
DETERMINING INDIVIDUAL MEMBER
STIFFNESS OF BR.l.DGE STIRUCT URES USING
A SIMPLE DYNAMIC PROCEDURE
Jtan chun U , Bijan Samali and Keith Crews
Ce ntre fOT Built Infnu lru cturt Researc h, Faculty of Engineeri nR.
Unh'ersl~' of T«hnololO'. S~-dne)-, /IOSW, Auslnlll

Ab<b'xt. A "' liable d t1elm inatio n of the 'itnl<'t\lrn l <:<lOd;l ion oftimber bridges P«'sen tly l"C<l uir~s ccs tly load '~stiog_ A new dy namic based
ttmngmelbod "'''''deo.''lopcd by au thors to~uce l~ cO$l and . hone n th e lC'<ting time . Th e me th od h... be en )UC(=fully uo.ed10 undertake
r..,Id-te.:ring of more Itw1 40 timber bridges arl'O'" NSW. The dynam ic testinll proce d" '" ilMllvn the a1tllchmcnl o f ilCCelerometers
underneath !be brid ge girdeJs. The bridiel ink.. are !he n exc ited by a modalham mer . The method require. 1• •18with and witho ut exir a
mass, ", ""' 1tbeav=illflexUl3151ifli>essofthc bridgeCDIbe Dbtaio. d. Hll'I'in'Cr,in " rdcr lo accuI1Itd y ntimate the load carryingc apacily
of th e brid~, it ;. ntttuMy to obtain the stiffitns values o fiJ>divid ",il mcmb.= from If'" ' "'II ll; w itbuut com pl icat ing !be cur rell l t<'Sting
pro<:«!= _In th is papcr, lbe anthon l't'Viewthe d ytJam ic tnting pnx edun: and proJlO'<' I me thod to determine individual member stiff ne ss
for a bridge WUCl\ln'hued OQ!hefield dynamic ICStina:da la. The outeomn of tltiJ ...lJfk l1<\Ionly eo~b1e more accurate I'rcdiClion of lhe
load carrying eapac; ty of lbe bridge but will aho iderllify dd«ttve memlx.. oflbe bridge Olllll:lUrc

I. INTRODUCTIO~
Loca l Govern ment in Austra lia is res po nsible for the
operational management and ma intenance of over 20,000
bridges. More than 70"" of these bridges comprise aging
timber bridges, the load capaci ty and SlTUCtura lldcquacy of
many of which have been impaired over rime. A major
challenge facing Local Governm ent nationall y is 10 develop
effect ive strateg ies for the maintenance and rehabilita tion of
the exte nsive timber brid ge slac ks which form a key
component of the road network under its control. Raising l.he
efficie ncy and reliabi lity of bridge maintenance pract ices of
local gove rnment has the potential not only 10 minim ise costly
unscheduled emergency repairs , but also 10 reduce the OVCTIlll
maintenance costs, whilst improving the ope rat ional
effectiveness of its road network.

The field tesung of over 40 timber bridg es in NSW has
been underta ken and forms part ot the second phase of an
earl ier project sponsored by the Institution of Public Works
Engineeri ng Austra lia (IPWEA) in 1999. As part of that

projec t, a new tes ting regime, based o n dynamic
measuremell1S,lOas d~e1oped and a l.horough pilotstudy on

the single span Cattai bridge in Baulkham Hill s Shire was
undertaken to demonstrate the potential of the proposed
procedare jl .J] . The second phase had as its princ ipal goa l the
furthe r developmenl and impleme ntation o f the procedure and
enabling equipment for the cost-effective determine no n of the
load deformation characleTistics and load carryi ng capacity of
a wide variety of short-spa n bridges[2 ]. Co upled with
specially developed analysi s software , this provide1 a measure
oftbe slrUCtur1l1adequacy oflhe brid~ anda rcl iablebasis for

dcvising approp riate ma intenance or remcdial mcasures .
In this paper, this new dynamic lesting approac h will be

reviewed and a method based on modal analys is will be
proposed 10 determine the slilfncss of individual bridge

members , which will enhance the dynamic lesting approach.

Acoustics Austra lia

....-

fig ufC I Schematic diaglWll or the proposed dynamic
tcotingfan.I)'$iJ procNurc r(llbridge~l

2. REVIE W OF THE :,\[W APPROACH TO
Til E MAXAGEM ENT OF BRIDGE ASSETS
Pl'O(cdu ",

The new dynamic bridge ..sse ssment procedur e involves the
attachment of accelerometers underneath the brid ge girders
and the measurem ent of the vibration response of the bridge
superstructure unloaded and wilh one or more loads (suc h as
a truck, water lanker,grader, coocret eblocks, elC, ofkncr.o.n
mas.) applietl ilt mid,pa n. The excitation is usua lly genera ted
by a modal impaCI hamm er. The resulting dynamic responses
are measured with low frequency and high sens it ivity
acce lerometers , which arc robust and simple 10 insta ll. The
data is logged and the bridge deck properties evaluated, using
dynamic signa l analyses on a standard computer with special
software . Two sets of frequencies are measured for the bridge,
'as is ', &ndwhen loaded b}rthe extra mass. From the resulting
frequenc y shift due 10 added mass, flexural snffu ess c f jhe
bridge can be calculated. Figure I summ arizes, schemat ically,
the testin g-ana lysis-assess ment procedures which compris e
the new dynamic method of bridge assessment. Effective field
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proctduml have beendeYeloped to minimise cost s of le5l:ing
. nd di~ruplion. 10 tra ffic . These I'rocNUTeS uliliK
insuumenullion rom pris ing readily available o ff-the-5belf
Item. as _ II as in.nouse dcvclopcdsoft ...-are. The 10:51: doe1:
IIOl requiretbeprecUe~(l f<kfonnationl as it.lbe

cue for $l&h C Jo.d trsU.

A n.1)1ic:a1l11eckh

for .~whicb canbemodelN .... bearn. closa1fonn
w lwiont, de5aihing the transverse vibnation of fk1~

be-. wcrr dcvdoped The g<J\'aTling equatlOll of motIOn

fOfsimp le bRms IIDlkr free vibration q,

E1-B +.iP!i "' o (I )

By add ing mao;o; at mid-span of a simple bram, tbt rlf5l
nallln i freqUC'l'lty of . simple beam can beu~ H II)"

~ .[al'(:::tlff)r (2 )

where M is sel f~s of lhe bearnand~l is the addcdmass.

In the above cq""tion . a and Il are conSlTainl fa<;lotJowing 10
different boundary conditions and moda l ma.;s c<lcfficie n l~,

respec lively.

Sli fflln, Pndlcllon by Add in!: M. u

" eben a 5l1UC1u.rc: is considered . 5 • dynamic ')"Item. il it.
poss,hIc to cakulate the Jll ffneSSof the struc ture thtougll ib
n.u ural fr~uerK')' cllang"_ Thi s method involve s t .....o
iden lical dynamic inti but ...1th different modallTW"t'I . f ,nt,
one woducu • simple dyrwnlC tesl on the 5lr\IC'Iure 'u-is'
and then oonduct llhe PIne dynamictesl "'lUI alwnprd lIl.iol.S:ll

added at ee &ppI'opiate IoaIIOII 10 diT'«11y iDcR:Me!be
AnIClUnl modal ll\U5by thq, added lumped mau. Under a
Singk Degree of Freedcm lSDOf') aUUfnplion and from
equ.uionl2)lheflnurai stitfneu of!heUl'UCt'llrtc:anbe
o.~u:

1 _4=: _~~W (3)

whm: MI il llw add,uonal massand a iSlhe COMlni nl factor;
W, and w.,an natural freq uency nf lhe hridge beforc:and lft c:r
addedma.~

Fromequat ion (3 ), the relalionship bet....eee mass ratio (ratio
ofad<kd mOl.... to orig ina l mass ) and freq uency cbmges C3Il
alsobeohtained:

Figu.rc:2 shows thc ilraph ica l reprcuntat ion of eq uation
(S). for in-service boundary condi tions the value of b lies
bet....eenthoseforfuUy pinnedandfully f"l1Cdcascs.

: 1,

- .- ....---
By rearTlll111ing F..qualion (5). one can obtain an exp licit

retatio nship between prcd.icted stiflixss and the nalUnal
freq ucncy of the seuc ture as well as me amOUOI oflTl<tssadded
to tile structu re :

l =w,....,l _ ' _ _,] (7)
'"' l ( 2 - ~~

....bere freq llenCYl'lllio is dcfirn.-d in F.quat ion (6)

Stn' nglh Prrdlct ionof TlmM r BrldgcGiTdl'n

Usin g a probah itistic approac h, wilh a large datab ase o ft imber
propc:rticsfrom le5ling.• relationsll ip ....u t'!'tlIhlislied and
used ill a reliability-based model l0prcd.iCl the load CllpllCily
ofadcdr. from1he~iffnessdataoblained fromllle_'

dyn.amicmcthod....-1thaco:ptahlcandtnansparenldeg~or

uocenaimy . H~. since !be new dynamic method only
providcstbcglobal f\exuraJ lIIliffnns oflhe bridge. inorUcJ to
enhance tbc xaaracy of~ of bridll'C10M! canyin&
CIiJ'O'Cily, the dctnmin.J.t kln of flexural sti ffnes s of ind,~idual

manbctsjs~.

J . DETER'II~ATION or INDlVIDl1\ L
U EMBER STl n 'NESS

Gco.l'nIl f Ornlllla tioa

For a general linear ltme-invarianl struetunl ~em. the
equatiooofmol ion canbt exprcssed ufollows:

Mi +Ci + Kx - Ef( l) eg)

~;~- I
(1M ( ll.w + w,)'

by siml' lifying and rearranging cquation( 4 ), WC have:

10 ·VOl.32Apl1 (2OO4) No_ l

(4)

('J

(6)

where )I - n II n mils matrill ; C - II II n dampmg ma llill ;
K - n II n stiffness matrill: t: _ T II n locat ion mam ll:

f - excitation force; ll - di~placemClll vector. Equalion (8 ) can
be npreu ed in slalc spaccfonn u :

z(t ) - Az(/ ) + Jf!(I ) (9)

....hcre;:(l)isa 2n mlevcetor:,fis a(}u}/I) syslCmmaIli1l;
B is a (IU") location matri1: and H if; a }/1ncitation matrix as
folb ....



In the mndel above, Ki (i=l , 2, n) represents the flexura l
stiffness of girder t; Ci (i- I, 2, n) represents the flexural
damping of girder i; and K"represents the flexural stiffness of
planks (combin ing trans verse I longitudinal). The govern ing
equa tionofrnotion isagain:

(16)

(8)

0 1-.
k. +k .

o 00' ] and

rn._1

» ,

MX+ Ci +Kx = Ef(t)

I
'·+', -',

k . k )+2k.

K .

o

where

It is obvious that if the snffbessmatrix xis rccons tructcd from
modal para meters , with Equation (15), the girder and deck
snffh esses can be obtai ned.

Cast"s tudy

To demonstra te the proposed meth odology in obta ining
individua l stiffhesses , first span or a two span bridge from
Cabonne Council in NSW was chosen . The chosen bridge has
been fiel d tested in thesecondphaseof lhepro;c<;tandi~afour

girder bridge in newly constructed condition (See Figures 4).

The aslerisk indicates that matrix A:, has been recons tructed
from moda l parameters with added mass

With Equations (13) and (14), mass matrix can be eliminated
and st iffness mat rix Kcan be obta ined

(12)

When add itional mass (<1Ilf) is added to the stru cture ,
repeating the proce dllTeabove, resu lts in equat ion ( 14)

(13)

,4;1 = -(M+ AM r ' K (14)

where .1.1.1 is the added mass malrix A l l and ::il " are sub­
matrices of reco nstructed system matrices without and with
added mass, respectively ,

Brid~eApplications

Consid ering thai supers tructure of brid ges cons ists of n
girde rs , espec ially timber bridges, the main st ruc tural
eleme nts which carry loads are girders. Dependi ng on the

design/construction, genera lly spea king the transverse I
longitu dinal planks contribute much less to the flexura l
stiffness of the bridge . f or a given bridge withn girders.when
flexural stiffness is the main concern , the structural system

can be simplified as a n DOf spri ng mass system (Fig. 3)

Z(I)= [~~;~]; H = [M~j E] (10)

A=l_: -IK_ ~_IC] (I I)

Comparing matrix A to matrix A of equation (I I), it is

obvious that :

In the meantime, if the given moda l param eters [ie, frequency,
dampi ng and mode shapes) of the system are known , system
matrix A can be reconsuu cted as (4) :

Figure 4 A two span bridge from Cal>o~ Council in NSW

Figure 3 A bridge simplified as a n DOF springman system

The modal parameters of the bridge with and without added

mass are given in Tables I and 2. f igures ~(a) to 5(d) show

the mooe shapes of thebridge at mid, pan with and withollt

added mass

Using Ihc modal paramctcrs and apply ing equati on ( 15),

the stiffness matrix K ca n be obtained (eq uation 17).

Com paring equation 17 with equation (\6), the flexura l
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stiffness of girder and deck of the bridge are obta ined. The
l1exuml stiffnessofgirden; \ lo4are3665,5264,4323,3S13,
kNlm respect ively and deck flexura l stiffness is 600kNlrn.

4. CO:"olCLUSIOI'IiS AND f UTURE WORKS
A new method, based on dynamic response oftirnbe r bridges
10an irnpact load has been proposed to measure the in-service
flexural suffaess of timber bndges. Utilising a statistically
based analysis, the knowledge of flexural stiffness can be
converted into an estimate of the load carrying capacity of the
bridge. The re liabi lity and simplicity of the proposed
methodology has been demons trated by testing 40 bridges
covering a wide range of singl e and mult i-spa n t imber
bridge s

To further refi lle the mcthod and enhance the accurncy of
predictionof load carry ing capacity of bridges, a new method
is proposed to determi ne the member stiffness of bridges
without com plicat ing the test ing proc edure. Throug h
modelling, the results ofacase study involving a two span
bridge demonstrated the potential of the proposed method
The further verification of the proposed method is planned to
carried out one dilTerent timber bridges. IIowever, fieldli oise
and s ign a l processing are likely to be challenging when the
methodis applied to field tesnng
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