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; - in both the time domain and the frequency domain.
' measures of reciprocity is recommended.

measured. The resulting speeds of wave propagation along members of the lattice are
measured to range from 4.53 km/s (14,800 ft/s) to 5.18 km/s (17,000 ft/s). 1t is
indicated that the measured wave speed is between the longitudinal wave speed and
the flexural wave speed.

The frequency spectra of the output signals are also obtained. It is observed
that the frequency at the maximum amplitude of the output spectrum generally occurs
between 353 kHz and 450 kHz. It is also observed that, beyond the first five bays,
the maximum amplitude of the output spectrum decreases logarithmically with the
number of bays that the output is located away from the input, regardless of the
input location on the structure. Thus, an attenuation of the maximum amplitude
of the output spectrum can be defined for LSS based on the number of lattice bays.
This attenuation parameter may be convenient for the design of LSS because it is
based on a natural unit of the LSS, namely, the lattice bay. For the planar lattice
considered, this attenuation is found to be 0.085 neper per bay.

Furthermore, reciprocity between input and output is observed experimentally,
The development of quantitative

" This experimental study also demonstrates that wave propagation characteristics
of a lattice structure can be obtained. In particular, the wave speed, the frequency
at the maximum amplitude of the output spectrum, and the attenuation of the maximum
amplitude of the output spectrum per lattice bay traversed appear to be useful
parameters in the characterization of wave propagation properties of LSS. Further
study should investigate the effects of boundaries, lattice member connectivities,
and structural defects on these parameters. Perhaps, statistical energy analysis
or pattern recognition techniques would also be of benefit in such efforts.
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INTRCLUCTICL

Large spece structures (LSS) ere pericdic lattice structures
bein, considered 1or wuse ir orbitin., =srace stations, &)o&ace
corrunicetion anternas anc space pletforms [1]. The [rorosed
epplication of L&S in geocentric orbit requires structures c¢f
outstardir, rerfcrmence anc integrity under extrere or ncstile
environmental concditiorn:z., l.ave prcpagetion characteristics of
LS efrect their rperfeorrance, integrity end the eabilit to
norcestructively assess their integrity ir service.

have propacation cheracteristics of &er alutninum 22-<bey
planar .ettice <ctructure[2-4] sre reasured experinmentelly in
this study. 71wo ultresonic piezocerenic longitucdinel iransducers
arc mountec at various 1lccations on the =structure. Wave
weasurercnts are obtairec by injecting an impulcsive lcad via tre
transmitting iransducer ard recorcing the respcnse vie tre
receiving transcucer. Trke waves injected irto the structure are
cenerated &z longitudinal weves, trensverse to the surlace.

Ir the lzttice considered, waves prcpegate thrcugh "T" and
"L" joints intoc verious memters of the structure. The resulting
ereeds oI weve prcpagztion elcng menbers of the lesttice ers
MELSUTEC, The 1irequency spectra of cutput siznals at wveriIcus
loceticrn due to irput excitaticrns at vericus locatiors on th=»
lettice are measured elso. TrLe wave speed and tl«¢ frecuerncy
spectrur should te wuseful irn the <cheracterizetion c¢f wave

jrcregsation properties of LSES.
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- PECCELULRES .
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Lattice Geimetr) o

.
Fig. 1 stows trne gecuetry cof the 22-bay larar lettice ;:

N

o structure cor:ziderec in this study ard in cther =studies [2-4]. ,
X

M~

The etructure has twenty-two repeating substructures (bays). .

Tre <Z2-bay rplaner lattice is me~hired from & sirgle rpiece <c¢f &

b 0.¢52 er (C.275 ir) trick €E061-TE e&luminur plate. Thus, the {
]

f£truciure ccrntaing ro welar or feasteners irn its cconstructicon. ~

.

)

LY

k ILxper:mertal Lquipnert >
»n schematic cI the wave neasurzement syster is shown ir !ig. ,J

2+ Lne cystem consists of & brcadberc ultrasoric pulcer-rec:ziver f
‘)

(Fenerctrics ncdel FS052FPFE) to generate and recsive electricel 2
Fulses up tec 3C Lhz; 2.54 cm (1 ir) diermeter (1.91 znm (C.75 in) E.

o)
ciereter gfiezcceraeric elerent) brecedtand (0.1 %o 2.0 Frz) t'
b
transnitting &nd receiving lorgitucdirel transcucsrs (Fancnztiriccs éf
rodel V1C5) heving an spproximetely flet sersitivity of -85 =i NG

~
(relative tc 1 V/ Ekar) and weighing 0.082 kgf (C.1& 1tf) eech; a )
transducer specinen irtertace ccuplant (Accustic Eriscsion ~
T:chnecloey 0ael SC-€); 26.7 I. (6 1ti) ccnstant-force aprirgs -

v

v

(Acouctic trission fdechnology mocel CFC-€.C) to secure the ]

fl

¢

tranisducers cnto tre zpecimen; and & 1€-tit digizal cscillcscope »
(hiccletr rocel 40%4 with dual-chanrnel 8~bit rlug-in rcdel 4175, Ry

‘.

&

cuc.l dick reccrder mocel )F-44/2 anc ihaveforr Arelysis Pecke,e) i\

s

-

r.avir, a caximum eanpling tfrequency of 50 Ltz (5C0 EKEz for

re;etitive si neic), & rmaximuin storesge cearaebility of 15,672 data J

\0

Cal $f\-" ~ ﬂ’N-‘



points [per trace, anc & Fourier transforr softwcre pachrage

cepetie ol herdling up tc 2,046 poirnts rper trace.

@
Experinerntel Prccecures
“ne lattice &s sicwn ir Fig. 1 is suspended freely in eir
via Twc thin strings. Twoc transcucers ere ettached to the
L
latt.ce &t varicus locaticns using the constert-ferece eprirgs ard
are coupled 1tc the structure via the transcucer crecirer
.nteriace couplant, ihke resulting clamping rcressure ¢ C.11 !.Fa
o
(1« psz) or. tne transducer is epproxirztely equal tc tr=
seturetior (ressure whict s defired in [5. as the rinirur
transducer-siecinren interiace pressiure which results 3in the
<

Lex.rum enplitude of the output sgigrnel, &ll cther peararszters

teing nelild constant. turthervrcre, the orienteticn of each

trenscucer relative tc tne citructural merters cf the lattice 1is
raintaeinea thrcugchcut teo aveicd any varietions that cculc te
introducea by tne dairectional effects «c¢f the trensducer

jiezcceramic elenent.

An inpulse is iInput into the trersmitting trensducszr via the
ultrascnic pulser-receiver. “he sicnel arriving et the receiving
trensducer is recorcded on a 13.3 com (5.25 in) c.ameter aichkette
usiry a saapiing frequency c¢f § lkz and 15,872 date points per

trace.

Tre @arrival tine of tre initiel outrut wevs sigrecl is roted

1ron trhe time trace., Frow this &rrivel tire and the shortest

wzve ,atr. length l=treern tre transzitting eand the receivin

cq

transducers tnrough the elenents of the lattice, & wave cspeec ir

)

I

calculatec for tr.e :iritiel wave toc prepagete frorn tre



€

transritting transcucer tc the receiving trensducer. Alco, tr-~
frequercy ospectrur of the output signel is obtained viz the Fe:t
Fourier Trensferm (FFT), employing thke Eannirg window providzd ty
the kicelet VWweaveforr Analysis Package ueing 2,048 roirts
{initietsd at tre beginring o1 the output wave pecket).

Fige 3 shows lccaticons A through V, used tc lecete pesiticns

1

¢r. tne lettice. The input is eppliec at locations A, L, V_ and

V1, anc tne cutput is recordec a~ all the rerairning locations cr

tre latzice.

Cnarecteriwatiorn of Irput Pulse

ine irput impulee (ircluding the transducers and the
electronic equirment) is cherzacterized Lty ccupling ttre
transuitting anc receiving zransducers directly (face-to-face)
witr.cut the [fpreserce of =any recimen, ihen the receiving
transducer 1is coupled directly tc the transrnitting transducer
witr.cut the structure, the cutput of the receiving transducer is
&s .hcun in rig. 4a. The correspeonaing frequency csrectrun is
snown ir Filg. 4Ub.

(r. tne time scaits teiny uged in these experiments, there ic
ro ctesrvatle tine aelay between tre input arc the cutput whern
tnhe tranrsducers <re cecupled face-te-face 2z shown in Fig. 4z. 1In
th¢ Iregquency coraln, as snown in Fig. 4t, the input sicnel
cortains & brcad <Irequency spectrum frecr 2zerc <reguency tc

frequenciec greater tnern C.5 LKEw.
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RE5LL1E ALL DISCUELIOLS

lL.ave Spe=d

Tre rneasurec wave speeds for in:tial vzve fronts arrivirgy at

various cutrut locaticnrns for verious input locatiors are
suruerized in Teble 1. The measurement error of the weave cspeed

is e¢ctiiated te te less than 2 percent,

A: shcwr ir. Tatb:

(4]

1, the weve speed renges from £.53 Lhkr/s

(14,800 ft/g) tc 5.1% kijc (17,00C £t/s). The lerpitudinegl weve

speed ir. an aluninun roc is 5.23 kr/s (17,200 ft/e) [€]. Thke
shesr wave ecpéecd in an zlupirur rod is 3.12%2 kn/s (10,200 fi/c)
{77 Tre flexurel wave sre=d in alumirum bars cf <h crocss

gsecticr  corresgonding to that c¢f the lattice cepends «n the

fregquency arnc is tatulated ir Tetle 2 [€]. Thus, the reazured
wave sSpeea apfi-ars to te tetveen the longitudinel wave speed ard
the zliexural wave sre=c if & frequercy of greeater than 35C kiz irs
consicerec for the riexural weve. (The longitudinal enc flexural
wavelengtns at 350 kEz are 1.4¢ cm (C.5€6€ in) ercd 1.31 e (C.51%
i1.), resp€ctividiys.)

nS ciegcusseu in [£], the cutput sigral contains nany wave
re.lecticns {from rnuitiplc wave paths erriving et the receiving

trarscucer.

Output Frequency Spectrurm

AS aiscuscgec in [¢], tre irequercy spectrur contasirc any
rezorances of the structure, Tre meesured frequencies at the
rexiiur arplituc- o©I the outjut frecuenc. spectra for weves

arriving &t vericuz cut;ut loczticns for veriou: input loccticrs
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are suimerized ir Tatle 3. The corresponding measured maxirun

anplitudes cf the output frequercy spectre for waves arrivirg at
variouc output locations for various inrut locations are
surrarizea irn Table 4.

tYrerz: Teble 32, it is observed thaet the frequency at tlre
naxigur amnplituade of the output srectrun generelly occurs betwec:
353 ki:z ance 450 khz. The exceptions ere fcr inputs &zt lccztion 4
witf. correspcnaing outputs a2t lccations S$,T,U,V and irjutes at
iccation \1,I witn correspcnding outputs at locations £,E,C,L.
Appar=rntly, for the most distent 1locatiors, the higl. frequency
compenerts arc attenueted e&end trnes frequerncy at the mexirurn
ar.plituae cf the output spectrum is lowered tc approxirately 115
kHe.

From Table 4, it is otbtsgerved trhat the meximunm ernplituds of
the output spectrum generally cdecreases with incressing
tranciitter-receiver cistence, except for the first five beys.
Fig.5 snows tre logarithr (base 1U) of the raximum emplitude of
the output spectrun plctted versus the nurber of bay widths ewzy
frem the input fter inputs &t locetiecrs A, L, VC ard v1. l'ore
trecicely, tne nurber <c¢f bey widtns away is cefined &35 the
Jdistance seperating the verticel cross sections cortairing the
irput ano ocutprut locazions, nrcrmalizea with resrect te the tay
wictn, ror exarple, 11 the ir;ut is at locetion A, lccaticna D

ena L1 are cefined as three ltaye zway.

A straight line is drewn ihrcugr the 110 dete peoirts irn }Fif .5

usiry lirnear regrescion, regarcless of input location, except for

trne 1irst five i1eys. LThe resulting correletior coefficient 1is

C.S150L. Trus, it epieears that the maxitur arrlitude co¢f the
13
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output srectrun decrezses lcgarithricelly with the nunmber of tays

° away from the input, regercless ¢ irnput location. Specifically,
the ccrielation equaticn for the maxinur amplituce of the output '

for & specifies nurbter cof teys away fror the input i

4 L°61C (hi.plituae ir V) = 1.10334 - 0.03¢<ux(ho. of reys) (1)

Eqr. (1) can be penipuletea and rewrittern as

Arplitude ir mV = 12.6c e-CeCétx(lo. or Euys)

(2)

Ny

Thus, arn attenuation of the maxirmum anplitude of the output ;

¢ spectrur.  can be cefired 10or LS: based on the numbter of lattice
tays anc eqn. (2). lor the plarar lattice structure considered,
tnis attenuztiorn is focund fror eqr. (2) to bte 0.085 neper jper

® tay. The e&tternuation described by nepers per bey may te Y
converient :n the design ¢f LSS cconsisting of pericdic lattice !
beys teceuse it is based on & natural unit of the LSS, namely, !

° the lattice tLbay. It represents an insertion loss in the maxirur
anplitude of the cutput s;ectrur for wave propegation due *to the
adciticrn ("irzerticn") ot a periocdic lattice bay.

- Lecause the wicth ¢t a bay is 6.25 cr (2.46 ir) as shcun ir
Fig. 1, the attenuetior «cf 0.065 neper per bay can also tbe »
exjreesed as C.0U14 neper/ci (C.03% neper/in). This comperes with )

N the lorngituairel attenuation ¢f 0.015 nerer/ce (0.03& nreper/in) A
for bulk alurmirur at uitrasonic frequencies of the order.of 1 kkz
{10]. towever, when vibreticnal dampirg date obtained for a 22-
bey &alurinum planar lzttice at frequercies telow 1 kHz [4] are X

usec to sxtrapolate ire aittervaticrn {11] at frequercies cf the

. a- o -.\.\ \\\.
.ﬁﬁ fvf o
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orde: of several hunareds of klhz, <the rredicted etteruztion

ranges frer 10~/ neper/cm (2.5x10° ' neper/in) to 10-C neper/cr
(2.5x10.b neper/in). Thus, 1t &eppears that the atteruat:on

ircreeses significantly with frequency.

Ovservetion of Reciprocity

As discussed ir [8], fror Tables 1, 3 anc 4, it ic cltservsd
that wi<n the irput eanc ocutput locaticre cre interchargec, tt.-
results are very sim.lar.

Teble 5 shows various compariscns of wave proragation

characteristics tetweer tne 5-bay and 22-bey planar lattices.
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CONCLUSIOKSE ALD ELCCLMELIATIOLS )

have proragaticn charzcteristics of an alurinum 22-tey 2
rlanar lzttice structure heve becn consicdered., Twc ultrescric

riezoceranic longituciral transducers were rmourted at various

locaticns on the structure. llave measurerents were obtained by
injecting an impulsive lozd via the trensmittir: transducer &and

recordirg the response vie the receiving traernsducer. The waves

~x I ¥ .
75" 2]

injected into thne structure were loritudinal waves trensverse to
the surface although & complex stress distribution, describec by

airectivity functiorns, was actually rezlized [10]. Thke impuls

e

Ve

> v o= e -

C loecing si.nal rad &a broaa frequency srectrur corteiring
frequeincies greater thar 0.5 likz.

Easea orr. the results c¢f this study, the follcuir,

PR S BRI
e e -

cnclusions car be made:

¢

(1) The nuneesurec wave speed for iritial wsve arrivels ranges

.
e

from .53 kn/s (14,80C tt/s) to 5.18 km/s (17,000 f£ft/s),

"o,

whicl. 1s Dbetween the longitudinal wave speed a&and the
flexurel weve epced for flexural waves of <frequercies

greater tharn 350 khz.

N Y

(2) The citput =s=ignal cernteins rany weve reflectiors fren

-
-

multiple weve paths arriving &t the recciving trensducer.

(3) 1he measured 1reguency &t the raxirum amplitude cof the

Y w_a_ .

-~

cutput frequency spectrum generally occurs between 353 Lki:z

[ 4}

ana 5C klLz.

(4, Trne rneasured maximum amplitude of <the outrut frequsrcy

‘YWY e ¥ B_E

épectrui. decreeses logarithmicelly with incressing nunmter of

.-

lattice vuvaye away fro:s the irput locaticn, regardless cof

Y “s "5 T N e
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irput location on the structure, except for the first five
tays.

® (5) In accordence with the preceding conclusion, ar attenuztior
of tre maximum e&euplitude of the output =spectrur cen te ;
defined for LSE basec or tre nunber cf lattice bays awzy

@ from the irput. This stternuaetion may te conveniernt feor the
desigr. o1 LES because it is based or a ratural ucit of the .
Lst, nramely, the lettice bay. For the plazrar lsttice

® concidered, this ectteruation is found to te¢  (.08&5 neper
rer bay.

(€) ae discussed in [8], reciprocity tetween input eanc output

¢ is cbservec experinmentally.

Eased on the results of this study, the following )

reccnueraations csel. be mzce: ]

o (1) Tris experinental study should be extencsd to 2-dirensiorzal
lattice structures such as tetraredral trusses. .
L]
(2) Sczling 1laws ror other =structural sizes, gecmetries, .
¢
o frequencres and materiels eroulcd be develoyed; &nd the ,

effects ¢f jcints on sucr sczling laws should te delineated.

(2) Tne valicity of the attenuezic: of the mexinur amplitude of

( the cutput spectrun defired tasec on the number c¢f bays 2way
frcm the input regerdlest o0: trne input locatiorn in the LSS y

ghould bte veritisd by ccnsidering other lattice structurec.

'y (4) The ««ffects of bcundariez, lattice member cornectivities,
&nd structural gecfects on the wzve speed, the frequercy at H
the raxinu. ernplitude of the output frequency spectrum, eand

L trhe atteruatiorn. of 1the raxicur enplitud: <¢f the output '

spectrur per bay chculd be considered.




I (5) The rneasurea initiel wave speed arpears tc be Ltetweer <he
longitudinal wave speed end the flexural weve cpeed. The

exact nzture o¢f the wave mcde transrissicn should

cr
n

0N

investigated, Tne pcssibility of weaevs rnode conversion for
waves jroragating through a "T" or "L" joint srould nect be
excluded.

¥ (¢) The fcssibility of & decrease in the frequercy at tr

[$7]

Laximur anmplituce c¢f the cutput spectrum as the signal

prcpagates shculd te investigated. It's effect on the

-

atteruation c<f tne rzximur anmplitude of tre output spectrum

per lattice bey shoula also be concsidersd,

(7) Ftor the ZZ~bay lattice, at the freqguencics ccrisiderecd, the
measureGc attenuation of the maxirum amplituds of the output
spectruw. per bay heppers to corresprond clcsely to thre
longitucdinel atteruation in bulk aluminur., The exact neture
¢l this ettenuation should be investigated.

(£) keciprocity betueen the input and the cutput has tbteer
otservec qualitatively. However, quantitetive meesures cf
reciprocity should be devsloped.

(¢) Aneljyticel efforts 1or predicting the output signel measured
fron tne plenar lattice =should tbe uncertakern [12-1%5].
Prtrars the enalytical skill so ceveloped could be extended
to Letter unaerstenc wave proragation ir. three-dirensicrel
LSS . Ferhaps, statisticel energy analysis (ZEA) or patterr
recognition tecnniques snould elso be cernsicered in  tnis
reg&i1C.

Irr ccnclusicr, trhis experinentel study ceronstretes tha

2]
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weve Lpreopagation character.istices cf & lattice =struc-ture can be
covtairec. In particuler, tne wave speca, tne frecuercy et the
raximun emplitude of ths output srectrur, snc the attenuation of
the nmaximum emplitude of the ocutput spectrum per lattice tay

appear to be useful rarameters for the characterizaticon of wave

propegaticr. prorerties of LSS,
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TABLE 2 Calculated Flexural Wave Speed in Aluminum Bars of .
Cross Section Corresponding to That of Lattice at "
Various Frequencies [6, page 143]. .
.
[ §
o g
Calculated Flexural Wave Speed
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Fig. 4 (a) Time trace and (b) frequency spectrum of output from ‘
receiving transducer when transmitting and receiving transducers &
are coupled together directly (face-to-face) without any -4
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