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By Henry A. Cole, Jr.
Nielsen Engineering & Research, Inc.

SUMMARY

Random decrement signatures of structures vibrating in 'a random
environment are studied through use of computer-generated and experimental
data. Statistical properties obtained indicate that these signatures are
stable in form and scale and hence, should have wide application in on-line
failure detection and damping measurement. On-line procedures are described
and eguations for estimating record-length regquirements to obtain signatures

of a prescribed precision are given.
INTRODUCTION

The risk of total failure of an aerospace structure is usually kept
small by frequent inspections, but the cost is high! ‘and use of the vehicle
is lost during the inspection period (ref. 1l). This may be particularly
critical during the initial debugging period in which a failure in a
single vehicle may cause grounding of an entire fleet and create bottle-
necking in the inspection process. Much of the problem could be resolved
if ar onboard warhing system could be developed which could detect incip-
ient failures and indicate an individual inspection time for each vehicle.
However, for such a system to be effective, it would have to avoid false
warnings which might lead to unnecessary inspections and loss of operational

capability.

The question is "How could flaws in the structure be detected when
the vehicle is in service?" Visual inspection is obviously too incomplete
without access to critical structural areas. Monitoring of acoustic
emissions may be a possibility, but ambient noise sources are often so
large that it would be difficult to detect the additional noise emanating

from a small flaw. Another possibility is to analyze the structural

'Cost of inspection and repair of fatigue cracks alone in lifetime of a
commercial airliner is of same order of magnitude as initial cost.
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vibrations themselveS»andvto look for éhanges in vibration characteristics. .
For’ example,; in reéference 2, the autocorrelation function of random
vibrations was observed to change with the development<of a fatigue. crack
in the structure,see figure 1. Unfortunately, the autocorrelation function
also changes with variations-in the random environment and false warnings-.
of failure would be a problem under in-service operating conditions.
Theoretically, the problem of chanées of the signature due to changes in
the input environment could be overcome by measuring both the input forces .
and the output vibrations and calculating cross-spectra or cross-correlations
as described in references 3 and 4, but this is extremely difficult to do
in practice because the input ﬁQrcesfoécur af so many poipté tﬁa; they are
almost impossible to measure. The problems with spectral and correlafion
methods are further complicated if the stchture has nonlinearldamping with
amplitude which is often the cése (ref. 2). '

From the above it should be apparent that adaptation of methods which .
work under controlled or: "laboratory" conditions to "in-service" conditions’
presents the difficult problem of distinguishing between changes caused by
normal environmental effects and those due to flaws. Progress in solving
this problem was reported in reference 2 in which variations in autocor-
relation signatures were reduced by cross-correlation of the output signal
with a stratified output signal. ' The. results led to development of the
random decrement method which is the subject of the present rebort. In
this method; reference 5, segments of a random time history which start
at a constant amplitude are selected by logic circuits and are averaged
to form a curve which is called a "randomdec signature". To implement the
method, a high-speed d;gital computer was built at Ames Research Center
(ref. 6), and applied to a wind-tunnel wing model whicﬁ was tested to
destruction. Results indicated that the randoﬁ_decrement signature»
remained relatively invariant unfil an incipient failure Qccufred in the
wing at which time the signature underwent.significant changes which
could be used in a failure detection system. |

Another aspect of the use of randomdec signatures is in the measure-
ment of damping_wh;ch'has applications in flight and wind-tunnel flutter - -
tests and in prediction of response of structural modes. Dampiﬁg'is

obtained in the same way as from a free vibration decay since .the randomdec

signature is representative of the free vibration decay curve which would
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[image: image5.jpg]be obtained if the point on the structure were displaced to the selected
amplitude and suddenly let go. For single-degree-of-freedom. linear systems
excited by white noise, the randomdec signature is identical in form to the
autocorrelation function, but for multi-degree~of-freedom systems and non-
linear systems, it differs in that the troublesome cross products (i.e.,
off-resonant vibrations mentioned in ref. 7) are -absent. This should
greatly simplify the separation of modes which occur at nearly the same
natural frequencies and allow use of methods such as reference 8 rather

than the more complicated procedure of reference 7.

Practical application .of any signature method requires a knowledge of
the precision of the signature for a gi&en record length. To establish
this for réndomdec, a digital computer program was written which generated
random time history responses of a specified mathematical model and then
calculated the randomdec signature including its variance. These results
have been analyzed and presented in the present report to show how the
random decrement method can be applied in practical problems. of failure

detection and damping measurement.
LIST OF SYMBOLS
AVG’ signature with an initial displacement and a positive slope

(see fig. 23)

AVH - signature with an initial displacement and a negative slope
(see fig. 23)

AVT randomdec signature obtained by averaging AVG and AVH

amplitude of signature at 1t = 0 due to distortion of input or
filtering (see fig. 20) .

0 due to structural moﬁion

€ amplitude of signature at 1 =
(see fig. 20)

5 frequency, Hz

fn undamped natural fregquency of a structural mode, Hz

G(Q) value of time history Q time units after y = Ve with a positive
slope (see fig. 23) .

G(f) = spectral density (defined on fig. 2)

EH linear regression of G(16) with constant H




[image: image6.jpg]H(Q) value of time history Q time units after y = e with a
negative slope (see fig. 23)

H, linear regression-of H(16) with constant G

K number of peaks encountered for a selection level, ys

M number of digital points in a time history

N number of individual segments used in randomdec signature (figs. 2
and 3) or number of cycles on signature used to calculate ¢ on
figure 12 .

P period of oscillation, time units

o, number of time units after y = ¥ ey ? abscissa of randomdec digital
signatures

R(T) autocorrelation signature defined on figure 2

& ‘correlation coefficient estimate

SR sample rate, samples. per second )

T record length, seconds

. - time, seconds

th time for which vy = ¥ numbered by éubscript n (Eigs 3) 2

-y (t) amplitude of time history at time t

y randomdec signature values from digital program

Ve selection level

¥ defined on figures 2 and 3

S(T) randomdec signature defined on figure 2

4 damping ratio

Last damping ratio estimated from a signature

Op rms of filtered time history

PN rms of unfiltered time history.

c rms of

y . 4
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r
0 standard deviation of randomdec signature at @ time units,
K K
=) i + Y @] - avet
K=1 K=1 |
T time lag, Q/SRI
w frequency, radians per second
w undamped natural frequency, radians per second
W, frequency of filter half power point, 3 dB point, radians per

second
INTERPRETATION OF THE RANDOMDEC SIGNATURE

In this section the basic concept of the randomdec signature will be
deveioped as well as the intuitive reasoning which distinguishes the
random decrement signature from other signatures. As was mentioned in the
introduction, cross-correlation and cross-spectral metheds: which reguire
measurement of the input forces are not considered to be practical under
in-service conditions. Coﬁsequently, it will be assumed that the only
measurement available is the output response of a strain gage or acceler-

ometer located at a suitable point on the structure.

MA typical'random response of the tréhsducer is shown on figure 2.
Such responses aré typical of in-service conditions of an aerospace
structure in flight or during landing dr takeoff on a runway. The random
response curve itself is so complicated and variable that it cannbt be
used to detect changes although all of the information is contained within
this time history. Various analyses may be performed on this curve ‘to
condense the information into a meaningful signature. One well-known
technigue shown on figure 2 is the spectral density which may be obtained
directly from an ensemble average of the absolute amplitude sqguared of
the Fourier transform of N segments of the time history. The resulting
signature has a peak for each structural mode; and for well-separated
peaks, the damping ratio of the mode may be obtained by measuring the
width of the peak at half the peak value. This so-called bandwidth of




[image: image8.jpg]the half-power point is equal to 2Cfn. Also, the integral of the power
spectral density is equal to the mean square valge. Hence, the Spectra;.
density signature is useful in obtaining a broad picture of the frequencies
of the structural modes, the energy in the modes and the approximate damping
of isolated modes. However, the main problem of its use as a failure

detector is that it is very dependent on the input as shown by the following

equation from reference 4.
- 2
Gy (£) = |H(£) | *G_ (£)

in which H(f) is the transfer function of the structure and Gx(f) is

the spectral density of the input forces. It may be seen that the ampli-
tude and form of the output spectral density Gy(f) are dependent on the
amplitude and form of Gx(f). which in our case is unknown. Hence, Gy(f)

is only truly representative of the structure if Gx(f) is a.constant
(white noise).

Another dynamic signature shown on figure 2 is the autocorrelation
which has been used extensively in on-line applications described in ref-
erence 2. For isolated modes, the signature has the same form as the free
vibration decay curve of a structure with an initial displacement and may
be interpreted as such to obtain period and damping of the mode. The
autocorrelation is less sensitive than spectral density to variations in
the spectral form of the input. 1In reference 2 the distortion of the
signature due to the input is shown. The main problems with autocorrelation
as a failure detector are that the level, y?, is dépéndent on the intensity
of the input amplitudes and the signature will vary with the inéut if any
nonlinear damping is present. The autocorrelation function may be used
for measuring damping of isolated modes as was shown in reference 2, and

for multi-mode applications in references 7 and 8.

The random decrement signature shown on figure 2 has an appearance
similar to autocorrelation, but it has many properties which make it more
useful as a failure detector. The first is that the signature has a
constant amplitude, Ygr which represents a calibrated displacement of the.
structure. This is important because it fixes the level of the signature
and makes it independent of changes in intensity of the input. Also, if
the structure has nonlinear damping with amplitude, the fixing of ampli-

tude stabilizes the form of the signature. Another property is that
6




[image: image9.jpg]the signature has the same dimensions as the original time history since

no multiplications are performed. Consequently, in multi-mode applications
troublesome cross products of modes are avoided; and in applications where
the input spectrai density is not flat, the signature distortion is
considerably less.- Other-more subtle propertles w1ll become apparent in

later sections of the report

Although the equation on figure 2 describes the process, a better
feel for the extraction of the signature 1s obtained by graphically
performing the process as shown on figure 3 First, the selection level,
Yoo is set. Each time the curve passes through ‘yo(t) = 0, a segment of
the curve is placed in summation. The first two segments are shown on
the figure, one with an initial condition df a plus slope and one with
an initial condition of a minus slope. The average of these two is the
signature ¢6(t) for N = 2. As more samples are taken, the signature
converges to a form as shown for N = 100. For a singie-degree—of—freedem
system the value 1 = P would be the period of oscillation. For this
pafticular value of 1, a histogram of the number of points at various
levels is shown. This tends to be normally distributed about 3(P), and
as Will be shown in Appendix A the standard deviation, 1O is small and is
almost independent of the damping ratlo In failure detectlon devices we
can use the standard deviation, oE, to set a confldence level according to
the number of false alarms which we are Wllllng to accept; and in damplng
measurements we can use 1t to spec1fy the record length needed to obtain

damplng of a spec1f1ed accuracy

Another interesting aspect of the random decrement process is shown
on figure 3(b) which shows the distribution of time between the samples
selected. - If the time history were a sine wave, the samples would be
taken periodically. For a narrow band process, such as shown here, the
samples are taken with a random distribution in time about the period cf
the system. For a white noise time history, one might expect that samples

would be taken completely at random

’ Now the questlon is "How is the signature related to the structure’“
A hypothe515 for linear systems is shown on figure 4. This shows the
process as the linear superposition of a step, an,impulse and random
response for each segment of the~time history selected. 1In other words, .

the step represents the homogeneous solution to an initial displacement,




[image: image10.jpg]the impulse repfesents the homogeneous solution to an initial velocity,
and the random response represents the particular solution to random
inputs which occur during the sample segment. It may be seen that all
of the step responses are the same, whereas the impulse responses have
initial slopes with alternate plus and minus values of varying magnitude.
The random responses are of course random. When a large number of the
segments are averaged, only the step response is left because the impulse
and random responses tend to average to zero. If the inputs do not have
a zero mean, then the signature obtained will still start at Ve = ¢ but
will not end at T e In other words, the signature will be for a loaded
structure, and this must be taken into account in the interpretation
i.e., Ve should be selected as the deflection from the equilibrium
position.) Of course, signatures could be obtained by taking only seg-
‘ments with an initial slope of a plus value, but then the signature would

vary with intensity of the input amplitude.

For nonlinear systems, the superposition arguments cannot be used
so that an exact interpretation of the relation of the signature to the
structure cannot be made at present. It seems likely though that for
small damping, the signature should be close to the free oscillation v
curve for the nonlinear system. For failure detection, the important 5"
thing 1is that the curve should be repeatable under various ambient

conditions.

It is quite apparent that considerable work needs to be done in
going backward from the signature to the mathematical eguations which
define the system. This is not the present purpose. The signatures do
~provide a check on the linearity of a system if multiple selection levels
are used. Also with multiple selection levels, the multiple signatures
which are obtained should provide a print which would uniquely identify

the system and provide a standard for failure detection.
ON-LINE FAILURE DETECTION

From the foregoing section it was shown that the randomdec signature
gives a curve which 1s related to the free vibration decay of the structure
with an initial displacement. The scale and form of this curve is always

the same even when the intensity of the ambient random forces changes in




[image: image11.jpg]contrast to spectral density and autocorrelation which vary with changes
in the ambient random forces. In this section, the hypothesis and appli-

cation of the method to failure detection is developed.

A typical experimental setup is shown on figure 5. It should be noted
that although the spectral analyzer is not part of the failure detector, it
still serves a purpose in providing a broad view of the location of struc-
tural modes which may be used as an aid to specifying filtering requirements.
Let us consider now what happens to the signature when a fetigue crack
develops in a structure. A fatigﬁe crack introduces additional degrees of
freedom which are excited by the raﬁdom-fo:ces. When the crack is small,
small blips would show up in the hashy,‘high—modal density region of the
spectral density; in this form detection would be difficult. As the flaw
grows, the frequency of the failure mode would be expectéﬁ to decrease
until it approaches.the fundamental modes. By the time a flaw reaches the
low frequency range it would be so serious that it would either be obvious
or complete failure would be imminent. To detect the failure mode 1t needs
to'be intercepted at a high enough frequency so that corrective action can
beﬂtaken and complete failure avoided. To do this the random signal is
passed through a band-pass filter which is set at a high fregquency. With
the undamaged structure, standard randomdec signatures are establishea for
all loading conditions and environments. If a failure develops, it will |
have a powerful effect on the s.gnature because it will dynamically couple
with struetural modes within the band-pass freguencies. of the filter. For
the failure detector, once the standards have been established only parts
of the signature at peaks need to be calculated with warning devices

sensitive to voltage changes in the peak values.

A procedure for failure detection is outlined on figure 6, which
shows only a single peak for illustration. The standard signature region
is first established to a confidence level consistent with percent of false
alarms which could be tolerated. For the 95-percent confidence level
shown, of course, false warnings would occur 5 percent of the time.
Detection would be as shown on the figure. The check on standard deviation,
O is to prevent false indications due to extraneous input sources other
than the normal rardom excitation, i.e., a sinusoidal force or signal in
the electronics. For example, if a sinusoidal force were applied to the
structure, the signeture would become an undamped cosine wave and fall
outside the standard region, but the standard deviation would fall to zero.

9




[image: image12.jpg]In this case the amber light would go on. In the on-line computer built
at Ames Research Center this check on 0. was not included and may. not

be necessary unless a high level of reliability of the device is desired.

Experiment'with Truss

Some laboratory experiments were conducted to check the sensitivity
of randomdec signatures. Figure 7(a) shows the experimental setup with a
truss structure with bolted joints. Figure 7(b) shows the spectral density
of the output of the accelerometer. The amplitudes were so small that they
could not be detected visually, but were apparent from the emitted sound
and fingertip feel. From the spectrum several frequency ranges were
selected as suggested on flgure 5. Ranges where a distinct peak followed
by a distinct valley were selected since it was felt that these would
result in signatures with distinct peaks. The aim of the test was to see
if a difference between tight and loose bolts at ﬁoint A-B could be
detected. For the filter range 600-800 Hz, the spectral densities for
bolts tight and loose are shown on figure 7(c). The difficulty in dis-
tinguishing between the two curves is obvious. For the same data set,
the signature obtalned from the randomdec computer is shown on figure 7(d)
and the change in the signature is readily apparent. Similarly, for the
frequency range 1100-1300 Hz (fig. 7(e)), the change in the randomdec
51gnature is apparent but not as distinct. This experiment“was not.
extensive, but it points to one of the key problems in failure detection.
That is, a particular frequency range and transducer location may be best
for detection of a particular flaw. Obviously, experience is needed with
different failure mechanisms in order to establish the standard Slgnature
which should be used in the detection device.

'Experiment with Flutter Model

Another example of failure detection with the randomdec computer was
reported in reference 6 for a wind- tunnel model undergOLng flutter
Instrumentation of the model consisted of strain gages at the root as
indicated on figure 8. Randomdec signatures taken at intervals are shown
for a frequency range above the natural fregquencies of the first three
modes. For the first 2 minutes and 45 seconds the signatures -fell within

the narrow range indicated by ‘the "standard." The signature then underwent

10




[image: image13.jpg]a sequence of large changes until finally the wing failed and the signal
stopped. It is apparent from this sequence that the randomdec signature
was sensitive to an incipient failure in the wing which occurred a con-
siderable time? before the wing failed completely. The changes in the
signature are sufficiently large to enable a failure detector utilizing
the voltage of a pcint on the second peak to anticipate the failure. The
importance of selecting the proper frequency range is emphasized by
figure 8(b) which shows the signatures obtained from the unfiltered time
history. Although changes in the éignature are apparent, the Voltage

changes are not sufficiently large to be used in a failure detector.

Figure 9 shows samples of the time history taken at the same times
as the signature. This demonstrates the complexity of the original signal

from which the signatures wefe obtained.
MEASUREMENT OF DAMPING

Damping measurements are important for prediction of structural
response, definition of flutter boundaries, and detection of malfunctions
of dampers in fiight (i.e., stability augmentation systems, engine shock
mouhts, etc.). On-line monitoring of such systems could contribute to
fli&ht safety since there are many cases of accidents involving engine
mouﬁt dampers. Also, if present-day propocsals for systems to control
flight flutter are implemented, on-line damping monitoring systems wil;

be needed for flight safety.

On-Line Measurement

In flight and wind-tunnel flutter tests such as described in ref-
erence 2, damping values are needed as soon as possible. As shown in
Appendix A, for a single-degree-of-freedom system the randomdec signature
may be used directly to extract damping ratios. Of course, real systems
always contain many modes and several techniques are followed to reduce
the response to an effective single-degree-of-freedom system. These are

discussed later in the section on experimental procedures. For the

0n a full-scale vehicle, warning time would have been 7-1/2 minutes.

11




[image: image14.jpg]present we will assume that the signal has been effectively reduced to
that of a single—degree—of—freedom system. Whenvthis has been done, and
no distortion.is present due to filtering or spectral shape of the input,
the damping ratio may be read directly on the oscilloscope by,putting"a
damping ratio scale on the peak as shown on figure lO(af. Sométimes it
is useful to set the scope sweep faster than the signature sweep as shown
on figure 10(b) so that the béginning part of the signature also apéears
at the end of the signature. Small changes in damping and ffequency may

easily be detected by viewing this region.’

Oftentimes, it is desirable to know if nonlinear effects with‘ampli—
tude are pfesent. This can be done on line by superimposing signatures
with different selection levels as shown on figure 11. 1In the examplé
shown the selection level of one signatdre is one half that of the other.
To allow diréct comparison of the signatures then, the 0. 9v Signature

is multiplied by 2 in the display.

As is shown in Appendix A, the signatures are sometimes distorted by
filtering and spectral variations of the input. When this occurs, damping
ratio should be measured as shown on figure 12 which was obtained from the

well~-known equation:

Y -
in 2 o 21mNC

Y, V1 - ¢?
This process, although not a direct readout meﬁhod, may be performed
rapidly during a test and compensates for most severe distortion problems.

If a Gerber variable scale is used, the yz/y; ratio can be measured

directly without performing the division.

A somewhat slower alternate method is shown on figure.13l This method
may be used if time is available for ﬁlotting pdints and if an estimate of
the distortion as in reference 2 is desired. The distortion usually occurs
in the first two points so a straight line is faired ignoring these points.
The equation for damping ratio shown on the figure is obtained by assumihg‘v

1 - ¢? to be negligible and solving for ¢ 1in the equation above. Thus

[}

Iny -1Iny, - _ ~
£ = ~2TN .
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