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ABSTRACT

A novel system is presented for continuous stress monitoring of $angetures using an updated

finite element model and displacements measured at a limited number of GPS receiver locations.
Knowing the stresses that result from the actual deformation of large structures like bridges or
offshore platforms during their séce life is desirable as they provide input to accumulated fatigue
monitoring and residual lifetime estimation. It is also expected that the numbessit€ dnspections

can be significantly reduced.

Using a modabased expansion process, the sparsef sksplacements measured at the GPS receiver
locations and optionally other types of sensartan be expanded to obtain displacements at all finite
element node locations. The same transformation is applied on the modal stresses of the structure to
obtainstress information at any location in the structdii@s is a very efficient process that can be
performed on redime monitoring data and requires only minimal data storage capacity and
computational effdr Substantial economies can bealized with aGPSbased stress monitoring
system if it is used as an alternative or complement to experimental strain gauge monitoring.

The validity of the process depends on the refinement of the finite element model, the proper choice of
measurement locations anathumber of mode shapes. Additional strain gauge measurements can be
included to improve the accuracy of the method. Different transformations can be used depending on
the displacement amplitudes as a way to consider nonlinear behavior. Updating oiteheldinent

model can be done using acceleration time histories and Operational Modal Analysis (OMA). The
finite element model must be regularly updated to account for any structural changes in the structure
during its lifetime.

The entire process is denwirated and verified on the Stonecutters ggith Hong Kong, and on the
Valdemaroffshore platformin the Danish North Sea.
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1. INTRODUCTION

A common goal of Mration monitoring systemss to performAccumulatedFatigue Monitoring
(AFM). Ideally, © support AFM, is it required tdeterminethe stresshistoriesanywhere in the
monitored structure under real measured loading conditions

Computational dtermination of stress histories is us$wyabuffering from large uncertaimgs.
Experimentally stresshistoriesare determined from strain gauges, bigfh-stressregions and joints
may bedifficult, or even impossibleto instrumentfor example ifboelow water on offshore structures.
Furthermore strain gauges diragile and thereforaot reliable for long time measurements

Stress historiest any locatiorcan beefficiently obtainedby combining a finite element model and
measurements of displacememtd strain historiesat only a number of selected locatiorndsing the
computedmode shapes of the structure, the corresponding modal forces and moments in all the
elements of the structure and the experimetiiad histories a modal expansion procedure is applied

to obtain the forces and moments time histories in any element of the structure.

The success of this combined numeregberimental approach depends on\akdity of the finite
element model andf the modal expansion procedure that will estimate the local stresses in the
structure from recombined modal stressgesrief overviewof the system componenis presented
hereafter and demonstrated using twal-liée large structures: a stapable bridge $tonecutters
Bridge in Hong Konyj andan offshore oil platform (/ldemar platfornin the Danish North S¢a

2. A SYSTEM FOR CONTINUOUS STRESS MONITORING

The stress monitoring system consists of toolgpfertest analysis, operational modal analysis, finite
element model updating, modal expansion and stress recovery.

2.1. Pre-test Analysis

A pretest analysis and verification phase consists of simgladkia fatigue monitoring process for
demonstration purposeand to check the feasibility under assumed measurement conditions. The
simulation uses an existing finite element model widalistic dynamic loading. Strain and
displacement time histories at a number of selected locations are simulated and willdbe use
subsequently as 'experimental data'. The selected locations correspond with the assumed location of
commonly available measurement sensors like strain gauges and GPS receivers respectively.
Verification of the selected configuration can tdene by compang the forces and momentime

histories obtained by the expansion paewith the results obtained by simulation.

2.2. Operational Modal Analysis

Dynamic features monitoring refers to the use of accelerometers to extract the global modal
parameters ofarge structuresuch as modaksonanfrequencies, mode shapes, and modal damping
by means ofOperational Modal Analysis (OMA). These modal parameters form the bases for
subsequent dynamic analysesopkrationaload effects]ike wind, waves, trafficand seismicloads,

for updating and refinement of the finite element models, and for supplying data to the structural
health monitoring and evaluation systems. A high level of automation is required for continuous
operational modal analysis with only mininfalman intervention.

2.3. Finite Element Model Updating

Finite element model updating is a necessary step to validate a finite element model and to adjust
estimates for uncertain input parameters. To update a finite element model, the analyst needs access to
the parameters defining the model, and the responses that are cdnagaiast experimentally
obtained reference values. Once defined, the updating software will compute sgnititat of

change of the responses for changes of the parameters') andestan@guired parameter changes to
reduce the overall differences between the reference response values and the actual analytical
responses.
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For large structureshe reference data are in general modal parameters (frequencies, mode shapes)
obtained by operational modal analysis.

The selection of updating parameté&skey to succesfully increasing confidence in the FE model.
Updating parameters maygclude materialproperties, equivalent geometrical properties (thickness,
beam cross section, etc), joint stiffness and constrdihtdr availability as local or global parameters
depends on the finite element program that is used and the interface and driver pry@gmgms.
flexible parameter selectiors possibleif the finite element model and the associated element
propertieccan becompletdy parsedand made available to the model updating softwepending on

the availability of element mass and stiffness madricadditional features and performance
enhancements are available.

In the general case, however, an interface program and dewdbecustom developed, for example
to support an ithouse proprietary finite element program. In this case, generic pararate be
defined by referencing numbers in the input data file of the finite element program.

2.4. Modal-based Expansion and Stress Recovery

Using an updated finite element modalsparse set of displacements measured at GPS receiver
locations can be expardleusing a modabased method to obtain displacements at all FE node
locations. The transformation matrix that is used by this exparmocess can also lapplied to
obtain forces, moments, strain, or stress at any location in the bridge. This is Hivienyt @rocess

that can be performed on rdahe or historical GPS data and requires only minimal data storage
capacity and computational effort.

Consider the following expression that refatéhe unknowntransientelement forcesvith modal
element fores:

[ON0) n o 00 p

where Q'@ are thetransient element forces vector at given time stefj to are the modal
participation factors at given time step® "O are themodal element forces for mod@nd nmodeis
the number of modes taken into accaulbte that element forces in Eq. (1) can be substituted by any
modal type of data that can obtainedfimjte element analysis like displacement, strain, or stress.

For aay given time step t, thenodal participation factorsare obtainedoy solving thefollowing
system:
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where 6 6 are the transient displacements (measured) at given time st¥pare themodal
displacements for mode i and is thenumber ofmeasured displacenisn

The validity of the process depends on the refinement of the finite element model, the proper choice of
sensor locations and a sufficient number of mode shdpesfinite element modeWwill have to be
continuously updated to account for any structutahnges in thestructure during its lifetime.
Different transformation matrices can be used depending on the displacement amplitudes as a way to
consider nonlinear behavior of the bridge.

For very large structureshe use of GPS receivers has been demonstrated to be a practical and
accuratetype of sensorso constructequation 2 but also data fromstrain gauge€an be included
Using different types of monitoring data reqsitikee introducibn of normalized variables.

Therequirednumber of modehapeds to be determineldy pretest analysibut is a priori limited to
the modes that can be validated by operational modal ana{mie. modesor additional vectors like
static deformed shapes can be added if deemed aegdsesimprove the quality of the expansion
procedure.
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3. APPLICATION CASES

3.1. Hong Kong Stonecutters Bridge

Stonecutters Bridge in Hong Kong is a highiel cablestayed bridge, with two towersdated in the

backup areas of the busy Kwai Chung Container Rdiich isf r equent ed by the wo
containerships.lt has asteelmain span of 1018etersacross the Rambler Chanmelda total length,

including the backspans, of som& km. The vertical clearancés 73.5 metersover the navigation

channel The deck issupported by two 29@neterstall concrete and stainless steel towdtss 53

meterswide andsplit into two streamlined boxes connected by ross girders. Stonecuttegssecond

longest cablestayed span in the worldndone of only two cablstayed bridges with a span in excess

of 1 km.

A wind and structural health monitoring system (WASHMS) is deployet#idnyg KongHighways
Department to monitor the structurpkerfamance of Stonecutters Bridge undédts designated
performance criteria at serviceability limit stated to evaluatpossible defects and structurafety

when these are exceeded[1-3]. For this purpose avide array of1,700+ sensors are deployed,
including structural and environmental sensors to measure displacements, strain, acceleration,
temperature and wind conditiofBig. 1). This makestonecutters Bridge probably the most heavily
instrumented bridge in the world.

Safety requirements have incredigbe focus on vibration monitoring using acceleration signals and
displacements using GPS receivpts The acceleration signals are primarily used for operational
modal analysis (OMA) to obtain reference values for validation and updating the finitentle
models of the bridggb]. The measured displacements and updated finite element models are used in a
hybrid method to compute the strains, stresses, forces and moments at any location of the bridge.
Vibration monitoring, combined with a structural Heaevaluation system and fatigue assessment,
enhances safety by allowing better planning of inspections and maintenance work.

Stonecutters
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Figure 1 Layout of sensory systems on Stonecutters Bridge
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A customized data processing and analgggem is in operation since 2011 that wasgeloped by

DDS using the FEMtools Frameworlwfvw.femtools.com The system consists of the following
components: (a) Operational modal analysis from acceleration time histories. Modal extraction is
automated ahis used for model updating, and monitoring of modal parameters. (b) Displacement
monitoring using GPS receivers. The displacement data serves as input for stress recovery at any
location using a finite element model of the bridge. The stresses areuseddmulated fatigue
monitoring. (c) Correlation of stress, force and moments with environmental conditions (wind,
temperature).

3.1.1. Operational Modal Analysis

Modal parameters extraction is done using two indesteipdard OMA methods) Stochastic

Subspae Identification (SSlusing external standlone softwarand (i) Polyreference Least Squares
Complex Frequencfpomain Estimator (pLSCF)Yhat is integrated in theStonecutters Bridge
WASHMS monitoring softwareComparison revealed high similaribetweenresults obtained with
thesetwo different OMA methodswhich inspires trust in the obtained mode sha@th methods

produce very clear stabilization diagrams and are therefore suitable for automation of the pole
selection processThe builtin OMA using pLSCF is more suitable for automatic processing as it
enables a smooth data flow between the acceleration data reader and the tools that make use of mode
shapes.

The influence of the recording length was studied and showedithahree hours recordinifpe same
number of mode shapes can be obtained as with one hour recording on a day with strong winds
Averaging of the signals that are acquired at both sides of the bridge deck also improves the possibility
to extract more mode shapes. Monitoring ovegemperiods of time learned that resonaegrencies

remain very stable throughout the day while modal damping increases and varies significantly during
heavy traffic hours.

3.1.2. Stress Recovery and Fatigue Assessment

Using custorrdeveloped data processimgutines displacements o8 GPS receivers are retrieved

from an SQL database for further processing by a program for displacement and stress monitoring (Fig
2). The GPS system converts the raw GPS signals (longitude, latitude and height) to displacements of
the GPS receivers in the bridge coordinate system prior to storage in the SQL database.

They are located at the tower tops, and at both sides of the bridge deck at 1/4, 1/2 and 3/4 span. The
displacements obtained by the GPS system (Leica) are said to be accurafecim.+This is achieved

by using an error correction signal emitted by f@nence transmitter on the ground with an exactly
known position. The sampling rate is 20 Hz. The atmospheric conditions in Hong Kong are in general
suitable for the proper functioning of the GPS system. However, during passing of heavy clouds the
performance of the system may be negatively influenced. During the test period it was observed that
GPS signals sometimes show spurious behavior or become temporarily unavailable. Appropriate
signal processing is therefore mandatory to condition the data (i.evakof outliers, interpolation of

mi ssed measurements, ..).

Knowing the stresses resulting from thetual deformation of the bridge during its service life is
desirable as they provide input to an accumulated fatigue monitoring procedure. This wiltcallow
assess the remaining residual life time fritve 120years design life time. In practice, the information
on the actual loading that the bridge was subjected toiisiymzsed to support decisianaking about
the inspection and maintenance intervals.

Although stresses willlsobe computed using various updated finite element models of the bridge,
and using statistical and probabilistic load information obtained by the WASHMS sensors (more
specifically wind,temperaturetraffic and seismig the GPS syemwith stress recovergrovides an
alternativeby recordng and monitoring the actual deformation of the bridge at all times. This is
especially true for incidental loading situations like vessel collisions or extreme transient loading like
during typhoas or earthquakes.
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The strain and stress data obtained by the recovery process can be used as an alternative to strain
recording using strain gauges. During the initial service life, the recorded strain data will remain the
primary source for fatigue mooitr i ng using rainflow counting and
references for finite element model validation and updating. The economies that can be realized with
the GPSbhased approach are, however, significant and therefore it is expected thaimeithas
confidence in the process builds up, the need for continuous strain recording mayaleaeed.
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Figure 2 Processing of thaccelerationdisplacement and stress data
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3.1.3. Correlation with Wind and Temperature Data

Large cablestayed bridges like Stonecutters Bridge are subject to varying environmental conditions
such as temperature and wind. These environmental effects cause changes in displacements and modal
properties, which may mask the changes caused by structurabedaidditional data readers have

been developed to retrieve recorded environmental data from the central database. This includes wind
speed, direction, power spectrum and temperatures at different locations on the bridge. They are used
for correlation agast modal parameters, maximal displacements of the deck and towers, and tower
base forces and moments.

Postprocessing of the results includes producing scatter plots and histograms, computing various
statistical quantities or performing regression analyEhis information helps bridge engineers to gain
understanding of the variability of monitoring parameters which is needed by the subsequent structural
health rating and evaluation systems.

3.2. Valdemar Offshore Platform

3.2.1. Introduction

There is a need in theutbre for maintaining and increasing oil and gas production. Normally the
platforms are designed according to norms and standards with inherent conservatisms for a specific
lifetime. The potential for extending the lifetime of the platforms can be asdmgsegblementation

of StructuralMonitoring Systems (SMS) to measure and assess the actual lifetime of the platforms.

The Valdemanoffshoreplatform is atripod platform, which is located in the Danish North Sea 250 km
west of Denmark. The platformisstalled in 2006 and designed atNotNormally-Manned Platform
(NNMP). The owner and operator of theagibrm is Maersk Oil & GasRambgll Oil & Gas (ROG) is
the engineering consultant preparing technical specificaibonthe SMS data posprocessing,
andysis and documentation. The Valdemar platform is showkigare3.
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Figure 3 Valdemar VBA offshorelatform(left) and layout of sensors (right).

3.2.2. Pre-testing the sensor layout

As a part of preparing the technical specification for the SMStesteng of the sensor layout is
performed based on processing of synthetic measurementTth&tasensor layout consistd GPS
stations, accelerometers, strain gauges and wave radarssasted irFigure 3.

By use of theROG in-house developed FEM software ROSAP, synthetic data is produced in a
transient FEM analysis via a realisation of a wave loading time historgaéitt of the proposed
location of sensors a synthetic measured time history is extracted from the FE model response. Using
the modal expansion of the measured displacement time history at two locations on the topside and the
measured strain/stress time bigtat one location on the centre column, the stress time history for all
elements and joints in the structure can be computed by use of the FE model.

The stresses obtained from the expansion process in any element of the structure can now be compared
to the original synthetic FE model data, enabling assessment of the quality of the expansion process
and evaluation of the optimal location of the sensors.

The sensitivities of the SMS data can be assessed and also the criteria for acceptable uncertainties in
the measurements can be determined. An example of a presentation of results from an expansion
process plotted up against the original synthetic data is preseigiee 4. The knowledge gained

from these analyses typically forms the basis for the technical specifications of the SMS.

3.2.3. Displacement from combination of GPS and accelerometers

Dealing with baselines of 250 km between the onshore GPSstaism and the two offshore GPS
stations the displacement measurement is a challenging task. Advanced algorithms have been
developed and tested for that purpose. GPS receivers are ideal in the low frequency range, but include
signal noise in the higher éguency range. Accelerometers are ideal for determining natural
frequencies and displacement in the higher frequency range, however in the lower frequency range the
signal noise can be extensive.

A method for even further enhancement of the quality ofl@igment measurements by use of GPS
receivers has been developed by combining the data from the GPS's with the data from the
accelerometers. The method has been presented in proceedings [6]. In addition, based on the
information derived from the overlapgjrfrequency range between the two sensor types, it can be
shown that the accuracy of the displacement is better th@d+hm over a GPS baseline of 250 km.

The results have been presented in proceedings [7]. The sampling frequency for the GPS's is 20 Hz
and for the accelerometers 128 Hz.
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Figure 4 Pretesting- Forces calculated in an expansion proegsgplotted up against the original
synthetic data for optimization of sensor layout

3.2.4. Operational modal analysis

Based on the aelerometersignals operational modal analysiS§OMA) has been performed
Correlationof the modal parameters with the sea states have been performed and show that the
damping ratios are dependent on the sea states. It also shows that the naturaldesgeencelated

with the sea statesifnificant wave height)The analyses are based on linear system identification
methods.

Although for the Valdemar platform linear methqat®bablywill be sufficient, it is the experience
that this may not be thease for other projectsAlgorithms and methods for ndimear system
identification of this type of large structures will be developed in a future research project.

3.2.5. FE model updating modal parameters (accelerometers)

FE nodel updating can be performet different levelsAt the first levelthe FE model updatings
performedagainstthe measured modal parametasingthe Bayesian Parare Estimator method.
For each identified parameter to lpgdatedthe uncertainty of thepecificparameters in ternsf e.qg.

a normal distribution with mean and standard deviation specified boundgan be definedcand
correlationsbetween parametersan be modelledif applicable The method is superior to any trial
and error methods used before as it reveals new kadowl of the structural behaviour. For the
Valdemar platform there are iwdtions thatespecially the location of the COG arhe soil
parameters have an impact on the modal parameters of the platform.

In Figure5 an example of the results from a FE model updating is preséitedyraph for this case

shows that the coordinates for the COG (parametef and the soil parameters (paramete) 7
havebeen corrected with up to 30%. Masses and stiffnesses of elements and joints only are corrected
with up to a few procent.

3.2.6. FE model updating stresses (strain gauges)

For the case where a sufficient amount of strain gauges are mounted, the FE modej cpdabie
performed relating measured displacement time histories with measured strain gauge time histories.
FE model updating then can be performed in the time domain. The method is similar tetdstipge

method, as described above, with the differethe¢ now the synthetic data is exchanged with actual
measurement data. The displacement measurements at two locations at the topside and the strain
measurements at one location at the centre column are used in an expansion process to calculate the
stresstime histories for all elements in the structure. The FE model updating can be performed by
tuning the FE model parameters in such a way that the strain/stresses calculated in the expansion
process match the measured strain/stresses.
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Figure 5 Example of result from a FE model updating.

3.2.7. FE model updating wave load calibration (wave radars)

Wave load calibration can begormed fom the updated FE metandthe measurement data from
the three wave radars installed on the topside of Waéddemar platform The first investigations
indicate that wave diffraction phenomena (McCaRugchs) have a significant effect on the tasg
wave loadingn the structure

In a parallel project thedwanced wave loaadg formulationin the ROG inhousedeveloped-E model
software ROSAP is even further improvdetom the three wave radars measuring the sea surface
elevation at threéocations at the sea number of iformation will be derived such as the significant
wave heightmean wave direction, wave directional spreaddifferent wave spectraprrelation to a
number ofotherdataand the actual wave loadinBy use of an impved wave load formulation and

the measuretime historiesfrom all sensorsa final FE model updating can be performed in the time
domain by application of advanced optimization algorithms either solved directly or solved by a
response surface approach.

A fatigue reassessment can be performed with a potential of extension of the lifetime of the platform
and the coefficient of variation for wave loading (CQ) can be determinedith the potential foat
the same timeeducton of inspection surveyandinspection costfor the platforms.

3.2.8. Accumulated fatigue monitoring

The SMS on the Valdemar platform is prepared for the feasibilityotdginuousy monitoting the
fatigue damage if required by the Client. The monitoring of the fatigue darmaage minimum
requres a updated FE modeising modal parametemmeasurements of the platform displacements at
two locations ananeasurements dhe strains at one location. No information of the wave loading is
required.

The measured data in a few points on the structure is expanded in a limited number of platform modes
from the updated FE modéior each sampled data time stdye modal cooridhates are determined

the expansion process. The stresses in all element®iatglof the structurecan now be calculated

from the modal participation calculated independently at every time step. No superposition methods
are adoptedMeasurement of the accumulated fatigue damage now reduces to performing rain flow
counting on thestresgime historiesand analysing the fatigue damagée advantage of the approach

is that the future fatigue damage from the time of installation of the sensors can be monitored with a
potential of evenfurther extension of the lifetimas only the a@oal movements of the platform
contributes to the fatigue damage estimation and hence does not relyinheaent conservatism's in

norms and standards.
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4. CONCLUSIONS

A novel systenfor continuous stigs monitoring oflarge structures was presented. Theteay uses
measuementf displacements (GPS) and strain histonegist a few locationas well as a valated

and updated finite element model. A metaked expansion method is used to obtain stress histories
in all elements and joints of the struaur

The processhas been implementedn@a staycable bridge and an offshore oil platformhese
examples show the potential for wmaifferent levels 6 a structural monitoringoroject from pe-test
planning thesensor locations and assessing the acmgauf the measurementsyer FE model
updatingto accumulated fatigue monitorirandresidual lifetime estimatian

The work done so far constitutes the basis for further development such as initiatives for improvement
of data quality from GPS stations with large baselimeglinear system identificatiolsE model
updating to no#dinear phenomena, and improvement afdimg formulations.
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