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Analysis of Nonstationary Vibroacoustic Flight Data
Using a Damage-Potential Basis
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Traditional maximax analysis of nonstationary � ight data for space and launch vehicles can overestimate peak
responseanddoes notaddress thepotentialfor fatiguefailureofhardware.A new method,referred to as the damage-
based approach, is presented that employs an extended response spectrum analysis and includes amplitude-cycle
counts. The outcome is a conservative, stationary test speci� cation that envelops the damage potential of the
nonstationary � ight environment for both peak response and fatigue, while recognizing uncertainties in damping
and the fatigue law. Notable features of the new analysis technique are a quantitativemeans for addressing fatigue-
damage potential in � ight and a reduction in the overestimation of peak � ight responses. Damage-based analysis of
� ight data can, therefore, help de� ne more appropriatetest speci� cations from historicaldata.The new method also
provides a more accurate means for assessing the quali� cation status of components following early missions of a
new launch vehicle and may help avoid unnecessary requali� cation of hardware suggested by an over-conservative
maximaxanalysisof � ight data.Potential bene� ts of the damage-basedapproachare demonstrated by investigation
of a vibration and an acoustic measurement from multiple � ights of the Titan 4A launch vehicle.

Nomenclature
A = cyclic amplitude, g
Amax = maximum amplitude, g
Amin = minimum amplitude for fatigue consideration,g
b = fatigue-law exponent
C = fatigue-law constant
D = fatigue-damage indicator
DF = fatigue-damage indicator for � ight
DT = fatigue-damage indicator for test
Db D 4

T = test-damage indicator value for b D 4
F = fractional damage
fn = oscillator natural frequency, Hz
G = acceleration spectral density, g2/Hz
kn;95;50 = 95/50 normal tolerance factor
N = number of response cycles
NF .S/ = number of cycles to cause failure

at stress amplitude S
NTLy = normal tolerance limit of y samples
N0 = total number of response cycles during test
n = number of data samples
P.A>/ = probability that an amplitude exceeds A
p.A/ = probability density for an amplitude A
Q = modal quality factor
S = stress cycle amplitude resulting from motion

amplitude A, Pa
sy = sample standard deviation
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T .A>/ = total duration of response cycles which equal
or exceed the amplitude A, s

T .S/ = total duration of response cycles
with stress amplitude S, s

T0 = test duration, s
y = samples
Ny = sample mean
® = proportionalityfactor relating stress to acceleration
¾ = standard deviation of response

Subscripts

b = fatigue-law exponent
F = � ight-related value
i = i th bin
T = test-related value
1 = spectrum controlled by maximum amplitude
2 = spectrum controlled by amplitudes less than the

maximum
4 = spectrum corresponding to fatigue-law exponent of 4
8 = spectrum corresponding to fatigue-law exponent of 8
12 = spectrum corresponding to fatigue-law

exponent of 12

Introduction

Q UALIFICATION, acceptance, and proto� ight vibroacoustic
test requirements for space and launch vehicle hardware are

typically de� ned and veri� ed by using � ight data. Whereas the
tests are normally conductedby using stationaryrandomexcitation,
equipment is exposed to nonstationary environments in � ight. To
deal conservativelywith the nonstationarity,the maximax spectrum
has traditionally been used. It has been observed, from a damage-
potential standpoint, that the maximax approach can yield overly
conservative values of test spectra when brief periods of strong,
narrow-bandoscillationoccur in � ight. Furthermore, the traditional
maximax method is not capable of determining the potential for
fatigue-damage accumulation in � ight, or providing a comparison
of this potential with what the equipment was subjected to during
its quali� cation testing.

Traditional maximax processing of � ight data determines an up-
per bound of the power spectral density for a sequence of short time
intervals (piecewise stationary analysis). The resulting spectrum
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depends on processing parameters such as the averaging time and
the frequency resolution (bandwidth) of the analysis.The problems
associated with using the maximax data analysis procedure to es-
timate peak responses in nonstationary space and launch vehicle
environmentsare well known, and processing-parameter optimiza-
tion to minimize errors resulting from nonstationarity in the � ight
data has been documented.1¡5 Unfortunately, the optimum choice
of parameters discussed in the earlier work is measurement depen-
dent and is not related to physical properties of the hardware, such
as modal quality factor, that are easy for a vibroacoustics engineer
to understand.Guidelines for developmentof acceptance and qual-
i� cation test criteria by using the maximax spectral approach may
be found in Refs. 6–11.

An alternatemethod,referredto as the damage-basedapproach,is
described herein and determines random test requirements that en-
velop the damage potential of the nonstationary� ight environment.
The damage-basedmethod applies the � ight data as a forcing func-
tion to a series of single-degree-of-freedom (SDOF) oscillators that
represent vibration modes of hardware experiencing the environ-
ment. No Fourier analysis is involved, and so errors resulting from
piecewise stationaryanalysisof nonstationarydata are avoided.The
method was developed by Rubin,12 and a computer implementa-
tion was developed by Sako at The Aerospace Corporation. The
approach taken ensures that the peak responses and the fatigue-
damage potential experiencedby the equipment (representedby the
SDOF oscillators) during � ight are envelopedby the corresponding
responses expected during an equivalent stationary test. The fun-
damental approach used herein makes use of many of the concepts
discussed by Lalanne.13;14 Miskel,15 under the guidance of Rubin,
later addressed the optimization of the test spectrum and the time
duration that minimizes the effect of uncertainty in the fatigue-law
exponent.

Althoughthedamage-basedanalysisprocessis more complicated
than the maximax approach, the same resulting form of test spec-
i� cation is retained. In comparison to the traditional maximax ap-
proach,the signi� cantadvantagesof thedamage-basedapproachare
believed to be the following: First, damage potential due to fatigue
accumulation, as well as to peak response, is evaluated in a well-
accepted, quantitativemanner by using an extended response spec-
trum approach. Second, in comparison to the maximax approach,
the damage-based method reduces the overestimation of spectral
peak values caused by brief periods of strong oscillation in the
� ightdata.Third, processingerrors resultingfrom the assumptionof
stationarity, necessary for maximax processing, are eliminated. Fi-
nally, fatigue-damagecontributions from different phases of � ight,
such as liftoff and transonicevents, are easily combinedbecause the
damage-indicatorvalues described herein are commutative.

A primary motive for development of the damage-based anal-
ysis approach is to avoid a costly overreaction to maximax results
from earlymissionsof a new launchvehicle that indicate inadequate
quali� cation of equipment.This paper demonstrates that signi� cant
reduction in levels can be achieved by using the damage-baseddata
processing techniquesdescribedherein. It is suggested that such re-
ductionmay form thebasis for avoidinga requali� cationor vibration
reduction process that may appear necessary because of maximax
processingof � ight data. The damage-basedanalysis tool is also ex-
pected to be incorporatedinto the Vibroacoustic Intelligent System
for Predicting Environments, Reliability, and Speci� cations.16

The objectives of this document are to introduce the damage-
based approach and to demonstrate the potential advantages of the
technique by investigation of two statistically meaningful sets of
launch vehicle � ight data. An evaluation of the new approach is
based herein on Titan 4A launch vehicle � ight data obtained for
a vibration measurement acquired on 12 different missions and an
acoustic measurement obtained on 15 different missions. To meet
the objectives, this paper is organized as follows. First, the tradi-
tional maximax approach is reviewed. Then, the damage-based ap-
proach proposed in the present study is described in detail. Last,
a comparison of the spectra obtained from the two approaches
is presented for environments observed on the Titan 4A launch
vehicle.

Traditional Maximax Approach
Prediction and veri� cation of the maximum-predicted random

environments for space and launch vehicles depends on the analy-
sis of � ight data acquired during a series of events throughout the
ascent stage of a rocket. These events are labeled in Fig. 1 on a time
history of vibration acquired at 5000 samples per second on the
instrumentation truss of the Titan 4A launch vehicle. Note the ob-
vious nonstationarycharacter of the data that contain time-varying
events including liftoff, transonic � ight, and aerodynamic pressure
oscillations during passage through maximum dynamic pressure.
The instrumentationtruss on the Titan 4A launch vehicle is located
in compartment 2A, which is just aft of the payload fairing boattail
as shown in Fig. 2. Several narrow-band oscillations occurred with
a much greater degree of nonstationarity than is inferred from the
envelope variation of the broadband vibration shown in Fig. 1. An
example of the nonstationarycharacterof narrow-band� ight data is
shown in Fig. 3 for the time variation of the 1-s-average rms value
in a 1

6 th-octave band centered at 223.6 Hz. A narrow-band spectral

Fig. 1 Typical vibration time history response acquired during the
ascent stage of Titan 4A launch vehicle mission K-22.

Fig. 2 Titan 4A launch vehicle with compartment 2A identi� ed by the
gray shaded region just aft of the payload fairing boattail.

Fig. 3 RMS acceleration vs time in a one-sixth-octave band centered
at 223.6 Hz acquired using a 1-s averaging time for the vibration mea-
surement shown in Fig. 1.
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peak from analysis of � ight data serves to establish a plateau region
in a test spectrum. As exempli� ed in Fig. 3, the maximax value can
be the value in only one averaging-timeperiod that is well above the
valueat other times.The degreeof conservatismin thepeakvalueob-
tained by using the maximax approachcan, therefore,be large when
only a brief period of strong oscillation occurs during the � ight.

Power spectrathathavehistoricallybeenestablishedin fractional-
octave bands by using either analog instruments or � lters imple-
mented on digital computers are now commonly estimated by using
Fourier transform-based digital signal processing techniques.17;18

During each time slice, a constant-bandwidthpower spectral den-
sity (PSD) is computed and then averaged within fractional-octave
bands. The overall maximax PSD is then the envelope of the
fractional-octave-band PSDs in all of the time slices. The max-
imax spectra presented herein use the traditional processing for
Titan � ight data: 1-s time slices, with 50% overlap, to determine
a one-sixth-octave-band vibration spectrum or a one-third-octave-
band acoustic spectrum.8¡11

Damage-Based Approach
Unlike traditionalmethods used for developmentof test criteria,

the damage-basedapproachcreates a stationary test that attempts to
envelop the resonant responses, rather than the input, experienced
by the hardware in � ight. Potential resonant responses are deter-
mined by usingan extendedresponsespectrumapproach.The � ight
data are applied as input to a series of SDOF oscillators described
by their natural frequencies fn and modal quality factors Q. Be-
cause resonant characteristics of the hardware are often unknown,
the approach taken is to assume that resonancesexist over the entire
frequency region of interest (10–2000 Hz), and a range of Q is used
to span the uncertainty in damping. To avoid signi� cant smoothing
of results from strong narrow-band responses, the results presented
are based on SDOF oscillators located with a 1/12-octave spacing
of their natural frequencies.The 1/12-octave spacing contrasts with
the smoothing inherent in traditionalprocessingwherein spectra are
averaged into 1

6 -octave bands for vibration and 1
3 -octave bands for

acoustics.
A detaileddescriptionof the damage-basedapproachis presented

in the following � ve subsections of this paper. First, some funda-
mentalconceptsrelated to stationaryrandomvibrationare reviewed.
Second, a procedurefor plotting and evaluatingnonstationary� ight
data is outlined. Then, a quantitative method for assessment of
fatigue-damage potential in � ight is introduced in the context of
a � ight-damage indicator. Finally, a test-damage indicator is de-
� ned and a method for determining a fatigue-equivalentstationary
test that envelops the damage potential experienced in � ight is de-
scribed.

Stationary Random Vibration
The distribution of peak values in a narrowband random vi-

bration is the Rayleigh distribution. Applied to the response of a
lightly damped SDOF oscillatorexcited by a zero-mean, stationary,
Gaussian, white noise input, the probabilitydensity function for an
amplitude A is

p.A/ D .A=¾ 2/ exp.¡A2=2¾ 2/; A ¸ 0 (1)

For this zero-mean process, the standard deviation is equal to the
rms value. Integrating Eq. (1) from some amplitude A to in� nity
gives the probability that cycles have an amplitude greater than A,
that is,

P.A>/ D exp.¡A2=2¾ 2/ (2)

If one considers a stationary test of duration T0 , the total time
T .A>/, or cumulative duration, spent during which response cy-
cles with amplitudes exceeding A occur is

T .A>/ D T0 P.A>/ D T0 exp.¡A2=2¾ 2/ (3)

Taking the natural logarithm of both sides of Eq. (3) yields

[T .A>/] D .T0/ ¡ .A2=2¾ 2/ (4)

Fig. 4 Plot form yielding a straight line for the logarithm of the time
that response cycles exceed A2/Q.

For SDOF accelerationresponseto a broadbandGaussianexcitation
with acceleration spectral density G, the variance, or mean-square
response, is approximated by the well-known result for the case of
small damping, that is,

¾ 2 »D .¼=2/G fn Q (5)

Substituting Eq. (5) into Eq. (4) yields

[T0=T .A>/] D .1=¼G fn/.A2=Q/ (6)

For a particular value of fn , the function in Eq. (6) appears as a
straight line on a plot of log T .A>/ vs linear A2=Q, as shown in
Fig. 4. In Fig. 4, Amax is the expectedmaximumamplitudeoccurring
at the exceedence duration of one period.

Flight Data Evaluation
The � rst step in a damage-basedanalysis requires plotting SDOF

oscillator responses to nonstationary� ight data in the format shown
in Fig. 4. The plot format of Fig. 4 provides a powerful visual aid
to assess the degree to which the peak responses during � ight at a
particularnatural frequencyare Rayleigh-likeand, thus, the reason-
ableness of specifying a stationary random test. Response is cal-
culated for several values of Q to encompass damping uncertainty.
Prescribing a test based on an enveloping Rayleigh line guarantees
that the damage potential of the test, for a resonance at that fre-
quency, envelops the damage potential of � ight over the range of
damping uncertainty.

The procedureused for plottingthe � ight data in the same manner
as shown in Fig. 4 is outlined by nine points as follows: First, on
a logarithmic scale, set up a series of bins for accumulating cyclic
values of A2=Q. In the following terminology, low bins correspond
to small values of A2=Q and high bins correspond to large values of
A2=Q. Second,determine the responsefor selectedvaluesof fn and
Q. For � ight acceleration data, the absolute acceleration response
of a unit mass to a base acceleration input is calculated. For the
� ight pressure data, the acceleration response of a unit mass to a
force equal to the pressure acting over a unit area is calculated.
Find the amplitude A for each cycle of response and add one count
to the A2=Q bin into which it falls, as well as adding one count
in each lower bin. After all cycles are placed into the appropriate
bins, the count ni in the i th bin is the number of cycles having an
A2

i =Q value falling in that bin added to all of the cycles falling
in higher bins. Because each cycle has a period 1= fn , the number
of cycles in the i th bin is also used to determine the total time
that responses occur with an amplitude greater than or equal to Ai ,
namely, T .Ai >/ D ni = fn . For a complete description of the cycle
and amplitude identi� cationprocedureused herein, see Refs. 12 and
15. Third, plot the logarithm of the cumulative duration T .A>/ vs
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the linearvalueof A2=Q. Fourth, repeat steps two and three for other
values of Q and the same fn . An example plot of results appears in
Fig. 5, which shows the results of analysis for the Titan 4A mission
K-3, vibration measurement 9509 � ight data at a natural frequency
of 14.14 Hz and Q values of 10, 25, and 50. Note that 9509 is a
numerical identi� er for a transducer used to acquire the vibration
measurement on the instrumentation truss of the Titan 4A launch
vehicle. The data are plotted in the format shown in Fig. 4. Based
on a 60-s test, a line to the observed maximum response amplitude
at a Q of 25 envelops all of the data and corresponds to an input
accelerationspectral density designated G1 . Fifth, for each value of
fn , assess the reasonableness of a stationary random test in terms
of the degree of similarity of the curves for the several values of Q
to the straight line expected for the Rayleigh distribution (Figs. 4
and 5). Sixth, if a stationary random test appears to be reasonable,
review the plots to select a test duration T0, keeping in mind that
the Rayleigh line starts at T0 and A2=Q D 0. A line from T0 to the
maximum value A2

max=Q at the duration of one period, or 1= fn ,
should reasonably envelop the data for all Q values, except for low
values of A2=Q as discussed in point 8 subsequently. Seventh, by
using Eq. (6) and Fig. 4, the spectral density corresponding to the
line from T0 to A2

max=Q is

G1 D

¡
A2

max

¯
Q

¢

¼ fn . fn T0/
(7)

Eighth, when the � ight results bulge above the line from T0 to
A2

max=Q, a second line is drawn from T0 to just encompass all of
the data. This second straight line leads to a higher value, desig-
nated as G2 . An example appears in Fig. 6, which shows the results
of analysis for the Titan 4A mission K-3, vibration measurement

Fig. 5 Results of analysison Titan 4A mission K-3: vibrationmeasure-
ment 9509 � ight data at a natural frequency of 14.14 Hz.

Fig. 6 Results of analysison Titan 4A mission K-3: vibrationmeasure-
ment 9509 � ight data at a natural frequency of 80.00 Hz.

9509 � ight data at a natural frequency of 80.00 Hz and Q values of
10, 25, and 50. Again, the data are plotted in the format shown in
Fig. 4. Figure 6 is an example where the line to Amax , the maximum
observed amplitude, does not envelop all of the data. The line that
does envelop all of the data leads to a G2 value that is greater than
the G1 value for the line to Amax . Bulges in the � ight data that occur
belowthe dotted-linelimit on A2=Q (shown in Figs. 5 and 6) are not
considered in the determination of G2. For the analysis presented
here, this lower limit was set to 1/10th of the value of A2

max (a little
over Amax=3/ with the objective of avoiding amplitudes likely to be
belowthe fatigueendurancelimit. For aluminumalloys,Steinberg19

states that the endurance stress is typically one-third of the ultimate
tensile stress. Use of one-third of the measured Amax to de� ne the
dotted-line limit, rather than the acceleration corresponding to ul-
timate conditions, is, therefore, a conservativeway to approximate
the limit below which response cycles are not signi� cant for the
determination of G2. A different value for the endurance limit can
be chosen based on the knowledge of relevent fatigue characteris-
tics. Ninth, once G1 and G2 are determined for all frequencies, a
stationary random test spectrum is de� ned to envelop these values,
with T0 as the test duration.

The nine-point procedure just described ensures that equipment
being tested will experience a given number of cycles and a cor-
responding set of amplitudes that are greater than or equal to the
amplitudes and cycles experienced during the nonstationary � ight
environment. Local peaks in G1 and G2 should be extended over a
reasonable frequency band by the speci� cation enveloping process
and a typical guideline is to maintain a peak value at least over a
§10% range of the center frequency of the peak.

Fatigue Assessment
In additionto the potentialfor equipmentdamagebecauseof peak

stresses, the potential for high-cycle-fatiguedamage should also be
considered. An alternate assessment (as opposed to G2) of fatigue-
damage potential is based upon two fundamental assumptions.The
� rst is that the fractional damage F obeys the Miner–Palmgren
hypothesis given by

F D
X

i

N .Si /

NF .Si /
(8)

where N .Si / is the number of stress cycles with amplitude Si and
NF .Si / is the number of cycles at Si necessary to cause failure.
Failure is predicted when F reaches a value of unity. The second
assumption is that the number of cycles necessary to cause failure
obeys the following idealized S– N law for stress amplitudes above
the endurance limit:

Sb
i NF .Si / D C (9)

where b is the fatigue-law exponent and C is a constant. The frac-
tional damage is then expressed as

F D 1
C

X

i

Sb
i N .Si / (10)

The duration of stress response cycles of Si having the frequency
fn is

T .Si / D N .Si /= fn (11)

Including the proportionality of stress to the response motion, or
S D ® A, the fractional-damage expression for response motion of
an SDOF system is

F D
®b fn

C

X

i

Ab
i T .Ai / (12)

For the relation of damage potential between a � ight environment
and a test, it is only necessary to compare the values of the terms
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within the summation sign in Eq. (12). The value of this summation
is designated as a fatigue-damage indicator D given by

D D
X

i

Ab
i T .Ai / (13)

Note that the value of this fatigue-damage indicator is proportional
to theactual fractionaldamage F , but the constantof proportionality
®b fn=C is unknown. Determination of the constant of proportion-
ality is unnecessary if it does not change from � ight to test, as is
assumed herein. Cases where the material properties are different
during � ight and ground testing are not covered in this document
and require an extension to the current approach.

Flight-Damage Indicator
The processing of � ight data places response amplitudes into

bins based on A2
i =Q and determines the cumulative time spent by

amplitudeswithinandaboveeach bin,or T .Ai >/. In these terms, the
� ight-damageindicator is written as the following form of Eq. (13):

DF D Qb=2
X

i

³
A2

i

Q

´b=2

T .Ai / (14)

where T .Ai / is the time spent in the i th bin, calculated by

T .Ai / D T .Ai >/ ¡ T .Ai C 1>/ (15)

Test-Damage Potential
It is now desired to develop the stationaryGaussian test inputs Gb

that will theoretically produce test fatigue-damage indicator values
DT that are equivalent to the corresponding DF for a fatigue expo-
nent of b. Using Eq. (1), the fractional time spent at an amplitude
A, for a test of duration T0, is

T .A/=T0 D p.A/ D .A=¾ 2/ exp.¡A2=2¾ 2/ (16)

When a continuous form of Eq. (13) is used, the test-damage indi-
cator value is de� ned as

DT D
Z

AbT .A/ dA (17)

Inserting T .A/ from Eq. (16) into Eq. (17), making A2 the variable
of integration, and introducing limits on the integration yields

DT D
T0

2¾ 2

Z A2
max

A2
min

.A2/b=2 exp

³
¡A2

2¾ 2

´
d.A2/ (18)

Equation (18) is evaluated by repeated integration by parts for fa-
tigue exponents of 4, 8, and 12, as detailed in Ref. 12. The upper
limitof integration A2

max is chosensuch thatonlyonehigherresponse
cycle is expected, on average, during the equivalent stationary test
and is expressed mathematically by

N0 P.Amax>/ D 1 (19)

where

N0 D fn T0 (20)

is the total numberof responsecycles in the test. Equations(2), (19),
and (20) yield

A2
max D 2¾ 2 . fn T0/ (21)

The lower limit of integration in Eq. (18), chosen based on the en-
durance ratio of the material, can be expressedas a fractionof Amax.
Recall that a lower limit on amplitude, for the same purpose, was
discussedearlier in connectionwith envelopingresponse-amplitude
counts from � ight data and that 0:1.A2

max/ was chosen.For applica-
tion to a stationary test, a lower bound of 0:1.A2

max/ has a negligible
effect, and so it is set to zero. By using the normalized amplitude

NA2
max D A2

max

¯
¾ 2 D 2 . fn T0/ (22)

the closed-form expression for the test-damage indicator value for
b D 4 is

Db D 4
T D T0¾ 4

£
8 ¡ exp

¡
¡ NA2

max

¯
2
¢¡

NA4
max C 4 NA2

max C 8
¢¤

(23)

Note that Eqs. (22) and (23) are functions of the test duration, the
natural frequency of the oscillator, and the unknown response vari-
ance.When the test-damage indicator Db D 4

T is equatedwith the cor-
responding � ight-damage indicator, determined by using Eq. (14)
with b D 4, the response variance¾ 2 that will produce a test with an
equivalent� ight-damage indicator is determined by using Eq. (23).
Closed-formsolutionsforb D 8 and12are also functionsof the same
variablesand are de� ned in Ref. 15. Finally, stationaryGaussian test
inputs G4 , G8 , and G12, correspondingto fatigue exponentsof 4, 8,
and 12, respectively,are determined from the responsevariancesby
using Eq. (5). Note that this procedure of equating test- and � ight-
damage indicatorvalues is performedat each natural frequencyand
for each value of Q.

In the following examples, the damage-based test spectrum G test

is the maximum value obtained from G1 , G2 , G4 , G8 , and G12

for each of the quality factors Q D 10, 25, and 50. Conservatism is
maintained, therefore, through the degree of uncertaintyin damping
and the fatigue exponent.

Titan 4A Launch Vehicle Environments
This section provides a comparison of Titan 4A launch vehicle

spectra obtainedby using the damage-basedapproachand the max-
imax approach. For the damage-based approach, vibration spectra
are produced at 1/12-octave center frequencies and are compared
to maximax spectra computed in 1

6 -octavebands. For acoustic data,
the damage-based spectra are computed at 1/12-octave center fre-
quencies and then converted and compared to 1

3 -octave maximax
sound pressure levels (SPLs). The following two subsections will
present results from a set of vibration and acoustic measurements,
respectively.

Vibration Results
Vibrationdata were acquiredon the instrumentationtruss in com-

partment 2A of the Titan 4A launch vehicle, shown in Fig. 2, on
12 different � ights. This measurement, referred to herein as 9509,
presents a rare opportunity, for aerospace launch vehicles, to inves-
tigate the response at the same location on repeated � ights. In the
present study, a comparison of results is based on the 95/50 normal
tolerance limit of the sample data, the overall rms level from the
95/50 results, and the differences in the spectral values at peaks in
two frequency ranges of special interest.

At each frequency, the 95/50 normal tolerance limit (NTL) for
the 12 data samples is de� ned:

NTLy. f / D Ny. f / C kn;95;50sy. f / (24)

where Ny. f / and sy . f / are the average and standard deviation of
the samples y and kn;95;50 D 1:69 for n D 12 � ights. Note that the
NTL applies only to normally distributed random variables and is
used extensively for developing conservative limits for structural
responsein theaerospaceindustry.The valueofNTLy . f / in Eq. (24)
is that valueof y thatwill exceedat least95%of all possiblevaluesof
y, with a con� denceof 50%. It is typical6 in theaerospaceindustryto
assume that the vibration spectral-densityvalues have a lognormal
distribution with a standard deviation bounded by 3 dB, which is
the value typically used for sy . f / in Eq. (24). In the present study,
the actual sample mean and standard deviation of the data at each
frequency are used for the 95/50 comparison of the maximax to the
damage-based results shown in Fig. 7.

In Fig. 7, notice the overestimation of 95/50 spectral peaks ob-
tained by using the maximax approach, relative to the peaks deter-
mined using the damage-based method, in the 31.5–63- and 160–

250-Hz frequency ranges by 5.9 and 2.9 dB, respectively. These
frequencyranges are of primary interest becauseof the known loca-
tion of two structural modes in the 31.5–63-Hz region and another
resonance that occurs between 160 and 250 Hz. Also, note that
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Table 1 Spectral peak values obtained using maximax approach (decibels)

MissionFrequency
range, Hz K-3 K-8 K-10 K-11 K-14 K-15 K-16 K-17 K-19 K-21 K-22 K-23 Minimum Mean Maximum

31.5–63 ¡7.55 ¡7.74 ¡5.52 ¡7.68 ¡8.66 ¡5.30 ¡11.12 ¡8.43 ¡9.67 ¡7.73 ¡9.11 ¡10.01 ¡11.12 ¡8.21 ¡5.30
160–250 ¡6.48 ¡8.26 ¡8.01 ¡7.36 ¡8.95 ¡6.21 ¡9.04 ¡9.06 ¡8.10 ¡8.33 ¡9.29 ¡12.40 ¡12.40 ¡8.46 ¡6.21

Table 2 Spectral peak values obtained using damage-based approach (decibels)

MissionFrequency
range, Hz K-3 K-8 K-10 K-11 K-14 K-15 K-16 K-17 K-19 K-21 K-22 K-23 Minimum Mean Maximum

31.5–63 ¡10.17 ¡9.95 ¡13.23 ¡12.22 ¡12.37 ¡12.24 ¡14.05 ¡15.20 ¡16.97 ¡12.86 ¡12.19 ¡13.38 ¡16.97 ¡12.90 ¡9.95
160–250 ¡8.60 ¡11.97 ¡10.87 ¡9.57 ¡11.37 ¡9.34 ¡10.85 ¡12.32 ¡9.12 ¡10.87 ¡11.99 ¡14.68 ¡14.68 ¡10.96 ¡8.60

Table 3 Differences between damage-based and maximax spectral peaks (decibels)

MissionFrequency
range, Hz K-3 K-8 K-10 K-11 K-14 K-15 K-16 K-17 K-19 K-21 K-22 K-23 Minimum Mean Maximum

31.5–63 2.62 2.21 7.71 4.54 3.72 6.94 2.93 6.78 7.31 5.14 3.08 3.37 2.21 4.69 7.71
160–250 2.12 3.71 2.86 2.20 2.41 3.12 1.81 3.26 1.02 2.55 2.70 2.28 1.02 2.50 3.71

Fig. 7 Comparison of 95/50 levels for vibration measurement 9509
acquired on the instrumentation truss in compartment 2A for 12 � ights
of the Titan 4A launch vehicle.

the overall rms level (from 10 to 2000 Hz) obtained by using the
damage-based approach (4.43 g rms) is more than 30% lower than
that obtained by using the maximax approach (6.40 g rms). If these
� ight data were used to develop test speci� cations for equipment
on a new launch vehicle, as is often done in the aerospace industry,
reduced quali� cation levels for the new hardware might be war-
ranted by the more realistic interpretation of the historical spectra
obtained by using the damage-based approach. Whereas conser-
vatism in generating test speci� cations is desirable, an excessive
amount can cause undesirable quali� cation test methods, such as
band splitting, to be employed because of limitations in shaker ca-
pability. Note that band splitting requires splitting the quali� cation
spectrum into several frequency bands and subjecting the quali� -
cation unit to random vibration in each band separately. This un-
desirable test method, therefore, does not account for the potential
of a multimode failure mechanism, in which resonant response of
modes in different test bands may occur simultaneously in � ight.
Although the low rms level for measurement 9509 would not ne-
cessitate band splitting, many of the criteria set for newer rockets
have dictated that this test procedure be used. The savings of over
30% in the overall rms level for measurement 9509 suggests that
using the damage-based approach for interpreting historical � ight
data may give an analyst the con� dence necessary to set reduced,
yet still conservative,speci� cation levels that may lead to less band
splitting during quali� cation testing.

In addition to the 95/50 results, Tables 1 and 2 present the spec-
tral peak values in the two frequency ranges of primary interest,
along with the minimum, mean, and maximum values for all avail-
able missions. Table 3 demonstrates the differencesin spectral peak
values obtained by subtraction of the damage-based results from
the maximax results. Note that for certain missions, the damage-
based approach yields spectral peak values as much as 7.7 and
3.7 dB lower for the 31.5–63- and 160–250-Hz frequency ranges,
respectively.Table 3 also indicates that by using the damage-based
approach, signi� cantly lower spectral peak levels are obtained on
average, and, in fact, the smallest reductions for any mission are
2.2 and 1.0 dB for the 31.5–63- and 160–250-Hz frequency ranges,
respectively.

Test speci� cations are usually de� ned by using straight-line seg-
ments in log– log plots of spectral density. Consider that historical
data had been used, before the initial Titan 4A � ight, to generate
a quali� cation level de� ned by a straight line at ¡8 dB across the
10–2000-Hzfrequencyrangeof interest.Tables1 and 2 indicate that
this quali� cation levelwould havebeen exceededon many missions
(especially the early ones) if traditional maximax processing was
used, but would not have been exceeded even once if the damage-
based approach was employed. In other words, if the quali� cation
levels were indeed as considered (in reality they were not), a costly
requali� cationprocessmighthavebeenmandatoryif maximax anal-
ysis of the � ight data had been used, whereas if the damage-based
approachhad been applied, no retestingof the hardware would have
been considered.Although the situationdiscussedhere is hypothet-
ical, the example does demonstrate the signi� cant potential bene� t
of using the damage-based approach for � ight-data analysis on a
new launch vehicle.

Acoustic Results
Data acquired from a � ush-mounted microphone, referred to

herein as 9675, were acquired on the exterior of compartment2A of
the Titan 4A launch vehicle during 15 missions. Figure 8 presents
a comparison of the 95/50 normal tolerance limits for the free-� eld
SPL calculatedby using both the maximax method and the damage-
based approach. Similar to the vibration results, notice the signi� -
cantly lower overall SPL obtained from the damage-based method
(158.6 dB) as compared to the maximax result (161.2 dB). Also,
in the frequency range at and below 200 Hz, the damage-based
approach again demonstrates that maximum response can be sub-
stantially overestimated;in this case by 3.9 dB, when the traditional
maximax method is used.
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Fig. 8 Comparison of 95/50 levels for acoustic measurement 9675 ac-
quired on the exterior of compartment 2A for 15 � ights of the Titan 4A
launch vehicle.

Fig. 9 Results of analysis on Titan 4A mission K-3, acoustic measure-
ment 9675 � ight data at a natural frequency of 561.2 Hz.

Unlike the 9509 measurement, however, the damage-based
method is more conservative than the corresponding maximax re-
sults at frequenciesbetween 250 and 1600 Hz. This result is a con-
sequence of two factors, one of which will be inherent in all mea-
surements and the other which may be unique to 9675. For SPLs
obtained in higher spectralbands, the maximax result containsmore
“frequency-smoothing”because,during each overlappingtime seg-
ment, the narrow-band spectral lines are averaged within each one-
third-octave band. Thus, the maximum response at a particular fre-
quency in the spectrum is averaged during each overlapping time
segment with other, lower spectral values. Conversely, the damage-
based approach passes the � ight data through a series of SDOF
oscillators spaced at 1/12-octave intervals, retaining the maximum
value of the spectral peaks independently. For the damage-based
approach, therefore, conversion to one-third-octave SPLs must be
performed at the conclusion of data processing. This averaging ef-
fect of the maximax method will be inherent in the processingof all
measurements.

Unlike the 9509 vibration data, the 9675 data are characterized
at higher frequenciesby spectral values that appear to be somewhat
controlled by transient characteristics. For example, consider the
cycle-countplot shown in Fig. 9 for 9675at 561.2Hz duringmission
K-3. The results are shown for Q values of 10, 25, and 50 and are
plotted in the format shown in Fig. 4. Notice that the line to Amax

in Fig. 9 does not fall along the majority of the data points as in
Figs. 5 and 6, but, rather, G1 is controlled by a single cycle for
a particular value of Q. This type of result is characteristic of an
input excitation containinga transient event. The reasonablenessof
treating such environments with a single, stationary random test is
questionable and it is suggested that, in these cases, the transient
be removed and possibly dealt with in a separate test. Nevertheless,
note that if the transient is not removed, the derived damage-based
spectral values used for the stationary test will still, in an average

sense, envelop the maximum � ight data response, whereas the test
spectral values obtained by using the maximax approach will not.

Conclusions
A damage-based analysis procedure has been described herein

that enables the determination of a stationary test spectrum such
that both the peak response and the fatigue-damagepotential of the
nonstationary � ight environments are enveloped.The resulting test
spectrum is conservative in that it envelops spectra for a range of
structuraldamping and fatigue exponents that encompass the mate-
rial variability of the hardware. The test criteria that are developed
are seen to be much less conservative than the speci� cations deter-
mined by using traditionally employed maximax results. The � rst
important bene� t is that, by using the damage-based method to an-
alyze historical data, the predicted overall rms or SPLs for future
launch vehicle hardware will, in some cases, be considerably re-
duced. For equipment that undergo severe � ight environments, this
reductionin levelmay be signi� cantenoughto avoidthe undesirable
practice of band splitting during acceptance and quali� cation test-
ing.The secondmajorbene� t of themethodis its tendencyto provide
lower estimates of spectral peak values that have historically been
overestimatedby the manner in which the maximax approach treats
brief periodsof strong oscillation in the � ight data. It is not uncom-
mon that spectral peak values determined from � ight data, acquired
on early missions of a new launch vehicle, exceed the speci� cations
to which equipment was originally tested, thus suggesting an in-
adequate quali� cation of the hardware. By using the damage-based
approachto comparenonstationary� ightenvironmentswith station-
ary test criteria, potentially costly requali� cation programs, driven
by the overconservatisminherent in the maximax analysis of � ight
data, may be avoided.Finally, the damage-basedapproach does not
require measurement-speci�c determination of optimal signal pro-
cessingparameters.The potentialadvantagessuggestedherein have
been demonstrated by analysis of a set of statistically meaningful
vibrationand acousticdata acquiredon the Titan 4A launch vehicle.
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