152

STRUCTURAL SYSTEM IDENTIFICATION FROM AMBIENT AND FORCED
VIBRATION TESTING

N. Haritos

Associate Professor and Reader, Department of &ihvironmental Engineering,
The University of Melbourne, Grattan Street, Pdt&yVictoria, 3010, Australia

E-mail: nharitos@unimelb.edu.au
Telephone: + 61-03-83446829; Fax: +61 -03-83444616

Abstract: For over two decades now the author and his temra hccumulated wide-ranging experience in the
dynamic testing of structural systems (such asrifigosystems in buildings and stadia, pedestriah raad
bridges and other structural forms such as gaményés) for the purposes of their condition andgrar&nce
assessment. Identification of the in-service stéte structure is important:

. for determining its basic articulation and théuna of the conditions at its supports;

. for determining its structural performance chéeastics whilst in service;

. as a precursor to performing an assessment loiitscarrying capacity;

. for gauging the effect of a retrofit that may badween introduced on it;

. for performing general condition monitoring anss@ssment to gauge the effects of any degradation
over a period of time or following a specific pddgidamaging event, (eg an earthquake, storm ddewtal
load). This paper considers several examples dicapipn of dynamic testing drawn from this expeie to
illustrate the utility of the approaches adoptedhaamtrating on (but not restricted to) bridge ergiing
applications
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1. Introduction
Vibration-based assessment techniques for estighdti@ structural “health” or in-situ condition or
damage of bridges and other structures has be@ivirgg increasing attention in the engineering
scientific community in recent years, [1, 2, 3].€Thasis behind the techniques adopted for doirsg thi
is the simultaneous recording of vibratory respomesultant from some sort of forcing stimulus,
taken over a pre-designed grid of measurement poimtthe structure. When the forcing stimulus is
able to also be contemporaneously measured anddestavith the vibratory response, then it is
possible to perform traditional frequency-domaiisdzh Experimental Modal Analysis (EMA) on the
data capture, [4], whereas if this is not possilthen alternative time-domain based methods or
approximate frequency-domain based methods carsédud {6, 6] for performing the EMA. Ambient
vibration is the term coined for where the excitatstems from the normal operating conditions of
the structure of interest eg, wind action on alallding; wave action on an offshore structureffic
excitation on a road bridge and/or ground motiatuged by traffic on roadways underneath a flyover
bridge; pedestrian excitation of a footbridge @ofl system, etc. Forced vibration is the term abine
for where the excitation is purpose introduced tlyioa shaker system (eg electromagnetic/ hydraulic
shaker) or an impact hammer/device. In the caseroéd excitation the input forcing function ansl it
characteristics are user controlled/specified dnd 0 be measured whereas for ambient excitation,
is not normally possible to measure the excitatowoing function and its characteristics.

The primary function of EMA is to essentially pragua set of mode shapes and their associated
natural frequencies of vibration and damping leedsn the original contemporaneously measured
data capture after suitable conditioning and tramsétion. Information gleaned from the modes of
vibration themselves or from the transformed omdgidata can then be used to perform a “health
assessment” of the structural system to which #ta dapture corresponds. This could be in the form
of a direct comparison of the modes themselves thitise predicted by a Finite Element Analysis
(FEA) model in which differences between these barnused to perform FEA model updating of
modelling parameters. Alternatively, a number ofrapaches that operate on the measured response
characteristics to determine a Damage Index cam la¢s exercised in an attempt to extend the
condition assessment to the point of identifying damage location(s) and degree of severity.
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1.1 Overview of approaches for condition identifican
Traditional Experimental Modal Analysis (EMA) is labto be performed when controlled forced

excitation takes place simultaneously with respansasurement over a sufficiently detailed grid of
points over the structure to enable mode shapede rfrequencies and associated damping levels to
be determined using specialist software that opsrah Frequency Response Functions (FRFs) in the
frequency domain, [6]. It is also possible to eatimmode shapes, modal frequencies and associated
damping levels from response only measurementsycadd be the case with ambient vibration
testing, where the modeling takes place in the timmain, eg ARMA models, [5], or a simplified
modal analysis via Operational Deflection Shape@$Pin the frequency domain, [7], or through the
use of wavelet analysis (combined/hybrid approadhé time and frequency domains), [8]. In any of
these cases, the experimentally obtained struatyredmic response characteristics as exemplified by
the identified modal properties (or various detiveg therefrom that distinguish the style of “damag
detection algorithm”) can then be compared withsthobtained from previous past testing or from
Finite Element Analysis (FEA) models of a “healthystructure to ascertain whether
degradation/damage has taken place and if so thédo(s) and/or degree of severity, [9, 10, 11].

Figure 1 provides a diagrammatic representationthef so-calledmodel updatingapproach of
structural system identification that is represgwtaof one of these classes of structural condlitio
assessment, by way of illustration of such a teqpimi The model parameters that are “updated”
would include the degree of fixity at the abutmsuapports and the effective EI and GJ value of the
bridge deck for the bridge example depicted indase of Fig. 1. Matching criteria would include
frequency matching and “goodness of fit” of the mathapes as described by the Modal Assurance

Criterion MAGC;) between the modeled mode shz{m} and the experimentally observed mode

shape{l//j} given by:

MAC. = ' (1)

MAC values greater than 0.9 reflect a high degifeeoarelation (with 1.0 being a “perfect” fit) and
values less than 0.1 associated with uncorrelaiedidlly orthogonally disposed) modes.
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Figure 1:Model updating approach for structural system tifezation

1.2 Requirements for implementation

Ideally, the “hardware” necessary for performingustural system identification via vibration

response measurements principally consists of:

i. A set of transducers suitable for measuringatibn response (eg accelerometers often used)

ii. An excitation source (impact device, shakettesys(such as the Linear Hydraulic Shaker (LHS) or
electromagnetic type) or healdrop excitation byespn (in the case of a floor system)
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iii. A Data Acquisition System (DAS) with anti-afing filters, simultaneous sample and hold,
modules for transducer signal-conditioning and t&ticin, and data storage/processing features

In addition to the above hardware set, suitabléwsot to analyse the data capture for the key
dynamic characteristics of the system under tesipldv also be necessary. The degree of
sophistication of the hardware used for the dafuta and the algorithms adopted in the analysis
software is dependent upon the nature of the straicsystem under investigation and the degree to
which the information content in the data captsroibe explored by the analyst.

Possible investigation scenarios would include:

i. Analysis of just the primary modal charactedsti(natural frequency and associated damping)
from response measurement records at a single, pggnfrom footfall excitation using simple
curve-fitting of the response decay record itseltlje case of a floor system) or from performance
of a Randec analysis [12], on multiple repeat reéceets, (in situations where response only
measurements have been performed). For this €ituad simple inexpensive tri-axial
accelerometer, such as a GCDC X6-2, [13], can led,uss it is compact and incorporates on-
board storage of the data capture onto an SD wednigh is easily accessible via USB connection
directly onto the accelerometer unit itself.

ii. Performance of Experimental Modal Analysis (EMArom ensemble-averaged FRF data
determined from multiple repeat measurement of hibth vibration response (over a grid of
points) and the single point excitation force rewgible for the vibration, [4, 6]. (This analysis
determines the modal characteristics — mode shapéscorresponding natural frequencies and
damping levels, of all participating modes in thsttfrequency range).

iii. Performance of a Simplified Experimental Modahalysis (SEMA) from ensemble-averaged
Relative Response FunctiorRRF) data evaluated from multiple repeat record sdtthe
vibration response (again taken over a grid of adirelative to a chosen reference response
measurement point for when the excitation sourceoits measured, such as is the case with
ambient vibration — eg pedestrian-induced vibratainfootbridges and floor systems, traffic
induced vibration of road bridges, [7], wind-inddceibration of building structures and trees,
[14]. It is normally possible to determine the mad@mpes and natural frequencies of only those
modes that are sufficiently separated in frequeregasonably accurately using this simplified
approach with estimation of associated dampingdoleiss reliable.

iv. Evaluation of modal characteristics via a DBgpendent Systems (DDS) approach using Auto-
Regressive Moving Average Vectorized (ARMAV) model from time-domain records of
response when excitation force measurement notip@s$5, 15]. Alternatively, commercial
specialist software for dealing with data of thypd that have built on and improved upon the
DDS approach, such as ARTeMIS, [16], can be used.

In essence, the choice of analysis technique isragnt upon the particular conditions at hand. The
experience gained with performing structural systesentification via vibration response
measurements of bridge, beam/frame and floor systend even trees, by The University of
Melbourne, has embraced the full range of poss#slioutlined above, [17, 18]. Some examples
drawn from this experience, featuring key resuts, presented in the sections that follow.

2. Structural system identification of road bridges from forced excitation

A 10-tonne Linear Hydraulic Shaker (LHS) systentémbination with a 16-channel DAS involving
15 “roving” accelerometers has been used on a nuofldynamic testing exercises on road bridges
in country Victoria, Australia, for the purpose pérforming structural system identification and
gauging the in-service condition of the bridgesested.
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2.1 Application to typical simply supported spanrotilti-span RC deck on steel girder road bridge

A typical nominally simply supported span of McCeyBridge over the Goulburn River was
dynamically tested so as to identify its in-serviomdition and verify the integrity of the compesit
action of the RSJ girders imbedded in the RC dé&dk $igure 2 depicts some of the features of this
field test experience with a view of the hydraditaker mounted on the bridge deck, the 16 second
long traces of vibration measurement taken conteamamusly with the force trace (a type of Swept
Sine Wave forcing) and the associated ensembleagedrFRF function for this accelerometer (from
16 repeat test records) typical of an internal phimm the 7 x 7 measurement grid adopted. Figure 3
depicts a photo of the bridge with its multiple plynsupported spans, and the first three modes
identified from DSMA which compare favourably wiEA predictions for a “healthy” bridge deck.
Structural system identification here has verifted integrity of the composite action between the
steel girders and the bridge deck, despite theoatee bridge at the time, being over 60 years.

2.2 Application to typical continuous span slab beam bridge over Concongella Creek
Figure 4(a) depicts the Concongella Creek Bridgar ri&tawell, Victoria. This RC deck-on-beam
bridge is over 60 years old and consists of thresticuous spans and is meant to have been
constructed en-castre with its abutment ends. Dimaasting using the LHS and EMA via DSMA
software enabled identification of several modesibfation, the first three of which are depicted i
Fig 4(b). It is noted that DSMA was capable of idigtiishing Modes#2 and #3 despite these being so
close in frequency. In addition, it is also cleamfi the observed modes that the fixity at the abatm
ends has deteriorated to now act virtually as pitie enhanced torsional stiffness due to aggregate
interlock is reflected as a slightly higher modedduency in Mode#2 than is predicted by FEA,
whereas the observed and predicted modal frequeatibe flexural modes are in closer agreement.
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Figure 4:)\/iew of (fncbngella Creek Bridg) Comparison of EMA and FEA modal predictions

3. Structural system identification from impulsive or ambient excitation

Simplified EMA, (SEMA), would suggest that the ogttonal deflected shapes at or close to a natural
frequency of vibration of a structure, can yieldtgua good approximation to the corresponding mode
shape of the structure at that frequency. VibratEsponse measurements taken contemporaneously
over a grid of points on a structure, in the absesfcan ability to measure the excitation respdasib
for the response, would be invaluable to such aahatentification exercise. Specialist software,
such as ARTeMIS, can improve beyond the approxinsatabilities of SEMA to provide better
estimates of the modal parameters to include estsra damping levels as well as modal frequencies
and corresponding mode shapes. A couple of exangl&EMA drawn from our experience are
provided in this section.

3.1 Application to heritage listed Swing Bridge &ale, Victoria

The Swing Bridge at Sale, constructed in 1@8#cipally of wrought iron trusses with timber

decking and abalanced single swing span of 45.7snlocated over the Latrobe River near
Longford, close to the confluence of the Latrobd ahomson Rivers, (see Fig. 5(a)). SEMA was
performed on the bridge with excitation from a dwapight device prior to and just after restoration
works to verify the stability and integrity of tleentral pile group about which the bridge swingd an
the effect of replacement of the timber deck whies deemed to be in poor condition, [19, 20].

Dynamic response measurements were performed oggidaof 16 measurement points on one
cantilever span before remedial work took place r@peated on the opposite balanced span when the
bridge was part open with cantilever ends freest(tiest series). These measurements were repeated
at a later date, post installation of the refurbashimber deck, for the part open and fully closed
conditions, (second test series). Model updatingrofFEA model suggested that the effective soil
stiffness determining the stiffness of the cenpial and influencing the modal characteristicshaf t
bridge as a whole was virtually mid range to thiies inferred from soil tests at these piers, [19].
addition, the effect of replacing the timber dedsentially improved the torsional stiffness of the
cantilever sections leading to a higher torsionatienfrequency compared to the original deck where
timber planks were rather loosely fitting on theckleFigure 5(b) provides insight into the modal
results of the tuned/updated FEA model by providirapmparison with those observed from SEMA.

1.56 Hz

Modal results from First Test Series Modal results from First Test Series

1.25 Hz 1.75Hz

Modal results from Second Test Series Modal results from Second Test Series
2.88 Hz

Modal results from First Test Series Modal results from First Test Series

2.63 Hz 3.50 Hz

Modal results from Second Test Series Modal results from Second Test Series

Figure 5: (a)sale Swing Bridge(b) Comparison of SEMA results pre and post restoratiorks
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3.2 Application to MCG Great Southern Stand

The design of the new Great Southern Stand at MetieoCricket Ground (MCG) involved the use of
deep tapered steel cantilevers supporting preseasioned concrete units onto which seating coeld b
bolted, once these were fixed in position. Thelstaatilevers act as the primary structural support
and as such were found to be significantly undesssed under normal operating conditions (fully
seated audience). There were deemed significaahpalt savings to be realised by reducing the plate
thickness of these cantilevers, whilst satisfyitrgrggth requirements. However, these savings would
only be possible if the primary mode frequencyhs stand (and integer multiples thereof) remained
clear of the frequency bands potentially able toekeited by crowd behaviour. Figure 6(a) & (b)
depict a view of a portion (two adjacent sectofshe stand being dynamically tested for its priynar
mode characteristics when construction was in gsgfor the remaining sectors, whilst Fig. 6(c) &
(d) depict the response spectrum of a typical acogieter and the results of SEMA taken over the
relatively course grid of accelerometer measuresnémt excitation from an impact hammer. The
spectrum depicts a cluster of closely spaced medssntially of the same shape. The frequency
conditions for the first mode cluster were deemetita warrant re-design of the cantilever units to
reduce plate thickness and overall material, falivo and construction costs.
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Figure 6: (a)Accelerometer grid (b) Impact hammer testing in progress

(cPrimary mode “cluster” (accelerometer C responsedpum) (d) SEMA mode shape
3.3 Application to gantry frames over Monash freeyva
A much simpler approach towards ascertaining thmay mode frequencies of a selection of the
fifteen newly constructed gantry frames over thenssh freeway was adopted recently, [21], with the
advent on the market of the GCDC X6-1A and X6-2 eladmpact tri-axial accelerometer units with
self-contained data logging and recording cap#slit{13]. The rather slender design (spans ranging
between 40.3 and 53.6m with uniform box girder besctions 1.2m wide and depth ranging from
0.8 to 1.2m, depending on the particular gantrynaconsidered) and the sharp features of the box
edges of these gantry frames, prompted some coneemthe possibility of these being susceptible
to vortex induced excitation by wind and other agsed aero-elastic instability phenomena such as
galloping excitation. It was therefore decided sTeatain the in-service primary modal properties
(frequencies and damping values) for the longitaldiand the horizontal and vertical transverse
directions relative to the axis of the box girdeain section, of a selection of these gantriesgusin
single point accelerometer response measuremesbent excitation from traffic flowing on the
freeway below the frames and from the surroundimgiw
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Figure 7(a) and Figure 7(b) depict a photographadiypical gantry frame and the acceleration
response spectra for the X (longitudinal), Y (weally transverse) and Z (horizontally transverse)
directions for Gantry frame “G3”, respectively. Themary mode frequencies in the three mutually
orthogonal response directions X, Y and Z diredioh 1.18 Hz, 1.47 Hz and 1.24 Hz are clearly
distinguished as rather sharp peaks, reflectingéing low associated damping values of 0.4%, 0.3%
and 0.8% critical, respectively. These conditiormild suggest that a mean wind speed of 13.6 m/s
incident at right angles to the plane of gantryrieaG3 would correspond to a Strouhal number of
0.13 that would be associated with the possibdityortex shedding with the potential of causing
resonant vertical vibration on this gantry frambeBignage and other local attachments on the frame
would likely disrupt the formation of any regulaoniex street, but this contention remains to be
further investigated.

4. Concluding remarks

This paper has considered a range of dynamic testiethods of varying degrees of sophistication
aimed at performing some sort of structural systdemtification. Model updating techniques for

tuning FEA model parameters to obtain high corretabf predicted modal characteristics to those
observed from EMA or Simplified EMA (SEMA) have lreeverviewed and examples presented
drawn from the author’s experience of applicationréad bridges and the MCG grandstand. The
versatility of newly developed compact tri-axial caterometers with on board data-logging

capabilities has been exemplified in this papeough reporting of their recent successful use for
investigating the primary mode characteristicsl@fider gantry frames over the Monash freeway.

e s (milli-gZs)| [ s.if s
1 el ® |18 e ! A 1.24 Hz

10004 | 4000 Il 1000

T
WM”M; “M "ﬁ;z ) 1w

0s 1 2 0s 1 2 0.5 1 2

% 5y
L s
) i
] 1
B |

al gantry fra

Figure 7: Nie of tyic m'e(b) Ambient response spectra (X, Y, Z directions)

References

1. Mottershead, J.E., Friswell, M.I., “Model updatimgstructural dynamics: A surveyJournal of Sound and
Vibration, 1993, 167:347-375.

2. Farrar, C. R., Doebling, S. W. & Nix, D. A., “Viltian-based structural damage identificatio®hil.
Trans. R. Sod.ond. A, 2001359 131-149.

3. Sohn, H., Farrar, C. R., Hemez, F. M., Shunk, D.9binemates, D. W., Nadler, B. R., & Czarnecki).J

“A review of structural health monitoring literagir1996-2001", Los Alamos National Laboratory Repor

LA-13976-MS, 2004.

Ewins, D. JModal Testing: Theory and Practiclew York: John Wiley, 1985.

Haritos, N. & Abu-Aisheh, E. “Dynamic testing teétmes for structural identification of bridged®roc.

ASEC'98 Auckland, 1998, Vol 1, 117-124.

6. Chalko, T., Gershkovich, V. & Haritos, N. “The DiteSimultaneous Modal Approximation methoBE'toc.
IMAC-XIV, Dearborn, 1996, Vol 2, 1130-1136

7. Haritos, N. & Aberle, M., “Using traffic excitationo establish modal properties of bridgefroc.
MODSIM'95 ConferengeNewcastle, Aust., 1995, Vol. 1, 243-248.

8. Bayissa, W.L., Haritos, N., & Thelandersson, S.jbPdtion-based structural damage identificatiomgsi
wavelet transform”’Mechanical Systems and Signal Processifg. 22, 2008, 1194-1215

9. Bayissa, W.L., & Haritos, N., “Structural damageentification using a global damage identification
technique”International Journal of Structural Stability andyBamics Vol. 9, No. 4, 2009, 745-763

10. Bayissa, W. L. & Haritos, N., “Damage identificatian plate-like structures using bending moment
response power spectral densitgtructural Health Monitoring6(1), 2007, 5 - 24

as

International Conference on Sustainable Built Envionment (ICSBE-2010)
Kandy, 13-14 December 2010



11.

12.

13.
14.

15.

16.
17.

18.

19.

20.

21.

159

Perera, R., and Ruiz, A., “A multistage FE updatprgcedure for damage identification in large-scale
structures based on multiobjective evolutionaryrojatation”, Mechanical Systems and Signal Processing
Vol. 22,2008, 970-991.

Cole H. A., “On-Line Failure detection and dampimgasurement of aerospace structures by Random
Decrement signaturesNASA Contractor Report (NASA CR-220873, Washington, 75 p.
http://www.gcdataconcepts.contdst accessed $@ugust, 2010.

Haritos, N. & James, K., “Dynamic response char#ties of urban trees’Australian Earthquake
Engineering Conferen¢®allarat, Victoria, 21-23 Nov 2008, 10p.

Abu-Aisheh, E. & Haritos, N., “Ambient modal tegginf bridges using ARMAV Models'Proc Intl. Conf.

on Mechanics of Structures, Materials and Systéffalongong, February, 1999, 75-82.

ARTeMIS Extractor, Structural Vibration Solution$3) Aalborg, Denmark.

Haritos, N. “The application of Experimental Modwahalysis testing to the identification of the ingee
condition of bridge superstructure®rtoc. APSBLAF'96 Monash University, Vol 3, 1996, 91-100.

Haritos, N., “Application of vibration-based tegfitechniques to structural system identificatiamdats”,
Proc. First International Conference on Modern Opsi Construction and Maintenance of Structures
Hanoi, Vietham, Dec. 2007, Construction Publishitayse (Hanoi), 447-454.

Haritos, N. & Hewitt, M. “Condition assessment @fl& Swing Bridge using dynamic testingtoc. ASEC
2005 Newcastle, Australia, Sept. 2005, 10p.

Haritos, N. & Hewitt, M., “Dynamic testing of theae Swing Bridge - before and after deck replaceémen
works”, Proc. ACMSM19Christchurch, 29th Nov. - 1st Dec., 2006, in Pesg in Mechanics of Structures
and Materials, (edit Moss P. J. and Dhakal, R.Ba)kema, 311-318

Haritos, N., Nguyen, C. & Ngo, T., “Wind inducedoiation of box girder gantry frames”, accepted for
presentation ACMSM21 Conference, Melbourne, Ausstr&-10 Dec., 2010.

About the Author

N. HARITOS, B.Eng, M Eng Sc.., Ph.D. The University of MelboeurFIE(Aust), CPENg. is an
Associate Professor and Reader in the Departmeividfand Environmental Engineering, The
University of Melbourne. He has over 30 yearsadtpgraduate experience in research, academia and
specialist consulting. His research interestauihe] structural dynamics of both land-based and
offshore structures; hydrodynamics; condition/cétgassessment of bridge structures; experimental
modal analysis testing and computers in modelimgylation and control.

International Conference on Sustainable Built Envionment (ICSBE-2010)
Kandy, 13-14 December 2010





