 3 equal to:

1/2
1 k

where M is the mass, and k is the force de-
flection constant of the spring of an SDOF
model. In this illustration, we assume each
mass and k is different, and hence, each
SDOF resonates at a different frequency.

If an arbitrary shock pulse, as seen in Fig-

ure 2q, is applied to our multiple SDOF mod-

el in Figure 1, then each SDOF may respond
in @ manner similar to the three acceleration
versus fime plofs, alt)x, shown in Figure 2b,
2c, and 2d.

The SDOF with the lowest resonant fre-
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quency responds with a long period sine os-
cillafion, as shown in Figure 2a. The SDOF
system with a mid-resonant frequency re-
sponds with a shorter period sine oscillation
and a higher amplitude, as seen in 2b. The
third SDOF system with a high resonant fre-
quency responds as in 2c.

The reason for these three types of re-
sponses relates fo the fime duration of the in-
put pulse and the resonant frequency of the
SDOF models.

If the input pulse duration D is not long
enough for the SDOF mass to reach full am-
plitude during one or more cycles of its reso-
nant frequency, then a low amplitude re-
sponse similar to that in 2b will occur.

As the frequency of the SDOF increases,
its period shortens until it nears equality with
the input pulse duration. At this point, accel
eration amplitude of the undamped SDOF
mass increases and reaches a maximum of
1.8 times the input pulse, as seen in 2c,

At higher SDOF resonant frequencies, re-
sponse starfs early during the input excitation
pulse duration, as seen in 2d. In 2d, the
SDOF mass is so small that it responds quick-
ly, riding on the input pulse while oscillating
at its own frequency. In this case, a compos-
ite response plot will occur. At the highest fre-
quencies, the acceleration amplitude of this
SDOF will approach and equal the ampli-
tude of the input pulse.

If we now plot the maximum amplitude
peak responses for an infinite number of
SDOF spring masses tuned to different fre-
quencies, the spectra curves as seen in Fig-
ure 2e will result.

It is important to understand the relation-
ship between what is known as the inifial and
residual shock spectrums. If an SRS plot is ob-
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tained from the response signal that coin-
cides in time with the duration of the princi-
pal excitation pulse, it is known as an initial,
or | spectrum.

Likewise, if an SRS plot is obtained from
the portion of the response signal that coin-
cides in time o the response fo the noise or
ripple signal after the termination of the initial
excitation pulse, it is known as a residual, or
R spectrum.

In addition, the response may be unidirec-
fional, i.e., a positive going excitation pulse
will preduce a positive going response, and
visa versa. Therefore, there are several varia-
tions in types of SRS plots based on the char-
acterisfics of the excitation pulse and the de-
sired analysis.

The positive initial shock spectrum, +1, in
Figure 2e, is the plot of the maximum re-
sponse occurring during the input pulse dura-
tion, D, in the same direction as the excita-
tion pulse. This is known as the positive initial
amax (+]) SRS.

The positive residual shock spectrum, +R,
in Figure 2e is the plot of the response occur-
ring affer the excitation duration. This is the
positive residual amax [+R) SRS.

The negative initial shock spectrum, -, in
Figure 2e, is the plot of the maximum re-
sponse during the excitation pulse in the op-
posite direction to the exciting pulse. This is
the negative initial amax [-I) SRS.

The negative residual shock spectrum, R,
in Figure 2e, is the plot of the same maximum
response after the excitation pulse. This is the
negative residual amax (R} SRS.

All four types of SRS are shown plotted in
Figure 2e with the confribution of the reso-
nance frequencies of the three SDOF sys-
terns, 1, f2, and 3 also noted.

Since the damping in our first example is
assumed fo be zero, the response of each
SDOF after termination of the input pulse du-
ration is a steady sine type oscillation. Thus,
the positive and negative residual spectra
are images in the frequency axis of each
other.

The amax (+R] and (R} SRS's are equal in
amplitude but different in sign, and for sim-
plicity, for positive direction in input shocks,
only the positive residual is shown in present-
ing specira if the residual spectra is desired.

Also, in our example and for our shock
machines of concern, the negative inifial
spectrum is less than the positive initial spec-
trum for the positive excitation pulse and is
therefore of less importance for analysis. The
envelope that includes both the positive initial
and residual spectra shows the maximum re-
sponse acceleration of the masses whenever
in fime it occurs. This is fermed the “maxi-
max” response or overall shock spectrum.
Because the envelope defines all important
spectral information, the maximax is the most
used form of response specirum.

Although the maximax is the most univer-
sally used method of presenting SRS, to show
the concept clearly, the following illustrations
of nominal shape SRS plots show the inifial
(+i) and residual (+R) spectra plotted sepa-
rately,

A key point to remember is that normal-
ized (generalized) SRS plots for pulses of dif-
fering amplitude and time parameters, but
with the same pulse shape, will be identical.
For this reason, SRS plots are sometimes plot-
ted with the horizontal frequency scale nor-
malized to the basic shock pulse frequency
(f*D) and the amplitude scale normalized to
shock pulse amplitude {amax/A).
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Once normalized, pulses with differing
paramelers may be compared. Normalized
spectra will be valid for any shocks of the
same pulse shape. For example, o half-sine
490 M/s? (50 g) 11 msec pulse as well as
halfsine 9800 M/s2 (1000 g) 0.5 msec
pulse will have identical normalized SRS
plots. Although when normalized spectra for
two different pulses may appear to be the
same, damage potential must still be deter-
mined in the un- normalized case.

Three normalized SRS plots for perfect
nominal pulse shapes are seen further in Fig-
ures 4, 5, and 6. The plots shown are the +|
and +R responses of undamped halfsine,
trapezoidal and final peak terminal shock
pulses. Only pulses with perfect geometry
will produce these SRS plots.

Many shock machines, not being perfect,
have noise or ripple caused by table reso-
nances or programmer performance that
causes pulses which are not nominal.

These deviations will affect the SRS plot. In
fact, residual shock machine noise due to ta-
ble resonance is a major factor in SRS plot
difference.

Affect of Damping on the SDOF
Model

Real world spring mass systems have
some degree of damping. Figure 3 shows a
model of SDOF's with dampers added.
Dampers work like shock absorbers. They
are velocity dependent devices; the faster the
molion, the more resistance of the damper.

In general, damping of the SDOF model
will have the affect of lowering response at
intermediate frequencies during the input
pulse duration (primary response) and at in-
termediate and higher frequencies after the
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input pulse duration (residual response]. This
is related to the velocity of the spring mass
system,

Damping will decrease both the amplitude
and the decay time during which any oscilla-
fory content dies out, thereby appreciably at-
tenuating the response of any SDOF system.
When shocked by a long duration step input
signal, the damped SDOF model will exhibit
an amplitude response that quickly reaches a
maximum, generally within a few cycles, and
then decays to zero exponentially with time.

The damage potential of a shock is gener-
ally, lower for damped than for undamped
spring masses, particularly from multidegree
of freedom systems.

Shock machine table resonance, or ripple
that occurs coincident with and after the ini-
fial shock pulse, is an important type of distor-
tion in the nominal pulse shape. This distor-
tion can have a major affect on the SRS sig-
nature, and hence, on the product being test-
ed.

The probability of product damage is in-
creased if the table resonance frequency
spectrum averlaps the fragility frequency
spectrum of the product and therefore merits
special consideration. Spring mass systems
where ratios of actual to eritical damping are
small (<.1, Q=5) are very sensitive fo ripple
on the shock pulse. As an example, if the 49
m/s? (5 g) 460 Hz ripple in Figure 7 is coin-
cident with the initial half sign 490 m/s? (50
gl 11 ms shock pulse, then the composite
pulse shown results. The ratio of actual to crik
ical damping here was 0.5, Q=10. Nofe the
composite SRS magnitude.

In our example, if the amplitude of the rip-
ple is just 10% of the excitation, and assum-
ing a damping ratio of 0.1 (Q=5), then the
SRS plot shown in Figure 7 will result. Note
the high +R and +| response maximax enve-
lope reaches a peak of nearly 2X the nomi-
nal shock amplitude input level. This level of
residual input can damage products when
undamped spring masses resonating at this
frequency have a fragility of 10 g's or less.

If one now considers a shock machine pro-
ducing a noisy trapezoidal shock pulse, {ex-
ample 98 m/s? {10 g) average amplitude)
producing a response of 980 m/s? (100 g)
(product damping of .05, Q=10) with fre-
quency confent to several KHz's, then the
damage potential of a shock machine with
table ripple signature becomes quite evident.

It should be emphasized that accurate
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shack testing requires a judgement of the im-
poriance of analyzing the response oscilla-
fions that remain after the termination of the
principal shock excitation. The judgement
should be based on possible fatigue failure
modes of the product being tested, especially
due 1o high frequency vibration.

As an example, MIL-STD-810D requires
SRS analysis of the input excitation pulse out
to a point where the residual response ampli-
tude falls to 1/3rd of the initial amplitude.
This is done fo insure that the product is tested
in a manner that simulales the real shock
environment pulse in a real worst case sce-
nario.

Discussion of Nominal Pulse
Shape SRS

It can be seen that the initial spectra for the
three types of pulses seen in Figures 4, 5,
and 6 are nearly the same for low frequen-
cies up to fD=0.2, and the residual spectra
are nearly proportional to the velocity
change (areq) of the pulse.

The trapezoidal pulse shape has the high-
estvelocity change for a given peak acceler-
afion and duration of the three nominal puls-
es shown, and this is the reason itis used as

one parameter of the damage boundary
curve developed using ASTM D-3336 [1].
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narrow band width, and in ferms of re-
sponse, it acts just like a narrow band elec-
tronic filter where the band width is a func-
tion of the damping ratic. At low damping ra-
fios, the gain of the SDOF may be high. For
example, for a damping ratic of 0.05%, the
Q or gain of the spring mass system will be
10%. However, for a damping ratio of
0.5%, the Qwill be only TX.

The damping ratio is defined as the relo-
ticn between the funclional damping to the
critical damping of the SDOF model. Crifical
damping is the damping that would cause
the SDOF to respond to a sfep input with the
minimal overshoot and decay time.

The initial spectra of the three nominal
pulses show differences in amplitude at inter-
mediate frequencies (0.2<D<10). These dif-
ferences depend on the rise time of the pulse.

The trapezoidal pulse shows the highest
response for a given peak acceleration value
due to the very short rise time and flat peak.
The long duration of constant acceleration al-
low the low frequency oscillations of relative-
ly large spring masses as well as all smaller
elements to reach peqk values during the
principal duration.

Response Gain Related to Damping

The damped spring mass system has

For the narrow band damped SDOF mod-
el [damping ratio 0>d>0.5%), high ampli-
tude response is only reached after several
cycles of a coherent excitation signal tuned
to the resonant frequency of the SDOF. This is
because filters such as the narrow band
SDOF have a fime constant that requires the
application of a coherent excitation for some
period of time before the filter reaches full
amplitude. Of course, if the excitation is non-
coherent (having many frequency and phase
components), then the response will not
reach as high an amplitude as it does in the
coherent input signal case.

Another example of the gain of a damped
SDOF model is in the case in which a coher-
ent single frequency sine oscillation excita-
fion is applied.

In this case, and assuming a damping ro-
fio of .05 yielding a gain (or Q) of 10X, the
resulting SRS plot would peak at a value ten
times the amplitude of the excitation ata
point equal fo the frequency of the excitation.

As previously stated, the long duration of
the frapezoidal pulse allows low frequency
SDOF oscillations time to build up, while at
the same time the fast rise time excites higher
frequency SDOF response. This is one rea-
son that square wave programmers on shock
machines can excite undesirable intermedi-
ate through high frequency machine table
resonances with high amplitudes. It is not sur-
prising to see an unfillered trapezoidal pulse
from a shock machine with a nominal ampli-
tude of 50 m/s? (10 g's) primary excitation
produce table resonances with frequencies
up to 10 to 20 KHz and amplitudes of 500
m/s? (50 g's) or higher.

Any shock machine is comprised of vari-
ous components designed to support, attach,
and input a shock into a product fo be tested.
Itis @ mechanical system comprised of
number of multi-degree of freedom spring
mass systems.

Those who have used shock machines
know that nominal shock pulses produce
complex spectral content waveforms on the
table. In fact, fillering is often needed to mea-
sure the basic low frequency amplitude and
time duration values of trapezoidal pulses. It
should be kept in mind that the product tested
is subjected to unfiltered excilation. The re-
sponse excitation may include many high fre-
quency and amplitude components which
will be lost in filtering.

One problem with fragility assessment us-
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ing half-sine and frapezoidal pulses with re-
sidual spectra is that damage may be incor-
recily aftributed fo the clean fillered wave-
shape, rather than to the resonances of the
residual specirum of the shock machine. The
“noise,” “ripple,” or “response,” is usually fil-
tered out of the waveforms presented on stor-
age scopes.

PROPOSED METHOD OF
STANDARDIZATION

The proposed method of shock machine
standardization differs little from the require-
ments of MIL.STD-810D, except in the se-
quence of execution. A five step procedure is
suggested:

Step 1. Review the standard SRS profiles
for perfect nominal pulse shapes shown in
Figures 3, 4, and 5. Using the normalized
plots, determine the frequency vs. spectrum
amplitude points that describe the pulse
shape that the shock machine is to produce.

Step 2. Determine an allowable variation
limit from the standard SRS profile that can
be tolerated, considering the desirability to
limit high frequency resonance. One method
of doing this is to establish tolerance bars of
min and max response that can be plofted on
the computed SRS, similar fo those used with

PSD analysis. Such tolerance limits can be
expressed in +/-dB from the un-normalized
nominal shape. IFjustified, an allowance for
exceeding the folerance limits over a narrow
frequency ranges should be allowed as in
the procedure described in MIL-STD-810D.

Step 3. Since the table load of a shock ma-
chine may affect table resonance and pulse
shape to some degree, load the shock mo-
chine with either the item to be fested, or @
reasonable surrogate. Place the response re-
cording accelerometers at the attachment
points, or on the product af the points of al-
tachment, in order fo monitor the input excite-
tion fo the product. Several channels of data
recording may be required since it may be
desired fo record the principal table input sig-
nal as well as several attachment point re-
sponses.

Step 4. Set the shock machine for the pre-
scribed nominal excitation and record the re-
sulting response data. Using a maximax SRS
algorithm, analyze the time vs. amplitude
data out to a point where the residual signal
falls to 1/3rd of the initial shock amplitude.
Plot the tolerance limits from Step 2 on the re-
sulting SRS plot to determine if deviations of
the machine exceed the specific limits.

Step 5. Perform the above on data from

the other locations on the subject shock ma-

* chine. IFall locations fall within the pre-

defined tolerance limits, the machine can be
considered to be accurate for the nominal
shock pulse being tested. Programmable
shock machines would be required to per-
form the analysis for the full range of pulse
shapes to be used in practice.

Perform the above on secondary shock
machines used to fest the same product and
compare the results. If both machines pro-
duce the same SRS profile, even though the
fime domain signal profile deviates slightly
from the nominal standard shape, it may be
assumed that both machines produce the
same fest excitation. If one machine produc-
es an SRS plot that deviates greatly from an-
other, then deficiencies in the latter machine
may be addressed and the problem solved.

This last step may also be performed on
the same shack machine at some later time ta
track “machine health.” Mechanical chang-
es in the machine that affect pulse shape will
show up quickly on the SRS plot.

DISCUSSION

The concept of loading the shock machine
table with the product or surrogate to be test-
ed has validity for accurate comparison of
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two machines under the same fest conditions.
However, the unloaded case deserves con-
sideration also. In this case, free unloaded ta-
ble response may or may not affect the prod-
uct to be tested due to the loading (and
domping] that the tested product provides.
But it can be argued that it is valid to “profile”
the unloaded shock machine as a starting
point. This is because it will be easier to iden-
tify design problems in the unloaded case.

Profiling is done by taking several excita-
tion signal recordings from various points on
the table, corresponding to locations where
products may be located. The resulting SRS
plots can be averaged as a function of ampli-
tude versus frequency to establish an overall
unloaded excitation specification for the me-
chine.

In this case, a tolerance bar set up can be
applied to the average SRS which would pre-
dict the unloaded performance at any given
location on the table.

Figure 8 shows a clean nominal type
shock pulse with a duration of 3.16 ms and
an amplitude of 146 g's taken at one loco-
tion on a shock machine.

Figure 9 shows the SRS plot for the data
from Figure 8. The lolerance bars are based
on a nominal 3 ms 166 g clean half sine

pulse. The top tolerance line is equal to a 7
point profile of the nominal. The lower toler-
ance line is =3 dB below the nominal line.
This would represent a good or passing SRS
test of the shock machine.

Figure 10 shows a table shock signal with
severe residual response that masks the nomi-
nal pulse shape.

Figure 11 shows the SRS plot from the
data from Figure 10. Again, the tolerance
limits are based on the nominal pulse shape
intended. Note that in this example, the up-
per folerance bar is exceeded starting ata
frequency of 1000 Hz and continuing up o
1000 Hz. In fact, the peck of the SRS occurs
at 1700 Hz with an amplilude of 300 g's
peak.

I the product being tested has a fragility
frequency within this band, it is very proba-
ble that damage may occur. This would lead
to a false damage boundary point based on
the residual spectrum and not that of the prin-
cipal pulse.

CONCLUSION

A procedure exists for standardizing
shock machines. This procedure is related di-
rectly to procedures already in use in many
environmental test laboratories to comp|y '

with the requirements of MIL-STD-810D, and
hence equipment and technology is readily
transferable to the standardization concept.
A concept of tolerance bar limitations from
un-normalized nominal pulse shape SRS
plots is proposed.

Once an allowable profile for machine
performance is established, then shock ma-
chines yielding the same SRS results can be
expected fo produce the same product test
results.

Examples in this paper were recorded and
analyzed using a computer aided test (CAT)
system with application software.
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