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Corrigenda and Addenda

Pagcs 5 and 6.  Attention has been dravm to the ambiguity of the
term  "dX" (in equation 2.1) and “dw" appearing in equation 2.2
and line 2 of page 6. These terms arc the products of d
(the viscous damping cocfficicnt) and X and ® respectively.
They arc not the differentials of thesc quantitics, with which

e »

the symbols may be confuscd.

Page 10, The first term of cquation 3.3 should be divided by 2,

iece it should be
g.kpk%Zn.w.Pnyn sin e

and similarly in the cxpression following "i.c. the D.C.

componcnt is «es M






The Internal Damping dus to Structural Joints
and Techniques Tor General Damping Measurement
- By -
D, J, Mead, D.C,Ae,,
Department of feronautical Engineering,
University of Southampton

31st January, 1958

SUMMARY

This paper diccusges in gualitative terms the source of
damping in rivetted or bolted Joints which are subjected to harmonically
varying loads. Owing to the complicated nature of the source; an
analytical determination of the damping properties of a Joint is not
deemed feasgible, but from characteristics of the joint which may be
obtained experimentally, a method is suggested of predicting the
structural damping coelTicicnt ol o simple structure, vibrating in a
known mode and at a known frequency.

Several technigues for the messurement of structural damping
are deseribed, and their applicebility to different cases is
considered, Some new methods are sugsested, which will be of use in a
specialized programme of research into Joint dzuping,

Three of +the mcethods have been used in an expcriment to
determine the demping propertics of simple joints in the bending
flanges of a vibrating box beam, Over the limited range of load
amplitude covered in the oxperiments, the energy loss in the Joints
at about 40 c.p.se was Tound to bo proportional to the joint load
raiscd to the power of approximstely 2.7. This encrgy loss was found
to vary almost in proporticn to the frequency of the oscillating load
on the joint, but the possible errors involved in changing the
Trequency throw doubt on this rcsult. Dugpestions are made for the
rcduction of these crrers.

Of the methods of damping measurecment described and used, the
most satisfactory 1ls considercd to be the method of measuring the energy
input into the structurc to maintain steady vibration, This method is
least susceptiblc to errors duc to harmonic distortion, may bc used on
systems with non~-linear demping and gives results more quickly and
accurately than the other methods.
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1 Introduction

The existence of damping forces within an oscillating aircraft
structure has become increasingly important within recent years. Pormerly,
it had been possible to ignore their existence since in the type of
problem encountecred they could be shown to have the effect of a small
safety factor e.g., raising critical flutter speeds, or limiting vibration
amplitudes. More recently it has been shown that in certain flutter
problems the inclusion of the effects of structural damping can reduce
the critical speeds, and in the problem of aircraft ground resonance tests
it is now wcll known that the structural damping destroys the purity of
the higher modes of vibration., More recently still, the fluctuating Jet
efflux pressures acting on the adjacent structure have caused serious
fatigue trouble. This problem is primarily one of a resonant condition
of the structure being mointained by the jet pressures and the stress
amplitudes set up are therefore directly relatcd to the damping of the
structural mocdes,

An investigation into the nature, causc, and ctfect of the
structural dsmping forcecs is clearly warranted. By 'mature' is implicd
the variation with amplitude and velocity of distortion, In other words
it is required to find thc precise mathematical form in which the damping
forces arc to be included in the equations of motion of the distorting
structurc, Some carly work along these lines gave rise to the "complex
stiffness" concept of structural demping or "hysteretic damping” in which
the damping force in harmonic motion is cquivalent to a force proportional
to the displacement but in phase with the velocity, Thus, if the
displacement is q, the clastic restoring force is c.q, and the
hystcretic damping force is i.hg, the total "stiffness" cocfficicnt
being the complex quantity (¢ + ih). Subscgquent work on a full-scalc
acroplanc wing'! has shown a marked non-lincarity in the damping, which
incrcascs with amplitude, PFurther work in the U,S.A., on a built-up box
beam? was of a rather special naturce, not dircctly applicable to aircraft
structurcs, but the non-lincarity of the demping (which had been predicted)
was again demonstrated by cxperiment. This latter experiment, however, was
not on a vibrating specimen, and thc variation of damping with frequency
was not investigated, There appears to be a complete absence of
fundamental work under oscillating conditions on the simple source of
structural damping - viz,, a riveted Joint., TFor this rcason, the work at
the University of Southampton is procceding., It would be very desirable
to study the nature of the damping under eny dymemic condition, and not
just under harmonic motion, If the damping is non~lincar, it is not
strictly truc to represent an arbitrary motion by the supcrimposed cffects
of the normal modcs of vibration of the structurc. Hence, in the intercsts
of general dynamic responsc problems, the damping under gencral conditlions
needs to be studied,

In certain aircraft vibration problems an increasc of structural
damping has a beneficial cffcet, e.g., in reducing the vibration and
stress amplitudes sct up by the jet offlux, and in increasing the critical
speeds of certain types of flutter, In the jet offlux problem, wherc a
damping incrcase is always beoneficial, the modes of vibration excited
involve distortion of the cross-scction of the fuselage, tail-planc and
control surfaces, In thcse modes, considerablc increcascs of demping can
be achicved by inscrting "demping materials” between the adjacent surfacces
of structural joints, and by spraying the surfaces elscwhere with damping
compounds. The work in hand along thcsc lines is aimed at determining
the damping increase possible, and whether or not it is worth-while,
considering the prescnce of acoustic demping whose magnitude is as yct
unknown.,

In the flutter problem, Brozdbent”) has investigated the general
effect of structural demping on ceriain types of flutter, In this work,
the structural damping was considercd to be of the conventional linecar
viscous type (as distinct from hystcrctic typc), ond ‘'dircet! damping only

in/
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in the constituent modes was included, i.e., 'cross' damping, or damping
coupling was ignored. If the cffect of the latter is to be investigated
also, some idca of its magnitude compared with the dircct terms is
required, It is very difficult, if possible at all, to obtain this
experimentally, but if a mcthod of calculating the structural damping was
available, an estimatc of the cross—damping could be made for a simple
structure, Such a method is presented in $2,2, where it is shown that the
basic quantity requirecd in the calculation is the energy dissipated by a
single joint under a complcte load cycle,

The experimental work necessary for the above investigations
requires techniques for measuring the damping of structural components and
idealized specimens, In somc cascs the frequency of vibration of the
specimen will be high, and thc damping low., In other cases, the damping
may be high and the frequency low, but any intermediate combination mey
exist, Different techniques arc rcquired, therefore, for measuring the
damping in the differcnt cases, The main purpose of this report is to
describe the techniques, both thosc alrcady used and those proposed, and
their applicability to the differcnt cases, The results of the experimental
work completed up to now are prescnted and discussced.

2, The Damping of a Rivcted (or Boltcd) Joint

2,1 The mechanism of thce damping

The adjacent surfaces of two components (say plates) forming a
simple Joint are compressed one against the other by the bolt tightness
or rivet forming, Actual contact between the surfaces will not be
uniform, but will take vlacc at the 'high spots! of the surfaces. These
high spots (or 'contact areas!) are not smooth surfeces on a macroscopic
scale but consist of many Jagged asperitics, the peaks of which provide the
contact between the surfaces, The higher the normal pressurc, the deeper
will the asperities be cmbedded in the other surface, and the greater will
be the amount by which they arc deformed.

When a small tongential load is applied to the joint, the load
will be transferrcd from onc plate to the othcr through the static friction
over the contact arcas and also through shecar in the attachment., Elastic
displacements will occur due to the clastic stress distribution in the
plates (away from the contact areas), in the attachments, and also at the
contact asporities. For small loads, it is probable that the proportion
carried by the rivet or bolt is small (if' anything at all) due to the
imperfect conncction between the attachment and the surrounding material,
Any encrgy loss involved in a complcte load cycle will be due to clastic
hysteresis of the matericl of the Joint.

As the tangential load increases, the stresses around the
circumfercnce of the contact areas enter the plastic range, and cnergy
is lost in a load cyclc duc to plastic deformation, The reduced stiffncss
of the contact areas due to plastiecity, togecther with the generally
incrcased elastic displacements of the joint, probably mcan that the
proportion of the load on the attachment is increasing,

As the load incrcases further still, the static friction stress
ot the circumference of the contact areas is overcome, and thc possibility
exists of local rclative slipping in an amnmular region around the
circumfercnce. This slipping takes place against the dynamic friction,
with a consequent incrcase in cnergy loss, Further increase of
tangential load increases the area of slip, and the cnergy loss increcases
rapidly, Rivet deflcction from now on is accompanied by slipping.

This mechanism of encrgy loss has been suggested by Johnsont
following work on the contact of &« hardencd steel ball with a hard steal
flat platc., In his work, there were no bolts or rivets to restrict
displacements after total slipping had occurred, and the above remarks

which/



R

-5 -

which include the effects of attachments must be regarded as tentative,
However, it is seen that energy is lost in three distinct stages:

(1) In the elastic ranzc, due to elastic hysteresis,
(i1) In the plastic range, due to plastic deformation,
(iii) In the slipping range, due to dynamic friction.

In the first rangc, the energy loss (or demping) in the joint
will be of exactly the same nature as that in a straightforward unjointed
test specimen of the joint material under a cyclic load, For mild steel,
the energy loss per cycle of stress less than 8000 1b/in® is proportional
to the stress amplitude raiscd to the power 2,3, and this energy loss is
independent of frequency. This approximates, in some measure, to a system
with hysteretic damping, where the energy loss is proportional to the
stress amplitude squared, and is also independent of frequency, For
other materials, no extensive work has been carried out,

In the second range, the cnergy loss will depend on the stress
distribution over the contact areas, and also on the material stress-strain
relationship in the plastic range. Duc to the complexity of the stress
distribution and nature of the contact areas, a theoretical calculation
of the energy loss is not feasible in this range.

In the third range, the energy loss depends on the coefficient
of sliding triction, on the normeal pressure betwesen the plates, and on the
amplitude of relative displacement, Tor a rivetted joint, it is virtually
impossible to measure the sccond of these factors - or to predict it - so
a theoretical calculation is again precluded, The extent to which this
third range is entercd is still open to question,

2,2 The representation of the damping

The complexity of the source of Joint damping obviously means
a corresponding complexity of its mathenatical representation in the
equations of motion of the system in which it is incorporated, If a
single degree of {reedom only is considered, and the motion is to be
harmonic, it is most convenisnt to use the concept of "equivalent viscous
damping", in which the viscous damping coefficlent has suck a value that
the energy dissipated in a harmonic displacement cycle of a certain
amplitude and frequency is the same as that of the actual demping system
in the same displacement cycle. Alternatively, an equivalent hysteretic
damping coefficient may be postulated, defined in analogous terms. With
a damping system of the type described in §2.1, the equivalent viscous
damping coefficient will clearly be a function of amplitude, and possibly
also of frequency. It should be emphasined that the use of equivalent
viscous damping is only Justifiable in the treatment of systems under a
steady harmonic exciting rforce, in which the harmonic purity of the
response is not appreciably affccted by the non-linearity of the damping.
More work needs to be done on the approximate representation of complicated
damping sources in systems subjected to non-harmonic loading.

Suppose, for the moment, that the damping at a joint is purely
viscous. The joint may now te representated by a spring of rate ¢
(representing the clastic flexibility of the rivet) in parallel with
which is a damper of rate d. The mass of the Joint may be ignored in
this instance. Suppoce now that the Jjoint is subjected to a harmonic
load, P, sin wi, Then, denoting the relative deflection of the joint
plates by x, the cquation of motion may be written

q0

Cos
3
@]
>
]

D, sin wt . (201)

wherc/
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T, sin(wt+e)

>

Ve 4+ a2 P
dw

vihere e = tan t -,
C

Now the energy dissipated ver cycle, I, is given by ﬂPoxOsine, which
upon subsitucion becomes

aw
a2 T o=
~ 0 c
RN — L (2.2)
c soaw

T

Yor a viscous damper, the cnercgy dissipation is therefore proportional

to (load)?, and if dufc is moall, it is also approximately proportional
to w For a hysterstic dumpcr, the corresvonding expression may be
obtained by replacing dw by the constant h, whence the energy
dissipation is secn to be indencnduent of frequency.

In point of fact, ncither d nor dw will be constant with
emplitude, but must take the value of the equivalent viscous (or hysteretic)
damping coefficiant for the particular load {or displacement) amplitude,
we should now therefore write the encrzy loss in the form

,-i: = :% fl(PO, &3) .'l(2h3)

Consider now a structure which containsg a number of Jjoints, and
which is vibrating in its r*? pure normal mode of vibration with a
reference point amplitude of g_. Dcnote the load coming on to the
o + jo i * ; WIE i
separate joints by ¢ Pas LPos qrpir etc, , where Py 1s the load on
joint 1 per unit emplitude in mdde r, Suppouse the function f£(P_, w)

/ . L . C
is different for cach Joint, then the eneryy loss ver cycle willbe

3« 2

-y

G 5P fn(grpnr, 8). e (2.0)

If the equivalent dircot damping cesfficient corresponding to

the generalized co-ordinate o 1is brr’ then the energy loss per
cyele is -
- 2
mb . wal, .. (2.5)
Whence, cquating (2.4)and (2. 5),
1 )
= - 332 1 (¢ DR R L &
brr 1 nr n(*rpnr’ ) (2.6)

IndM
[ASYY]

Ir f(PO, w) is kncwm for cach Joint of the structure, the equivalent
viscous damping coefficient for the mode may be calculated from (2.6).

Suppoge now that the joint damping behaves in a purely
hysterctic mamner, Lhe eniroy loss iven by (2. 3) now becomes kP2 where
k is e constant ior 21l values of Py and «, Clecarly, therefcore, k
is the energy dissipatel by the Joint at unit load, The energy dissipated
by the whole structurce in cne ¢yels of the rth moge (corresponding to

equation (2.5)) is now = hqur, whence it is found thot
1
; - 3
nxr B ; ﬁ knpnr' "‘(2‘7>

Purthermore ,/
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Furthermcre, by using Bishop'!s "Hysterctic" Dissipation
Function (Ref.5) it is rcadily showm that the damping coupling coefficient
between modes r and s 1s

1

hrs = - % knpn Py ves(2.8)
7 T s

Thus, to arrive at the damping coefficient for a particular mode of
vibration, it is necessary only to know the "energy dissipation
coefficient", k, (or £, (Py, w)) for each joint in the structure,
together with the joint loads for the mode concerned at unit reference
amplitude.

2.3 The effect of the joint {lexibility

If a joint in the structure carried only direct bending loads,
its flexibility may be represcnted by a local reduction in EI, the
flexurael rigidity of the structure, It is more difficult, however, to
represent the flexibility of a joint trensmitting shear, such as that
between a stringer riveted to a skin panel, when the stringer and skin
together are vibrating as a beam. {Such a mode of vibration is encountered
in the problem of jet-efflux cxcitation), Tor the moment, suppose the
joint is purely elastic (i.c., no friction or damping) end that the beam
is encastré, TFor the joint, therefore, to transmit shear, there must be
a relative displacement between the stringer and skin, At an encastre end,
where there may be a large shear on the beam, no relative displacement is
possible, and the joint carries no load. Simple beam theory predicts
shear loads (and therefore joint loads) which are proportional to the
applicd shear at all points, including encastré ends,

The clementary beam theory must thersfore be modified to take

account of the Jjoint flexibility, fnd the correct equation rclating the
'y

loading to deflection (w = BI = in the elementary theory) may be
dx

shown to contain the 6th gerivative of v, and the 2nd derivative of

w and now constants involving the sectior dimensions and the joint

(or rivet) flexibility, The effect of the flexibility on the Jjoint load,

as descgibed above, may bc shown to die out exponentially away {rom the

encastré =nd, and well away from such a constraint, the shear on the

joint is the same as that predicted by the elementary beam theory,

When the effects of damping and friction are included, static
friction will pcgmit a certain amount of load to be carried by the joint
nesr the encastiré end, The energy dissipation per unit length of beam
at any point will be of the form 52.0(8, w) where S is the shear
per unit length on the Joint at that point, as given by the theory
outlined above, modified slightly to allow for the presence of static
friction, The energy dissipution per unit length clearly, therefore,
varies along the length of the bcam,

2,4 The quantities to be measured in an experimental invegligation
g

To investigate the joint demping characteristics experimentally,
it is apparent that the important guantity requircd is the energy loss
within the joint per cycle of load at different amplitudes. TFor the case
of the type of Joint discusscd in $2.3, the rate of encrgy dissipation
por unit length of the bcam is requircd, For ad hoc experiments to compare
the damping cepacity of different types of joint in the same type of
structure, vibrating in similar nodes, the "equivalent damping ratio" is
s suitable basis for comparison (i.e¢.,, ratio of equivalent demping
coefficient to critical damping coefricient). ILikewise, for investigations
into the effect of damping ccmpounds spraycd on the vibrating surfaces, the
equivalent damping ratio is the most convenient quantity to determine.

In/
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In the case of hysterctic damping, the term "damping ratio"
has not the physical significance as for viscous damping, since hysteretic
damping is really only defined for harmonic motion, and not for aperiodic
motion, Its definition must thereforc be by analozy with the expression
for the damping ratio for viscous damping, thus:

The equation of motion of a viscous damped system under harmonic
excitation is:

" ! ]
ag + bg + cq = P elwt
and for a hysteretic damped system
f 3
ag + (¢ + ih)q = P vt
The latter is equivelent %o
no Doy iut
ag +-qg+cqg = Pe
W

i.e., the viscous damper, be’ which is equivalent to the hysteretic
h

damper h, at frequency w, hess a rate -.
w

Now the critical viscous damping coefficient is 2Vac and
b b
therefore the viscous damping ratio, 6V - T where w,

Nac 28wy,

is the undamped natural frequency of the system,

Since we are most interested in comparing damping ratios at
the natural frequencies of systems, we may define the hysteretic damping
ratio, 8H, as the ratio of the equivalent viscous damping coefficient
at the natural frequency to the critical viscous damping coefficient for
the system.

be h h
ioeo, 6H = - = menm— = -,
2a Wy 2a @; 2a

The complex stiffness, (c + ih) of the hysteretic demped system is often
written o(1 + iu), i,e,, h/c = u .- Sy = w/2.

e Some Technigues of Damping Measurement

In this section, the principles of the techniques are described.
The experimental details, showing how these techniques are applied to the
measurement of joint damping, are given in section L.

3.1 The static hysteresis test

For hysteretic dsmping, it has been shown in §2,2 that the energy
dissipated by the damper when subjected to an oscillating load is
independent of frequency. This is the same as saying that the area
contained within the hystercsis loop of a cyclically loaded joint is the
same for all frequercies, IHence, the energy loss per cycle may be obtained
at virtually zero frequency, by simply loading the joint by known
dead-weights over a complete cycle, accurately measuring the deflection,
and hence obtaining a hysteresis loop whose area is cqual to the energy
loss per cycle.

3.2/
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.3.2 The oscillation decay curve method

This is the well=inovwn methed in which the system is excited in
a purc normal mode of wvibration ot the corrcsvonding natural frequency.
The cxeitingy force is suddenly switched off, or otherwise disengaged from
the system, and a record is taken of the cnsuing decaying oscillation.
Provided no other medes of vibration are excited by the transient cffecct
of cutting of’f the exciting force, and provided also that the stiffness
and demping (hystercetic or viscous) are linear, the oscillation decays
oxroncntially, Flotting against time the logarithm of the amrlitude of
1he decsying oscillation, the slope of the resulving straight line is
cqual to the damping ratio timcs the wndamped natural frequeney of the
rode.

For a lincar system having scveral degrees of freedom, there is
the poscibility that the wrranted modes oxeited on cutting of £ the
exclbing force will seriously dmpair the "exponential purity" of tho
decaying waveform, Ellington and McCallion” have given a method whereby
vhe frequencics and damping ratiog o the modes contributing to the
dacoying wotion can be found. Trom a record of the motion. This method,
hovrever, is likely to give large errors in the damping ratio for quite
small errors in measurement if the frcouencies of two of the constituent
modes arc close and their dempings small,

When the Gumping is nor-linear, the decaying oscillation will
no longuvr be of a gimple cxponential form., The plot of the logarithm of
the smplitude against time will o a curve, the slope of which will be
proportional to the eguivalent damping ratio et that amplitude, provided
the damping is small, I the damping is large, it is doubtful whether
thig method will give rasules of sulficient accuracy.

2.3 tie_onergy iuput metned

-

The cnery input reguirsd Yo maintain a system in a statbe of
steudy vibration ot constant canlitudce is, o coursc, equal to the encrgy
bein, Giooipated within the system by the daroing sources, This cnergy
dissinotion has beea reloted to the damping coefficient corresponding to
a parvicular mode in §2,%, Since, in the joint damping investigation, it
ig the encrgy dissivation at the joint that is required, it is particulorly
convenicnt Lo usce & method of dompling measurcment which inveolves the dircet
reagurcmnent of encrgy innut.

2

If the focce cxciting the systom is P({%t), and the velocity
of the gystem at the noint ol excitation is ¥, thon the work done in
e
vine by s P(t)y &t, ihen both ihe exciting forcc and the velocity
JO
av¢ harmonic, wo noy write P(t) = T, cos wt, and y = y, cos (wt + €).
The cnergy imput per cycle then becomes -

- ﬂf}iyi Sin&‘. LI (3. 1‘)

The measuremcnt of the oncrpy input may therefore be resolved
into measuring the amplitude of fc ce and displacement (Il’ 52) and the
vhase relationship (e) between thom, If the systom is being cxcited
ncar resonancc of one mode, and the prosence of other modes is inappreciable,
then € will be close to 909, ond the ensrgy input per cycle is
approximately m Py v,. Tthis involves the measurcment of two quantivics,
while for greater accuracy the third ~usatity, €, is required., e may
be difficult to messure 17 non-lincaritics in the systen introduce harmonic
into y or ¥, In this case the cxpressior Tor the cnergy input per cycle

of the fundamental froguoncy componernt becores

sin ey e (3.2)

0.

1’1] n

/
where/
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where P _, vy arc the amplitudes ol +the nthjharmcnics in P and y, and
en is the phasc relationship between the n*? hermonics of P and  y.
Clearly, thereforc, in the prescence of distortion, the mecasurement of encrgy
input by fanding the P,'s and yn’s is imrracticable,

To avoid this difficulty, the tcchinique may be used of taking
cleetrical signals proportiona2l to and in phesce with the force and velceity,

mul tiplying them together, and meosuring the D.C., component of the product.

Supposc the signal proportional to the force is

(o8]
ka(t) = k ngi P cos nwt and the signel proportional to the velocity is
D n=
P © ) N
kg o= k3. ymnesin (nwt + e,). Then

kP(t).ky = ki In Py sir ] forma
o (t) - Sy Pan sin e + kva I torms involving

sin(2nwt + en) i.e., the D.C,component is |

i

c ko 2, nPy sin €_.
ISR n= nn n

freg

.. (3.3)

Since w  1s the knowm fundamentel frequoncy of excitation, and kn and
k_ arc also known, the valuc of = nZ4 n.Pﬁ.yn sin €, may rcadily be
= 1

v
found, If cither P or ¥ is free from harmonic distortion, the encrgy
input per cycle reduces to the form of cquation (5.1). The distortion

of onc of them still makes the mecasurcment of sin ¢ difficult, but the
technique of multiplying the signols still evoids the difficulty.

If this mothod i to Dhe used to debermine the damping coefficicnt
corresponding to a particular mode, it i1s nccessary thot that mode only
shall be exeited, and thab o others shell te present in the motion,
Doncting the generalized viscous damnring cocfficient by b, which
corrcsponds to the co-ordinace y.., representing the displiacemcnt in the
rth mode, the encrgy disnipated plr cycle is *yy brpw.  Equating this to
the energy input measurcd, b, is found, 1If the domping is hysteretic,
the energy dissipation por cyele is given insterd by Teo Yo hrr’ whence
hrr may be dobermained,

3.4 The energy flux mcthod

I a damping systom oxista within o steacily vibrating beam,
there will in gencral be o flux of cnergy along thoe beann from the point
of cxcitrtion to the points of cncrgy dissipation., When the danping
systom consints of discrcte joints in the beam, the flux of cnergy will
change abruvtly ot any one of the joints, If this encrgy chonge can be
measurcd, the basgic quantity required for the joint damping investigation
will be obtaineds. Turthermore, 1t will permit a detniled check ca the
"superposiltion theory' of $2.2, wacre the total damping and cnergzy loos
Tor a multi-~jointed beam is derived from o knowlcdpge of the oncrgy

dissipation characteristics of sin_lc joints.

¥

Such o flux of cnergy can only cxist whon the phasc rclationship
botwoen the displacement of a reference point and 4he displaccment of any
other point varics throughout the structurc, This iz the same as saying
that the beam must vibrate in o modal comroncnts, onc of vhich is in
phasc with the refercnce displecement, nnd the other in quadrature with it,

Tet the in-phasc modal displaccment amlitude at any point be
denoted by v, ond the cuedraturc displacemens arniitude by v,
Associanted with these displacements ~re the shear and bounding moments

Dgs M e i et v, respectively,

S .
) 1\/[1_ 5 g g sig

Thc/
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The rcesultant displacomont, shear and bending moment et any
timc moy therefore be writlen

v, sin wt + Vv, €OS wt = v
S sin wt + SQ cos wt = 8 ...(3.4)
M, sin wt + M, cos wt = I

will be taken as positive upwards, M positive when causing sagging,
positive thus:

v S

Now considcr the shear S acting on a scction of the beom
whose vertical velocity is v. The work denc by S on the scetion
during o complcete cycle is

27/ w
f .
+ ¢/ S.v dt.,

&}

Likewisc considering the bending moment M moving through an

a/av
angular displaccment et the rate - -- |, the work done in one
t \ ox /
complete cycle by M is
or/
‘ a/av
T _»"J—
- M. -- K - at.
ot \ ox /
O

Substituting for v, M, end 3, the toltal work done by M and
8 on the scetion during onc cycle, becomes

dyi dv
L o W 2 {2
W.Lszvl - 8,V ~ M, -+ Mi R \/.5)
dx dx

The work donc on tac scction is, of coursc, the "energy flux"
ocross the section.

Consider now the change in this quantity across a Joint wherc
cncrgy is being dissipated, Let vy, vy, Sy, S5, My, My be the volues
at x = x on onec side of the Jolﬂt, end on the other side at
¥, + 4 (& sncdl), lot them be (v, + &v,), (v, + Ov,) ete.

Novwr thc joint represcnts a discontimuity, and duc to the rived
deflection the possibility cxists that there will be a small discontinuity in

dv dv, dvy,
--, ILct the total increment of ---, —-—= over the distance € be
dx dx  dx

dv, v,

.

A ===, A «-=. Duc to the discontinuity it is not possible to say

dv, VA
A - = ¢ ([ - . Then, to sccond order,
2
dx N dx X=Xy
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dv, \ av,
6"}'1 = < ————— o A ——— ) ‘6 . e (3' 6)
dx dx

Since the system is in simple harmonic motion

83, = «° x mass of clement ¢ x mean amplitude of clament
5 & dv,
= W xm&x(v1+-—-->
2 dx
£
and OM, = (81x8)+<881x->
2
22 & avy
= 8¢ + «*m -- (%1 - >
2 2 dx

with similar expressions for &S, and &M,.

Substituting (8 + 8§), (v, + &v,) cte,into (3.5), the
expression for the encrgy flux at x, + £ 1s obtained. Subtracting
the energy flux expression for x = x (i.e., equation (3.5) as it
stands), the encrgy loss at the joint is found to be

% avy 4 av,
n{(MQ + 5, ->A————<Mi + 8, ->A———}- eee (3.7)
. 2 dx 2 ax

2 £
But M, + Sz. -, M, + 35, - are the bending moment components
2 2
mid-woy between x, and x, + 4. If the terms "quadrature” and

"in-phase" are now taken to be with reference to the resultant bending

£
moment at this mid-point, there will be no KMQ + 5, - >, since a
. 2
harmonically varying quantity has no guadraturc component with reference
to itself., Th2 energy loss at the Jjoint then becomes

L dv2
- RAM+ 3 = > A wm—, ... (3.8)
2 dx

The measurements required are therefore the bending moment at the Jjoint,
and the quadrature component (with respective to this moment) of the
change of slope over a small length across the Jjoint.

The expression (3.8) gives the correct energy loss only if the
Jjoint is part of the structure carrying bending stress., 1I{, at the same
point, there is a Jjoint which carries only vertical shecar loads, and
dissipates energy as a load cycle is applicd, its energy loss must be
allowed for by admitting a discontinuity in displacement &vy and Avgp
at the joint, Equation (3.6) then gives

dv, , dv,
, 3 Av1+(-—-+§—~->8

dx ax

v

ite

and the cxpression for the energy loss beccmes

—_ dvz —
-~ i & --= + ®T by, ...(3.9)
dx

where/
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where M, § are the moment and shear amplitudes rcspectively mid-way
dv,,

between the two sections; =~~~ is as defined above, but Av, is the
dx

guadrature component of the displacement discontinuity, taeking the shear

S as the phase reference,

The practical difficulties of mcasuring Av, on a vibrating
beam will rule out this method for measuring the energy loss at a shear
joint or a combined bending and shear joint, but it is quite possible

dv
3
that A --- will be measurable, Thercfore, on a box-~beam which has Jjoints
dx
only in the walls carrying the bending loads, and which is vibrating as a
free~-frece beam, accurate measurement of the inphase and quadrature
components of displacement will cnable the bending mocment to be
calculated (by double integration of the inertia forces) and accuratc
dv,
2
displacement measurements on either side of the joint will enable A ---
dx
to be determined. Since there is no shear Joint, the displacement v,
will be continuocus and Av, therefore zero. The total energy loss at
the joint is then
— dv,
- M, A -~
dx

It should be emphasized that this technique is only of limited
use, as it is only in a research programme of this nature that the
encrgy dissipation in a small part of a beam is required, Obviously,
the usefulness of the method depends on the accuracy with which the
quadrature components of slopc change can be measured. This is discussed

in Sk 6.

3.5 The Trequency response curve method

This well known method applies to a single degrec of freedom
lincar system with viscous or hysteretic demping. The system is excited
by a harmonically varying foxrce which may be constent in magnitude, or
varying in proportion to freguency or (frcquency)z. The amplitude of
response is mecasured at different forcing frequencies in the ncighbourhood
of resonance, and the frequency response curve drawn, [rom this curve are
found the two Trequencies at which the amplitude is R x the maximum
(resonant) amplitude, If the difference of these frequencies is dw, and
the natural rrequency is wg, then the damping ratio is given
approximately by

This is correct for either & or SH, the viscous or hysteretic
damping ratios,

The method is limited to linear systems of cffectively one
degree of freedom, If therc are scveral degrees of freedom, the prescnce
of unwanted modes at the resonant frequency of the desired mode may cause
considerable crror. The accuracy of the above cxpression improves with
smaller demping, but the experimental difficulties of measuring the
amplitude on the stcep sides of the resonant peak incrcase as damping
decrcases, High stability of frequency lis therefore required for the
exciting force. As the damping increoascs, the faclor B must be limited
to maintain accuracy. If, however, R is taken to be no less than
1/¥2  (which effects a great simplification in the above formula), then
the error will be no more than 10, foe O = 0,25, y

The,
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The advantage of the method is that only ® and amplitude
need to be measured, over a small frequency range near the resonant peak,

3.6 The phase change method

When a linear, damped single degree of freedom is excited
harmonically, the displacement lags in phase behind the exciting force
by the angle e given by

b
tan € = ———m———e- (for viscous demping)
c - auw?)
h
or tan € = =mm—mm——— (for hysteretic damping).
(c - aw®)

On differentiating, it may be shown that for viscous damping
in the immediate vicinity of the natural frequency, w

n’
oe 2a 1 .
—— 2 e = ee—— ...(3.10)
dw b S .

v n
and for hysteretic damping

o€ 1
- = T hd 000(3.11)
dw 6wan

D = + i

Hence, if the system is excited successively at two different
frequencies w,, W,, both very close to resonance, and the corresponding
phase angles €, and €, are measured, then

de €, - €

2 4
ow Wy = Wy
W, - W 1
2 1
a.o 61{ or 6v = e ¢ T . e v e (3‘12)
Wy €y = €4

o e
e s Tt Te———

B
ey e e ARt

€, of course, is changing very rapidly at «, when Wy is
small., Once again, therefore, very high stability of frequency 1s
required for the exciting force, TFurthermore, the method is accurate
only so long as the measurecments are taken at frequencies "on the
resonant peak", and not at those on the sides, i.e., suppose the peak
is thus:

B e o
i
3
1

Ai‘»‘! . \
p / A
P\

then/
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then the measurements must be taken between A and B, when the amplitude
is not appreciably different from the maximum amplitude, '(he reason for
this may be seen by considering the In-phase and cueadrature components

of the response in the neighbourhood of W .

A !

response iy

it - - quadrature

A
e

1

i
\e
1
H

o
-
L

At w_, the in-phase componcnt is varying almost lincarly with frequency,
while the gquadrature component is stationary. The rate of change of
phase angle at «,  may be shown to be

Rate of change of in-phasc response, with respect to w, at w

Magnitude of cuadrature responsc at W,
This will be almost constant over the narrow frecuency range where both
numerator and denominator are almost constant, i.e., over the peak of

the quadrature curve. (The in-phase response maintains a 'constant'
slope over a wider range thon this.) Outside this range, de/dw changes
rapidly.

The requircments for this method to be of use are high
stability of Trequency of the exciting force, the ability to vary the
frequency continuously, and accurately to mecasure the frequency increments,

The advantage of the method is that the damping is mcasured at
virtually constant amolitude, and that only four nusntities need to be
determined - the two frequencies, and 2 phese angles,

3.7 The self-excited method

If the systom is excited clectro-magnetically, the exciter
can be supplied through a power amplifier from an electrical velocity
trensducer attached to the system at the point of excitation., If there
is no phase shift within the clectronic circuits su-plying the exciter,
the system will execute a self-maintained oscillation at a natural
frequency of the systcm, when the gain of the supply amplificr is at a
certain critical value, "he theory governing the motion of the system
is ag follovs. Let q,, Q,, 9y eever.. bC gencralized normal co-ordinates,
representing the displacement of each normal mode of the system at the
(single) point of excitation. Suppose the exciting force at this point
is F{t). The equations of motion are

!

3 En TR
a,q, +b,4 +ocq, ¥(t)

i

t
s " hd
ad, + D,q, + 6,4,

2742

fl

7(t).

ete. CLC.

Structural damoing coupling is assumced not to exist, but ifs eff'ect may

easily be included.
The/
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The force, F(t) is applied by means of an electro-magnetic
exciter whose force outnmut F is proportional te the supply current, I

i.e., ¥ = £, I where f is the force per unit current.

Now the exciter is supplicd with a voltaze, E
total velocity at the point of excitation

5» Dproportional to the

-

iees, Bgy= k(g + &4, + 43+ eeuss)
This voltage is opposed by I x the impedance of the exciter when

clamped (Zy) and the back E,M.F. due to the motion (&, + & + G5 + evvvs)
of the exciter coil

SoBg= LZg+e(d, 4yt 8yt oeen.s)
wherc e 1is the back L,M.F, per unit velocity.

(k- e)(g, +& + .onvs)

I (4 + 45 + eevne) = (K" = e')(dg + G5 + «-0)

where k' and e' are real if iy is purely resistive, If ZE has an
inductixe cgmponent, its effect may be included by introducing acceleration
terms q,, q, etc. into F. The equations of motion now boeome

aydy + (by + e = k')dy + cgaq + (' - k) (§+ dg + veees) = O
a,d, + (by + €' = k')q, + &g + (6" = k")(Qu+ Qg + eevea) = 0.

There is now an elcctrical damping coupling between the modes, which
must be added to the gtructural damping coupling when the latter is
included,

The only variable term in these eguations is k', which is
proportional to the amplifier gain, For a critical value of k', the
above equatiorswill represent simple~harmonic motion, i.e., the system
is self-excited,

Now if thc damping in the system, represcnted by b,, by, ete,
is small, the damping coupling terms may be neglected in a first
approximation, The equations of motion are then of thc simple form

an&n + (bn +e' - k')g, +cq, = O

This represents S,H.M. when k! is cqual to the lowest value of

(b, + ¢'), i.e,, at this value of k' the effcctive direct damping in
the nth mode will be zero and the systom will be self-excited in
predominantly the nth node, If k' exceeds this value, the system will
be unstable, since the mode g, will be negatively deamped,

k' and e! are characteristics of the clectronic apparatus, and
may be determined accurately. Then, for the mode being excited,
by, = k' ~e'. It is obviously important for accurate determination of
by, that k' - e' should not be the small difference of two large
quantities, i.e.,, the clectrical dsmping ct'fect, e', of the exciter on
the structure should not be much larger than the structural demping by,
If possible, it should be much smaller,

TQ/
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To stabilize the amplitude of the motion of the undamped
system, a slight non-lincarity is often introduced into the armlifier,
such that k' is only equal to (b, + e') when &, has a certain
(pre-detcrmined) amplitude, If én falls below this value, k' increases,
wherc if &, rises, k' decrcases, The effect of this non-linearity on
the proposed method of damping measurcment needs further investigation,
but so long as the oscillation has no appreciable harmonic distortion due
to the non~linearity, it would secem that the method should still be
satisfactory.

The effect of the damping coupling terms also nceds further
investigation. The condition for neutral stability of the system is no
longer that the total direct damping in one mode should vanish, but the
Routhian Test Punction method of examining stability should be used.

An alterrative method for measuring the damping of a single

degree of freedom by this self-excited technique would be to introduce a
known phase-shift between the velocity proportional signal and the
exciter supply voltage, The natural frequency of the whole systcm would
be measured with zero phasc-shift, and again with a small phase-shift of,
say 10° The change in frequency can be shown to be the same as that
reguired in a conventionally cxecited system to produce the same phase

de 1
shift, i.e., the method provides a way of dctermining -- = =----

dw 6. w
(see §3.6) 8 in this case is the ratio of the total (structuraln+ electrical)
damping to the critical damping,

The mode which will be self-oxcited is usually the fundamental,
since higher modes usually have higher damping coefficients. It is
conceivable, however, that a higher modc may have the lowest damping, in
which case that mode will be cxciteds This fact shows the limitations of
the method for damping mcasurement as it is not known before the experiment
which mode will appear, Other modes can be excited by introducing tuncatle
filters into the circuit, and hence making k' wvary with frequency, The
theory then becomes more complex, and needs further examination before the
method can be used with certainty for damping measurcment.

The method is further restricted in application to systems without
close natural frequencics, if single point excitation is to be used.

2.8 Multi-point cxcitation methods

Most of the methods described above break down when the mode
whosc damping is required is close in natural frequency to another mode,
When exciting with a single point exciter at the desired natural frequency,
the energy put into the system gocs to sustain moticn in both modes, and
the response characteristic (displacement and phase) arc no longer functions
of the mass, damping and stiffnecss of one mode only.

If just two modes arc present in the motion, the addition of one
other exciting force of appropriate magnitude and phoge can eliminate the
prescnce of one of them. Lot two forces T, et¥t, B o¥¥% bo acting at
points on the structure where the displacements in mode 1 are ¢y, Ay, $4,9,
and in mode 2 are @5, 05y Popdp. Ty and Fy may be complex, to represent
a phase difference betwcen them.

Suppose structural damping coupling exists between the modes.
The equations of motion become

it , s — iwt ™ iwt
a,d, + Py, +Cay * bbb, = Fi¢y,o + Py, p0
ad. +Db. &, +c + b,, ¢ = P ¢ elvt 4w g olut
PR 02 Ya 2da o T fiPa 2%22 .

The/
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The solutions of thesc eguations will be
9 = Eieiwt, a, = ageiwt

where -ci“ az will in general be complex,

.

- . . - .
Sogg oy - e W + ddb,,) + g, b, = Fp, +F P,

e (3413)

[T

and qu(c, - a,w® + iub,,) + ii iub,, Fy$os + Fodoy

From these equations, it is seen that there is onc sct of complex values
of F, and F,, at each frequency, for which g, is zero, i.c., the
second mode will have been climinated from the motion. In particular, at
the natural (undamped) frequency of q,, if q, is zero,

Gqeidby = Fyd,, + T2 910
- . eeo(3a1h)
and q,.iwb;, = F1¢21 + Fggz&%
If g is now considered to be purely imaginary, both ¥, and T,

must ‘ée purely real, i,e., F, and F,; are in phase with one another,
but in quadrature with ¢q,. Hence, at the natural frequency of 4G s 9,
may be eliminated by having F, and T, in phase with one another,

and adjusting their relative amplitudes., At any other frequency, q,,
can only be eliminated by adjusting the relative phase of F, to Iy, as
well as the relative amplitudes,

The technique of measuring damping in this case is to excite
the system with forces in phase with one another, as close to the natural
frequency as can be estimated, and vary the force amplitude ratio to
minimize phase shift through the structure, Adjust the frequency to bring
the amplitude as near as possible into quadrature with the exciting forces,
and readjust the force amplitude,

Then, from sbove, since iwg, = & max
Fod,y + Fudyy Total Energy Input (per cycle)
bii = e e — =S ket dadesiadecidnchadest ; ———————————————
damax T may

eyl A Ay s=r——rrry T

Thus, the energy input method of damping mcasurement is applicable. The
other methods of damping mcasurement in which a change of frequency is
involved, will not be practicable, since to maintain motion in one mode
only, the amplitude ratio and phase rclationship of the forces must be
varicd as the frequency changes. I however, the domping coupling is
zero, the force amplitude ratio and phase relationship at the natural
frequency can be seen to be the same as that required at any other
frequency, for a single mode to be excited., The other ncthods of damping
measurcment may then be used.

It would appear {rom the above equations, that the damping
coupling coefficient, b may be determined experimentaily. For, from

equation (3,14) L2’

where F,, I, arc the forces required to eliminate g, and to maintain an
amplitude of oscillation q, pox In the mode 1 at its natural frequency.
$os s 9o, are the "disnlacement factors" for modc 2, as defincd.,
F, ¢y, + Foo,, will be, almost certainly, the small diffierence of large
quantities, and practical difficulties of accurate mcasurcment may therefore
make it impossible to find b,, with any accuracy. The,/

The



- 19 -

The above theory for the excitation of just one aode out of a
possible pair may easily be entented to show thal when n modes sre
liable to be excited, n independent forces need to be used in certain
proportions to cause one pure mode to be exciled. Uhe direct damping
coelficient for each mode is aguin Tound by the energy input method,
when the mode concerned is being excited at its natural frequency.

L, The Practical Application of the Techniques in a Joint Domping
Investigation

4.1 The general nature of the experiments

For the investigation into the damping properties ol riveted
joints, the joints were incorporated in the walls of a rectangular
section hollow extrusion of livht alloy. A length ol 10 ft was
tested as & beam, in which the joints carried bending loads only. The
demping of the beam when vibrating in a fundamental mode was measured by
the energy invut method and oscillation decay curve method, and the
energy loss per cycle was alsc obtained by the static hysteresis me thod
by subjecting the beam when pin-ended to a complete cycle of' e concentrated
load at its centre.

The experimsnts were cerried out with diff'erent numbvers of
joints, and different numbers of rivets in each joint, TFurthermore, in
the oscillation dccay exverimentr, marses were added to the beanm to vary
the natural freguency of the vhole gystem end so 1o investigate the
elfect of frequency on the damping.

To allow Tor the damving of the beam suports, *the vibration
exciter, the added manscs, ond all other extraneous effects, ildentical
experiments were carried out on an unjointed beem of the same type,
This measured damping was therefore subtracted from the demoing of the
Jointed beam,

The results of the cxperiments are given in Section b.

L, 2 Description of the gspecimen tested

The dimensions of the beam cross-—section were
ho5 40, x 2 in, x 1/8 in. To make the joints, slots were cut across
and through the 4.5 in, top and bottom walls, Joint plates, of
40 8.%W, 3, aluminium, 4 in. square, were riveted across the slots to form
a butt-joint with a sinzle plate per joint, The rivets were 7/32 in,
diamcter, and snap-~headed.

The Joints were made four at o time, symmetrically about the
PR 8

centre line. fhe beam was tested with three different joint arrangements:

(i) L joints, each 7.5 in, from the beam centre, ond 4 rivets
per joint (i.e., 2 rivetn on ecither side of the slot).

(ii) 4 joints each at 7.5 in, from the heam centrc and 10 rivets
ner joint,

(1ii) 8 joints, with 4 at 7.5 in. and 4 at 15 in, from the boam
centre, and 10 rivets per Joint,

Tn each of the exveriments, the beam was supported by knire-cdges firmly
attached to the besm, resting in V-notches attached to an indeperdent
supporting siructure, The epices of the. knife-edges were in the wlane
of the beam neutral axis (see Wig.t).

The maszes used to changc the beam natursl {'recuency werc
circular solid cylinders of steel, diffcrent thicknecsses heling used for
the different frequencics vequired, They verc atteched, one on each of
the shorter sides of the beam, by means of 3/8" dismeter sicel bolis,
which passed right through the beam. They vere situated ot L stations
along the beam, at 20 in. and 59 in, on either side of the beam centre,

(see Fig.2) W3/
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4,3 The static hystoresis test

The knife-edge supports were fixed to the ends of the beam,
and the V-notches were suspended from inverted chanrels resting on a
rigid steel framc (see ¥ig,3), Al one end, the V notch was rigidly
attached to the steel chamnel, but at the other end was suspended by
means of a thin wire, to permit longitudinal contraction of the beam
when bent. A channel of the same length of the beam spanned the two
inverted supporting chanrels, and carried a dial-indicator at the
centre, measuring the deflection of the centre of the beam relative to
its pinned ends., Up and down loads were applied to the beam at its
centre on a bolt through the shorter sides of the beam, Up loads were
applied through a lever system (see Fig.h4), all of whose pivots consisted
of hardened steel knife edges to minimize friction effects. Down loads
were apnlied directly on to a loading pan suspended from the bolt,
Complete load cycles of amplitude 10, 20, 30, 4O, 50, 60 and 70 1b were
applied, corresponding to a meximum Jjoint load of about 1800 1b., To
prevent the beam from 1lifting off the supports when the uploed was applied,
weights were suspended from the knife edges, to hold them dovm in the
V-notches,

The procedure was first to awply raridly a number of com:lete
load cycles of the required amdlitude in order to meke the hysteresis
loop “close un". Three cycles were then apvlied while comnlete records
of’ the deflection cycles were taken, To eliminate the measurcment of
the energy loss within the dial indicator, its plunger was arranged not
to touch the beam as loads were being applied, The plunger was lowered
on to the beam as soon as the load increment had bcen added, and a
sensitive electrical contact gave a warning sz soon as it Jjust touched
the beam,

L,4 The energy input measurement

With the beara supported as for the static hysteresis test, it
was excited at the centre by an electro-magnetic vibration exciter at
(or near) its fundamental natural frequency, (It is not necessary that
the exciting frequency shall be exactly equal to the natural frequency ).
The exciter connecting rod was attached to a strain gauge force
transducer, which was rigidly fixed to the under-surface of the beam
(see Fig.55. This force transducer consisted, in cffect, of a short
cantilever with four strain gauges at its root, two on the "tension"
surface, and two on the "comnression" surface, These four gauges formed
the four arms of a "heatstone Dridge circuit, and the out-of-balance
voltage (or current) in the circuit was therefore proportional to the
bending strain in the cantilever, and hence to the sheer load apnlied to
the cantilever, i,e., vroportional to the oscillating force applied {rom
the exciter rod,

The oscillating deflectlon of the centre of the beam was
measured by & simnle velocity trensducer, consicting of a rectangular
coil (attached to the beam) which moved in the field of a meymet rigidly
attached to an indepcndent structure. The voltage induced in the coil
wag amplified by a D,C, amplifier, whose voltage output was messured on
an Avometer, The velocity transducer wes celibrated, in situ, at the
beam resonant frequency agsinst a calibrated displacement transducer
attached to the beam ot the seame point,

The multiplication of the signaels from the velocity and force
transducers, necessery for the evaluation of the energy invut, was
performed in effect by supplying the force transducer with a current
proportional to, and in phase with the local velocity, Uhe oubt-of-balance
current then flowing across the strain-gauge bridge consists of a D,C, and
A.C, component, the D.C. component being proportional to the encrgy input
per unit time (as shown in Appendix 4).  The D.C. componsnt may be measured
by means of a sensitive galvanomcier, having a long time constant compared
with the period of the A,C, component, The galvanomcter may therefore be
connected straight across the Wheatstone Bridge in the usual way, The
circuit diagram of the whole arrangement is shown in Fig, 6. y

The
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The gtrain zauzre bridge contained a vearisble balancing
resigtance, Tor initially balancing the bridge at the zZero oscillating
load condition, This was neccessary as the »,C, amplificr supplying the
bridge could 'drift', and give a small D,C, ontput together with the
A,C, output regquired, The drift, however, was corrected within the
amplifier at frequent intcervals during any experiment, but the
possibility of very small D,C. current outputs could not be altogether
climinated, Hed the bridge no balancing resistance, this D.C, would
ceuse a spurious D.C, to flow through the galvanometer,

The experimental procedure was therefore initially to balance
the force transducer, mnd to correct the amplifier for drilt. The beom
was cxcited at various amplitudes at the natural frequency of 16,7 CaDeBu sy
and the corresponding D,C, indicated by the galvanomcler was recorded,
Using the appropriate calibration constants previously obtained for the
force and velocity transducers, the cnergy input per cycle was readily
calculated,

L5 The oscillation decay messurements

The beam was suspended at the nodal points of the modes cxeited
on bungee-elastic cords [rom an overhezd structure, as shovm in Figs.1
and 2, In order to krep the beam at a constant height, the number of
cords, ond their length, had to bc varied as the messcs on the beam were
changed to vary the rundementel frequency. The vikration excilter was
attached ot the centre oi' the beam to the under-surface and excited the
beam at iis natural frequency in the fundamental mode, The freguencies
covercd by varying the atleched mosses were spproxima.cly 15, 24, 30 and
L2 c,p.s. To record the oscillation decsy, a double throw switch
included in the supply wire from the power amplifiecr to the cxciter
enabled the exciter suddenly to be switched off, end at the seme time to
be connected to an oscilloscope, after which it acted as a vibraticn
velocity trancducer, the trace on the oscilloscope being proportional in
lenzth to the peak velocity of the dccaying oscillation, This tracc was
photographed on to a moving {ilm, thereby recording the oscillation decay
curve,

The mode of oscillation of the beam was measured by & velocity
transducers supported on an independent frame around the beam, cnd
connzeted to the beanm at suitable points along the length of Sthe beam
(sce Tig.2 where 3 only of the transducers are shown in po:ition). The
demping and megs effcet of these transducers was considercd small cnough
to have no effect on the mode shape, but measurcments showed that they
congiderably increascd the demping, Fer this reason, they were not
attachced when the damwing measurements wore made., Vhen the mode had been
measured, the beom suspension points were moved to coincide accurately
with thc nodal points,

Bef'orc measuring the damping of the jointed besm by this means,
a careful investigation was made into the principal sources of damping
on an identical unjointed beam, The effcct of the bungee-clastic
susnension was exarined by messaring the demping with the suspension
points at geveral different distances from the nodel points., The effcet
of the attached masses was examined from the point of view of
reproducibility of results, The demping wes measured with the beam in a
given condition, after which 211 the masses werc removed. and then
replaced agein end the attachment bolts tightened. fnother damping
measurencnt was then made, Similarly, the non-electrical damming of the
cvelter was examined for roproducibility by dismantling and re-assembling,
and ensuring that the damming meosured under given conaitiors was the sezme
before and after dismantling., Theze investigations cnsurcd thot the
extrancous domping could be reproduced, provided the suspension was always
at the nodal poinls and the mavs cttechment bolts tichtencd to the some
extent cacn time,
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L,6 Energy flux meoasurcuent

This method of damping measurement has not yet been used in
practice, The following remarks orc thereforc tentative suggestions
as to how the measurcments may be madc.

The beam may be supvorted in cither the frce-free state of
§h.5 or in the simply-supported state of $4.3, and excited ot a natural
frequency.,  Two pairs of velocity transducers should be attached to the
bcam, onc pair clese together slong the beam on either side of o joint,
The transducers should consist of simple rectangular coils attached rigidly
to the beam, moving in the field of magnets attached to an independent
frame, and there should be no mechanical connection between the coil and
the magnet or megnet support structure. This eliminstes mechanical
damping erising from the transducers. Electrical damping, due to the
metal bean vibrating in the ield of the magnet, should be minimized by
heving the magnet as far away as possible from the beam, These
transducers should be accurately calibrated in situ against another
calibrated transducer which can be attached to the beam ut the same
points, and at the same time,

If' the joint ig formed by a joint plate, 2 strain gsuges should
be attached to the plate, to record strains provortioral to the load in
the plate, and therefore proportionel to the bending moment 1n the beam
at the joint, The output from these gauszes should be colibrated against
& lnown bending moment on the joint by epplying a static load to the
centre of the beam.

"hen the beam is vibrating, the outvut from each velocity
transducer in turn should be amnlified in the D,C, amplifier (with
no phase shift) whose output should then be used to supply the strain
gauge bridge formed by the gauges at the joint, The D,C., component of
the out~of-balance current flowing across the bridge may bc shown to be
proportionel to the product of the joint bending moment and the
quadrature component of displacement at the transducer {i.e., in
quadrature with respect to the joint bending moment), The four
measurements so obtained, using each transducer, are sufficient (if
sccurste enough) to evaluate the product (joint bending moment) x
(quadrature component of change of slopc across the joint), which has
been shown to be proportional to the enerpy dissipstion at the joint,

The evaluation of the above product means, in effect, that
the measured quadrature displacement curve is beingy differentiated
twice - usually a very inaccurate process on experimental results,
unless the results are of very great accuracy.

An alternative method may be devised on recornizing that the
expression for the energy dissipstion at a join®t in eguation (3,8)
(§3.4) is the seme as

s {Load on joint) X quadrature component of longitudinel
deflection of one side of Jjoint )
relavive to the other side,

If a velccity transducer can be designed to detect this relative movement
across the joint, and its output is amplified and supplied to the strain
gauge bridge at the joint, then the D,C, component will be directly
proportional to the above cuantity, and no effective doitle
differentiation is requircd, The difficulty in desigring such a
transducer is that it has to detect very small movemente, while ot the
same time it is undergoing larpge transverse accelerations,

As another alternstive method, velocity transducers distributed
along a free-free beam may be used to detsct the in-phasze and guadrature
displacements along the beom, If the amlified oitput of one of these
transducers is supolied to a strain-gouge type displacement itrensducer
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at any selected reference point, the D,C, component of the resulting
out~of'-balance current may he shovm to be wroportional to the sine of
the phase angle between the displacement of the two points, This
provides an accurate way of measuring small phage angles, from which the
quadrature and in-ohase components of the motion may be calculated.
From these, the corresponding quedrature and in-nhase components of
snear and bending moment may be calculated, The value of the energy
flux along thc beam may now be evaluated {rom equation (3. 5) (§3. L),
This should be constent {or nearly so) between joints, where no
appreciable energy is being dissipated, and should he stepped at the
joints across which the energy flux will change suddenly.

L.7 The applicability of the other methods of demping measurement

In the experiments perlormed to date, the methods already
outlined have been satisfactory, and the other methods have not been
required, The {requency response curve method, the simplest of these
others, was not used as en accurately stepped oscillator was not
available for the generation of the precise frequencies requirzd, If
higher frequoency work is to be undertsken on the beams described, and
the damping in the overtone modes is to be investigated, it may be
necessary to use the multi-point excitation technique, but details have
yet to be worked out,

L, 8 The applicebility of the demwing mcssurement teclhnicques to
high Ireguency experiments

Besides the investigations into the fundementals of joint
damping, work is proposed on the damping of typical fuselage components
in connection with the jet efflux problem, The typical components to
be examined sre lengths of stringer with skin attached, either riveted
reduxed or spot welded, The lengths involved will be of the order of a
tzpical frame smacing, Other components ore skin panels, attached to a
rectangular freme, to represent a fuselage panel surrounded by stringers
and frames, The frequenciﬂ" involved in these oxperiments will be in the
range 100-400 c.p.s., and vossibly higher., Turthermore, the demping in
the various modes of a complete model fuselage is also required, end the
{requency range will be of the same order,

A static hystercsis test may be cerried out on the simpler
"beam" type components, but the difficulty involved in using this method
to measure the energy loss ia a particular prescribed mode of distortion
rules it out for general use,

The energy input method may be used, provided the addition of

the force transducer does not appreciably affect the natural modes,
Thig is probebly impossible to satisfy on the small components to be
tested., In this case, the energy input can be determined from a
separate meagurement of the smpwlitudes end phase relationships of the
force and displacement, The force must be measured by measuring the
current through the exciter coil, which should be attached directly to
the specimen under test (i,¢., no long connccting rods), and should
havc no mechanical cormection to the magnet in which it operates. It

ust obviously be as light as possible, Alternatively, if another light
0011 is used as a velocity transducer, the output from this may be
multiplied by the signal proportional to the exciter current by using a
simple wattmeter, which then records a quantity proportional to the
energy input, Measurement of the vibration mode may be difficult, as
the transducers must not affect the mode. An adepted gremophone pick-up
should be most suitable for this purpose.

The oscillation decay curve method mey be divficult to use
with confidence, as nearby modes may interfere with the nurity of the
deceay. ”he method of Tiel, b could o weed in thiw ceee. tut the criticisms
TalSCd in &3.3 thlL qmpLy, and. in an- case, the compulation required to
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The energy flux method is not apolicable when shear Cistortion
is present in the beam deflection, In the stringer-skin "beams", the
demping exists by virtue ol the shear "deflection” of the skin relative
to the stringer, and the differential equation of motion (as mentioned
in §2.3) shows that shear distortion, in the usual sense, is present in
the transverse disvlacement of the beam., It may, however, be possible
to develop the theory of' tihis method to permit the energy flux to be
measured in a beam with this type of "shear" damping, but with no
damping due to bending loads.

The frequency response curve method may be used, with the same
restrictions as mentioned before, viz,, the presence of modes other than
that required shall not be appreciable, Very accurate adjustment and
measurement of' frequency is required in the high frequency, lightly
damped modes encountered. The current through the exciter coil (assuming
electro-magnetic excitation is used) must be kevt consbant as the frequency
is varied, If no adjustment of the exciter current is made, the damping
measurcd will include the clectrical damping of the exciter coil circuit.

The vhase angle change method is also useful under the same
regtrictions as above, The phase angle to be measured is that between
the current through the exciter coil (being pronortional to the voltage
across a resistemce in the coil eircuit) and the voltage outvut from a
velocity transducer at the same point, If the phase angle between the cxciter
coil voltaze and the velocity transducer voltage is measured, the
total (electirical + siructural) damsing will be found,

The self-excited method is useful when en accurate oscillator
is not available to give the very fine frequency control necessary in
the previous two methods when lightly damped systems arc examined, This
technicue has not yet been developed at all for use in the current series
of experiments, and no further practical details can therefore be given,

The multi-point excitation technique, together with the
appropriate energy input method, is envissged as being used on the model
fuselage damning measurements., A large number of modcs can here be
expected to exist within a fairly narrow frequency band., The exciter
coils should preferably be attached directly to the fuselage side and
have no mechenical connection to their associated magnets (to eliminate
mechanical damming of any sort), The current supply to each coil must
be independently adjustable in amplitude and phase, and when exciting at
a resonant {requency, carc must be taken to ensure that all the exciter
currents arc in phase (or 180° out of phase). (This will not autometically
follow if the supply voltages to all the exciters arc in phase). At cach
exciter position there must be a velocity transducer in order for the
encrgy input et each exciter to be determined. As the modes of vibration
of a uniformly stiffencd cylinder may be calculated beforehand, and the
experiment will be to check the calculated frequencies and to measure
the damping, the exciters could be moved in the course of the experiment
to be in the optimum position for exciting a given mode,

5. Results of Experiments on Joint Damping

5.1 The static hysteresis test

From plots of the width of the hysteresis loop against load,
values of the average cnergy loss ver cycle were obtained for each of
the different load amplitudes. This avers~e energy loss has been plotted,
in Fig. 8, against the corresponding joini bending moment amplitude, in a
manner deseribed in 95,2, A typical plot of the width of the hysteresis
loop against load is given in Fig,7.

No experiment has yet been performed to determine the energy
loss of an unjointed beam under the same conditioms,

5.2/
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5.2 The energv o ui exnerinent

The measured encrzy inpvt is plotted against log,, (Joint
Bending Mcment) in Pig,8, As this measurcment has only been made on
the 8-jointed beam (10 vivets per joint), and the energy loss is
therefore occurring at different bending moment amplitudes at ecach joint,
the bending moment amplitude of the abscisss is the root mean sguarc of
the moments at the two different joint stations. (There are four joint
stations but they are symmetrically placed about the beam centre.) The
reason for this is discussed in the noxt section, §6.2

Mo experiment has yet been performed to determine the energy
loss of an unjointed beam, under the same conditions,

5.3 'The oscillation decay experiment

The enalysis of the decay records, and subsequent reduction
of results, has been perfermed as follows,

() The film record was projeeted through a photosraphic enlarger,
and the peak emplitudcs at resular intervals were measured,
The average logarithmic decrement was calculated from these
mcasurcnents for cach of the intervals, A typical plot of
the log. dee. against the corrcsponding emplitude of the
photographic record iz showm in Tig, 11, At least two decay
records were madc for each beam condition, and the logarithmic
decrements from each have been superimposed to obtain a mean
curve of log.dec. versus amplitude,

() The encrgy loss hes been evsluated from the cxpression

Energy Loss per cycle

1]

Maximum Kinetic Pnergy during cycle
x log.dec,

Generaliscd Mess x Peek Amplitude®
x &® x log. dcc,

i

The generalised mass was caleulated using the mode of vibration
measured for the appropriate beem condition and {from the known
mess distribution of the beam. The frequency, , was assumed
to be the same as the forced resonant freguency at which the
beam was cxcited,

(c) The cnergy loss in the joints of the beam was found by
subtracting the encrry loss of the eorresponding unjointed
bean (vith weights attached) from that of the jointed boam
(with weights attached), The details of this procedure are
explained and discussed in the next scction ('\:,’-6).

(d) Knowing the mode of vibration, the mass distribution and
freauency, the inertia force distribution on the beam was
calculated, and thence the bending moment at the joints in
each beam condition f'or different amplitudes.

(¢) TFrom these calculations, curves of encrgy loss per cycle have
been plotted in Fig.9 against the joint bending moment for
the beam with L joints, (10 rivets per joint)

For the case of the & jointed heam in the highest frequency
rangc (i.e., no weirhts attached) the eneryy loss in the immer joints
determined from the experiments on the imner joints alone, has been
subtracted from the total joint cner:y locs, This difference should be
the energy losz in the 4 outer jounts only, end 1s plotted in Fig, 8
against the bending moment ot the outer joint,
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From the curves of Fig, %, the variotior with frecuency of the
. . . . - . . ey o - N -
energy loss in the k4 dnner Joints ras been slotied (in Fig,10), for
different joint bendingz moment amplitudes,

€, Discussion

6.1 Comparison of the threc methods of damping measurcment used

Of the threc methods used, the energy input method was by far
the quickest in use, entailing the least comoutation in determining the
actual encrgy input from the measurements taken., Moreover, it is superior
to the oscillation decay method in that one of the extrineous sources of
domping - the clectrical and mechanical damping of the cxciter itsell -
does not contribute to the cnergy imout measured., The encrgy measured is
purely that which passes between the exciter and the beem, The apparatus
required for this method is more elaborute than in the other cases, and
has taken longer to develop, but having been developed, it will certainly
make possible a much more rapid rate of vrogress in the work,

The static hysteresis test regquires meny very accurate
mcasurements ol the bean deflection to be made, and the subscquent
plotting of the hysteresis loop width involves a good deal of tedious
work, Fven more tedious iz the reduction o' the resulis of the
oscillation decay curves, involving the measuring of meny troce emplitudes
en a projcected picture from the £ilm record. These measurcments are
bound to be inaccurate when the trace amplitude is small and when the
rate of decay has fallen off. In contrast to this, the accuracy of the
energy input method iz little less ot the low amrlitudes than at the
high, using the equipment developed.

6.2 Comparison of the recsulbs of the threc methods

Before comparing the values orf joint cnergy loss obtained from
the three methods, the rollowing points should be noted:

(a) The hysteresis and encrgy input methods have so far been used
only on the 8-jointed beam, on which no weights were attached,
The cnergy loss ncasured was therefore the total encrgy loss at
all the joints, together with that dissipated by the extraueous
domping sources for which no correction has yct been obtained,

(b} The system of loeding on the beam in =1l three cases was
diff'erent, i.e., a central concenirated load in one case, the
inertia forccs on a simply supvported beam for the energy
input case, and the inertie forces on « free-free beoam for
the decay curve case, The rabtio of the bending moment
amnlitudes at the inner and outer joints will therefore vary
in each case, “he total joint energy losses may not therefore
be compared at, say, ecual values of inner joint bending
moment or equal values of the mean bending mouwent (which would
be admissible if the inner and outer joint moments always bore
the some ratio). Since, for an idealized viscous or hysteretic
damping source, thz energy loss is proportional to the (load)é,
it has becn decided to compare the total damming at equal values
of the root mean square1of the two moments, i.c.,

2l ’2 e
/ BeMimmer * B Manter jﬁ
\ >

two moments never cxceeds 15: of the greater, so any error in
& b4 T
this ass mn tion ShOLll() he ?L’)Si?!}[ll'fi cant,

he orcatest diffecrence vetween the
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From Mg, 8, it ig seen that there is close agreement betwecn
the energy loss neanurel fer the -jointed beam by the hysteresis and
energy input methods, A1 lhe upper end oo btac bendirg moment range, the
hysteresis test yiclds results vhich are sbout 5 greater than those of the
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energy input method, It must be remembercd that these results include the
enersy loss at the beam suprorts, In the hystercsis test, this would
derive only Trom friction ot the knife-edgzr, but in the encrgy input
(vibration) test there would be a certain amount of loss in the steel
frame which supported the beann and reacted all the oscillating inertla
forces on the beor., The stiffness of the frame was probably insufficient
for this purposc, Tor which it was not originally erccted; furthermore,
some cnergy could have been dissipated in the system of weights and cords
which held the beam down on to the supports, Although they were suspended
from the (nominal) nodes of the vibraiing system, the rotation of the beam
at the onds could cxcite transverse vibrations of the cords, end so cause
further dissipation,

The energy loss measured for eight joints at 38,3 c.p.s, in the
decay curve cxperiment is of the order of onc half of that measured by the
other two methods (see Fig,8). This could be accounted for by the losses
at the beam supports in these two methods.

Clearly for a reasonsblc comperison between the methods, it is
necessary to measure the cnergy loss on on unjointed beam in order to

correct Tor the end support effocts, Time alone has prevented this,

6.3 The results of the decay curve experiments

The logaritimic plot of the cnergy loss againct bending -:oment

A > J ) é_; ” e A

in Figs., & and ¢ shows a considerable "linear" range for the inner Joint
encrgy loss at 40,1 c,p.s. This linearity corresponds to the rclationship

- . - . . . 1.0

Pnergy Loss (in.1b) = (Tending Moment, 1b in, )?°7" x 2,82.10 o,
The lineor part of the outer joint curve of Fig,8 corresponds to the
relationship

. - N2, .
Inergy Loss = (Bending Moment)?* % x 1.41.10 v,

Although the two congtants appesr to differ considerably, over
the bending noment range where this relationsbin holds the actual cnergy
losses differ by no morc tuan gbout 305 of the greater. /L mean straight
line dravm bebween the two curves of ('ig.8 yields

Tnerey Loss = (Bending Momont)® ®* x 9.5 10710,

411 of thesc results are for the total energy loss in 4 Joinbs. At both
cxtremcs of the energy loss curves, there is a departure {rom linearity.

Yhile this may irdicate thet the simple laws deduced above are true only

over a limited rance, it should be borne in mind that the accuracy in measuring
the logoritimic docrement from the decay curve falls off at the extremes of
amplitude - et the large smplitudes, immediately after cutting the cxcitation,
due to transionts From other modes distorting the decaying wave-{orm, and at
the small amplitudes due to the difficulty of accurate visual amplitude
measurcnent,  These inaccurecics would be avoided by the use of the energy
input method.

The energy losz per crele st other frequencies varies in a very
similer way bo that at 40,1 c.p.s., but the logarithmic plots (\ig.9) show
more curvature then the 40,1 c.p.s., curve., These other curves have been
obtaincd by subtracting the ener;y loss in the unJjointed beam (wit weights)
from thc cnergy loss in the jointed beam (with weights), the former being
of the order of one half the latter, i.c., the jolnt energy loss was
approximately eouzl to the "cxtrancous" cnergy loss. ("hen no weights were
attached, the extraneous cnergy loss wos 107 of the joint enerpy loss).
Congiderable inaccuracy could be introduced herc Tor the following reason.
The introduction of the jointe reduces the stiffness of the beam, lowers
itg netural Sresuency and changes “he mode of vibration, At the stations
where the concentrated messen were attached, the amplitudes for the jointed
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beam were therefore dilfferen’ Trom the amolitudes of the unjointed beam
for a given emplitude ot the beam contre, The cenergy loss of the unjointed
beam with weights was primerily due to the weights themselves, i.c., duc to
the oscillating inertia Torces on the weights being trensferred by friction
forces to the sides of the beam, 23 the mode and requency alters due to
the addition of the joints, the energy loss due to the weights ney be
expected to change at the same time, Unless the law is known relating this
energy los: to both mode (or amplitude) and frequency, an accurate correction
cannot be made to the totel energy loss measurcment in order to deduce the
Joint encrgy loss alone, 'he lew which was used to make the correcticn was
decuced {rom logarithmic plots of the energy loss in the unjointed beam with
welghts, which showed that over the greater part of the arplitude range
considerac, the energy loss was proportional to the cube of the amplitude,
There was no significant difference between the energy losses aht a given
amplitude whether the large or small weights were attached to the bean,
i,e., no significant change with frequency, . the produce

(weight x frequency®) was almost the same Tor each beam condition, it was
assumed that the energy loss was proporiional to the cube of the

inertia force on the weizhts, This permitted a simple calculation to
determine the 'weight! energy loss in the jointed beam mode at a certain
frequency when the weight energy loss was known in the unjointed beam

mode, with the same weights, at a slightly diffcrent frequency, The
validity of the cube law, and the accuracy of the correction is oven to
doubt, and may lcad Yo considersble inaccuracy in +lie resulting values

for the joint energy loss,

from the curves of Fig, 9, Fig.1C has been derived, showing the
variation of joint energy loss with frequency, for a given bending moment
am>litude on the joint., ¥Wilh only 4 woints for cech curve, there is not
really enough informaetion {0 ensble the correct curve to be drawm in,
especially since the errors mentioned above will affect the points
considerably, The straight lines drewm through the origin do, however,
fall rcmeckably close to three of the points for each value of the bending
roment, The points at 23,9 c.p.s, arc, however, consisicatly below the
straight lines, 7hile experimental errors, such as misalignment of the
vibration exciter, oy misaligrment of the lknife-edge supports can increase
the meagured damping and erergy loss, it is not conceivable that errors
such sz these could cause a decrease, If the values of 29.4 c.p.s. were
congistently high due to such errors, and should in fact £all below the
straight lines, (by a considersble smount) sani all the other values were
correcet, the curves to be drawn would be completcly different. The fact
tnat there is any freguency dependence at all is surprising in a system
ol thiz nature, and costis further doubt upon the accuracy of the corrections
made to allow Lor the energy locs of the weights.

/ - v . . . I3 - -
6.4 Sugoestions for improving the exjerimental technicue

A

& considerable reduction in the extrancous energy loss could

be ochieved by attaching the weights to the top end bottom surfacesof

the bean, instead of to the sides. Their inertia forces would then be
transferred to the beam as normal pressures, instead of through frictional
shear stresses on the sides, Drictional shear stresses will still exist
1o a very smoll extent, due to the incriia forces corresponding to the
Tongitudinal accelerations of a roint et a distance from the besn necutral
axis (1.2., acceleration = angular acceleration of beam x distance {rom
neutrel axis)., "his acceleration should be negligible compared with the
present transverse acceleration experienced, and the corresnonding inertia
Torce, shear stress and energy loss very much snaller, Another reduction
in extraneous energr loss could be obtained by turning the beam on to its
side, exciting it laterally, and supporting it from the nodes by wires,

If these supports ocrc not cxactly at the nodes, the vertical =rires will
cause negligihle restraint on the beam, and even if vibreting would
dissipate very litile encrgy.,  “They should s5til' be edjussed to be as
close to the noles as possible,
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The use of the cnorgy inmut method, es mentiored in 84,1, reduces
the extraneous demping meszurced, and pcrovides ouicker and more accurately

Ll

obtained rcsults over a wider rante o esmplitudes,

iech of these improvements should cnsble the series of experiments
covering the el'feet of rrequenc: and joint variation to be repeatcd
accuratoly and with fevor sources of error and dowbt in a Tew days work,
as corparcd with scveral months of work hithecrto.

4 Lo

Gen  Sugmesnte Tor exterding the ranze of the investigotions

The ranae of bending moment covercd in the exoperiments ves
imited by the peminsible empliiude of the vibration exciter at the
beann centre. This cwi. obviousl be overcome by moving the exciter nearcer
to a node in the booa, and increasing the [orce from the exciter, 2
hicher frecuency range could be covered by reducing the length of the beam in

it
s

stages, viwerces lower renpss could be covered by Jjoining two similar 10 £t

<

beams, with the Jjoiant to be teuted et the coentre,

Then much hicher frcoucncics are cncountered (6o, in the

invegtications into {ypical fuczclaye skir-~stringer jointe) the acoustic
rediation derping may constitutc a large port of the damming to be
measwred,  This can be mininined b tosting the specimen in en evecuated
chember, 7he acoustic demping is »romorsional to the density, arnce
damping measurementa at severel daifrerent densities should permit a linear
extranolation to determinc the damming at zere density, i.c., zero acoustic
demping,.

7.  Conclusions

"he complervity of the source of demving st structural joints is
such Jhet e _eneral analytical avproach to determine its magnitude is not
possillc and wn oxperimentsl approach must thercfore be used, O the
lLechniques availlable Tor the ciperimental determination of the damping,
methods 0! dircct cnersy inpot measurement sre the most suitable in the
procence of nou~linear demping end harmonic ailstortion of the oscillating
structure, Tor lineorly damped structurcs vhen no harmonic distortion is
presont, the othor mothods (lscussed way be more convenlently applicd,
denending on Lhe nature of the structure to be testoed.

00 toc methods of domping moasurcment which nave been uscd in the
invegti, o blon deseribed, the wnergy input metnod was the quickoest to usc,
and holds the possibility of giving the moss accurate results, L comperison
of the reuults from the throe methods is not strictly Justifisble, owing to
the differing conditions ol the speciren when tested by the different
methods, The conditions were most similer for the static hysicresis teot
and the cnersy inpul meesurcment, end corsidering the dilferences thab
cxisted, the results from these two cuperiments werc in good agrecment

. . . . . , . s d Joints
In the invesztbications into the encrrzy lozc in ravcted g

. 3
subjected to heaomonic lozds, it was found that over = rimited ?&ngfddﬂb
at o ccrtain frequency, the omergy loss wos prOPOrhional.to ?hu }?? the
amplitudc reiscd to a power of approximately 2.7. This }mplles Una? Lo
couivalent viscous (or hyeteretic, demming coefticient ol the SY§tC“ n
the syoten in which the joints are incorporated 1s pfOPOTtlonaa ;O
(emplitude of motlon)®*?. The investization into the effeet giu*re%uiioy
on the encrry long for « given load amplitude indicated that Ehb.eﬁbriﬁe
locs wag proportional to frequency, bub the inaocur§01§3“+nhefeﬁt 13'th
experiment were such ag to cast scrious doubt ou this 1nu%€atLon; ﬂ.l n
certain mmell moditications Lo Lhe steeimen tested, the crfect of frequency

could be accuratul:s imveshigatod,
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Tist of Syubhols

2, a, iz a generalizoed inertia cocfficicnt
brg is a gereralized viscous damping coefficient
be is the viscous damping coefficient equivalent to the

hysteretic damping coefficient h at a given frequency

Cy Cp is a stiffness coefficient
d is the rate of the equivalent viscous damper of a joint
i is the energy dissipated per cycle
Lg is the voltage supply to the vibration cxciter
e is the Pack e, f, from the exciter coil due to its motion
e! is o x £/dp
T is the exciter force per unit supply current
N is the exciter force amplitude at station 1 of the structure
Fg i 1t it 1 1r " " 2 1t 1t it
hyhye, g is a hysterctic domping coefficient
I is the supnly current to the vibration exciter
k is the energy dissipeted by a joint at unit load
k iz the crecitor supply voltese per unit velocity at

exciter, in a scli-cxcited sys.com

k! is &k x £/%
k is the voltage (or current) per unit load on the load
’D > / .L
- transducer
. R \ . .
Jr is the voltage (or current) per unit velocity of the
velocity transducer
& is the distance betwecen two stations on either side of a
Joint
m is the mass per unit length of the beam
M is a bending moment
My kg are the in-phase and quadraturc components of bending
moment
Py is the amplitude of a harmonic load
LY
Pn is the amplitudc of the n? harmonic component of the
applicd load
={t) ig the load opnlied to = ¢ystem
a is a gencralized co~ordinate
Q, 445 arc the complex haimoric amplitudes of the g's of two modes
1409 2 > o]

R/
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R is the ratio of amplitude at frequency « to the peak
amplitude
3 is the shear per unit length on a lengthwise Joint
S is the shear force on a beam cross-section
Sy 555 are the in-phase and quadrature components of shcar force
v is the transverse displacement amplitude of the bean
Vy Vg are the in-phase and quadrature components of v
X is the relative displaccment of a pair of Jjoint plates,
or the spanwise distance along the beam
Xg is the amplitude of x
VsV Y are the displacements‘of a systom at the points of excitation
I is the impedance of the exciter coil, when clamped
W is the frecuency of excitation
Wy is the undamped natural frequency of a system
€ is the phase lcad of displacement relative to exciting
force
€n is the phase lead of the n® harmonic component of
displacement relative to the nth harmonic component of
cxciting force
€, »€, are the phase angles at w,, w, close to resonance (63.6)
8,0y are the viscoug and hysteretic damping ratios
brn is the displacement at point n per unit refercnce
displacement in mode 1,
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he Measwrement of Tergy Imput using a
4 RN

Otrain=Cauge Toree Transducer

The out-of-balence current, i Fflowing through the
galvanometer in a strain gauze bridse is propor'tiona1 to the supvly
current, 1y x the resistance change of the strain gauges. Since the
reglstance change is proporilona1 to the load P heing armlicd to the
transducer, we may wri

where k! is the galvanometer currcat Per Wit s nﬂly current at unit

load, Now supposc the supply curront is preportional to, and in rrasc

with the v01001ty of the vibrating structure at the point of applicabion

of the exciting force » = P 8in wt,

wh + ), the local
displacorent

- ¢ . 7. . 3
= k! kj - Pyy isin(2ut + e) - sin ef,

[F 1
<
[

The D,C, component of this may be written

: / Y\ :
D, C. Vo) T Eo Yo 8in €
2%

1

/’T
-
5

—

- k' k! - > x lnergy dnmut per cyele

vhere T is the poried corresponding to o frequency of ©

ky) x Fnorgy inout per unit time,

ot ~———man o -

If" the velocity and/or force contain harmonics, it is rcadil 1y shown that
ip,¢, is still proportional to the total cnergy input pur unit time,

s sty emmes

.-
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FIGS.3& 4.

Fig. 3. Knife~-edge support of beam in pin-ended condition.

Fig. 4. System of loading_the beam in the hysteresis test.




The __exf:'i-ter and force transducer for the energy input

measurement |
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