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Many different methods including physics-based dgerdetection, data-driven damage
detection and statistics-based damage detectioe baen developed, but a limited
number of successful applications are achieved.h\Warge investment made in
developing smart sensors and monitoring the agedl iofrastructure systems, it is
essential to develop effective method to leverdge usage of the large scale of the
observed data for detecting possible damage ay stafje. This paper presented an
effective damage detection model and the soluti@thod for identifying structure
damage elements. The model is formulated to simeltausly search for the given
number of the damaged elements and the corresgpddmage indicators. It is a mixed
integer and continuous optimization problem thasatved by applying a competent
genetic algorithm to minimize the discrepancy bemvéhe field monitored and model
analyzed responses. A software framework previoysigtotyped for FE model
parameter identification is extended for structutaimage detection. The framework
takes advantage of well-developed FE analysis msodetl software design patterns.
The method is implemented by parallelizing the sofu evaluations on a cluster of
many-core machines. The parallel optimization seasally speed up the computation
and enable fast convergence of the integrated rdefftte developed method has been
tested on the identification of the damage scerfaria large truss structure. The results
obtained show that the proposed method is effedivdetecting damage in a large
infrastructure system.
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ABSTRACT: Many different methods including physicased damage detection, data-
driven damage detection and statistics-based dameigetion have been developed,
but a limited number of successful applications achieved. With large investment
made in developing smart sensors and monitorin@geel civil infrastructure systems,
it is essential to develop effective method to tage the usage of the large scale of the
observed data for detecting possible damage ay stabe. This paper presented an
effective damage detection model and the soluti@thod for identifying structure
damage elements. The model is formulated to simedtasly search for the given
number of the damaged elements and the corresgpddmage indicators. It is a mixed
integer and continuous optimization problem thasa$ved ?/ applying a competent
genetic algorithm to minimize the discrepanc?é bemvéhe field monitored and model
analyzed responses. A software framework previoysigtotyped for FE model
parameter identification is extended for structutamage detection. The framework
takes advantage of well-developed FE analysis nsodetl software design patterns.
The method is implemented by parallelizing the sotuevaluations on a cluster of
many-core machines. The parallel optimization seasally speed up the computation
and enable fast convergence of the integrated rdefftte developed method has been
tested on the identification of the damage scerfaria large truss structure. The results
obtained show that the proposed method is effeciveetecting damage in a large
infrastructure system.

1 INTRODUCTION

Over last decades, three types of damage detaugtimods (Doebling et al. 1996) have
been investigated for SHM, namely physics-base ousthdata-driven methods and
statistics-based method. Physics-based methodimdetothe physical characteristics of
a structure system by solving an inverse probleimchvcorrelates the corresponding
mathematic model, e.g. finite element model, witie tmonitored responses. The
induced characteristics are attempted to reprgses#ible deterioration or damage. The
inverse problem is often formulated as a searchblpno solved by employing
optimization algorithms. This type of method is moful but dependent on the sound
analytical model to begin with. With FE model hayimeen well-developed and widely-
used by structural engineers, it is highly desegatd have an effective method and
versatile software tool to calibrate FE model. lifl mot only assist engineers to
establish a sound FE model but also detect possameage in a structure system.
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2 BRIEF REVIEW

In structural damage identification, the calibrakdel model, which reflects the change
of properties (e.g. section area, boundary condioed etc.) of a civil structure, can be
used to locate structural damages. The accurateédel can be established by FE
model parameter identification, which adjusts pastars of FE model through
minimizing the discrepancy or error functions begwéehe observed/monitored data and
the corresponding FE model responses (FriswelMoitershead 1995).

Until recently, few widely-used commercial strueuranalysis software provides
functionality of FE model parameter calibrationtbe best knowledge of the authors.
There are several stand-alone FE model parametiena¢gion programs e.g. PARIS
(Sanayei 1997). The modeling capacity of thesernarag is limited for several reasons.
The types of built-in finite elements of the staaldne programs are inadequate and
have no CAE environment, which may lead to diffi@d in modeling, especially for
structures with complex configurations and boundewspditions. Moreover, in some
cases, the FE models created at the stage ofstmlidiesign can be used by parameter
estimation to do model updating as a nominal modio, well-developedstructural
analysis software provides application programmiirtgrface (API) module (Bentley
2007; Computers and Structures 2005), by whichpgtiGation program can request FE
analysis and access results. To take advantag®bfm&dule of commercial structural
analysis software and existing FE model from desabject-oriented design patterns
were applied in the proposed software frameworkEtemodel parameter calibration.

Stiffness and mass matrices of FE models can bategdn one step without iteration
by direct method (Baruch and Bar Itzhack 1978; W@90). The updated models are
usually lacking of physical significance, althouglie model responses can match
experimental data well. Parameter estimation carfob@ulated as an optimization
problem of finding the optimal values of uncertgparameters of a FE model by
minimizing the discrepancy between the modeled thiedsensed values of structure
responses. Regardless of any specific form of acatibg function, it is a function of
stiffness and mass matrices, which leads to naalitye(Sanayei et al. 2006). Soh and
Dong (2001) proposed an inverse problem solvingriaterial uncertainty of Young's
modulus. One uncertain Young’s modulus was assigoelde identified for all the
elements of the same material. Two examples inctud steel plate and pavement
quality problems were demonstrated. One Young’s uh@parameter was optimized
for the first example while two Young’'s modulus gaeters, one for each of two layers
were optimized for the composite pavement probléd.was applied to identify a set
of stiffness reduction factor (SRF) as the indicatbstructure damages (Hao and Xia
2002). SRF is defined as the ratio of stiffnessucéidn to the initial stiffness. One
finite element is assigned with SRF to be iderdifiStiffness reduction seems to be
more meaningful to indicate structural damage tWamng’'s modulus variation, but
both types of parameters are not directly relatethe physical property of structure
damage.

In addition to selection of appropriate damage ipatars, the definition of objective
functions, which interpret FE models quantitativasy critical in parameter estimation
in that they affect the performance of searchirgress. In Wang et al. (2007a; 2007b),
specific static and modal response based objedtimetions (error functions) were
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defined for bridge FE model calibration separat&gnayei et al. (2006) proposed a
multiresponse error function by normalizing theoerfunction matrix with the initial
value of the matrix, based on the initial parametdues. It makes the error of a model
depend on the initial parameter values, which neagrbitrary.

In this paper, structure damage is represented wittet of meaningful geometric
parameters, a finite element model identificatioatimod is formulated by proposing a
unified fitness function that is based on the eriarboth static and modal responses. A
prototype of software framework (Wu and Xu 201EBsidned and implemented for FE
model parameter estimation, is extended for streaalamage detection. The framework
draws advantages from available structural anabdiisvare and FE model with proper
design patterns. It also offers the flexibility pdirameter selection and the functionality
of parameter grouping. To estimate the parametffigeatly, GA is integrated as
optimization algorithm. The functionality and perftance of the framework were
demonstrated by an example application to a tringstare.

3 FINITE ELEMENT MODEL IDENTIFICATION

The task of FE model calibration is to optimize thaterial and geometric parameters,
which also represent the damage location and sizehy that the observed structure
responses match well with those calculated by uBiBgmodel. To be a unified and
generic framework for parameter estimation, botitistand modal responses are
considered. The static responses as well as medpbnses are assumed to be equally
important for the estimation. Each of static testl aibration mode reveals a part of
characteristics of a structure. Moreover, the efiwoctions should be independent of the
value of a specific response. For example, ther efaesponses from two measured
degree of freedom (DoF) should contribute equallthe objective functions, no matter
what the values are. Therefore, the mean absolktteeptage error (MAPE), which
measures the relative error in each response gquall, is introduced to avoid the
situation that the error from one specific respotigminates the objective function. In
addition, the MAPE gives an apparent indicatiomafv good a model is relative to the
corresponding real structure.

The static based error function is defined to mesathe discrepancy in static model and
observed responses given as:

E = 1ii| ij ij| (1)
N E=5=1{VI

where U; is the displacement or strain at measured Ddbr load casej, N is the

number of DoF andM is the number of load cases. The superscApienotes the
analytical responses, whi@@denotes the observed responses.

To calibrate FE models or detect structural damamesurately, especially small
damages, it requires that objective function isgem to small changes of properties or
dimensions of a structure. The modal flexibility(Bean and Flannelly 1971), which has
been used in structural damage detection (PanddyBswas 1994; Doebling and
Farrar 1995), is a sensitive index of changesrunctires. It increases with occurrences
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of structural deterioration or damage, since ithis inverse of stiffness. The modal-
based error function is defined as:

1 &R -F?
By =—=22 o 2)
n- = j=1 Fij
WhereF represents flexibility matrix defined as
e DD
F=®A ®=) —— 3)
= o

in which <I):[<I)1,CI>2,...,<I)n]is the mode shape matrix\ is the diagonal matrix of

squared natural frequenciediag(«f), « is the ith natural frequency®;is theith

mode shapesy is the number of measured DoF in modal responsgmas the number
of the modes used to approximate mode shapes.

The mode shapes in equation (3) need to be noredai unity respect to a mass matrix
as®'M® =1 . Theoretically, all the mode frequencies and shape required to obtain

the accurate flexibility matrix of a structure. pnactice, only several lower frequency
modes can be measured due to the limit of techaignd complexity of structures. It is
not a serious problem since the contributions froigher frequency modes to the
flexibility matrix is small when comparing to lowenodes, as shown in equation (3).
Hence, a good estimate of the flexibility matrixnclae obtained with only a few of

lower frequency modes.

Alternatively, the error functions for evalutaingusture dynamic characteristics can
also be given as:

E, =3 Jor -of| @
B, =Y (15 - 1%’ (5)

Where f,Fand f* are the measured and analyzed frequencies of etémespectively.

Following the definition of the separate errordtians, a unified objective function is
defined as:

E; =Es +E, +aF; (6)

where subscript T denotes the total model errduding static and modal error, and
is the weighting factor. The model identificatianassentially an optimization problem.
For civil structure damage detection based on FHehdhe task is to identify which

elements are likely damaged and how severe the gksrare. Let vectoX represent
the damage parameters, each of the damage pararaeter can be a crosssection area
or Young's modulus for an element. For a largeldnfrastructure system, it is typical
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that hundreds or even thousands of elements adeiseFE model. It is not possible to
effectively and efficiently solve such a high dirsemal optimization problem. In fact,
only a limited number of members or elements ataadly damaged in real situation.
The goal is to effectively identify the limited nber of damage elements. Therefore,
the damage detection problem is formulated to semca given number of damaged
elements and the corresponding damages. It is fatetlias follows.

—_—

Search for  (X,1DX) = (X, Xy, Xg,..., Xy 00X, , 10X, , 10X ,...,idX, ) 7)

Minimize E; (8)

Subjectto  x™ <x <x™,i=1,..N (9)
id, JID (10)

WhereN is the maximum number of damaged elemexts, = 1, ...,N, is the i-th

damage parameterD_X is the location vector of the damaged elementg,is thei-th

damaged elemen™ and x™ are the minimum and maximum limits of the damage

parameter respectively, anD represents the set of all the finite elements.rdlage
often hundreds of elements in a real civil infratsure system. If one variable is
assigned to one element, hundreds of variablesoape optimized. Instead, using the
formulation above, the number of decision varaibles2N, N is precribed as the
maximum number of damaged elements in a systeis.uisually a small number. For
instance, for a system with 500 elements, assuatahlh maximum number of actually
damaged elements be 5, the number of decisionblasizgs 10, which sigficantly reduce
the dimension of the problem.

The optimization model as formulated by Eq. (7)a= @0) is a search problem with the
mixed continuous and discrete decision variables $olved by using the competent
genetic algorithm (GA) that has been applied toewalistribution optimization (Wu
2009). During the optimization process, it is conmmimat thousands of possible
solutions need to be analyzed by using FE anadgdisr. It is time consuming process.
A parallel optimization framework is developed feed up the process.

4 PARALLEL OPTIMIZATION

A manager/worker model (Wu and Zhu 2009; Wu, Wahgala and Mi 2011a, 2011b)
is adopted for FE model updating and structure dgndetection optimization. After
GA initialization, manager process sends chromosamevorker processes where EPS
and fitness calculation is performed for solutioraleation. Then manager process
collects the fitness value of chromosomes from wogkocesses. The manager process
is also responsible for GA operations (selectiod asproduction) to search for the
optimal chromosome based on the searching critéridask parallelism model is
implemented over a cluster of computers so that cama greatly enhance our
computation capability while making the best usecamputer resources. MPICH2 is
employed as the communication APl among computéhe communication and
computation scope for manager/worker task parsitels as follows.

* Manager process creates and sends solutions t@mnomcesses.
» Worker processes perform FE analysis and solutraiuation.
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« Worker processes send the fitness values back tagea process.
* Manager process searches for the optimal solutsedon fitness value.

5 APPLICATIONS

To test performance of the proposed frameworkaagsl truss structure with senventy-
seven members as shown in Figure was demonsira@ggplication of the FE model
identification method.

51 Example
The truss is simply supported at the bottom andhallmembers are made of steel with
circle section. To simulate the damaged structilme,section diameter of the selected
member is reduced from the 0.03m to 0.02m, whilg¢hed other members are in the
healthy condition with the original dimension. Thamaged structure scenario was
analyzed by using FE solver built in STAAD.Pro. Tdaculated results of five modal
responses for the damage scenario were used fsialyi monitored data. To detect
the damage in the truss structure system, two darsegnarios are tested as follows.
|. Damage scenario I. One memeber, as showm in FRueas asummed in the
damage condition. The damaged member (65) is lyigeld.
II. Damage scenario Il. Five memebers (65, 44, 43 d/6arconnected at the same
joint, as shwon in Figure 3, were assumed in thenadged condition. This
represents a joint failure.

Assuming no pre-knowledge is given on which mentdrehow many members were
damaged in the truss structure system, the inedjrahethod was applied to
optimization of the correct section diameters frenty-seven bars. The bar(s) with the
reduced section diameter is deemed as the daméegadrg.

&
Figure 1 Example truss structure for damage detecti
iy
Figure 2 Damage scenatrio |
el
Figure 3 Damage scenatrio Il
52 Results



ath

DECEMBER 11-15

5th International Conference on
Structural Health Monitoring of Intelligent Infrastructure (SHMII-5) 2011
11-15 December 2011, Canctin, México

The upper bound of all parameters was set to 0.8&rding to the original diameter
in that structural damages usually lead to decredsmember sections other than
increase. In real application of parameter estiomatihe value of lower bound of
uncertain parameters depends on a variety of fasiech as site location, surrounding
environment, history records and etc.. Here, aevalu0.01m, which is smaller than the
assumed diameter of 0.02m, was simply used. Thelgibpn size for each generation
was set to fifty-five for GA optimization. The assad damaged truss was analyzed in
STAAD.Pro to get modal responses of the first finedes, which was compared with
modal responses of trails of FE model to calcutater and fitness.

The results obtained for both damage scenariospegsented in Figure 4 and 5
respectively. For scenario |, the error objectivaction was minimized from 0.25 to 0
after 20 generations of GA optimization and thendged bar was identified as shown
in Figure 4(b). For scenario ll, it takes many moials than scenario Il before reaching
a good solution. However, satisfactory solutiongem®und after 200 generations of
GA optimization. Figure 5(a) demonstrates the cogeece rate of the GA optimization
for scenarion Il while Figure 5(b) illustrates tlwemparison of the GA-identified

damage members and the acutaul damages bars.
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6 CONCLUSIONS

A FE model parameter identification method has bdeweloped for civil structure

damage detection in this paper. The method provatesintegrated approach for
estimating FE model parameters, which can be anmgbgmtion of material and

geometric attributes as desired. The competengtgealgorithm has been applied to
optimize the FE model identification. The optimipat process is parallelized to speed
up the conputation. It enables engineers to cotissaund analytical model for the
existing structure systems and also detect posdglalmages for structure health
monitoring. To evaluate the effectiveness of the-liz&ed framework, a fitness
function considering errors from both static anddalaesponses is implemented. The
method and parallel optimization frameowrk havenbseccessfully applied to the
damage detection of a relatively large truss stinect Two damage scenarios are
effectively and efficiently identified. The resultbtained indicate that the developed
method is promising in practical applications ofdbzing likely damage elements so
that the field investigation can be undertaken Wigbus on the identified structural

element.

7 REFERENCES

Baruch, M., and Bar ltzhack, I. Y. 1978. Optimal iglged orthogonalization of
measured modes. AIAA Journal, 17(8), 927-928.

Bentley Systems, Inc. 2008TAAD.Pro 2007 technical reference manual, Exton, PA,
<http://www.bentley.com/>

Berman, A., and Flannelly, W., G. 1971. Theory néamplete models of dynamic
structures. AIAA Journal, 9(8), 1481-1487.

Computers and Structures, Inc. 20@H analysis reference manual for SAP2000,
ETABS, and SAFE, Berkeley, CA, qttp://www.csiberkeley.com/>

Doebling, S. W., and Farrar, C. R. 1995. Computatid Structural Flexibility For
Bridge Health Monitoring Using Ambient Modal DatBroceedings of the 11th
ASCE Engineering Mechanics Conference.

Doebling, S. W., Farrar, C. R., Prime, M. B., ande@tz, D. W. 1996. Damage
identification and health monitoring of structurahd mechanical systems from
changes in their vibration characteristics: A htere review. Technical Report, LA--
13070-MS, Los Alamos National Lab., NM

Friswell, M. I., and Mottershead, J. E. 199inite Element Model Updating in
Sructural Dynamics, Kluwer Academic Publishers: Dordrecht.

Hao, H., and Xia, Y. (2002). "Vibration-based DamaDetection of Structures by
Genetic Algorithm."Journal of Computing in Civil Engineering, 16(3), 222-229.

Pandey, A. K., and Biswas, M. (1994). "Damage Dieiadn Structures Using Changes
in Flexibility." Journal of Sound and Vibration, 169(1), 3-17.

Sanayei, M., Bell, E. S., Javdekar, C. N., EdelmahnL., and Slavsky, E. 2006.
Damage Localization and Finite-Element Model UptatiUsing Multiresponse
NDT Data. Journal of Bridge Engineering, 11(6), G%B8.

Soh, C. K., and Dong, Y. X. 2001. Evolutionary Feegming for Inverse Problems in
Civil Engineering. Journal of Computing in Civil §neering, 15(2), 144-150.

Sanayei, M. (1997)PARISPARameter |dentificafication System, Tufts University.
Medford, Mass.




5th International Conference on
Structural Health Monitoring of Intelligent Infrastructure (SHMII-5) 2011
11-15 December 2011, Canctin, México

ath

DECEMBER 11-15

Wang, X., Swanson, J. A., Helmicki, A. J., and Hut J. 2007a. Development of
Dynamic-Response-Based Objective Functions for té-iBlement Modeling of
Bridges. Journal of Bridge Engineering, 12(5), &5

Wang, X., Swanson, J. A., Helmicki, A. J., and Huwit J. 2007b. Development of
Static-Response-Based Objective Functions for é&iBlement Modeling of Bridges.
Journal of Bridge Engineering, 12(5), 544-551.

Wei, F.-S. 1990. Mass and stiffness interactioraff in analytical model modification.
AIAA Journal, 28(9), 1686-1688.

Wu, Z. Y. 2009. A unified Approach for Leakage Dxtiten and Extended Period Model
Calibration of Water distribution Systems. Urbanté/alournal, 6(1), 53-67.

Wu, Z. Y. and Zhu, Q. 2009Scalable Parallel Computing Framework for Pump
Scheduling OptimizationwWorld Environmental & Water Resources Congress, May
17-21, 2009, Kansas, Missouri, USA.

Wu, Z. Y. and Xu G. 2011. Integrated evolutionaptimization framework for finite
element model identification. First Middle East @aence on Smart Monitoring,
Assessment and Rehabilitation of Civil Infrastruetu=eb. 8-11, 2011, Dubai, UAE.

Wu, Z. Y., Wang, Q, Butala, S. and Mi T. 20T3arwin Optimization Framework User
Manual. Bentley Systems, Incorporated, Watertown, CT GG TEBA.

Wu, Z. Y., Wang, Q, Butala, S. and Mi T. 2011. Gafized Framework for High
Performance Infrastructure System Optimizaiton. cBeding of International
Conference on Computing and Control for Water IngusSept. 3-7, 2011, Exeter,
UK.

-10 -



