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ABSTRACT

The interface separation between the steel tube and the filled-concrete
would reduce tremendously the bearing capacity of the concrete-filled
steel tubular arch bridge. It isalmost impossibleto be detected from visual
inspection, and there is no efficient method to monitor so far, thusitisa
great engineering problem that should be figured out desperately for the
sake of safety. In this paper, we proposed a vibration test method of the
local mode: distributed accelerometer array is deployed along the tube,
and then it is used to record the vibration signal induced by quantitative
excitation viatelecontrol; at last, the position and size of separation could
be determined through the analysis of acquired data. The verified experiment
showed that the frequency and amplitude of the signal could represent the
state of separation; therefore, we can identify and localize the separation
accurately and efficiently. © 2013 Trade Sciencelnc. - INDIA
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INTRODUCTION

Concrete-filled sted tubular (CFST) isatypicd ex-
ampleof steel-concrete composite structure, anditis
widely appliedto arch bridgeswith thevirtue of high
bearing capacity and large ductility. According to™¥,
sincethefirst CFST arch bridge-Wangchang Bridge
builtin 1990, 229 CFST arch bridges, with spans ex-
ceeding 50m, havebeenbuilt dl over Chinauntil March
2005, of whichthemain span of 131 bridgesislarger
than 100m and 33 larger than 200m. Especially, the
clear span of Wushan Changjiang Bridgereachesupto
460m, whichisthelargest spanintheworld. It should
beawareof that so many long-gpan CFST arch bridges
werebuilt within 15 yearson the condition that thereis

even no specid design codefor thistypeof bridge. How
isthe performance of durability isanimperative prob-
lem that every bridge engineer wonders. No onewould
liketo witnessthetragedy asthetwo-way curved arch
bridge. Itisthis problem that constrainsthe develop-
ment of CFST arch bridgesin recent years.

Unlike suspendersand floor systemwhicharere-
placeable, the CFST ribisthe main bearing carrier,
whose bearing capacity and durability dominate the
sarvicelifeof thebridge. Oncetheinterface separation
occurs, it will reduce the bearing capacity of thearch
bridgel>®.. pointed out that theinterface separationis
unavoidable. The occurrencel of separation rulesout
the confinement effect and decreasesthe bearing ca-
pacity of therib consequently. The results of model
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testd%8 showed that the bearing capacity relieson the
height, length and circumferential angle of the separa-
tionwithaninversdly proportion. Meanwhile, itishardly
possibleto differentiate the position and degree of the
damagethrough appearanceinspection. Eventhough
many methods have been proposed, almost none of
them could serveardiableand accuracy insight.

Therearehundredsof bridgesof thistypein China
Accordingly, itisextraordinarily necessary tofindanew
red-time damage detection method to monitor the CFST
ribin order to guaranteethe safety of thebridge.

STATE OFART FOR INTERFACE
SEPARATION OF CFST RIB

Theresearch and application of structural health
monitoring (SHM) havedeve oped very quickly since
theend of thelast century. Many SHM systems have
beeninstalledin bridges, such as Sutong Cable-stayed
Bridge, Runyang Suspension Bridge and Xihoumen
Suspension bridgein China. Compared to the cable-
stayed bridge and suspension bridge, SHM in CFST
arch bridgelagsbehind: only asmall number of bridges
havebeenfixed with SHM system, likeNanning ' Yonghe
Bridge. Besides, thereisno specia concentration on
the monitoring of interface separation®. applied moda
curvature difference method to diagnose the damage of
therib using finite ement method (FEM) numerica
smulation. However, thekey problem of dynamic dam-
agedetection under ambient excitationishow tohandle
the uncertainty of environment and |oad conditions,
because many researchershave concluded that param-
eterssengitiveto damage are al so susceptibleto envi-
ronment and loads. In addition, most casesof damage
detection method need the basdineinformation of over-
al gructure; unfortunately, itisunacquirableinmos cir-
cumstances’®3, Asaresult, itisnot so efficient toiden-
tify thelocal separation usingthegenerd vibration test
under ambient excitation™. employed distributed op-
tical fiber sensor techniqueto detect the separationin
theway of embedding sensorsbefore concrete-pump-
ing. It hasbeen applied in the construction of Wushan
Changjiang Bridge successfully, but obvioudy it cannot
beingaledintheexisting bridges.

Inthefield of nondestructivetest of theinterface
separation, lotsof methods have been put forward, such
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asultrasonic detection, impact-echo method and infra-
red thermography!*+1¢, whereasall of these methods
do not become mature and havedifficultiesin quantita:
tive detection. Another reason that inhibitsthe gpplica-
tion of thesemethodsisthat they aremerdy suitablefor
point detection. If wewant to obtaintherange of sepa
ration, alargeamount of sensorsshould beplacedadong
therib, whichisunfeasiblefrom theview of economy
and workload.

LOCAL MODE-BASED INTERFACE
SEPARATION REAL-TIMEMONITOR

Vibration-based damage detection method isthe
most used in nondestructivetest. With advantages of
convenience, red-time, and reflecting the genera be-
havior of the structure, dynamic detection has been
developing very quickly since 1970818, Vibration S g-
nalsinthefrequency domain could represent the gen-
erd characteristicsof thestructurequitewell; whereas
they arenot sensitiveto thelocd change, leadingtothe
troublein diagnosisof theloca damage. Anided method
isto obtaintheloca featureinformation fromthe po-
tential damaged area and then to detect the damage
based upon certain algorithm{**21,

Theenergy of surface wave mainly concentrates
onthefreesurface according to thee astic wavetheory.
When two mediaconnect closely, thevibration signd
only consstsof high-frequency components, whileit
shows low-frequency nature accompanied by large
amplitude and dow decay asthe separation exists?23,
brought forward amethod to detect thevoid benegth a
concrete pavement dlab based on transient impulsere-
sponse?l, developed asimilar method to detect the
structura silicone sed ant damagein hidden frame sup-
ported glasscurtain wall, on which four accel erometers
werefixedtoacquirethevibration sgnd, and then FFT
power spectrum was used to analyze the experimenta
sgnd.

Accordingtothestatistical result, most separations
occur intheupper part of CFST circular cross-section.
If keep thethicknessand radius of tubewal s constant,
the vibration performance correl atesmerely with the
range of separation. Therefore, therangeof interface
Separation can bemonitored and identified viaanalyz-
ing thechange of local frequency and amplitude under
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quantitativetransent excitation.

This paper providesanovel on-line monitoring
method for interface separation of CFST arch bridges:
the distributed accel erometersarray is deployed on
the steel tube, and the excitation equipment viare-
mote control implementsthe quantitativeinducement.
At last, the accel eration signalsrecorded are used to
detect theinterface separation. Thelayout and frame-
work of the SHM system areillustrated in Figure 1
and Figure 2.
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Thepivotd techniqueof thissystemishow tojudge
the existence of separati on between the steel tube and
concrete. Inorder to reveal thisscientific problem, a
validation experiment was carried both onintact plate
and separated plate.

THEORY FOUNDATION FOR INTERFACE
SEPARATION

Propertiesof transient impact load

Impact isakind of transient excitation mainly by
means of force-hammer. Variousintensities of impact
energy can be achieved conveniently by changing the
mass and material of hammerhead. Impact load is
equivalent to ahaf sinusioidal waveintimedomain,
whilema or energy concentrateswithin thefrequency
bandwidth of O~ f_ ( f_ isthefrequency corresponding
totheintensity of signalsdecreases 3 db) in frequency
domain. The narrower width of thesignal intimedo-
main, thelarger bandwidth in frequency domain after
the Fourier transform. Therefore, the wide bandwidth
of excitationisfeasibleaslong asthetime of transient
excitationisshort enough. Thusthrough theimpact load,
large numbersof structural mode could beinduced so
that more damageinformation can berecorded.

Relationship between frequency and separ ation

Based on elasticlaminiferousvibration theory, the
vibration circlefrequency of quadrilateral smple sup-
ported rectangul ar thin platelying on elastic founda-
tion25is

m n’| Kk

7D
Oy =, [——
ph |a ph

m.n
2 b2

where p isthedengty of plate; hisplatethickness; a,b

areplate’s length and width, respectively; m,n arethe

frequency orders; k. istheelastic stiffness of founda-

tion; p istheplatebending stiffness.

When the plateisfixed by other boundary condi-
tions, smilar expressionscan adso bederived asEq. 1.
With the support of concrete, steel plate’s vibration is
smilar tothethin plate on e agtic foundation. Inthecase
of interface separation, the sted platewill losethesup-
port from the concrete; correspondingly, the k_ inthe
formulawill disgppesar, leading the decrease of thenatu-
ral frequency. Compared with thefrequency in theun-
damaged area, the decline of frequency announcesthe
occurrence of interface separation. Thelarger the sepa
ration range, thesmaller the k_, so vibration frequen-
ciesof thested plate under separation decreasesmore

quickly.
s LBioTechnology
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A numerica smulationwas conducted through fi-
nite element method. Inthismodd, thesize of the stedl
plateis40cmx40cmx6mm. The non-separation do-
main was congtrained by theelastic springwith theri-
gidity of 2000M Pa. The separation areawas preset at
the center of the stedl plate. Severa fundamental fre-
quenciesfor different statesof separationwerelistedin
TABLE 1.

TABLE 1: Fundamental frequenciesfor different statesof
sted plate[units: HZ]

States Non-separation 25x25 15x15 10x10
Fundamental
79185 842.26 2338.4 5256.4
frequency

Note: 25x25, et al represent the size of separation domain [units:
cm]

It can be seen that thefundamentd frequencieswill
fal down sharply after the occurrence of separation,
whichtallieswdl with thetheoretical results.

Relationship between amplitudeand separation

Thegenera solution 25 of dynamicresponseof the
plate bearing transent excitation q(x, y,t) = g,(x, y) f (t)
is

WX Y0 = 2 3 W, (4 )T, 0 @)

where W_ (x,y) isthemodal function of the plate, a
combination that of beamsinthedirectionsof length
and width; T_ (t) isthe vibration response function,
whichisrelated to theimpul se and acting position of

(X, Y) -

W9 =33 A X (YY) @

where A_ isanundetermined coefficient; X_(x)Y,(y) IS
the product of two modal function of beamsaongthe
corresponding boundary; p,qarethenumber of modes
respectively.

T.. () =a,, cos(w,t) + b, sin(a,,t)

I ” 0, (X, Y)W, ds

S oM.,

where a,,, b, arecoefficientswhicharerelatedtothe
initia condition of theplate; if theinitia displacement

+ sin(e,, 1) “)

andvelocity areboth zero, then a,, = b, =0; 1 = [ f (B)ct
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is the intensity of impulse from t=0 to t=t;

M, = [[ PHWZ, (x, y)ds isthe generalized massin m,n

order; sistheactingareaof loads.

According to Eqg. 2-4, the part of low frequency
makesmore contribution to theamplitude, and thefun-
damentd frequency takeslargest share. Theamplitude
isproportiond totheintensity of impulseand themodal
function. Therefore, theamplitude should decreasefrom
the center to the boundary within the separated area,
whileit should be keep ddmost zero in non-separation
area.

EXPERIMENTAL VERTIFICATION

Inorder to demonstratethe efficiency and feasibil-
ity of the proposed i dentification method, an experi-
ment wasimplemented, in which the hammer wasused
to smulatetheimpulseload, and acceleration signasat
variouspositionswererecorded. Thelocationand size
of theseparation wereidentified based ontheinforma
tion of frequency, amplitudeand damping.

Two test specimenswere designed, anintact one
and adamaged one, which are shownin Figure 3 and
Figure 4, respectively. Concrete platforms with the
strength of C30 were directly poured on the solid
ground. The size of the concrete platform is40cm x
40cm x 25c¢m, and that of the steel plate is 40cm %
40cm x 6mm. The model is shown in Figure 5. In addi-
tion, measuresweretakenonin order toavoid the sepa-
ration occurringin non-preset area: theexpansive agent
was added to the concrete to make up the shrinkage,
and the experiment was carried on right after the con-
crete reached the designed strength, so asto circum-
vent the concrete shrinkage, creep and other factors
that may cause the separation. The NIPX1-1045 dy-
namic experimenta system produced by NATIONAL
INSTRUMENTS Corp. was adopted, which can ac-
quire and store multi-channel and multi-point acceler-
ometer signalsat thesametimes.

Experimental procedure

Step one: deploy accelerometers at the same mea
suring pointson Specimen 1 and 2, inorder to com-
parethedynamic responsesof separation sed plate
and non-separation sted plate.
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lan
! Figure3: Layout of specimen 1: intact [unit: cm]
Step two: placeeight accel erometersin Specimen
2 withthe preset-separation, aimed toidentify the
separation range by accelerometer signalswhich
wereacquired a the sametimeunder thetransient
excitation. Theaccelerometer arraysareshownin
Fig.6.

I nterface separ ation identification

For thetest result of Specimen 1, thereisno no-
ticeable formant in the accel eration power spectrum,
whilethere are severa apparent formantsdueto the
declineof frequenciesin Specimen 2, asshown Fig.7.

Theresultsabovetestified the characteristicsthat
the frequency of stedl plate would decrease remark-
ably after separation. Based onthisproperty, interface
separation can be quickly determined, and the separa-
tion range might befigured out roughly. In practica ap-
plication, there arevarious separation boundaries, and
even thesamefundamental frequency may correspond
to different boundary conditions, soitisunredisticto
identify the separation boundary precisdy smply by fre-
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Figure4: Layout of specimen 2: damaged [unit: cm]

Figure5: Experimental model
guency changes. However, itisquitefeasibleto build
the statistica relationship between thefrequency and
themost used thickness and radius of tube under typi-
cal boundary conditions, and afterward it can be used
for the primary identification of separation aress. Large
abundance of numerica computationsand experiments
should be conducted dueto the complexity of practical
engineering, and thiswork isunder way at present
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| nter face separ ation rangeidentification
From therecorded signalsof Specimen 2, theam-

plitudesof acceleration in separation areawere much
higher than those in non-separation domain, and the
decay rates were slower simultaneously. In order to
obtaintheamplitude of thesignal, two successiveinte-
gra werecdculated, whichwasshowninFigure8. The
amplitudewould becomesmaller from the center tothe
boundary inthe separation area, whileit keepsin the
sameleve inthenon-separation field. When densifying
the number of sensors, the accurate boundary could be
identified accordingto theamplitude.
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SUMMARIES

Based upontheloca modeof sted tubeinduced by
quantitativeimpact load, theinterface separationof CFST
arch bridgeswereidentified successfully through fre-
quency shift and amplitudeof vibration. The proposed
method coul d be applied to theon-linemonitoring of the
interface separation viatheaccel erometer array.

Thevadidating experiment showed:

(1) Oncetheinterface separation appears, thefrequency
will declinedramaticdly, and thelarger the separa-
tion area, the more the frequency reduces, which
can be used to judge whether thereisa separation.

(2) Theintengty of accderationsignd inseparationarea
isobvioudy higher than that in non-separation ares,
soistheamplitude. The nearer totheboundary, the
smaller theamplitude becomes, whiletheampli-
tude is almost the same in non-separation area.
Therefore, the separati on areacan beidentified by
proper arrangement of the accelerometer array.

In the further study, on one hand, more attention
should be paid ontherel ationship between the separa-
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tionrangeand vibrationd frequency, amplitude, damping
and so on. On the other hand, deep research should be
carried onin complete separation, partia separationand
someother non-uniform and non-regular separations.

ACKNOWLEDGMENTS

Thanksfor thefinancid supportsof Nationa Natu-
ra Science Foundation of China(5092100).

REFERENCES

[1] B.Chen; Concrete-filled Steel Tubular Arch Bridge,
China Communication Press, Beijing, (2007).

[2] G. Tu; Hunan University PhD dissertation,
Changsha, (2007).

[3] L.Tong, GXia, M.Wu, X.Shangguan; Highway, 5,
16 (2004).

[4] D.Rao, H.Hai, Y.Zhang; Railway Engineering, 45,
14 (2005).

[5] Z.Huang; Hunan University PhD dissertation,
Changsha (2006).

[6] S.Yang, FWang, P.Qu; J.Chongging Jiaotong Uni-
versity, 27, 360 (2008).

[7] Y.Ye Z.Wen, S.Pan; J.Southwest Jiaotong Univer-
sity, 6, 381 (2004).

[8] S.Wang; Proceeding of China Road Bridge and
Structure Engineering, People Communication, 25
(1996).

[9] K.Xie, H.Lin, S.Liang; J.Guangxi University, 35,
96 (2010).

[10] H.Kess, D.Adams; Mechanical Systems and Sig-
nal Processing, 21, 2394 (2007).

[11] K.Worden, J.Delieu-Barton; Structural Health
Monitoring, 3, 85 (2004).

[12] W.J.Staszewski; Composites Science and Technol-
ogy, 62, 941 (2002).

[13] R.Ding, H.Liu; ChinaCivil Engineering Journd, 38,
69 (2005).

[14] X.Zhou, Y.Xiao, G.Caol; J.of Railway Science and
Engineering, 6, 50 (2006).

[15] H.Su, W.Lin; Non-Destructive Testing, 6, 50 (2006)

[16] PHuang, H.Xie, X.Yuan; Laser&Infrared, 34, 350
(2004).

[17] D.Han, W.Wang; J.of South China University of
Technology, 11, 91 (2003).

[18] A.Li, C.Miu; Bridge Structure Health Monitor,
People Communication Press, Beijing, (2009).

[19] J.0u, H.Li; Structural Health Monitoring, 9, 219
(2010).

[20] G.Li, J.Li; Engineering Structural Dynamic Detec-
tion Theory and Application, Science Press, Beijing,
(2002).

[21] W.Yi, GWu, L.Xu; J. of Dynamics and Control 4,
363 (2006).

[22] X.Zhang, J.Wang; China Civil Engineering Journa
36, 105 (2003).

[23] Q.Wang, X.Han, Z.Yi; J.of Southwest Jiaotong
University, 45, 718 (2010).

[24] Z.Chen, Y.Luo; J.Gu, Sichuan Building Science, 35,
104 (2009).

[25] Z.Cao; Plate Shell Vibration Theory, China Rail-
way Press, Beijing, (1989).

s LBioTechnology

An Tudian Yourual



