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Nleasurement ofElastic Strain Waye Propagation !'elocit] Using FRSCS along Ntetallic
Rods Subjected to Impact Load

(ApLikasi FRSG Uffuk Perrgukuran Lalu Pcranrbalan celombang Regangan astis.\kibar Bebanlmprk pada
UanngLogam)
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\ts5TRACT

The accurzcy offoil resistrnce slraln gauge (}'RSG) tb. srrain walepropagatlon
measureDrent alorg melrlli. rods. i.e. aluminiunl' brdss. copper and sicct rods.
subjecled lo nnpacr load tras been invesrisaled. Hexagonat cross seclxnr of51
8" sides i 6'long metallic rods havebeeD setecred for specnnens. Ar {disrance
ofE" from one endol each rod. an E,\ 09 115 AD- I20 type foil resistance sllain
gauge Nith gause facro..f2105 and rcsisrance ot l:0w rvas nrstaued. The
rods {crc ther placed on 

^ 
pa of suppom and ]oadcd atrhe orhcr end snrticc

wirh an nnpaci loadmg generared urnrg an lnpuis. hanxne. The sel up wrs
also lnstmnented $ith a t\,pjcal polcnriomeler cir.uit as a signalrransduccr
and.tn oscilloscopc for signat acqlLisition. The outpLrr signats \r.ere then
aDal)sed by conrparing !'lth lhcn.respecrrvc rheoreticrt !atues. Thc resulr
sho\ycd rhat thesc l:RSGs had dcmorsrrared high accurac), in signal scnsing
lndicatcd by negligible djscrepancies benleen c{])erimenml !aiues on on. hand
aDd dreir respecli\. theoretical \.lues on lhe other hand.

Keywords: FRSai accuracr. strajn\ravepn)pagarion mcta lic bars.

I\ IK)DUclo\

Bondcd stmin gauge !\as firsll),- inrroduccd b)
Cha es Kcams in 1930s (Starr. 1994). It $as a

resistor made fronl combinadon ol carbon. llller
and adhesi\e materials. Next. in 1937 and 1938.
r\rihLrr RLrge and Edlvard Snnons indcpcndenliy
introduced strarn gauges nade of flnc meral
filamenrs (SlalT. 199;l). Ivenruauy, FRSGS xcrc
introduced in thc U.K. aod rhe U.S. i thc earlv
1950. Duc to irs geo1]Iclll being l_oil witl a \cr!,
smallcross sectioi. a considcrably smalllcngth can
pr'oduce a large magnilude of rcsistance. and the
mcchanical charicre sric ofihe specimcns under
in\,esrlgalion ma,v nol be noticcnbly aftectcd. In
addition. its elongation \\,ill e\actl! bc rhe same as
that of the specimcn due to i1s insrallation beirg
bonded. lherelbre. the measurcmenl mav he
glraranleed fbr bcing highlv accuratc.

Widc vadetv ofstrain gaugcs is currentlv a\ailablc
1n the martct. Toral rhickness of rhe fbil can he

found to vary liom 2 5 mm (Staff. 199.1) to 10 n1m
\rith the widih and length oI the grids to \u_1.tiom
0.51 mm io 6.15 mm and lioln 0.38 mm (Anon),m_
2010a) to I 00 mm (Anonyn1. l0I0b). respecrivelv
In co paison to olher t\,pes of censors, FRSG
po:.(..i. .u r'( ..d\ 1 .tcLJ.. e g . hiEn r - rotr ron
.'or, Jnl \r ,l.ili r. hi.,h "ccrrr,,.r. 

.mall crrne...r^n,
rts set up can be cquipped wifi lemperature and
lcad-r'ire compensation elemcnl. ease of
installation and opcretion. produce linear rcsponse
in wide rangc of measurement. can be urrliscd as

sensitlg devicc lor \arious transducers_ and
coDsiderabl! lor. pricc

Due to ils superiori4, in conrparison \rirh othcr lypes
ofscnsing de\ice FGRS has $ idely been acc!'pted
as scnsing dcvice. Reliability of t-RSG lor
r r:,\.rin! stol]\ r5ltnrtin..-n. uqx).rId.\nJ.r \
( Sudarisman, 2003I strains ofcao!ilc\erbeams hrs
previoush been rcpofted.

The curent wo* deals wirh the pcrfonnancc tnd
accurac) of FRSC as sensing devicc lor elastic
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strain we!e prcpagation along mctallic rods. Thc
erperimcntal data beiDg captuled fiom rhe pulses

ofelaslic \ya\,e propagation signals along the rods

u_ere then compared to theirrcspcctive theoretical

\.alucs. The accurecr- ofthe FRSG was calculated

as lhe degrcc oi disc repancy bctwcen experimenlal

and theoretical values. lhe result can bc uscd as a

consideration in selectin!! sensing device fbr
dvramic slrair measurement.

THFoRETTc.\L BAa(arRou\D

Elist'ic St'rnin l\nte Prapagdtiall

Thc theoretical ,'elocit] ofa l -D elaslic s[ain f,i'ave

nr.,fh!dlion Jlong J .le rdcr mcrrlr.c roJ r' g rcn

as (X{eriam, l9li0):

,,, = (Eip)" j(m,s) 
)

rvhere E and ,- are the elaslic odulus (Pa) and

density (kghr) ofthe matcrial under in\esligation.
Tf iime peiod olthc strain \\a\'e is given as 1(s).

then the liequency of lhc vibration is-

f= ttr (2)

ll the length of each rod is I (m), ther the $ave
length ollhc strain $ave proprgalion is,

1= :/ (m) (3)

Thus. rhc cxperimenlal !aluc of strain wa!c
propagation relocil)_ in lhc rods is gircl1 as:

(Stan, 199.1). Anv gauges available in the markct

conlc with specificedons and detail instruction tbr
installation end usage, such thal by following them

accuralc Dleasurerrent can be obtained. Thc
shorterthe applied gauge lenglh the morc accurate

d-n.JsIrimenl,l'efdu.< n - n nlcaruremenl u\ing
I R\L'. r' ha., .ll) nl\ds-J.rrgnrd'n.lxlrrldpoi_'
There are adrantageous of FRSCS. e.g. stability
oI thc consrani of ficir circuitry, high accuracy.

small in dimcnsion. the change in icnperature and

the length ot'their lead \n'irc can be contpensatcd

by emplo-ving compcnsating circuit. ease ol
installalion and operaiion- linear response o\er a
si.lc ran e "l .rrain mci5urerr enr. ,.c abil n in

various typcs of ransducer- and cost elf-ectiveness.

( rl'l_12r'u , i. gclcrdll\ reql. reo ,or in\ chnnge'r
circuitry \'ariable. For signal amplilying purposc.

the circuit nlay bc equipped \\,ith a potcntiometer

circuir or \\iheatstolrc bridge circuit. If a

polcntiomeier circuil is lltilised- ihe circuil $ill be

equippecl rvith a suitch tbr connecling and

disconncctirg the calibralion rcsistor.

(;rrrc rn..o'.d'i,,n r. r.lat'\cl\ ca+ r"J ru't linrr
consuming. Altcr bcing c]eaned fiom mechanical
,n{l chcnrical contaminants- thc surface \\'here thc

gauge will be installcd is applied wifi adhcsive, the

gauge is caretullyplaced, and a lighlprcss is applied.

in ordcr to obrain r thir layd ofadhesile. on lo fic
!J,rge t,. u ltu rIrI. te. ,nl'l lLc rdhe.i\e
complelcly cured.

Potentioltt.t'er Cit. 1t C'llihratiotl

Due loils lasterresponse incomparison with thosc

of Wheatstore bridgc circuit. a polentiometer

circuil. as prcscntcd i n F igLrrc I . has been selecled

as lhc transducer in this experimeni. This
u--n.o-cer.rr\ cfl. el,r-lr. -lrrrr $d\cfroDoJrl ulr

signrl into electrical loltagc. In order to produce

accrraie measurcment. the circuit has to be

cr rb "r..lprinr rn heirr:' ..rd lur med.ul'rs ela5 i.
wavc propagation signal.

The magnitLrde ofrcshtance and curcnl bcl\teen
points A and Il arc. respectivel):

. L-,R tl .t L,o F,

Whcn drc s$,itch S is oft_ i.e.. loadirg-licc state.

thcn.

t',=2llr(mls) (4)

Ioi/ Rsslsld .ir Strdin Caltge Chiracletistics

Clarles Keams ma.v be the llrs1 who inn{rduced

strarn gauges in 1930s (SlalT, 199'1). Thc gauges

\cr( rn rhi fo'rr ol re.i-',.c m.de '. rn

J.r rbin.,.ion ol (-r','-. lillcr . nJ rLlhr.i\(
Followinghim, ir 1937 and 1918- Anhur C . Ruge

and Edward E. Simrnons. lr. independcnlly
inroduced snain gaugcs i the fbrm of bonded iine
metal. In 1951. Pclcr J. Scoil Jackson inrenrcd
the liril rcsistance gaugcs (FRais) lhal citn blr

bondcd on to the spccimen being lcstcd. These

FRGS arc rhose that cLruenlll most widelv uscd

for sn'arr anal)sis cnd transducers

'fhe Nfeasurenlenl Ciroup pro.tuces liRSGs whos€

thrckne\s is onl-\'as in .rs 1.5 -\.0 nrm, lengdr oi
0.1 100 mm. and .csistance ot 60 (J a()or) ()

l?,\u : R3 (6a)
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Es: E^R- i Rab

OI

f,=E (1 +AR.,ri,)/(1 + R6,rR" - J,(. R,.) ( ilr
(10)

If thc changes of outpul voltage during thc
calibration and during loading arc M and .\f".
rcspccti\e1y, then:

(t ta)

(1rb)

lrcuRE 1. Slhemalic diagr.rm ol a potentiomerer
.i..!ii

Note fbr Figurc l:
ErE :f- tor loading-free statc
l-A , = t lbr calibralion loading state
E," -L, 1'or actral loading siale.
, = i;pur \.oltage (V)
i = the magnitude ofcureit i]l the circuit (A)
Rj! = resistancc between points A and B (O)
,(h =ballast resistancc (!))
R, = s[ajn gauge resistancc (Q)
-&. = calibrating resistance (O)
fr s : oulput voltage (V)
An- = the change ofrcsistance olthe strain gauge

duc 1o loading (Q)

and

AE:E E

E:E,AE

If the amplitudes of the calibration and
mcasurement sjgnals are ,, (mn, and ,4 (mnr.
respectivclv, then the valucs olcalibration facior.
a (mvimm). and the oLltput voliagc. E. (mV)
would be given asi

F"= (E, E) t h.

Ee: E"- (h/h,xE. E.)

On the substitution ofequation (1:b) irto cquarion
(l0) produces the valuc of (l,4./R ). Recalline lhe
definition of gauge factor. F. aDill] er al.. I99-i)
AS:

(12a)

(12b)

(lla)
E-B :' = iR.E : q i (t -xb/&) a6br

,F = (AR R.) "
When the slritch S is on, i.€. calibration state. then:

-R.=(R R)/aR +R)

l=Ei(Rh+1t\j)

('7a)

= Ex(R. I x.) / [RF:(Rg i x,) + R]!l (7b)

Thus,

E\B: Z. = i R.B

f. = E R. i (1 + ,?r/R.) R" + Ril (E)

h rneasuring slate where the switch S is ofl'. then:

R,u - R- + AR" (9a)

r : , I (Rs + R \u) 
: a i (Rb + R. - A,R") (9b)

Tlus.

The magnitude of strain betng measured... can be
calculated as follows:

.r=(AR,/R)iF (13b)

Ex|ERt\fEN-T

Speci rnens anJ I nst' rutnellt nL ion

Thc specimeDs used ir the curcnt expelment arc
lbur mctallic rods madc from different mateials.
i... ahminiu , brass, coppcr and steel. The rcds
arc of72 (in.) long. and possess ing hcxagonal cross
section of L/r (in.) length of major diagonal. An
E,{-09-125AD 120 ttpe of tbjl resistance strain
qargc IFRSG, suppl ed o) Lh( \4r.,ro-
rneasuremcnt Im.. \ras installed in eachofthe rods
at a point ot' 6 (in.) lrom one of their respectivc
ends. The resistance ofthc gauge is 120 (O), and
thc gauge fhcior is 2.105. Tle main phvsical and
mechalical propenics of the specimcn materials
have been prcsented in fhble 1.

: t,. : -LT
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hBr F 1. Me.hani.al pioperties of the sle.imens

9.rL r.t: Gere & TiFoslu&o (1991)

Experitnental Set uP

Thc schemalic ilhstralion of the sct up for data

acquisition has been depicred in Figure 2.

a\'oid bendins ei'fecl. the hammcr trajecbry must

be perpendicularlo lhe surfacc$hen hitling it. The

strdin \(ave propagaiionpatrcm would be displaycd

in output signal monitor of lhe oscilloscope.

Immediately prcss the 'STOP' buton to save lhc

image being displa),-ed. I'he imagc would lhcn be

traces on a peace oftransparcnt pla(ic Iiln.

'Ihe samc procedurc. as above- \\as then applied

ru .r.'h o llr. ".her 
.pe.inren.. I c .al'hrrt,ort

sienal as dcpicted in Figure I can be oblaincd b)
pressing the 'CALIBRATING SIGNAL' button

*hilc the oscilloscope $as displaying any one ol
the strain wave propagaton signals. The clastic

slrain \\'ave propagaiioll signals of the four
,Terrmrn\'4\e uf(r) pr(-ent!d in I rr,rrr _l

Densit!.
Mrterial p ls cllr-l

Young's

E (GP^)

7075 r 6

Bmss. Red

80Cr-:0Zn

hard

Sieel

2.rJ0

8.60

8.90

1.85

120

210

0.33

0.28

70

r00

1.

2

l.

5.

F- rp etifi e nl n I P rc c e I Lt t e

The output voltage ofthe po\lcl supply was set to

L, \\'1. "r,d Ih( rcr,rcdl g'.d l'r'e' eprc.cntrr'.' trrre

in the oscilloscope display was set to 500 (ms).

Next. one ol lhc specimcns and thc impulsc
hammer werc conneclcd to the poteniiomcter

circuil. Alier thc 'TRIGCLR butlon of the

oscilloscope bcing pressed, the d isplay $'ould scnd

an a$'aiting signal messagc lndicating that the

oscilloscope nas readl lo take .rny input signals

The cross section of one of dlc specimc1l ends

wlts ihcn hit usirg the impulse hammer. [n older lL)

RF5LL r a\D L)rscussloN

Calibratian far Strain Measuremenf

E"=6 (1 + AX",4t") / (2 + AR./R,) (14)

ligure 3 belo\\ prcscnts an elastic strain \!ave
propagation calibration signal obtain from ihe

cxperim.nt.

fr.riF 3. Elinic si.ain rialc protagation .alibr! rion
siFral

]t shows that the maximum anlplitude, ,4". is 31

(mm). Rcferring to Figue 1. rhc values oi the

variables applicd in this currcnt erperimcnt are.

,, = 6 (v) R. = 120 (())

1?f : r20 (o) R- = 120 000 (())

(,r, lLc..rbrir,rliorr ol lh<-c \dl-e. rnru (qua.:.r15

(6a), (8) end (10), yields,

r.=3(v)
I - 2.998 501 (v)

l:rlrnF 2. Elpernnent.rl scl uP

Specnncn. cquippcd $lrh: (il IRS0, (b) supfon
slstcm. did G) (HriLLl leid Ni'e

Potcnliomelei cncun. eqripp.d \i$: (d) lnPui rohge
tennimh. and (e) ..libra rn \$n.h
Oscillos{l)e. wirli (0.urpur siefal dspla}'. ie) o!(fur
.,".,.d r(, .,. '' j.: .i"r'.n'.
(i) dual-d.nn.l rnput lenlnral

Next. subslitution oIlhc values of L.. f and i.
into cqLration ( 12a) giles lhe calibration laclor. F
is cqual to 0.0,16 850 (m\',lrlm).

E
g

.h
oO
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astic Sttdttl Ll:dre Prapugution Speed

fig.rrc 4 be os .hnr. ,LrII s ,\e propa!-liu.r
signals

timcpeiod required bv each indi\.idual slra r\a!e
to propagalc ahng each mclallic rod. r:e. to tra\el
a one complctc cvcle, as has bccn presented in
column (2) of Tablc 2. The valucs of r,,. as
presented in column (3) wcre calculated by
cmploying equations (1) to (:t). appl),ing the
consrants gi\'en in Table l, aDd rhe valuc lor g =
9.87 (mls:) Ncx1, the values of r- presented in
column (;l) $ ere obtaincd b], multiplyingd1e values
presented in column (2) $,ith thc length ofeach of
the metallic bars. i.e. 72 (ft).

TA0LE 2 Etastic sirair have propagaiion speed(a)

Titrre lhrureti- t\penm.n- Lrr _,,r r,
\tireriat p.' io'1. c.l .pecd. t,l .per,l. 

t00^,,
/ (ns) y, {nrs) ,,. (m/s)

(r) (3) (5)(2) (1)

fl'Thtu' o.r,ro +oro.e

ill+i"rt, , ri2 s6e
(opper. roJr 1617 7

Stecl 0.712 5061.1

4941.7 -0.986

323t.4 -3.161

3505.8 -3.626

4994,.8 -1.312

(d)

(c)

lr.uRl.1 l-lasti. strain *are tnrpagntion siglals.
(a) Alunnlium bar, (b) Brass Lr ,1() copfer bd,

and (d)steel l,ar

A rcnical grid spacc sho\r,n in Figurc :1 represents
5 (ms) ti111c irtenal. It sho$s drar rhe signals
produced by the brass and coppcr bars. Figures
4(b) and.l(cl. possess an almost equal timc pcriod,
so dothose olthc alunin irLnr and stcel bars, Figurcs
.1(a) and ,+(1). Obsen irq thc signal anrplirudcs, /l 

, ,,.
the largest onc $as exlrbited by lhe elastic strain
\\'ave propagation of fie brass bar, lolkrwed by
thatofthc aluminrum. and citherthat ofthc copper

Bi rneasLLring cach horizrrnral d;stance behreen
tll'o adjaccnt peak signals arrd mukiplving thcm lvirli
ils lime scalc. l.!.5 (rn\ gridt. \.. e can obtain thc

The discrcpancies presenrcd in column 15)\efe
considerabl_v small, less then 490. E\perrmcnurl
environnrent. in which the experimcn! w erc carried
out rnight not appropriatell, bc shielded. such as

vibralion of othcr de\.ices. clectrical and
electromagnetic fields mav be responsrble fot this
discrepancy. Such enor can also come fiom data
acquisilron syslem, such as lhe length oliead-wire
bcing used. thc qualiO oftconinel connections. as
$ ell as lrom the homogeneity ofthe malcrials that
may aliecl their physical and mcchanical
propefties.

Alfiough the dlscrcpancies arc oonsiderably small
that indi.ates that stain qages demonsuated an
rciepr.Lle r.lidb lit\ rnd ...urr;r orr.r-.urirrg
nrop-!11,,,n nh( n n( J. rr.' l-cI inre.l]_.r.ron
concerning the sources of error mal bc rvonh
doing. In order to cnable io detcnrinc the sourcc

',1'.-ch cr'.r. r.rro\ on lhe, h.'nt.al., rf,^it.,,-
and m icro stucture olthe material bei ng uscd nccd
to bc carried out. ln addition. experimcntal
envi.o.mcnr shielding and the sensirivity and
accrmcy ofthc dat! acquisition svstem sbould also
be a najor concern.



sutdrisnn / se1lles tr Tekika val.13, No.1,77 82, Mei 2010

\4aximum ampliludes of the signals represcndflg

thc maximum strain occurred in each ba$ can bc

obtained b-v measuring the /7.., of each sig]al as

halc been prcsented in column (2) of Table 3.

Recall fiat E, = 3 (V) and,[. = 2.998 501 (V). and

subslituting thc values of /?,,.. as presentcd in

column (2) into equation (l2b) will produced the

output \ioltage *,hcn perlbming the mcasurerncnt.

-t"- as prescnted in column (3). Ncxt, the

subslilution oi C" into equation (14) yields the

\alues oi D-ngi R, as presenled in column (4).

Finally. the values ol nlaximum slrain. d,i.., as

prcsented in colLrmn (5) \\'erc obtaincd by

emplotirg equation (13b) for thc appropriate va lues

prescnled in thc Previous coiumns.

ColLrmn ( 5) ofTable 3 reveals ihat an epprox imatel)'

thcsanrmagni de of triggering impulses produced

rn,r!nrfi cJnr'\,l.ifcrcrl n_rgnlrude,'l (ld.ll$lr:rin
among the sample bars made of diflerent mctals.

These dilfcrcnces can only be obse6-ed after the

rhird dcc.n" oigir. ol 'lrain n e\inlco I' rni-ro_

strain unit. lt suggested that the ditlerenccs are

onl1, in thc order of 10 " or 10: per cent, r'hi'h iq

insignificanl. I'uther conciusion thatcan be dra\i n

is thatthe strair gages cxhibited high accLrracy fbr

measuring elaslic strain \\'ave propagation xlong

eiallic bars.

CoNcLLSIoN

lr can be concluded that lhe strain gauges utiliTed

as sensrng de\iccs fbr elastic slrain \l'avc
casurement haYe demonstrated high accllrac-v,

consisrcncy and reliabilit-v. The maximu

discrepancics from lheir respective theorelical

\dlue\ drc or \ I oloo, lor oroldpallor \clociJ
measurement. and 10r9; lbr the magnitude

mcasuremcnt ol elastic strain wave.
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L\Br F L Maximumelasti. strah cal.ulation

]lateriar rkj;i)
tRtRs

(xr0 ro/o)
EE

(v) u€)

(r) (2) (3) (4) (s)

l07l To - ,,'

Bross. Red ^.
80( u-)0Zn ' r'u

SteeL 16.0

2.9988 2.0010013 -9:1.071 145

2.9985 -2 0010050 -s51.071:50
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