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Many different methods including physics-based damage detection, data-driven damage 
detection and statistics-based damage detection have been developed, but a limited 
number of successful applications are achieved. With large investment made in 
developing smart sensors and monitoring the aged civil infrastructure systems, it is 
essential to develop effective method to leverage the usage of the large scale of the 
observed data for detecting possible damage at early stage. This paper presented an 
effective damage detection model and the solution method for identifying structure 
damage elements. The model is formulated to simultaneuously search for the given 
number of the damaged elements and the corresponding damage indicators. It is a mixed 
integer and continuous optimization problem that is solved by applying a competent 
genetic algorithm to minimize the discrepancy between the field monitored and model 
analyzed responses. A software framework previously prototyped for FE model 
parameter identification is extended for structural damage detection. The framework 
takes advantage of well-developed FE analysis models and software design patterns. 
The method is implemented by parallelizing the solution evaluations on a cluster of 
many-core machines. The parallel optimization is essentially speed up the computation 
and enable fast convergence of the integrated method. The developed method has been 
tested on the identification of the damage scenario for a large truss structure. The results 
obtained show that the proposed method is effective at detecting damage in a large 
infrastructure system.  
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ABSTRACT: Many different methods including physics-based damage detection, data-
driven damage detection and statistics-based damage detection have been developed, 
but a limited number of successful applications are achieved. With large investment 
made in developing smart sensors and monitoring the aged civil infrastructure systems, 
it is essential to develop effective method to leverage the usage of the large scale of the 
observed data for detecting possible damage at early stage. This paper presented an 
effective damage detection model and the solution method for identifying structure 
damage elements. The model is formulated to simultaneously search for the given 
number of the damaged elements and the corresponding damage indicators. It is a mixed 
integer and continuous optimization problem that is solved by applying a competent 
genetic algorithm to minimize the discrepancy between the field monitored and model 
analyzed responses. A software framework previously prototyped for FE model 
parameter identification is extended for structural damage detection. The framework 
takes advantage of well-developed FE analysis models and software design patterns. 
The method is implemented by parallelizing the solution evaluations on a cluster of 
many-core machines. The parallel optimization is essentially speed up the computation 
and enable fast convergence of the integrated method. The developed method has been 
tested on the identification of the damage scenario for a large truss structure. The results 
obtained show that the proposed method is effective at detecting damage in a large 
infrastructure system. 

1 INTRODUCTION 
Over last decades, three types of damage detection methods (Doebling et al. 1996) have 
been investigated for SHM, namely physics-base methods, data-driven methods and 
statistics-based method. Physics-based method is to infer the physical characteristics of 
a structure system by solving an inverse problem, which correlates the corresponding 
mathematic model, e.g. finite element model, with the monitored responses. The 
induced characteristics are attempted to represent possible deterioration or damage. The 
inverse problem is often formulated as a search problem solved by employing 
optimization algorithms. This type of method is powerful but dependent on the sound 
analytical model to begin with. With FE model having been well-developed and widely-
used by structural engineers, it is highly desirable to have an effective method and 
versatile software tool to calibrate FE model. It will not only assist engineers to 
establish a sound FE model but also detect possible damage in a structure system. 
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2 BRIEF REVIEW 
In structural damage identification, the calibrated FE model, which reflects the change 
of properties (e.g. section area, boundary condition and etc.) of a civil structure, can be 
used to locate structural damages.  The accurate FE model can be established by FE 
model parameter identification, which adjusts parameters of FE model through 
minimizing the discrepancy or error functions between the observed/monitored data and 
the corresponding FE model responses (Friswell and Mottershead 1995). 
 
Until recently, few widely-used commercial structural analysis software provides 
functionality of FE model parameter calibration to the best knowledge of the authors. 
There are several stand-alone FE model parameter estimation programs e.g. PARIS 
(Sanayei 1997). The modeling capacity of these programs is limited for several reasons.  
The types of built-in finite elements of the stand-alone programs are inadequate and 
have no CAE environment, which may lead to difficulties in modeling, especially for 
structures with complex configurations and boundary conditions. Moreover, in some 
cases, the FE models created at the stage of structural design can be used by parameter 
estimation to do model updating as a nominal model. Also, well-developedstructural 
analysis software provides application programming interface (API) module (Bentley 
2007; Computers and Structures 2005), by which an application program can request FE 
analysis and access results. To take advantage of API module of commercial structural 
analysis software and existing FE model from design, object-oriented design patterns 
were applied in the proposed software framework for FE model parameter calibration. 
 
Stiffness and mass matrices of FE models can be updated in one step without iteration 
by direct method (Baruch and Bar Itzhack 1978; Wei 1990). The updated models are 
usually lacking of physical significance, although the model responses can match 
experimental data well. Parameter estimation can be formulated as an optimization 
problem of finding the optimal values of uncertain parameters of a FE model by 
minimizing the discrepancy between the modeled and the sensed values of structure 
responses. Regardless of any specific form of a objective function, it is a function of 
stiffness and mass matrices, which leads to nonlinearity (Sanayei et al. 2006). Soh and 
Dong (2001) proposed an inverse problem solving for material uncertainty of Young’s 
modulus. One uncertain Young’s modulus was assigned to be identified for all the 
elements of the same material. Two examples including a steel plate and pavement 
quality problems were demonstrated. One Young’s modulus parameter was optimized 
for the first example while two Young’s modulus parameters, one for each of two layers 
were optimized for the composite pavement problem. GA was applied to identify a set 
of stiffness reduction factor (SRF) as the indicator of structure damages (Hao and Xia 
2002). SRF is defined as the ratio of stiffness reduction to the initial stiffness.  One 
finite element is assigned with SRF to be identified. Stiffness reduction seems to be 
more meaningful to indicate structural damage than Young’s modulus variation, but 
both types of parameters are not directly related to the physical property of structure 
damage. 
 
In addition to selection of appropriate damage parameters, the definition of objective 
functions, which interpret FE models quantitatively, is critical in parameter estimation 
in that they affect the performance of searching process. In Wang et al. (2007a; 2007b), 
specific static and modal response based objective functions (error functions) were 
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defined for bridge FE model calibration separately. Sanayei et al. (2006) proposed a 
multiresponse error function by normalizing the error function matrix with the initial 
value of the matrix, based on the initial  parameter values. It makes the error of a model 
depend on the initial parameter values, which may be arbitrary.  
 
In this paper, structure damage is represented with a set of meaningful geometric 
parameters, a finite element model identification method is formulated by proposing a 
unified fitness function that is based on the errors in both static and modal responses. A 
prototype of software framework (Wu and Xu 2011), designed and implemented for FE 
model parameter estimation, is extended for structure damage detection. The framework 
draws advantages from available structural analysis software and FE model with proper 
design patterns. It also offers the flexibility of parameter selection and the functionality 
of parameter grouping. To estimate the parameters efficiently, GA is integrated as 
optimization algorithm. The functionality and performance of the framework were 
demonstrated by an example application to a truss structure.  
 
3 FINITE ELEMENT MODEL IDENTIFICATION 
The task of FE model calibration is to optimize the material and geometric parameters, 
which also represent the damage location and size, such that the observed structure 
responses match well with those calculated by using FE model. To be a unified and 
generic framework for parameter estimation, both static and modal responses are 
considered. The static responses as well as modal responses are assumed to be equally 
important for the estimation. Each of static test and vibration mode reveals a part of 
characteristics of a structure. Moreover, the error functions should be independent of the 
value of a specific response. For example, the error of responses from two measured 
degree of freedom (DoF) should contribute equally to the objective functions, no matter 
what the values are. Therefore, the mean absolute percentage error (MAPE), which 
measures the relative error in each response equally well, is introduced to avoid the 
situation that the error from one specific response dominates the objective function. In 
addition, the MAPE gives an apparent indication of how good a model is relative to the 
corresponding real structure. 
 
The static based error function is defined to measure the discrepancy in static model and 
observed responses given as: 
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where ijU  is the displacement or strain at measured DoF i  for load case j , N is the 

number of DoF and M is the number of load cases. The superscript A denotes the 
analytical responses, while O denotes the observed responses. 
 
To calibrate FE models or detect structural damages accurately, especially small 
damages, it requires that objective function is sensitive to small changes of properties or 
dimensions of a structure. The modal flexibility(Berman and Flannelly 1971), which has 
been used in structural damage detection (Pandey and Biswas 1994; Doebling and 
Farrar 1995), is a sensitive index of changes in structures. It increases with occurrences 
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of structural deterioration or damage, since it is the inverse of stiffness. The modal-
based error function is defined as: 
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Where F represents flexibility matrix defined as 
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in which [ ]nΦΦΦΦ ,...,, 21= is the mode shape matrix, Λ is the diagonal matrix of 

squared natural frequencies, )( 2
idiag ω , iω is the i th natural frequency, iΦ is the i th 

mode shapes, n is the number of measured DoF in modal responses and m is the number 
of the modes used to approximate mode shapes. 
 
The mode shapes in equation (3) need to be normalized to unity respect to a mass matrix 
as IMΦΦ =T . Theoretically, all the mode frequencies and shapes are required to obtain 
the accurate flexibility matrix of a structure. In practice, only several lower frequency 
modes can be measured due to the limit of techniques and complexity of structures. It is 
not a serious problem since the contributions from higher frequency modes to the 
flexibility matrix is small when comparing to lower modes, as shown in equation (3). 
Hence, a good estimate of the flexibility matrix can be obtained with only a few of 
lower frequency modes. 

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

 
(4) 
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Where E

if and A
if  are the measured and analyzed frequencies of element i respectively. 

Following the definition of  the separate error functions, a unified objective function is 
defined as: 
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where subscript T denotes the total model error including static and modal error, and α 
is the weighting factor. The model identification is essentially an optimization problem. 
For civil structure damage detection based on FE model, the task is to identify which 
elements are likely damaged and how severe the damages are. Let vector X

r
represent 

the damage parameters, each of the damage parameter vector can be a crosssection area 
or Young’s modulus for an element. For a large civil infrastructure system, it is typical 
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that hundreds or even thousands of elements are used in a FE model. It is not possible to 
effectively and efficiently solve such a high dimensional optimization problem. In fact, 
only a limited number of members or elements are actually damaged in real situation. 
The goal is to effectively identify the limited number of damage elements. Therefore, 
the damage detection problem is formulated to search for a given number of damaged 
elements and the corresponding damages. It is formulated as follows. 
 

Search for  ( )NN idxidxidxidxxxxxIDXX ,...,,,,,...,,,),( 321321=
r

  (7) 

Minimize  TE          (8) 

Subject to  maxmin
iii xxx ≤≤ , i = 1, ..., N      (9) 

  IDid i ∈         (10) 

 
Where N is the maximum number of damaged elements, xi, i = 1, ..., N, is the i-th 

damage parameter, IDX  is the location vector of the damaged elements, idxi is the i-th 
damaged element, min

ix  and max
ix are the minimum and maximum limits of the damage 

parameter respectively, and ID represents the set of all the finite elements. There are 
often hundreds of elements in a real civil infratsructure system. If one variable is 
assigned to one element, hundreds of variables are to be optimized. Instead, using the 
formulation above, the number of decision varaibles is 2N, N is precribed as the 
maximum number of damaged elements in a system. It is usually a small number. For 
instance, for a system with 500 elements, assume that the maximum number of actually 
damaged elements be 5, the number of decision variables is 10, which sigficantly reduce 
the dimension of the problem.  
 
The optimization model as formulated by Eq. (7) – Eq. (10) is a search problem with the 
mixed continuous and discrete decision variables. It is solved by using the competent 
genetic algorithm (GA) that has been applied to water distribution optimization (Wu 
2009). During the optimization process, it is common that thousands of possible 
solutions need to be analyzed by using FE analysis solver. It is time consuming process. 
A parallel optimization framework is developed to speed up the process. 
 
4  PARALLEL OPTIMIZATION 
A manager/worker model (Wu and Zhu 2009; Wu, Wang, Butala and Mi 2011a, 2011b) 
is adopted for FE model updating and structure damage detection optimization. After 
GA initialization, manager process sends chromosomes to worker processes where EPS 
and fitness calculation is performed for solution evaluation. Then manager process 
collects the fitness value of chromosomes from worker processes.  The manager process 
is also responsible for GA operations (selection and reproduction) to search for the 
optimal chromosome based on the searching criteria. A task parallelism model is 
implemented over a cluster of computers so that we can greatly enhance our 
computation capability while making the best use of computer resources. MPICH2 is 
employed as the communication API among computers. The communication and 
computation scope for manager/worker task parallelism is as follows. 
 

• Manager process creates and sends solutions to worker processes. 
• Worker processes perform FE analysis and solution evaluation. 
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• Worker processes send the fitness values back to manager process. 
• Manager process searches for the optimal solution based on fitness value. 

5 APPLICATIONS 
To test performance of the proposed framework, a planar truss structure with senventy-
seven members as shown in Figure  was demonstrated in application of the FE model 
identification method. 
 
5.1 Example 
The truss is simply supported at the bottom and all the members are made of steel with 
circle section. To simulate the damaged structure, the section diameter of the selected 
member is reduced from the 0.03m to 0.02m, while all the other members are in the 
healthy condition with the original dimension. The damaged structure scenario was 
analyzed by using FE solver built in STAAD.Pro. The calculated results of five modal 
responses for the damage scenario were used as artificially monitored data. To detect 
the damage in the truss structure system, two damage scenarios are tested as follows. 

I. Damage scenario I. One memeber, as showm in Figure 2, was asummed in the 
damage condition. The damaged member (65) is highlighted. 

II.  Damage scenario II. Five memebers (65, 44, 43, 7 and 6) connected at the same 
joint, as shwon in Figure 3, were assumed in the damaged condition. This 
represents a joint failure. 

 
Assuming no pre-knowledge is given on which member or how many members were 
damaged in the truss structure system, the integrated method was applied to 
optimization of the correct section diameters for seventy-seven bars. The bar(s) with the 
reduced section diameter is deemed as the damaged element. 
 

 
Figure 1 Example truss structure for damage detection 

 

 

Figure 2 Damage scenario I 

 

Figure 3 Damage scenario II 

5.2 Results 



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

- 8 - 

The upper bound of all parameters was set to 0.03m according to the original diameter 
in that structural damages usually lead to decrease of member sections other than 
increase. In real application of parameter estimation, the value of lower bound of 
uncertain parameters depends on a variety of factors such as site location, surrounding 
environment, history records and etc.. Here, a value of 0.01m, which is smaller than the 
assumed diameter of 0.02m, was simply used. The population size for each generation 
was set to fifty-five for GA optimization. The assumed damaged truss was analyzed in 
STAAD.Pro to get modal responses of the first five modes, which was compared with 
modal responses of trails of FE model to calculate error and fitness.  
 
The results obtained for both damage scenarios are presented in Figure 4 and 5 
respectively. For scenario I, the error objective function was minimized from 0.25 to 0 
after 20 generations of GA  optimization and the damaged bar was identified as shown 
in Figure 4(b). For scenario II, it takes many more trials than scenario II before reaching 
a good solution. However, satisfactory solutions were found after 200 generations of 
GA optimization. Figure 5(a) demonstrates the convergence rate of the GA optimization 
for scenarion II while Figure 5(b) illustrates the comparison of the GA-identified 
damage members and the acutaul damages bars.  
 

 
                  (a) Convergence rate for scenario I          (b) Comparison of the optimized 
memebers 

Figure 4 Results for damage scenario I 
 

 

                  (a) Convergence rate for scenario II          (b) Comparison of the optimized 
memebers 

Figure 5 Results for damage scenario II 
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6 CONCLUSIONS 
A FE model parameter identification method has been developed for civil structure 
damage detection in this paper. The method provides an integrated approach for 
estimating FE model parameters, which can be any combination of material and 
geometric attributes as desired.  The competent genetic algorithm has been applied to 
optimize the FE model identification. The optimization process is parallelized to speed 
up the conputation. It enables engineers to construct sound analytical model for the 
existing structure systems and also detect possible damages for structure health 
monitoring. To evaluate the effectiveness of the GA-based framework, a fitness 
function considering errors from both static and modal responses is implemented. The 
method and parallel optimization frameowrk have been successfully applied to the 
damage detection of a relatively large truss structure. Two damage scenarios are 
effectively and efficiently identified. The results obtained indicate that the developed 
method is promising in practical applications of localizing likely damage elements so 
that the field investigation can be undertaken with focus on the identified structural 
element.  
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