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Abstract

For assessment of existing bridges, load rating is usually performed to assess the capacity
against vehicular loading. Codified load rating can be conservative if the rating is not
coupled with the field data or gimplifications ar@ncorporate into assessmenRecent
changes made tthe Australian Bridge assessment code (AS 5100.7) distinguishes the
difference betweedesignand assessment requirements, and includes addition of structural
health monitoring (SHM) for bridge assessment. Howevery limited guidelines are
provided regarding higher order assessment levels where more refined approaches are
required to optimize thaccuracy of the assessmeiihis paper proposes a mttier
assessmerngrocedurefor capacity esmation of existing bridges using a combination of
SHM techniques, advanced nonlinear analysis, and probabilistic approaches to effectively
address the safety issues on aging bridges. Assessment of a box girder bridge was carried
out according to the proped multitier assessment, using data obtained from modal and
destructive testing. Results of analysis at different assessment tiers showed that both load
carrying capacity and safety index of the bridge vary significantly if current bridge
information isused instead of edesigned bridge information. Findings emerged from this
study demonstrated thatcuracy of bridge assessméntsignificantly improved when

SHM techniques along with reliability approaches and nonlinear finite element analysis are
incorporatedwhich will have important implications that are relevant to both practitioners
and asset managers.
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Introduction

Bridges are essential components of a road network that facilitate social connection and
economicgrowthinAustralia, also known as ‘the 1sl anc
is the major means of freight movement across stitese than 80% of thexésting

bridges are designed as per old design codéde bridge code in Australia hae
undergone major changes over the thstedecades.Recent version othe Australian

Bridge Code(AS 51007) recognizes the disparities between bridge design requirements
and assessment philosophy, with two added sections for bridge rehabilitation and timber
bridges to address the sustainability concérns.

In addition to the traditionalehicularloading tesfor bridge assessmeiatsection is added

to assess the bridges using structural health monitoring (SHM) techniques such as damage
detection and assessment, ambient testing and performance monkiosiveyer, the use

of probabilistic models or reliabilitgnalysis is not addressétkisting codified assessment
procedure is deterministic in nature and only accounts for uncertainty in the assessment
procedure by means of safety factors, e.g. live load and material f&ndire other hand
probabilistic appoachegjuantitativelytake into account the uncertainties associated with

the assessment procedure ranging from field testing to load rating, in which the reliability
of the assessment procedure is qualitatively assessed enabling more transparency in the
results and impraad access to the bridge netwdéfk

In most of the international bridge codesddition of reallife data intoprobabilistic
approaches, e.g. SHM data collected over H@mmm monitoring, enables continuous
refinement of the assessment procedure with actual information representiogritbet
conditionof the bridge, Bo knownas aiss’ bri dg conditi on.
Considering gnificant changes made to the Australimitigecode and existing old bridge
network with increasing vehicular loadings, it is inevitable to have an accurate and well
defined assessment procedure for aging bridges. Although ypseodfload testing and

SHM is permited by the revisedode, no specific guideline is provided regarding details

and implementation of higher tiered assessment levels. To address this issue, this paper
proposes a practical framework for holistic assessment of existing bridgssgyigher

tiered analysis and SHM techniques, and systematically evaluates its effectiveness for
bridge capacity assessment. Alagglationship between load rating and reliability index

is developed, and the feasibility of a reliabHagiented asssment, which is not covered

by the revised code, is critically investigated

A box girder bridgdaboratory models assessed for its ultimate load carrying capacity
(LCC) usingthe proposed multtier assessmeipirocedurdor validation and comparison

with existing codified assessment methods. What followslet@led components tiie

bridge assessmeusingthe proposed multtier assessment framework commencing from
pretest preparation to pegtst diagnosis, in order to provideamprehensiv@rocedure

for realtlife implication.



Multi-tier Assessment Procedure

The basic premise of load rating is ttieminimum strength capacity diebridge should
be greater thathe maximum load effects due to external loadiRgting is performed at
critical componentsf the bridge for various capacity checks, e.g. flakaapacity; with
the lowest rating determined being the load rating factor of the whole bridge for the
nominated rating vehicle.

Despite the importance of the probabilistic approaches for bridge assessatdmve
been adopted by other internationatge codes, nepecific provision is availablithin
the recentAustralianbridge code as a means of refined analySigor target level of
safety, reference is made AS/ISO 13822 and AS5104°, which are reproduced as an
exterdedversion of the international standard 13894,

In the reliability context, a limit state functidhSF) is defined as the boundary between
safety and failure regiorConsideringthe resistance ot bridge asR and the external
loading asxQ, the orrespondind_SF is written asg = R-Q; so the probabilityof failure
(Py) is defined aRR <Q, and the corresponding reliability ind€) is calculatedas shown

in equation(1).

b=F(R) o B =Fp (1)

In above equatin, 0 is the inverse of cumulative distribution function for the LSF under
considerationA structures considered safe whg 0, else it becomamsafe The extent

to which reliability is incorporated into analysssbased on the degree of the probability
involved, ranging from deterministic to fully probabilistic approackes.

Firstorder and secondrder reliability methods are the simplastd mostommonly used
methodsthat apply the first two terms of Taylor series expansion to approximate the
LSF313For large structure,SF might not be linear and obtaining a clodesm solution

is very cumbersome if not impossiblen order to have an accueaprocedure with
reasonable computational tinfRackwitzFiesslerproceduré* and Markov ChairMonte

Carlo (MCMC) method® are adopted for this studyRackwitzFiessler procedure is an
iterative procedure that applies to linear and nonlirnesiF taking into account the
distribution of random variable$his procedure is ideal for simple LSF as it requires very
few iterations to reach convergence. On the othed hsICMC is suitable for complex

LSF involving nonlinear models, in which a closedm solution can be estimated.

In probabilistic methods, each random variable is represented by its statistical parameters
like coefficient of variation (CoV) and Bias (i.eatio of mean to nominal value). These
statistical parameters are representative of deterministic values that reflect the uncertainty
inherited in each of the load and resistance parameRetbility of statistical parameters
mainly depends on thersgle size, i.e. higher sampling rate covers more uncertainty range
and thus results in more realistic statistical data

Previous investigation of adopting US data for calibration of Australian code for concrete
structures (AS 3600), which is a relativelyngar standard to bridge design code (AS
5100.5), showed very identical results between statistical parameters of AS3600 and ACI



3181¢ Thevariety of bridges considered in the literature for probabilistic modellinigeof
bridges were diverse enoughlie assumed for other cases.

In this study,due to lack ofcomplete statistical database for Australian bridd&4;
functiors are formulated based trestatistical parameteesdisplayed inTablel, which
are the resultof extensive investigations carried oabllectively for calibration of
AASHTO LRFDand ACI.For correlation of the random variabtessach otherepending
on their rdationship in the LSFcorrelation coefficierst (viz, linearly ornonlinearly
correlated)for estimationof the ultimate LCC. Similarly for other LSF such as SLS
assessment, random parameters and¢beiespondingtatistical data and correlation can
be defined.



Tablel. Statistical parameters of random variables

Parameter Notatio Bias CoV Distribution Reference
n
Dead Load Nowak’
Factory made o 103 0.08 N |
i orma
Castin place 105 0.10
Deck wearing 1.00 0.25
surface
7
Live load with impact factor;,  LL 1.15 0.18 Extrerr|1e Type  Nowak
RC Resistance 1.128 { 0.13% Nowak!?
Moment R 1.14 0.13 Lognormal
Shear 1.20 0.155
i Normal Nowakand
Area of steel reinforcement A 1.0 0.015 Syerszelf
Steel yield stress Fy 1.05 0.11 Lognormal | Ellingwood“
i ) Normal Miraz and
Effective depth of steel di 1.0 0.075 MacGrego®®
Concrete compressive stre Fe 0.94 0.33 Lognormal This study
Nowakand
Concrete area Ac 1.0 0.04 Normal Szerszel
Neutral axis NA 0.89 0.14 Normal This study
Capacity reduction factor f 0.97 0.05 Normal This study
Stress block depth g 0.84 0.27 Normal This study
Coefficient  of _equivalen; 084 | 027 Normal This study
rectangulastress blocks
RC effective depth do 0.99 0.04 Normal Ellingwood"®
Width of beam, cash place bw 1.01 0.04 Normal Ellingwood"®

T Including material, fabrication and analysis factors




Ultimate limit state JLS) conditionfor bridge load ratings defined inequation(2), so the
LSFcan be stated as the condition when the capacity is lessénétambination of other
load effects.

fR2 g DL +,gSDL +, b1 DBLA ULS HEH RF
g(RDLSDL L)= R-(DL D) tL ASF H{H RI

where : 2
Ris the ressistance with capacity reductiactor, DL is the dead loa

SDL is the superimposed dead lo&dl, thislive load,

DLA is the dynamic load allwoance agd t#eload factors

It can be stated from equati(®) thatthereliability index (RI) can be expressed for various
ULS conditions as required for RF, denoting that RF and RI are mutually related.

Visual inspection or proof load testingquire investment in terms of preparing the logdi
vehicle, personnel, traffic control, time management and monetary issues. It is basically a
tradeoff between the quantity of information needed and the potential risk of damaging
the bridge components during testing. By using SHM techniques and meatugi
response of the bridge-operation, numerical model of the bridge is updated to match the
asis condition of the bridge.

Therefore, a ‘virtual | oad test’ can be
estimate the ultimate LCC and gain maredepth understanding of the bridge response
and fail ur e mdeiduees, structurasandsmodahpropeities of the bridge are
updated using kservice da obtained by SHM techniques, after which nonlinear material
properties are defined. Vehicular loading, permit vehicle or other types of live loadings can
be defined as the failure live load, since live loading is considered as the most significant
paramegr affecting the bridge capacity.

on
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Figurel. Process of LCC estimation

The failure load is increased until the bridge fails under the defined failure criteria, such as
deflection limit, yield of steel reinforcement, or concrete failure (tension or compression).
Then, LCC ratio is determined in terms of ultimate failure ltmathe bridge permanent
loads as shown iequation(3). Permanent bridge loads refer to the bridge mass and
superimposed dead loads (if significanigher LCC ratio implies that higher loading is
needed to readhefailure criteria.

Ultimate Failure Load
Bridge Permenant Loa

LCC

)

ratio

Estimated LCCn equation(3) is in fact the true ultimate LCC of a bridge for the specified
failure load, using existing bridge conditiowhereas R is the LCC of the bridge
considering all of the codified load factors including DLA.



The proposedolistic multitier assessment procedure is illustratedrigure 2. In this
assessment procedurs,the accuracy of evaluation increases in higher tiered approaches,
sodoes the cost artie safety of the structure. Safety refers to the degree of accuracy and
reliability in the assessment, while cost referthfiscal policy, computational time and
workload.This multitier assessment procedwansiders currently implemented methods

for bridge LCC assessment in Australia, and proposes two additional assessment tiers, viz.
Tier 3 for inservice assessment using Skddhniques, and Tier 4 for reliability analysis
which is not covered by the bridge code.

< > > Condition rating

Visual inspection

Bridge Maintenance history
Inspection data—> = . By
assessment and nspection data Database - Bridge Management System

load evaluation - Previous assessments
> Weigh-in-motion (WIM) data

Inventory data <_ ________________ J

——» Capacity >vehicular loading
+ Live load and dead load effects

» Beam-line model (global response)
i > Live load distribution factors
conservative—>| (component-based response)

Tier 1 assessment

« Design vehicle comparison with reference vehicle \>—> Load posting

« Axle Spacing Mass Schedule (ASMS)
« Capacity of each component

\/_\ “—» Strengthening

——P» Capacity >vehicular loading

« Rating Factor
» AS5100.7
> Jurisdictional approaches, e.g. TMR
« Analytical model grillage analogy/finite
element method
+ Visual inspection and condition rating

\/_\ P Strengthening

Capacity >vehicular loading

N

[ Load posting

N

« Non-destructive Testing (NDT)
* Performance testing
* Structural Health Monitoring (SHM)
> SBImethod )
> Operational modal analysis (OMA) Load posting
> Short-term
o Long-term
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Capacity >vehicular loading
* Model updating
> Modal and structural properties
* Nonlinear analysis
. . girilaé%.oa.d Test}i?gd
Tier 4 assessment as-Is > - Probabilistic methods
> Reliability index and likelihood of failure
> Assessment of similar bridges

\_/_\ Strengthening

Figure2. Multi-tier assessmermirocedurdor evaluation oexisting bridges

Load posting




Tier 1 assessment is the most basic tier and usually sesvée firsipass check, which
includes carrying out Axle Spacing Mass Schedule (ASMS) approach or simpldibeam
analysis of the bridge compared against design loading with or without live load
distribution factor$:? These approaches areconsideresl ‘' one si ze fits all
ratings will be very conservativéhis tier determines if further assessment is required and
whether or not the bridge has sufficient capacity for the nominated vehicular loading.

Tier 2 assessment is basically theified approach, wherebgs-built capacityis checked
againstexistingdesigncodeand vehicular loadingsing linear analysianalytical model,

viz. grillage model offinite element modelMost of the existing bridges in Australia are
currently assessed in this tier including jurisdictional approaches. Ratings are based on
theoretical capacity using information from designed condition or previous assessment.

In Tier 3, the existing condition dhe bridge is considered by collecting data froom-
destructive testingr ambient vibration testing using SHM techniques such as operational
modal analysis (OMA), as well as other means efarvice assessment like SBI method

for quick onsite estimatia of bridge stiffness and capacffyin-service monitoring could

be short or londgerm, and it includes any data related to the performance of the bridge such
as deflection due to traffic. The objective ofservice monitoring is largely dependent on

the results of previous tiers, in which the appropriate monitoring plan is arranged to study
the specific response of the bridge over time.

In Tier 4 assessment which is using-i@sbridge information, structural system
identification and numerical modelalibration are carried out. Calibrated structural,
material and modal properties of the bridge are used for capacity assessment using virtual
load testing for various loading conditions. Estimated capacities are assessed by using
reliability analysis, andhe uncertainties associated with any stage of assessweent
evaluated by using probabilistic methods. Results of Tier 4 assessment are more accurate
and reliable compared to conventional approaches (Tiers 1 and 2), since estimated LCC
reflects theactual bridgecapacity by considering existingridge condition and the
accuracy ohssessmems vdidated by reliability analysis.

Another merit of the mukliier assessment procedusehat the response of the bridge can

be assessed at componbatel or as systerbased At componemievel, the response of

the individual component is assessed, e.g. main longitudinal girder. While at4$ggébm

the interaction of all components contributing to the overall capacity is considered, e.g.
result of vrtual load test is a systelavel response.

In each assessment tier, appropriate decisions are made regarding the remaining service
life of the bridge. Load limitation, strengthening and permit access are common bridge
management plans by asset owrté&uchprocedure is applicable to bridge superstructure

and substructure for various limit state conditions.



Description of the Test Structure

In order to verify the proposed methodology for LCC assessmasiriglecell prestressed
reinforced concretBox Girderbridgelaboratory model was studiethe laboratory model
is a scaled dowversionof the common cellular bridge decks currently operational in
Australia As shown inFigure 3, the reinforcements are distributed longitudinally and

transversely

(b)
Figure3. Box Girder Bridge, a) in testing condition, b) dimensiomsim

Initially, the bridge was tested in November 2016 for identification of prestressed force at
three different levels of posensioning located through miugeb. Detailed description of

the constructiorprocedureand prestress forcéentificationsare described elsgere?

The tendons were removed from the ducts and, after a period of one y&uoxtGader

was reset up. All these were supposed to cause certain changes in physical, structural and
material properties. Hence the purpose of testing was to assess the existing condition of the
bridge considering all of the changes udimgproposed multtier asessment procedure.
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Development of Modelling Technigque

In the proposed muHtier assessmendifferent modelling techniques are requir&dthis
section, efficient modelling procedure for the purpose of model updating and virtual load
testing are desitred. Three different numerical models of tBex Girderare developed,

viz. grillage analogy (GA) model for Tier 1 and Tien&sessmestlinear finite element

(FE) model for Tier 3, and Nonlinear KNLFE) model for Tier 4 assessmegseeFigure

4). GA model is the simplified modéhatis easy to interpret the results, while linear FE
model is considered as the design level, since such model is used bypladieners

for design and assessment. NLFE model incorporates all of the physical details which are
ignored in the previous models, e.g. inclusion of reinforcement and costzete
interaction. In case of limited information on bridge geometry sustola bridges with
incomplete design drawings, -@ite measurement can be performed to estimate the
geometric measure of bridge componemsocess of numerical model creations, with
advantages and limitatiolw$ each modelling technique is detailedinghet hor s’ pr evi @
works 222326

Design level (FE)

Research Level (NLFE)

o

4% Simplified Model (GA)

Figure4. Developed numerical modelKE and GA are modelled in CSiBridgeand NLFE
modelled in Abaqufs

The hidden reserved capacity of the bridge is masketie numerical model is not
calibrated with existing bridge informatioNonlinearanalysis can be carried oom the
calibrated numerical model of the bridge usmfgrmation gained from SHM data

To capture the nonlinear response of Box Girder concrete damage plasticity (€D

model is used, which accounts faompressive crushingnd tensile cracking of the
concrete. This model is based on the damage mechanics and flow theory of the plasticity,
which has been extensively used to study the nonlihetravior of the concrete
structures’”?° In CDP model damageis represented bthe postpeak response of the
constitutive concrete model in uniaxial compression and uniaxial tension.
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There are many concrete modalailablein the literatureand the main difference among
them are the postield behaviorand the number of inputs required to construct the material
model.For compressive behavighemodel proposed bttard andSetungé is selected

due to the fact that only compsage stresss requiredas the inpytand the posyield
response of concrete is well developeih applicability to a broad range of-situ
concrete Fornonlinear tensile behavidghemodel developed b@opalaratnam anghati*

is adopted, whichas smooth convergence in the tension stiffening zone that alleviates the
convergence issues. Other concrete models may be used provided that accurate inputs for
constructing the constitutive material curve are availdtde steel reinforcement, bilinear
model having an elastic perfeciyastic relationships considered Other sophisticated
steel constitutive models such as trilinear model can be used gsroatied that the exact
information regarding reinforcemedeétails andhonlinearparametersre available.

An experimentalour-point bending test selected from literaturas simulatedo validate

the material models for reinforced concrete structtfréumerical simulations showed
that LCC estimated byinual load testing is in good agreement with the experimental
capacity, in which theeflection at the end of loading w85 mm with steel yielding as
the male of failure in the midegion, which arén agreement with previous stugiyThis
denotes tht the defined material models can estimate the nonlinear responseBaoixthe
Girderunder failurdive load

Modal and Destructive Testing

During constructionof the Box Girder steel plates were embedded into the concrete
surface for easier sensor installation, and these locations were used for sensor positioning.
Criteria for choosing proper sendagout include the objective of the testing, available
number/tpe of sensorgxcitation locationand maximum modal displacement poihts.
Figure 5 shows three examples of sensor positioning layouts that were used for modal
testing, in whth each arroveorrespondto a single sensor in that directjomhich was

usedfor measuringccelerationAn advantage of having more thagsingle sensor layout

is that one can crosscheck the quality of collected data across each measuaetent,
ensure that true structural modes are captured. For each modal test, vibration signature of
the Box Girderwas recorded due to random and impact hammer excitation using data
acquisition systenRecorded measurements were gosicessed GBite usingrequency

domain and timelomain modal estimation techniques, e.g. enhanced frequency domain
decomposition and stochastic subspace identification methods. For each set of
measurement, signal processing produced similar results, indicating that sensts layou
successfully detected realodal parameters.

12



Set (a)

L

Figure5. Examples of sensor placement layouts used for OMA

Destructivetesting ofBox Girderwas performed with twofold objectives: to find dbe
ultimate LCC and to vatiate the results of Tier 4 assessmeet virtual load testing. As
shown inFigure®6, the rigid beam acts as le@dnsfer and is placed on two steel supports
seatd on top of the websyhile load cell acts afive load This prevents the punching
shear failure through top slab by transferring the load into webs, whsgimilar to the
design axle loading (A160h AS 5100.2that acts as failure load for estimation of the
ultimate LCC The boundary conditions represédal pinrollers that wereseatedon a
stiff beam anchored to the ground to prevent any moverheat rate of 0.01 mm/s was
applied to the load cellising displacemertontrol approach.

Figure6. Destructive testing setup

Numerical Model Calibration

In this study,model calibrationis divided into three stages, viz. correlatiomlgsis,

sensitivity analysis and model updatifig.

In correlation analysis, experimental and numerical degrees of freedom (DOF) are
correlategwhichassisin modeshape dent i fi cati on and interpol a

The effect of different parameters on modal properties are investigated using sensitivity
analysis. Parameters included atéfness ofthe boundary conditiong;oncrete and steel
reinforcement material propertie&\ny other variablethat has the potentialot be
considered; however, irrelevant parameters may leadntaipdatedbut physically
meaningless model.
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Due to the fact that construction process ofBbr Girderwas completeth three separate
stagesBox Girderwas grouped into three sectiomkich areweb, soffitand top slabThe

results of thesensitivityanalysiscan be compared iRigure7, in which response-# are

the first four naturalfrequenciesof the Box Girder, and parameterslD arelisted
accordingly Responseand parameters for the modgddatingwere selected based tre
preliminaryparametric studjo investigatethe effect of change ithe updated parameters

due to the variation in thresponse$® Referringto the color code for rate of changes in
each responsé, is apparent from the rate of fluctuation that each experimental response
has a different effect on the corresponding parameter. For example, for first experimental
respons , Young’'s modulus (E) has an i ncreasi ng
decreasingEffect of stiffness from boundary conditiof&X and KY) is marginal on
experimentafrequencieswhich indicates that it is natvery sensitive parameter for model
updating in the case &ox Girder Main effectsin sensitivity analysis are due to concrete
and steelmaterial propertieswhich are considered gmimarily parameters for model
updating

Parameter:

—

KY
KZ 0.2
E. (soffit slab)
E. (web)

E. (top slab)

0.1

Eq
pe (soffit slab)
pe (web)

-0.1

© % i i ;W

pe (top slab)
10. py

Response -0.2

2 . [ §
Parameter

Figure7. Sensitivity analysis

On selection of updating parameters, model updating is conducted using differential
method. CCMEAN is the correlation coefficienf weighted absolute relative differences
betweenupdatedand experimentafrequencieswhile CCMABS is the absolute relative
difference of CCMEANY These correlation coefficients as shown in equa@dandare

used to show the level of agreement between experimental modal parameters and the
corresponding analytical parameters.

N is the number of selected experimental frequen€isshe natural frequency arik is

the response confidence. Perfect cotietaindicates no difference between experimental
modal parameters and their analytical counterparts, therefore representing the bridge in as
is condition.
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N N
Correlation Coefficent El— a C, Dy whereC, = 3C, (4)
i %

R i=1 fi

The graph irFigure8 shows the convergence process during model updating. CCMEAN
is the correlation coefficient ofeighted absolute relative differences between updated and
experimental resonance frequencies; while CCMABS is the absolute relative difference of
CCMEAN. For perfect correlation, the correlation coefficients should be all zero which is
the case fothe Box Girder. Also, very few number of iterations indicates that model
updating is successful with minimal computational time

30 T T

20 - A 4

%% -+ CCABS (%) - CCMEAN(%)

Correlation

L] 1 2 3 4
Iteration

Figure8. Convergence of the model updating

The results obtained from model updatingsusmmarizedn
Table2, and calibrated mode shape$Boix Girderare presented iRigure.
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Table2. Parameters before and after model updating

Parameter Before Updating (adlesigned)A After Updating (ads) ¥
1%mode 22.9 (VB)A 18.9 (VB)
2" mode 43.4 (LB) 60.8 (T)
Frequency (Hz)
39 mode 57.2(LS) 63.3 (VB)
4" mode 61.4 (LB) 73.5 (LS)
Soffit slab 32 15.7
Web 32 27.3
E (GPa)
Top slab 32 18.1
Reinforcemen{ 200 199.8
Soffit slab 2400 2425
Web 2400 2420
1 (kg/m3)
Top slab 2400 2434
Reinforcemen{ 7850 7863
Longitudinal | assumed full stiffness 99.99
K (x10% N/m)
Vertical assumed full stiffness 100

ABox Girderafter construction with posttensionifigovember 2016)

¥ Box Girderwithout posttensioninghlovember2017)

AVB: vertical bending, LB: lateral bending, LS: latesalay, T: torsional

16



Figure9. Mode shapes d@ox Girder

Sound engineering judgment and past experience are two important factors to verify the
accuracy of updated parameters, otherwise updating parameters are forcefully changed
during updating process to match the experimental responses.

Referring to

Table2, modal and structurgroperties of thdBox Girderare changed notably. Values
before updang are asdesigned conditionand modl parameters are for posttensiagin
with different boundary conditions. Whereas after updating parametersiareasslition

of theBox Girder The first four frequenciegbtained from modal testirgre 18.9, 54.2,
64 and80.7 Hz respectively Difference in the modal parameters can kganed by the
fact thatBox Girder has no posttensioning tendcend its boundaryconditiors were
changed leading tdifferent new modes, especially higher ordwdes thaare coupled in
nature. The observed change in material properties can ajsartisly attributed to the
presence of some cracks, which existed inBbe Girderat the soffit slab. These cracks
further propagated during destructive testing, which are explained in the next section.

Load Carrying Capacity Assessment

For the purpose of comparisonCC assessment is carried out using traditidresded
approach(Tier 2), and using proposed virtual load testing (Tier 4). Tier 1 assessment is
excluded due to its simplicity.

LCC ratio

Figure 10 shows the ultimate LCC of tHgox Girderobtained by destructive testing and
virtual load testing. For virtual load testing, three curves represent thelédladtion for
different cantact coefficients between the load cell and the surface 8iak&irderduring
loading phase. Referring to lo@eflection curve, virtual load testing on updated FE model

17



produced similar results to that of experimental curve; considering thedaetltmaterial
and structural properties were bazMculated using SHM techniqyesg.using

Table 2. Parametewd: in Figure 11 illustrates the extent densile damagén affected
concrete zones, values closer to unity indicates higgreile failureand in turnmore
cracks. Propagation of cracks in the virtual ldesting follows similar tned to that of
actual testing, whereracks are developed throughout the bridge width and lstettap to
top slab at miespan.Forlocalized information on damagexisting methods for damage
assessment can be applied to theatgdi modef®
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Figurel0. Load-deflection curve othe Box Girder

Figurell. Crack patterns in destructive testing and virtual load testing

Failure of Box Girderwas divided into three stages, viz. yield, upper yield and ultimate
stage. Referring tbBigurel0, at yield stage when the failure load is 58kN, the bridge enters
postelastic range and appearancdaif-line cracks become visible with bare eyes; while
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at upper yield stage, the failure load increases to 87.5 kN, in which cracks propagate further
by increasing in dimension and extending to the-loaded regions. Ultinta stage is
defined as the failure of the bridge which makes it dysfunctional for service. When the
failure loadreaches 108 kNhe concrete at bottom of mgpan falls off and yield of steel
reinforcements clearly visible, and hence the virtual loadtteiscontinued. Because of

the symmety, load distribution by eachveb is similar and hence substantial load
redistribution occurbefore ultimate stage is reached. Having verified the validity of virtual
load testing against destructive testing, caldgmd@E model is used for shear failure. Using
equation(3), the LCC ratio of the bridge is as follows: 6.48 for ultimate flexural capacity
and 12.3 for ultima shear capacity, which indicates tBai Girderhas higher resistance

to shear failure. Since LCC ratio considers the actual condition of the bigdggipdated
structural and material properties, no load factor is applied to eqa}ion

Analytical model forvirtual load testingheeds to be made once, andah be reused and
updatedfor preparation of field testdentification of posdile failure modesghanges in
configuration of af-right vehicles and assessment after extreme events

Rating Factor

Load ratingwas carried out for bending moment (M) and shear force (V) under two
vehicular loadings: A160 as axle load representing the load cell, and T44 representing the
previous major design vehictéThese vehicular loadings were scaled dowa factor of

10, in order to be applicable to tlB®x Girder carriagewayAs can be seen froirable3

with reference to relative percentage difference (RPD), ultimate LCC 8fath&irderis
changed significantly prior (Tierl and 2) and after consideriagis condition(Tiers 3

and 4) For example, using atesigned condition, flexural capacityaapable of carrying

2.47 tons under A160 loading, while this value drops to 1.84

Table3. Rating factors at ULS

A160 (10%) T44 (10%)
ULS
asdesigned | asis RPD (%) | asdesigned asis RPD (%)
RF 1.51 1.12 1.54 1.15
M 26 25
RFin Tons | 2.47 1.84 6.78 5.1
RF 3.87 3.22 3.46 2.90
Vv 17 16
RFinTons | 6.4 5.3 15.2 12.8

Rating,. jeqignes™ RAUNG, i
Ratingnsr designed

100

Relative Percentage Difference (RPB)
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This can be explained by the fact th&ix Girder had higher flexural resistance with
prestressing force in tHb.4mmtendonlocated in each welbut after removal adendons

the bearing capacitpf the Box Girder relied entirely on concretestrengthand steel
reinforcement. As the result, neutraiswf thewhole Box Girdershifted upwardwhich
made larger portion dox Girderto be inthetensionzone On the other handhearforce
resistance thdtas better ratings in all case#ichis due tothe posttensioningppliedat
each webFrom the priniple of stress flow, the maximum shear stress occurs in the mid
height of web; which is the place that higtestresforcewas induced

Taken together, these results highlight the positive aspects of usingierudissessment
procedure that consideasis condition for bridgdoad rating

Reliability Analysis

All of the previous assessment results are deterministic and do not consiglezertainty

of the parameters, for examplencertaintiesin material propertiesTo account for
uncertainty involved, reliability analysis is performed as a part of Tier 4 assessment to
further validate the information obtained from previous assessment tiers.

Table4. Reliability Index at ULS

A160 (10%) T44 (10%)
ULS

M V M V

B = 2.19pB = 6.25 B = 2.iB = 5.69
asdesigned

Pr=0.0140 Pr=2.0261x101° Pr=0.0093 Pi=6.97x10°

B = 0.77Bp = 5.73 B = 0.i{B = 5.18
asis

Pi=0.2204 Pr=5.1413x 10° P=0.1739 Pr=1.1035x 107

The resultsshown in Table 4 are obtained by RackwHZiessler method as semi
probabilistic procedureonsidering load and resistance parameters as random variables
Theseaesults arén agreement withating factorsin which the likelihood of flexurdhilure

is higher in comparison to shear failure.

Thevalues inTable5 showstherelative importancef random variablesn the computed

LSF for the flexural capacitand shear capacitynder A160 (10%)and T44 (10%)
loadings. Fromthe comparisonf the data in two different states of the Box Girdiecan

be seen that proportion of the resistance on overall reliability is increased, while for LL is
decreasedwith marginal change for DLBox Girder was mainly affected by load and
resistance parasters due to the changes since its construction; whereas fandd5DL
minimalchange is observed dueitsignificant variation in thenass of théridge In fact,

for asdesigned assessment, the theoretical capacity of the bridge is obtained by nominal
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values and it is compared by the nominated vehicular loading, so the basis of the design is
the capability to withstand vehicular loading. Therefore, douting variable that mostly
affects the asdesigned condition is the LL on bridge. However, foisagssessment, the
existing capacity of bridge is obtained by a range of values and it is compared against the
nominated vehicular loading. Due time-dependentchangs in the materialsproperties,
physical and structural conditionsthe corresponding change load and resistance
parametersan be studietb identify critical parameters for any LSF@toading condition

Table5. Relative importance of randowariables in LSFKor different loading conditions

A160 (10%) T44 (10%)
ULS Resistance DL LL Resistance DL LL
(%) (%) (%) (%) (%) (%)
34 <1 65 33 <1 66
asdesigned
M
46 <1 53 47 <1 52
asis
39 <1 60 37 <1 62
asdesigned
V
41 <1 58 42 <1 57
asis

To allow a deeper insightto the effect of variables on the overall stability &yully
probabilistic approachall of the parametergontributing to the flexural and shear
capacities oBox Girderare considered as random variahissyg MCMC(refer toTable

1). Based on the calculated probability with 95% confidence intervat 6,000 data
samplesit is foundthat the resistance of BG is nimilowing a normal distribution, as
assumed imablel. For A160(10%) loadingthe probability of failure(Pr= 00.1173 is
increased because all of the parameters affecting the flexural capacity are considered as
random variables, which enables to investigate any parameter associated with uncertainty
such as uncertainiy nonlinear material propertie¥he ultimate shearapacity without
considering shear reinforcement Has: 0.0265, whilethis valuereduceso 1.4x10°for
ultimate shear capacity limited by web crushing.

Similar procedure is applicable to any combination of random variables for diffienént

state functionsinder various load effects, such as those presenteabie4 that enables

to determine the most significant parameters affecting the capacity of the bridge.
Implication of the reliability analysis in Tier 4 is to fill the plausibility gap between actual
and estimated LCC of the bridge. Reliability analysisTiar 4 takes into account any
noticed and unnoticed error at any stage of assessment, and qualitatively evaluates the
accuracy of the estimated LCC in terms of bridge safety index and likelihood of future
failure.
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Conclusionand Path Forward

This sty was set out to develop a comprehensive assessment framework for capacity
evaluation of existing bridgeand to further refine existingractice forbridge assessment

in Australia Due to the lack of advanced assessnpeotedurs and reliabilityfocusel
guidelines in AS 5100.7, a muktier assessmergrocedurewas proposed with varying

levels of the complexity to advance the existing assessment practice, and to provide a
framework for higher order analysis where the results of previous assessmerdteindi
critical ratings.Basedon the LCC assessment and reliability analgsisan existingdox

Girder bridge it was observethat byusing asis information of the bridgebtained by

SHM techniquesactual response of the bridge to external loading can be evaluated.

All things considered, the findings of this study provided insights into a comprehensive
assessmenframework that highlighted the significance of using SHM techniques for
bridge assesnent, and strengthened the idea that SHM techniques could be practically
implementedor bridge assessmeunsingAS 5100.7.

The future path of this study is to generalize the implication of SHM techniques for
practice, not only limited to bridge assessmméut also for design and assessment of other
infrastructures. To improve the productivity of freight network and Australian bridge stock,
proposed multtier assessmemrocedures very effective in enhancing the accuracy of
assessment and maximizirigetefficiency of freight community.
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