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This article describes the evolution of the dynamic design analysis method (DDAM) 
by assimilating information from references spanning more than three decades. This 
evolution began with attempts to use earthquake engineering practice, circa 1950, in 
dealing with hostile environments created by modern weaponry. It became necessary 
to develop new theories that went beyond the then current status. This led to research 
programs that went back to basic physics and engineering principles that resulted in 
a sound technique for naval applications. The elements of the technique were theoreti
cally based and confirmed by laboratory and large scale field testing. One important 
example is the structural interaction effects between a vehicle and large equipment 
structures by means of a newly defined quantity called modal effective mass. Another 
example led to the discovery that attaching a vibration generator to a structure in an 
effort to find the frequencies useful for foundation motion response analysis was 
guaranteed to produce failure. DDAM continues to be used after its introduction 36 
years ago. Althoughfamiliar in US and international naval circles, it is not well known 
by persons other than naval engineers. Many myths and misconceptions have grown 
during this period, so some of the major ones are addressed. © 1996 John Wiley & 
Sons, Inc. 

INTRODUCTION 

Even though the dynamic design analysis method 
(DDAM) has been in widespread use in the naval 
and marine engineering community for many 
years, newcomers and engineers from other disci
plines are sometimes unfamiliar with its physical 
basis. It differs from other (shock) spectral analy
sis methods in several respects: the equipment 
structure itself is used to account for equipment
vehicle interaction effects and to determine the 

equipment shock design input values; it uses 
structural information to determine the number 
of modes needed in the analysis; it permits analy
sis of up to 6 degrees of freedom for each mass 
point, even though the shocks are unidirectional; 
it has a special summation procedure to evaluate 
critical values; and it has a mechanism to permit 
small amounts of plastic yielding in those cases 
where it is safe to do so. This article presents the 
highlights of the technique, particularly in those 
areas where differences with other methods oc-

Received May 7, 1996; Accepted June 20, 1996. 

Shock and Vibration, Vol. 3, No.6, pp. 461-476 (1996) 
© 1996 by John Wiley & Sons, Inc. CCC 1070-9622/96/060461-16 

461 



462 Remmers, O'Hara, and Cunniff 

cur. Emphasis was and is placed on the engineer
ing background research to ensure close adher
ence to reality and the principles of physics and 
to ensure that experimental validation concurred. 
Testing and experience also confirmed and vali
dated the method. 

Consider the situation created by a nuclear or 
chemical underwater explosion attack upon a sur
face ship or submarine. There is within the vessel 
myriad equipment and machinery that must con
tinue to function if the vessel is to survive and 
fight. The experiences of World War II, including 
the non contact influence mine and the develop
ment of nuclear weapons, made it imperative to 
shock harden both ships and submarines. In the 
early 1950s there were only a few shock test ma
chines that were available to provide some degree 
of shock hardness for lightweight equipment 
weighing less than 3-4 tons. Even then, some of 
these lightweight items had a physical size and 
geometric configuration that were beyond any 
practical capability to design by test. The use of 
nuclear power also contributed to the needs of 
expanding the testing facilities and design analy
sis techniques. Combining the techniques of that 
era, as used by some aircraft designers and manu
facturers (design, test, modify design, test again, 
etc.), seemed to be prohibitively expensive when 
applied to large naval structures because the 
range of attacks that define the operational envi
ronment to be survived are extremely harsh and 
varied. The need to analyze equipment became 
a very important part of the effort. 

A group of engineers and scientists at the N a
val Research Laboratory (NRL) was directed to 
address this problem and to propose analytical 
procedures to shock harden naval equipment. 
The then current procedures (circa early 1950s) 
ofthe earthquake engineers was first investigated. 
As pointed out later in this article, it was found 
to be wanting in several respects. A research pro
gram was conducted and DDAM was the result 
(Belsheim and O'Hara, 1960, 1961; O'Hara and 
Belsheim, 1961, 1963). 

DESIGN ANALYSIS 

Because critical machinery and equipment have 
a function to perform, the engineer/analyst has a 
special problem. Turbines, bull gears, and shafts 
are some examples where function drives the de
sign; yet they must be hardened to survive battle 

conditions, which is a formidable task. What then 
is a DDAM? It must contain several salient parts: 

1. It must recognize that equipment function 
controls much of the configuration. 

2. Failure criteria involving such things as col
lision clearances and alignment sensitivity 
may be as important as stress and deflec
tion. These must be capable of being calcu
lated by the design method. 

3. A mathematical description of the equip
ment structure must be possible to permit 
comparisons with failure criteria. DDAM 
uses normal mode theory. 

4. A description of the shock loading environ
ment needs to be provided that is attuned 
to the equipment and that is neither aca
demic nor extremely costly to use. The de
scription should include the ability to mod
ify the shock design values in order to 
distinguish between structures and equip
ment of widely varied mass and mobility 
characteristics. Design must be possible, 
even for conditions that make many other 
shock events, such as earthquakes, seem 
very mild. 

EVOLUTION OF DDAM 

For many years engineers have used "shock re
sponse spectra" as an aid in understanding the 
damaging potential of shock, and as a tool for 
stress checking a structure whose foundation was 
subjected to the transient for which the spectrum 
was found. 

Shock Response Spectrum Definition 

Because shock response spectrum is a term that 
various authors have used in different ways, the 
explicit definition used here is provided. It is the 
plot of the maximum absolute values of the rela
tive displacements, multiplied by scaling factors 
if desired, of a set of either damped or undamped 
single degree of freedom oscillators with negligi
ble mass that have been subjected to a shock 
motion, the values being plotted as a function of 
the natural frequencies of the simple oscillators. 
These graphs can be constructed with units of 
displacement, velocity, or equivalent static accel
eration by choice of the scaling factors, unity, 
w, or w2/g, respectively, where w is the angular 
frequency of the oscillator. 



Initial Development 

One thing that became apparent very early was 
that even though each earthquake or shock is 
unique, the way a structure fails is not. Among 
the approaches followed was that pioneered by 
many earthquake structural analysts including 
M. A. Biot. An account of this early portion of 
earthquake structural engineering and the Navy's 
attempt to use it are described in the Biot Memo
rial Lecture by Remmers (1983). Great difficulties 
were encountered with attempting to apply the 
earthquake methods to naval design problems in 
the area of describing the environment via enve
lopes of response spectra, typical shock motions, 
averaged motions, and averaged spectra. As de
scribed below, these were found to not be useful. 

In a set of field trials, data were collected for 
a number of shocks at a large number of different 
points in ships and submarines. It was hoped that 
by classifying the location, intensity of shock, and 
equipment responding to those shocks, correlated 
groups could be formed that would enable the 
analyst to produce a series of shock spectra that 
would be useful in design. Envelope type shock 
spectra were produced, and it immediately be
came apparent that few structures would survive 
the severe shock these spectra would demand. 
However, the structures that were in place during 
field trials did survive, so it was deduced that 
something must have been wrong with the theory 
of combining these shock spectra. 

Inherent in the assumption that the worst pos
sible shock that a class of structures will ever 
have to undergo is the envelope of all possible 
shock spectra for that type of location is the fol
lowing: impedance of the vehicle at the base of 
the equipment attachment point is very large over 
the entire frequency range, and the equipment 
has very little impedance at its base over the fre
quency range. This means that the dynamic reac
tion of the equipment upon the base (attachment 
point to the vehicle) is unable to affect the motion 
of the base, and dissimilar equipment structures 
will have to respond to the same base motion. Of 
course this assumption is obviously not in accor
dance with physical reality. (A discussion of me
chanical impedance and mobility can be found in 
O'Hara, 1959b, 1967.) 

During the mid 1950s, examination of individ
ual shock spectra showed large valleys in the re
gion of these fixed-based frequencies (Belsheim 
and Blake, 1957). This was labeled the shock 
spectrum dip effect. It was the subject of intensive 
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effort during this era and was confirmed theoreti
cally by O'Hara (1959a). The problem of over
conservatism of such envelope and/or fiducial 
limit curves was investigated, and it was then 
noticed that computing stress with normal mode 
theory only requires shock spectrum values at the 
fixed-base natural frequencies of the equipment 
in place during the shock motion. A summary of 
this and other work on this subject can be found 
in O'Hara and Cunniff (1985). 

The first experiment designed to verify this 
spectrum dip effect was performed at NRL on 
the medium weight shock machine and reported 
by O'Hara (1958, 1961). This was later recon
firmed in a new and different experiment by 
O'Hara and Sweet (1960). 

The original experiment was performed to 
study the effect of changes in equipment struc
tural parameters such as mass and stiffness upon 
shock spectra. Hence, an experimental equip
ment structure (Fig. 1) was designed and built 
such that it was possible to markedly change the 
stiffness of this equipment without changing its 
mass, and also to change the mass while retaining 
the same stiffness, so the effects of varying both 
parameters could be measured. It was designed 
to have two different stiffness configurations with 
a 6-mass incremental variation in each. The same 
hammer blow to a Navy medium weight shock 
machine anvil was used in each test to maintain 
the same shock intensity. 

Special features of the test structure used to 
simulate equipment consist of the two parallel 
rectangular beams separated by spacer blocks 
shown at position B in Fig. 1 and an adjustable 
mass attached to the upper beam center. The 
lower beam was attached to a supporting fixture 
at D, the equipment base or foundation, while the 
supporting fixture was bolted to four mounting 
points on a shock machine support fixture. Two 
different stiffness parameters for this test struc
ture could be chosen by having the spacer blocks 
in either position A or position B between the 
beams. Stiffness could be varied while keeping 
the mass constant and vice versa. Base motions 
were measured by the velocity sensor directly 
under the lower cross beam from which shock 
spectra were computed. 

Variation of test structure stiffness resulted in 
the shock spectra shown in Fig. 2. The stiffer 
configuration A (higher fixed-base frequency ,J;A) 
gave a different peak in the shock spectrum than 
the less stiff configuration B (lower fixed-base 
frequency, fIB) because the natural frequencies 
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1 a Isometric drawing. 
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Velocity Pickup 

1 b Arrangement of experiment 

FIGURE 1 Structure used for equipment-ship interaction experiment shown in (a) an 
isometric drawing with (b) experimental arrangement. Adapted from O'Hara (1961). 

of the entire dynamical system of the machine 
and experimental structure changed . The test 
structure frequencies (equipment fixed-base natu
ral frequencies) at which one would normally read 
shock levels from the spectrum for calculation of 
stresses are shown to be the point at the vertical 
dashed lines just above the frequency scale of 
Fig. 2. They are not near the spectrum peaks 
at all. 

This illustrates the potential for overdesign 
from using peaks or envelope shock spectra. Sup
pose the shock spectrum from configuration B is 
the spectrum that is used to design equipment 
with the same mass but different stiffness as that 
of configuration A. One goes to frequency f lA 
(fixed-base frequency of the first normal mode 
of configuration A) and the spectrum level read 
would be on the peak of the configuration B shock 
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FIGURE 2 Effect of varying equipment stiffness on shock spectra. Adapted from 
O'Hara (1961). 

spectrum. Because the correct design value atiJA 
is on the configuration A shock spectrum, overde
sign by a factor of more than 9 would result. 

The composite spectra for the six tests in con
figuration A are shown in Fig. 3. The black dots 
are shock values at the equipment fixed-base (nor
mal mode) natural frequencies. The shifting of 
the dominant peaks for very small incremental 
changes (6.3 kg/17 lb) in load can be seen. 

The maximum and minimum envelopes from 
all variations of mass and stiffness in this experi
ment are shown in Fig. 4. The black dots on the 
figure are the shock spectrum values at all of the 
fixed-base natural frequencies that are the proper 
ones to use in calculating maximum stress in the 
equipment. These correct values lie much closer 
to the minimum envelope than to the envelope of 
the peaks, which was a basic criteria for design 
prior to this experiment. White (1966) reported 
this effect to the Tokyo Earthquake Conference 
of 1966. 

An easy way to understand this is to look at a 
small dynamical chain in Fig. 5. This example 
shows how to characterize the dynamic response 
of part of the dynamical chain by using the 
"base motion." 

Suppose Fig. 5(a) is the actual equipment
vehicle structure responding to an excitation F(t) 
and the response Y I is desired. In each subsystem 
of Fig. 5 the masses and springs are identical to 
those of Fig. 5(a). It is also assumed that the 
base motion of each subsystem is identical to the 
corresponding motions in Fig. 5(a). YI can be 
found from Fig. 5(a) by using F(t) as the input 
and the system frequencies 0, 0:1, 0:2' and 0:3. It 
can also be found from Fig. 5(b) from the known 
base motion Y4 and the fixed-base normal mode 
frequencies f31' f32' and f33. It can also be found 
from Fig. 5(c) with the known or measured base 
motion Y3 and the fixed-base frequencies 'YI and 
'Y2. Then Y I can also be found from the single 
degree of freedom system in Fig. 5(d) using only 
Y2 and its frequency w. The frequencies used in 
the calculations, 0 and 0:, f3, 'Y, and w are in general 
all different, but the response YI must be the same 
in all cases. A simple mathematical derivation 
proving this point can be found in appendix A of 
O'Hara and Petak (1968). 

Now suppose a time history record was ob
tained at each base motion Y in Fig. 5 and the 
Duhamel integral solution was obtained for a 
dense set of frequency responses at each base 
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FIGURE 3 Composite of all shock spectra measured for configuration A. Adapted from 
O'Hara (1961). 

to form a shock spectra. In general for each Y, 
something like Fig. 6 would be the result. There 
would be three predominate peaks at frequencies 
a\ , a2' and a3 that are the actual system natural 
frequencies, are real, and not at the fixed-base 
frequencies that are only used in calculations. 
Because the spectrum values useful for calculat
ing the response Y\ in all cases do not coincide 
with the peaks and hence do not have the obvious 
resonance build-up effect, they must lie else
where. Thus, any upper enveloping of sets of 
shock spectra from different real systems will be 
controlled by the system frequencies and not the 
fixed-base frequencies used in calculations. That 
is, the peaks define the upper envelope and fidu
cial limit curves and they overwhelm the valleys 
where the real design values lie. 

The mechanism by which equipment response 
determines shock input levels is somewhat similar 
to that of the elementary vibration absorber that 
suppresses the motion at its attachment point at 
its fixed-base natural frequency. This is also true 
for vibration absorbers with more than 1 degree 
of freedom. 

Modal Effective Mass and Shock 
Design Values 

Around 1957 the set of field trials data was then 
reexamined using only those points correspond
ing to the fixed-base frequencies ofthe equipment 
in place during the actual shock motion. The 
candidate values useful for a shock spectrum 
had dropped considerably. The situation was still 
murky (Belsheim and Blake, 1957) because of 
scatter in the data. 

It was then realized that the so-c'alled after or 
residual spectrum is really the magnitude of the 
Fourier transform of the base shock motion 
(O'Hara, 1959b) and would tend to be a minimum 
at the required frequencies. This discovery and 
the definition of modal effective mass permitted 
further progress. 

If the Fourier transform integral is written as 

x To 

B(t) = ~f f B(r)cos w[t - r] dr dw, (I) 
o 0 
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FIGURE 4 Comparison of shock values for design, shown by the dots, to the maximum 
envelope and minimum envelope of all shock spectra measured for configurations A and 
B. Adapted from O'Hara (1961). 

5d 

5c 

5b 

Sa 

FIGURE 5 (a) Dynamical chain system contains (b-d) three possible subsystems. Each 
has different fixed-base natural frequencies, which in turn differ from the system frequencies 
of (a). 



468 Remmers, O'Hara, and Cunniff 

'8 
~ 

~:c _ c 
1\1 0 
> fiI 
Etn 
2 Gi _Il. 
U I/) 

~S en CD 
..11:5 
U 
o 
.c en 

U2 

Frequency (Hz) 

FIGURE 6 Response at system natural frequencies tends to form the peaks in a shock 
spectrum, while response at subsystem fixed-base natural frequencies tend to form the 
valleys in a shock spectrum. 

then the inner time integral is also a Duhamel 
integral evaluated at To, considered to be the end 
of the record. This is commonly called the resid
ual spectrum if its magnitude is plotted as a func
tion of frequency. It is important to note that 
because the fixed-base frequency components are 

Equipment 

absent in the record, they will not appear in the 
transform but will have a value very nearly zero 
in the measured data. 

As for the modal effective mass, it is perhaps 
most easily explained by reference to Figs. 7 and 
8. Imagine the ship and equipment system to be 

FIGURE 7 Dynamical chain representation of the equipment-ship subsystem. Adapted 
from Remmers (1983). 
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Identical for (a), (b), and (c) 

FIGURE 8 Illustration of replacing parts of a structure with normal mode models as used 
to investigate interaction effects. 

represented by a dynamical chain as shown in 
Fig. 7, where an explosion in the water external 
to the ship excites the system and the response 
motion at the base of the equipment is recorded as 
shown. This system, for purposes of investigating 
interaction effects, can be represented by the 
three dynamical chains of Fig. 8, each of which is 
different. If the fixed-base frequencies and modal 
effective mass values of mbl and mb2 are chosen 
properly, the response of system G and b will be 
identical for masses 3, 4, 5, and 6. Figure 8c 
moves one step further on the dynamical chain 
where again the motions of masses 4, 5, and 6 
will be the same in all three systems if the masses 
mel , me2' and mc3 are properly chosen along with 
the corresponding fixed-base frequencies. The 
equation for modal mass is 

(2) 

where the Xia is a normal mode shape value at i 
in mode G. (Note that this is not the "generalized 
mass" that is found in eigenvector analysis.) An-

other way to view Eq. (2) is that it demands that 
the inertial forces across the equipment-vehicle 
boundary be the same in all cases, for any arbi
trary motion. 

This is interesting in that the inertia present in 
each fixed-base normal mode can be used in an 
analysis and is a measure of the resistance to 
motion. This is physically intuitive in that it is 
easier to accelerate a light structure than a heavy 
one, and this showed up in the data. The sum of 
all the modal masses must equal the equipment 
mass, and a partial sum showed its usefulness in 
deciding on the number of modes to use. 

A procedure for generating shock design val
ues (Cunniff and O'Hara, 1989) using modaleffec
tive mass is now described. If two graphs are 
made for a set of the fixed-base frequency re
sponse data points, one for absolute acceleration 
and one for pseudo velocity (relative displacement 
scaled by radian frequency), each graph as a func
tion of modal effective mass, then the upper enve
lope limit lines will slope downward with increas
ing modal mass. The graphs might appear as in 
Fig. 9. Now if the shock design value for a mode 
whose modal effective mass is ma and modal fre
quency, fa' is desired, each graph will provide a 
value. The maximum absolute acceleration A is 
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FIGURE 9 Combining the (a) maximum shock response absolute acceleration shown 
with the (b) maximum shock response pseudovelocity, (Xw), forms (c) a design input curve 
for specific modal masses m I' m2' m3' etc. 

related to the spectral pseudovelocity V by the 
simple relation A = 27ft" V, where h, is a fixed
base frequency. Thus, we have two sources of 
design limiting acceleration obtained from the 
same set of measured data. The lessor of the two 
values is chosen because the sloping line for fre
quencies greater than the cut -off frequency, fc ' 
is greater than any limiting acceleration found 
from Fig. 9(a). Also the horizontal line in the 
frequency range below fc is a value greater than 
any acceleration obtained from Fig. 9(b). Thus, 
a set of curves for several modal masses (weights) 
can be constructed as illustrated in Fig. 9(c). In 
practice only two numbers need to be known for 
each modal mass. 

This section of the article sketched how the 
DDAM method evolved from difficulties with en
velope spectra, fiducial limit spectra, and aver
aged spectra to a spectral technique that uses the 
fixed-base natural frequencies and modal effec
tive masses as design parameters to account for 
the equipment structural interaction. The use of 
"time history" of the input motion transient for 
design, in place of the input spectra, was also 
examined during this era. 

Transient Design Analysis Approach 

The use of "typical time history" motions and 
"specific time history motions" were studied 
and are reviewed here. The problem was, as ex
pected, the same as for shock spectra where it 
was necessary to account for equipment-vehicle 
interaction effects. Returning to Fig. 2 reveals 
that if the motion time history for configuration 
B was used for the analysis of an equipment repre
sented by configuration A, then an input 9 times 
too great would be used for the first mode. The 
reason is the inherent assumption that the motion 
of the base (attachment point) is unaffected by 
whatever structure happens to be there, thus ig
noring the interaction effects. The same limitation 
would happen if a machine were constructed to 
enforce a motion on a real or a model structure. 
Thus, using the motion of configuration B to de
sign by the process of design, build, test, rede
sign, test, etc. would not result in an acceptable 
structure like configuration A, but rather a struc
ture very much like configuration B. 

The Fourier transform is also the link between 
shock motions and steady-state vibrations be-



cause the steady-state vibration spectrum includ
ing phase is the transform of the response to im
pulse. Norton's form of Thevinen's theorem, 
normally associated with steady state, can be 
used to produce a new transform of base motion, 
showing the effect of adding or replacing a 
structure. 

The route of prescribing motions on the basis 
of Fourier spectrum magnitude only can produce 
different responses during the time of the driven 
portion of the massless oscillator response that 
produces the shock spectrum value. It was dem
onstrated by O'Hara (1973) that the Fourier trans
form magnitude of a motion that ends in finite 
time is not unique. That is to say, it is possible 
to define a function h(t) ¥ g(t) other than h(t) = 

- g(t) such that its Fourier transform magnitude 
is identical with g(t). The operation 11(t) = 

g( To - t) (To is the end of the record) rotates g(t) 
about T and shifts the new origin to To. The two 
functions, while having identical residual spectra 
and autocorrelation functions, have different 
shock spectra and cross correlations. 

To sum up, the several shortcomings of pre
scribing design inputs in terms of transient mo
tions as described above prevented their general 
use in naval applications. 

Description of Environment 

For some naval applications severity of the shock 
disturbance is characterized in terms of energy 
flux density and/or other parameters caused by 
the pressure wave on the surface of the target 
(ship). Because local effects are important, sepa
rate input values are determined for generalloca
tions on the ship that differ in intensity (hull 
mounted, deck mounted, topside, etc.). Shock 
design values are described by vertical, athwart 
ship, and fore and aft directions one at a time, 
not the three simultaneously. It turns out not only 
are DDAM inputs not highly sensitive to charge 
size and target location for a given severity, but 
they also contain the effects of surface cut-off, 
bubble pulses, etc., because these effects were 
included in the original data. This is a desirable 
attribute for a design method. 

Both DDAM and the earthquake design meth
ods evolved from the work of Biot. The goal of 
each ofthese design methods was the same. How
ever, the great disparity in the shock levels to be 
withstood required a greater degree of under
standing than was available in th 1950s and re-
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suited in an effort in which basic research was 
paramount to success. 

Combining Stresses, Deflections, etc. 

The modal summation technique of earthquake 
design usually used the statistical expected value 
of all the modal stresses, 

(3) 

which is the largest mode and a correction. This 
is less conservative than DDAM. With DDAM 
the stress, deflection, etc. is the largest modal 
value plus the statistical expected value of the 
remaining stresses at the time of occurrence of 
the largest modal value. 

(4) 

where a, b, c, ... , are the modal stresses and 
a> b > c> ... > q > .... This formula is, 
in effect, the largest mode plus the second largest 
mode with a correction. This generic class offor
mulas, when applied to normal mode analysis, 
is generally called the NRL sum (O'Hara and 
Cunniff, 1963). 

Survive Failure Criteria 

DDAM predicts the maximum stresses and de
flections in the equipment that are then compared 
to engineering values for yield stresses and maxi
mum permitted deflections that will allow the 
equipment function to continue. 

Equipment design must be possible in a practi
cal sense, not just in theory. Not only is it possible 
to set the shock values so high that the equipment 
cannot be designed, but it can also be set so low 
that any design method is ineffective. 

Adjustments in failure criteria can be made 
in several ways. One such criteria is to use allow
able stresses slightly higher than yield for bend
ing members by means of an efficiency factor 
(Belsheim and O'Hara, 1960, 1961), or the stan
dard engineering yield can be used with a reduc
tion in shock design values. 
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Validation and Verification 

The shock design values used in DDAM were 
validated by measurements during full scale ship 
shock trials. The procedure was used to check 
the designs of equipment since 1960 and became 
a Navy design requirement in 1961 (Belsheim and 
O'Hara, 1961; O'Hara and Belsheim, 1961). The 
veracity of DDAM was demonstrated by shock 
trials and by the survival of DDAM designed 
equipment during wartime attack. After some ini
tial resistance to implementation as a design pro
cedure by the Navy, many engineers were trained 
to use it and it continues to be routinely used to 
this day. 

FOLLOW-UP DEVELOPMENTS 

Determination of Normal 
Mode Parameters 

In the early 1960s an attempt to measure the fixed
base frequencies of equipment with the then com
mon technique failed. That technique was to ex
cite the top mass of a dynamical chain with a 
vibration generator with the peaks in the ratio 
of the measured motion of the top mass to the 
measured motion of the base indicating the fixed
based natural frequencies. In an analytical study 
of how to measure fixed-base natural frequencies 
that followed, Petak and Kaplan (1964) discov
ered that the vibration excitation could only be 
applied to the base of the equipment (or in the 
basement of a building) or below on the vehicle 
in order to determine the proper normal mode 
fixed-base frequencies. Placing the exciter at the 
top mass of the dynamical chain (top of equip
ment of building as shown in Fig. 7) guarantees 
that the fixed-base natural frequencies cannot be 
found. To validate the analysis the experimental 
measurement of the fixed-base normal mode natu
ral frequencies of an equipmentlike structure, 
while the equipment was part of a larger dynami
cal system, was made by Remmers and Mayo 
(1967). 

O'Hara and Remmers (1969) conducted the 
first known successful measurement of the modal 
masses of an equipment test structure, thus con
firming its effects. 

Modal mass and frequency parameters can 
also be determined, to some extent, from mea
sured structural response transients as described 
by O'Hara (1959b) and by Cunniff and O'Hara 
(1988). 

Effect of Damping on Shock 
Spectrum Values 

Damping can affect measured shock spectra. An 
analytical study ofthese damping effects on spec
tra from a dynamical chain by Cunniff and Collins 
(1968) is shown in Fig. 10. The shock spectra from 
the motion of mass 4 was computed using three 
levels of damping. The peaks that correspond to 
the system frequencies are strongly affected. But· 
the spectrum values at the fixed-base natural fre
quencies, which are shown as dashed arrows, 
were not changed very much. Thus, shock design 
values are reduced by only a small amount by the 
presence of damping and can be neglected in most 
cases. Also, the amount of damping present in 
the modal oscillators can be deduced from the 
measured transient response as shown by O'Hara 
and Cunniff (1988). 

Effect of Nearby Equipment Structures 

The significance of the effect of nearby equipment 
structure or a second mode ofthe equipment upon 
shock design values was studied by O'Hara and 
Petak (1968). Shock design values for simple 
equipment by itself were compared to the shock 
design values for the same simple equipment with 
a generally comparable equipment structure 
nearby. This initial, somewhat crude exploratory 
study showed design input levels to be somewhat 
affected but indicated the shock design values 
are relatively insensitive to a second mode or 
nearby equipment. 

Effect of Yielding on Shock Design Values 

When measuring severe shock motions there 
should be concern over possible yielding in the 
structure of either the ship or the equipment, es
pecially when using measured responses to estab
lish shock design values. Studies of this phenom
ena by Mentzer and Cunniff (1968) and by O'Hara 
and Huang (1978) are evaluated in Fig. 11, which 
illustrates the results of increasing the amount of 
yielding in the equipment. (The term equipment 
by itself includes the support by which equipment 
is attached to the vehicle, that is, the support or 
connection to the vehicle is on the equipment side 
ofthe equipment-vehicle system.) The shock mo
tion was assumed to produce 882 MPa (90 ksi) 
stress in the connection. Equipment supports that 
differ only in yield stresses ranging from 294 
to 1470 MPa (30 and 150 ksi) were considered. 
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FIGURE 10 Effect of damping on shock design values. Adapted from Cunniff and Col
lins (1968). 
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FIGURE 11 Effect of yielding on shock design val
ues. Adapted from Remmers (1983). 

Thus the weight remained constant. When the 
equipment supports remained elastic (980 and 
1470 MPa cases) the elastic shock design value 
resulted. When yielding in the equipment support 
occurred, the shock design values were higher 
than the elastic case, with the highest value for 
the largest amount of yielding. If the shock design 
values were determined from measurements 
where equipment support yielding occurred, the 
design levels were more severe than necessary. 
Conversely, however, when yielding occurred in 
the vehicle, the measured shock design value was 
lower than the elastic value. 

Thus, if it were desirable to permit some yield
ing in the equipment support structure, the use 
of the values for the 294, 490, and 784 MPa tests 
where yielding occurred would guarantee that 
it would not yield, because these values were 
greater than the elastic response value. Of course, 
if yield were to occur in the ship, vehicle, or earth, 
then the measured "elastic" value would be too 
low and some yielding would occur if these values 
were used to design equipment where yield is 
not desired. 

Equipment on Multiple Supports 

One of the assumptions of the original DDAM 
is that the entire base of the equipment-support 
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system moves uniformly. This means that if it is 
mounted on two supports or more, these supports 
are subjected to the same base motion at the same 
time. Because this is not always the case, espe
cially for large items, three aspects of this prob
lem were examined. 

First a procedure for measuring the fixed-base 
natural frequencies of equipment on two supports 
was developed. It is significantly more complex 
than for a single support (Petak and O'Hara, 
1966). Second, O'Hara and Belsheim (1974) in
vestigated the problem of loading the structure 
by shock waves traveling through a medium re
sulting in a time delay between dominant shock 
wave loadings at separated input points. Finally, 
a procedure for using DDAM -like inputs to design 
multisupport equipment was developed by Abdel
hamid and Cunniff (1991). 

Scaling and Testing 

It is not always practical to test at full scale or to 
extend data to different levels of shock intensity. 
Practical design methods readily lend themselves 
to scaling design problems, such as scaling shock 
design inputs measured on a submarine of one 
diameter to be appropriate for a second diameter. 
This analytical approach was used by O'Hara and 
Cunniff (1993) for simulation of vehicle shock 
tests of lightweight hull mounted equipment at 
different scales. 

Normal Mode Theory 

Normal mode relationships for unidirectional and 
for three and six directions of motion of elemental 
equipment mass were developed by O'Hara and 
Cunniff (1963), Cunniff and O'Hara (1965), and 
Fourney and O'Hara (1968). These were used as 
the basis for several advanced structural analy
sis procedures. 

Design of Efficient Structures 

Reduction of equipment support weight centered 
around defining structural efficiency as the square 
root of the ratio of the actual shock energy ab
sorbed by a structure to the total energy storage 
capacity of the structure. An elastic method was 
reported by O'Hara and Cunniff (1982a), and the 
elastic-plastic case was shown by O'Hara and 
Cunniff(1982b). Significant support weight reduc
tions were projected using these methods while 

assuming the equipment being supported was al
ready hardened. 

MYTHS AND MISCONCEPTIONS 

Despite the fact that many years have elapsed 
since the inception of DDAM, some widespread 
myths and misunderstandings about some fea
tures of the method still prevail. They are: 

• a transient dynamic analysis is unique and 
provides a better solution than DDAM for 
attacks at the same shock design severity; 

• the method fails to account for fixed-based 
normal modes with repeated frequencies; 

• if a structure has two fixed-base frequencies 
very close to each other, the resulting beating 
response is so long in time to the peak re
sponse that the combinatorial rules are not 
realistic; 

• a very small appendage attached to large 
equipment can cause overly severe, errone
ous values in the shock input, particularly if 
the appendage fixed-base frequency is about 
equal to a fixed-base frequency of the 
equipment. 

Each of these was reexamined by Cunniff and 
O'Hara (1993) and are summarized below. 

The transient analysis of a simple equipment
vehicle model was developed that replicates the 
damaging potential prescribed by DDAM-like de
sign inputs. The equipment discussed therein was 
limited to 2 degrees of freedom, unidirectional 
motion, and the vehicle was composed of a 
lumped mass-spring combination excited by an 
impulse. The magnitude of solutions provided by 
the method clearly demonstrated that there is no 
unique transient model available. This reference 
shows this with an example where three distinct 
vehicles experience different impulses. The ensu
ing motion of each vehicle was different and gen
erated different shock spectra. However, the 
shock spectrum values at the equipment fixed
base frequencies were identical in each case. 
Thus, transient motion inputs as used by the pro
posed method are not unique. Furthermore, the 
transient technique cannot be better than the data 
upon which it is based, i.e., the DDAM shock 
input values. 

An examination of the special case of repeated 
natural frequencies indicated that the modal ef
fective masses, the participation factors, and the 
characteristic loads are zero at these repeated 



roots. Hence, these modes do not contribute to 
the deflections and stresses in the DDAM analysis 
or in any other normal mode spectral analysis 
method. 

In the case of closely spaced equipment fixed
base frequencies, the transient model provided 
responses that were composed ofthe system nat
ural frequencies; therefore, they did not pose any 
special problems, such as a resonance build-up 
effect, even though the equipment frequencies 
were closely spaced. 

It was shown that the addition of a lightweight 
appendage with its own fixed-base frequency 
about equal to the main equipment fixed-base fre
quency, to rather heavy weight equipment can 
cause failure difficulties because the normal mode 
parameters change. However, doing this would 
be a poor design practice. Nevertheless, the 
DDAM shock design inputs, via the modal effec
tive mass, compensate for this poor design effort 
by increasing shock design values, as it should. 
That is to say that the structural interaction effect 
using modal effective mass increased the shock 
design values. The analysis also showed that a 
change in the fixed-base frequency of the append
age should avoid the large deformations that 
would otherwise occur and are predicted by 
DDAM. Further work (Cunniff and O'Hara, 1994) 
showed that while shock spectra are unique, sys
tems can be devised that have nearly identical 
shock design values, even though their shock 
spectra are different. 

Some authors and engineers have called the 
pseudo velocity form of the scaled relative dis
placement spectra an equivalent step change of 
velocity of the base. Such a claim results in a 
sinusoidal response after the sudden base motion. 
To extend this definition to say that a single step 
change of velocity of the base can result in two 
different values of the product Xcv for different 
modes is incorrect and need not be explored 
further. 

CONCLUSIONS 

It is noteworthy that DDAM continues to be used 
36 years after it was introduced. There are several 
primary reasons for this. DDAM is based on a 
thorough foundation of research and was devel
oped to be easy to use, accurate, and fast so 
that it can be readily used by ship designers. The 
method can be successfully exercised within the 
time constraints of ship acquisition schedules. 
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The method was successfully validated in several 
ways including DDAM designed equipment that 
survived actual attacks. 

Because the background basic research was 
already done and was well documented, applica
tion in other structural dynamics situations, such 
as rockets, earthquake, vibration testing, etc., 
should be explored. 
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