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   Kurzfassung 

 

Kurzfassung 

Die Entwicklung einer Methodik zur genauen und zuverlässigen Zustandsbewertung von 

Bauwerken ist sehr wichtig geworden. Die Methode der Finite-Elemente-Modellaktualisierung 

bietet eine effiziente, zerstörungsfreie, globale Schadenserkennung, die auf der Tatsache 

beruht, dass die modalen Parameter (z. B. Eigenfrequenzen und Eigenformen) der Struktur 

durch strukturelle Schäden beeinflusst werden. Im FE-Modell wird die Schädigung durch eine 

Änderung der strukturellen Eigenschaften der Elemente dargestellt und kann durch 

Aktualisierung des FE-Modells anhand der gemessenen modalen Parameter identifiziert 

werden. In dieser Arbeit wird eine iterative, auf Sensitivität basierende Methode zur 

Aktualisierung des FE-Modells beschrieben, bei der die Diskrepanzen zwischen den 

Eigenfrequenzen des numerischen Modells und der realen Struktur minimiert werden. 

Weiterhin wird das Aktualisierungsverfahren auf das Modell der Universität der Bundeswehr 

(UniBw) in München angewendet. Dazu war es notwendig, das Modell zu erstellen und eine 

Schnittstelle zwischen der Finite-Elemente-Software (ANSYS) und einer Rechensoftware 

(MATLAB) zu entwickeln, die das Modellaktualisierungsverfahren auf das Finite-Elemente-

Modell anwenden kann.  

 

 

 

 

Schlagwörter: Überwachung des strukturellen Zustands, Modell-Kalibrierung, Model 

Updating, Schadenserkennung, sensitivitätsbasierte Model Updating 

  



   Abstract 

 

Abstract                                

The development of a methodology for accurate and reliable condition assessment of civil struc-

tures has become very important. The finite element (FE) model updating method provides an 

efficient, non-destructive, global damage identification technique, which is based on the fact 

that the modal parameters (e.g. natural frequencies and mode shapes) of the structure are af-

fected by structural damage. In the FE model, the damage is represented by a change of the 

structural parameters and can be identified by updating the FE model to the measured modal 

parameters. This thesis describes an iterative sensitivity-based FE model updating method in 

which the discrepancies between the natural frequencies of the numerical model and the real 

structure are minimized. Furthermore, the updating procedure is applied to the model of the 

University of the Federal Armed Forces (UniBw) in Munich. For this purpose, it was necessary 

to design the model and develop an interface between the finite element software (ANSYS) and 

a computing software (MATLAB), which can apply the model updating technique to the finite 

element model.  

 

 

 

Keywords: Structural Health Monitoring, Model Calibration, Model updating, Damage detec-

tion, Sensitivity-based model updating 

  



   Table of contents 

I 

Table of contents 

Declaration of independence III 

Kurzfassung IV 

Abstract        V 

Table of contents I 

List of figures III 

List of tables V 

List of abbreviations VI 

1 Introduction 1 

1.1 SHM             1 

1.2 Case study 3 

1.3 Objectives 5 

2 Literature review on model updating 7 

2.1 Parametrization 9 

2.2 Features 11 

2.3 Method selection 13 

3 Sensitivity-based model updating 18 

3.1 Feature selection 18 

3.2 Method   18 

3.3 Step by step procedure 21 

3.4 Proof of concept studies 23 

4 Finite element modelling in ANSYS 28 

4.1 Assumptions in FE modelling 29 

4.2 Modelling changes in support conditions 31 

4.3 Interface between ANSYS and MATLAB 32 

5 Case studies 36 

5.1 HSS beam 36 

5.1.1 Description of the HSS beam model 36 

5.1.2 Calibration of the Young’s modulus in two segments. 37 

5.1.3 Updating the support displacement 39 



   Table of contents 

II 

5.2 UniBw Bridge 41 

5.2.1 Bridge description 41 

5.2.2 Ansys model 43 

5.2.3 Calibration of the Young’s modulus 48 

5.2.4 Damage detection 50 

6 Conclusions 54 

6.1 Summary 54 

6.2 Future research 55 

7 Appendix A: ANSYS APDL - runAnalysis 57 

8 Appendix B: Interface between ANSYS and Matlab 58 

9 Appendix C: Pictures of UniBw ANSYS model 59 

10 Bibliography 61 

 

 



   List of figures 

III 

List of figures 

Figure 1. Structural Health Monitoring. (Yepes, 2020) 2 

Figure 2. UniBw bridge (Benndorf et al., 2016) 3 

Figure 3. Autodesk Revit model of UniBw bridge (Janßen, 2022). 4 

Figure 4. Scheme of model updating. (Khodarapast, 2010) 8 

Figure 5. Structural parameters for model updating. 10 

Figure 6. Bayes updating from its prior to its posterior distribution  (Etz, 2017). 15 

Figure 7- Membership function of fuzzy logic (Kishk & Assem, 2000). 16 

Figure 8. Newton-Raphson method (Mendler, 2021). 18 

Figure 9. Newton Raphson vs modified Newton-Raphson (Mendler, 2021). 21 

Figure 10. Step-by-step procedure of sensitivity-based model updating. 22 

Figure 11. 6-DOF mass and spring system (Mendler, Greś, Döhler, & Keßler, 2022). 23 

Figure 12. Frequencies of the undamaged and first damaged system (6-DOF). 25 

Figure 13. Changes structural monitoring parameter, first damage scenario (6 DOF). 26 

Figure 14. Changes structural monitoring parameters, second damage scenario (6 DOF) 27 

Figure 15: Linear elastic FEM (Bathe, 2014) 29 

Figure 16. Geom. non-linearities, small strain (left), large strain (right) (Bathe, 2014) 30 

Figure 17. Stress strain relation of steel (Autodesk , 2018). 30 

Figure 18. Interface between ANSYS and MATLAB. 32 

Figure 19. Scheme of the interface between Matlab and Ansys. 34 

Figure 20. HSS beam, in blue material 1 and in yellow material 2 36 

Figure 21. Validation of the Jacobian vector for parameter 1. 38 

Figure 22. Calibration of the HSS beam. 38 

Figure 23. Change in the model updating parameters for support settlement conditions 40 

Figure 24. ANSYS model of the UniBw bridge. 41 

Figure 25. UniBw bridge (right), between HEB1000 profiles (left) (Jaelani et al., 2022).42 

Figure 26. Cement blocks in the UniBw M bridge (Jaelani et al., 2022) 42 

Figure 27. ANSYS model of the UniBw bridge (front view) 43 

Figure 28. Front of the Autodesk Revit model of the UniBw bridge (Janssen, 2022) 44 

Figure 29. Deformation of articulated beams (right) vs rigid (left) (Barluenga, 2018). 45 

Figure 30. Hexahedral (right) and tetrahedral (left) meshing (Sosnowski et al., 2018) 46 

Figure 31. Needed cuts (red) in hexahedral meshing. 46 

Figure 32. Real solution (left), linear solution (right) (FEM data Streamlinear, 2021) 47 

Figure 33. Model updating of UniBw model. Calibration. 49 

Figure 34. Model updating of the UniBw bridge damage detection 51 

file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543796
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543797
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543798
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543799
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543800
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543801
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543802
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543803
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543804
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543805
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543806
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543807
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543808
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543809
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543810
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543811
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543812
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543813
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543814
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543815
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543816
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543817
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543818
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543819
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543821
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543822
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543823
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543824
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543825
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543826
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543827
file:///D:/MasterThesis_SofiaArtola.docx%23_Toc114543828


   List of figures 

IV 

Figure 35. Change in parameters in damage detection. 52 



   List of tables 

V 

List of tables 

Table 1. Relative errors of the monitoring parameter. 39 

Table 2. Relative errors of the calibration of the UniBw model. 50 

Table 3. Relative errors of damage detection in UniBw model. 52 

 

 



   List of abbreviations 

VI 

List of abbreviations 

APDL: ANSYS Parametric Design Language 

FE: Finite Element  

FEMU: Finite Element Model Updating 

MAC: Modal Assurance Criterion 

SHM: Structural Health Monitoring 

TUM: Technical University of Munich 

UniBW: University of the Federal Armed Forces  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   ¡Error! Utilice la pestaña Inicio para aplicar 

Heading 1 al texto que desea que aparezca aquí. 

 

1 

1  Introduction 

The deterioration of the existing infrastructure is a fundamental concern for bridge operators. It 

has been estimated that a 12.4 [%] of the bridges in Germany are in poor conditions and there 

is a constant need of maintenance and rehabilitation of damaged structures (Krieger, 2019). 

Managing bridges is currently a challenging task due to the amount of gradually ageing/deteri-

orating bridges and the constrained maintenance budgets. In this context, information regarding 

damage detection and localization is crucial for the development of maintenance strategies that 

can prolong the service life of bridges and reduce the general maintenance costs. 

The researchers at the Chair of Non-destructive Testing at the Technical University of Munich 

(TUM) have developed methods to analyse the performance of damage diagnosis methods 

based on vibration data of undamaged structures. The analysis requires the careful design of 

digital twins (i.e. finite element models) with the same dynamic behaviour as the real structure. 

This is achieved through model updating techniques, that improve finite element models based 

on the results obtained from field tests and continuous monitoring.  

In this initial chapter, the main topics of the thesis are introduced. First of all, the importance 

of model updating is expressed in the context of structural health monitoring (SHM). Next the 

central case study of the thesis is briefly presented and finally the main objectives of the entire 

thesis are described.  

1.1 SHM 

SHM is a subclass of non-destructive testing that helps to understand the global status of a 

structure. Information about changes within the dynamic characteristics of structures is detected 

by sensors that remain permanently on the structure. The collected data from the sensors is 

related to the structural properties of the structure (e.g. weight, material, stress, strain and ge-

ometry). As a result, this data can be used to derive additional information about the capacity 

and condition of a structure (Neitzel et al., 2011).  

SHM is becoming an increasingly popular topic of discussion in the bridge engineering com-

munity. Ongoing developments in sensor and data acquisition technologies have made it pos-

sible to install extensive monitoring systems on many structures. The hope is that by obtaining 

quantitative data it will be possible to develop “smart” structures, with monitoring systems able 

to supplement the largely subjective visual inspection practices, which are currently employed 

as the primary means of evaluating structural integrity and condition (Vardanega et al., 2016). 



   ¡Error! Utilice la pestaña Inicio para aplicar 

Heading 1 al texto que desea que aparezca aquí. 

 

2 

The increasing age of our existing infrastructure makes the cost of maintenance and repairs a 

growing concern. SHM may alleviate this by replacing scheduled maintenance with as-needed 

maintenance, saving the cost of unnecessary maintenance, on one hand, and preventing un-

scheduled maintenance, on the other hand. For new structures, the inclusion of structural health 

monitoring sensors and systems from the design stage is likely to greatly reduce the life-cycle 

cost. SHM systems could ensure increased safety and reliability while reducing maintenance 

costs (Giurgiutiu, 2014).  

In Figure 1, it can be seen how a bridge is monitored. Sensors have been applied on the deck of 

the midspan of the bridge. These will continuously collect and evaluate vibration data according 

to the digital undamaged model. An interval of the features is set to represent that the structure 

is considered safe. If the features are outside of this interval, the structure is considered unsafe 

and a bridge operator has to evaluate it.  

 

This type of damage diagnosis is called novelty detection and is based on the recognition of 

statistical pattern. Through this method it is possible to detect damage. According to the Rytter 

scheme, only the first stage of damage diagnosis is reached through this method. This scheme 

(Rytter, 1993) divides the depth of damage diagnosis into four different stages that vary in 

complexity: 

• Stage 1: Detection 

• Stage 2: Localization 

• Stage 3: Quantification or assessment 

• Stage 4: Prediction: 

Figure 1. Structural Health Monitoring. (Yepes, 2020) 
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Apart from novelty detection, there are several other methods to diagnose damage: e.g. finite 

element model updating (FEMU) and parametric change detection (Mendler, 2020). This thesis 

focuses on the finite element model updating method. With this method, it is possible to reach 

the third stage of the Rytter scheme, damage quantification.  

In FEMU, the information from data-driven features is used to update numerical models 

(Friswell & Mottorshead, 1996). The objective is to set up the equation of motion in modal 

coordinates, using the model-based mass, stiffness, and damping matrices, and the measured 

frequencies and mode shapes. If the model-based matrices do not reproduce the data-driven 

features, the system matrices or the underlying parameters are modified accordingly. 

It is important to consider that it is not possible to obtain a numerical model with the exact same 

static and dynamic behaviour as the real structure through finite element modelling alone. There 

are many ways a model deviates from the real structure due to the large uncertainty level of 

infrastructure systems. Because of this, model updating techniques are necessary to reproduce 

the dynamic behaviour of the real structure in the model. Increasing the accuracy of the model 

depends not only on the skills of the designer but also on the quality of the information extracted 

from the real structure.  

1.2 Case study 

Unfortunately, there are not many prototypes to evaluate model updating methods as damaging 

real structures for research purposes is normally not possible. In this context, the development 

of benchmark models such as the bridge in University of the Federal Armed Forces (UniBw) 

in Munich is a unique opportunity to study the model updating methods. In Figure 2 is a picture 

of the real bridge. 

 

Figure 2. UniBw bridge (Benndorf et al., 2016) 
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This thesis will provide the design of the ANSYS model of the UniBw bridge and it will be the 

main case study for the application of model updating methods. Aside from this thesis, this 

bridge has also been the focus of several other studies (Baumhauer, 2010 ; Benndorf et al., 2016 

; Janßen, 2022).  

In order to understand the importance of the development of prototypes, a literature review of 

the studies focused on the UniBw bridge is provided. In the doctoral thesis (Baumhauer, 2010), 

a procedure for the damage assessment of the bridge according to uncertain parameters was 

made. This contributes to the prognosis of damage based on uncertainties, a major topic in SHM 

which will be later discussed in this thesis. The report (Benndorf et al., 2016) studies the feasi-

bility of recording natural frequencies of structures using smartphones. The advances in sensor 

equipment directly affect the progress in SHM. One of the main limitations of SHM is the costly 

instrumentation and implementation difficulties. These type of studies open a new frontier in 

SHM in terms of engagement of citizens into the civil infrastructure sensing process and is 

being seen in a large number of studies (Ozer & Feng, 2020). Finally, the master thesis (Janßen, 

2022) designed the Autodesk Revit model of the UniBw bridge. This can be seen in Figure 3. 

With the BIM software it is possible to create a digital twin of the real structure based on real 

measured data from sensors. The main idea is as this thesis, implement SHM methodologies to 

the bridge. The variability of the research studies conducted on the UniBw bridge, including 

this thesis, demonstrate the importance that benchmark studies have in the development of SHM 

techniques. 

 

 

 

 

Figure 3. Autodesk Revit model of UniBw bridge (Janßen, 2022). 
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1.3 Objectives 

There are three main objectives of this thesis: 

➢ Literature review:  

The first goal is to review the existing literature on model updating methods and to 

select the most appropriate method for this study. For this purpose, it is necessary to 

develop the theoretical background on model updating, with a special emphasis on the 

parametrization of damage, as it defines the quality of the model updating. 

 

➢ Matlab implementation: 

The second goal is to implement the selected method in MATLAB. A proof of concept 

study with a numerical model in MATLAB is provided in order to verify the validity of 

the method. 

 

➢ Application to UniBw bridge: 

The third goal is to model the UniBw test bridge in ANSYS. A series of justified ap-

proximations have to be made in the design of the model. Apart from this, it is neces-

sary to develop an interface between MATLAB and ANSYS in order to apply the se-

lected model updating method to the model.  
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2 Literature review on model updating 

In this chapter, a review on the existing literature on model updating is given. First of all, an 

overview of model updating is introduced. Then the most important steps in model updating 

are explained in detail. The first one is the selection of structural monitoring parameters which 

are employed to update the model. Secondly, the selection of features that are used to compare 

the dynamic response of the numerical model with the real data of the structure is explained. 

Finally, a number of model updating methods are introduced and one is selected for further 

demonstrations.  

Overview on model updating 

Model updating starts with the comparison between the initial uncalibrated model and the real 

structure. This comparison defines the quality of the numerical model and helps to identify 

differences and errors between the model and the real structure (Khodarapast, 2010). There are 

many reasons why these errors appear. Errors can appear due to incorrect assumptions of the 

model parameters such as material properties or section properties, due to the idealization or 

simplification of the structure, boundary conditions or mass distribution. Incorrect assumptions 

of loads, geometric shape and structural behaviour (linear/nonlinear) also lead to errors (Ereiz 

et al., 2022). 

As a consequence of these errors, uncalibrated numerical models do not accurately reflect the 

actual state of real structures and need to be improved based on the results obtained from field 

tests and continuous monitoring. The basic idea of model updating is to use the recorded struc-

tural response to update some selected structural parameters of the numerical model (such as 

stiffness and internal forces) until an adequate agreement between numerical and experimental 

results is achieved (Friswell & Mottorshead, 1996).  

In Figure 4, a scheme is presented that describes the general procedure of model updating. First 

of all, the real dynamic system (real structure) that will be monitored is selected. On the one 

hand, the dynamic response of the real structure is measured and the features of the real system 

are extracted (e.g. natural frequencies and mode shapes). On the other hand, the numerical 

model of the system is created based on selected parameters that represent the unknown struc-

tural properties of the model. These structural parameters affect the features of the model. The 

next step is to compare the features from the real measured data and numerical model. The 

structural parameters are updated until a good correlation between the measured data and the 

numerical output is achieved (Khodarapast, 2010). 
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Model updating is not only employed in model calibration but also in damage detection. Since 

damage is a change to the material and geometric properties of a given system which affects 

the system performance, the parameter distributions obtained as outcomes can provide useful 

information about the possible structural damage. In this effort, the FEMU is a very powerful 

tool for SHM (Mordini et al., 2007). 

 

 

As a result, the success of the procedure will strongly depend on the selection of design param-

eters that will be updated and the accuracy of the features extracted from the real structure 

(Friswell et al., 2001). Because of this, in the following sections these two fields will be ex-

plained in detail.  

Figure 4. Scheme of model updating (Khodarapast, 2010). 
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2.1 Parametrization 

The objective of parameter updating techniques is to fit the parameters of a given initial analyt-

ical model in such a way that the model behaviour corresponds as closely as possible to the 

measured behaviour. As a result, the selection of the updating parameters will define the quality 

of the model. According to (Friswell et al., 2001) in order to meet the requirements for the 

accuracy and reliability of the numerical model and the performance of the model updating 

procedure, the parameterization procedure should meet the following criteria: 

First of all, the outputs of the numerical model must be sensitive to selected updating parame-

ters. It is necessary to choose the updating parameters that are most effective in reducing the 

differences between the numerical and experimental vibration data. Therefore, the chosen pa-

rameters have to directly affect the dynamic response of the model (Friswell et al., 2001). As a 

result, it is necessary to analyse the global and local behaviour of the structure in the selection 

process. The best way to perform model parametrization is sensitivity analysis, which results 

in suppressing the problem of inadequacy. Based on this, the parameters that do not affect the 

output results are excluded from the model updating process (Ereiz et al., 2022). 

Secondly, the number of updating parameters must be limited in order to avoid convergence 

difficulties and ill-conditioned problems. It is possible to update numerous structural parame-

ters, but then, special regularization techniques have to be applied. In general, the number of 

updating parameters should be kept to a minimum or advanced approaches have to be applied 

to reduce the number of parameters or improve the ill-conditioning of the updating problem 

(Ereiz et al., 2022). 

Thirdly, the parameters have to be consistent with the real source. The model loses its physical 

meaning if the updated structural parameters have illogical values. Inconsistent models may be 

able to reproduce the test data, but they will naturally not be useful to predict the behaviour of 

the system (Mottershead, 2011).  

Finally, the selected parameters should represent the unknown structural properties of the 

model. If model updating is applied for model calibration, the selected parameters would clarify 

the ambiguity of the model. Alternatively, if the purpose of model updating is to localize and 

quantify damage, the selected parameters have to represent the structural properties that are 

expected to change due to damage. There are many structural parameters that are generally 

considered in model updating. In Figure 5 is an overview of the updating parameters that were 

considered in this thesis.  

 



   ¡Error! Utilice la pestaña Inicio para aplicar 

Heading 1 al texto que desea que aparezca aquí. 

 

10 

 

 

 

Physical properties such as Young’s modulus and mass density are employed in model updating 

in many studies (Mordini et al., 2007; Mottershead, 2011; Teughels & Roeck, 2004). Geometric 

properties such as cross-sectional values or thicknesses are also very common. The material 

parameters, thicknesses and cross-sectional dimensions tend to be powerful updating parame-

ters because they often apply throughout a finite element mesh affecting a large number of 

elements (Mottershead, 2011).  

Prestressing values also tend to be good updating parameters in cable-supported bridges, espe-

cially for damage quantification. The presence of damage leads to a loss of axial stiffness. In a 

statically indeterminate structure, like a cable-stayed bridge, this causes a new internal force 

distribution with a lower load in the damaged elements and higher load in the others. FE model 

updating allows the evaluation of this reduction. Hence, the damage in a cable can be detected 

by calculating the axial force and comparing it with the design value or with a previous meas-

urement. The parametrization of change in support conditions is similar to prestressing values, 

as changes support settlements lead to changes in the distribution of the axial stiffness of the 

structure. Support settlement are also very common in damage quantification (Teughels & 

Roeck, 2004). How the finite element model is affected by support settlements is explained in 

following sections.  

System connectivity is generally an issue in finite element modelling. Joints and constraints 

tend to be less accurate and need the model updating as they are often very difficult to model. 

There are normally approximations that need to be made such as having to model rigid joints 

instead of flexible ones. System connectivity can be parametrised through physical and geo-

metric changes or through geometric offset nodes. The first option can give good results. How-

ever, the model error is not localized in the joints but spread through the updated elements. It 

Figure 5. Structural parameters for model updating. 
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has been shown that adding flexibility to the structure in order to localize the stiffness in the 

joints can cause great problems for the updating algorithms. One approach, useful in many 

applications, is to make use of offset finite element nodes and to use the offset dimensions to 

correct the model . Lengthening or shortening an offset dimension usually corresponds to mak-

ing the joint more flexible or to stiffening it, and in this way it is possible to reconcile the 

modification with engineering understanding of the structure (Friswell et al., 2001). 

With some structural parameters such as the Young’s modulus, it is necessary to make further 

considerations. The strong correlation of the elastic modulus with temperature may lead to some 

inaccuracies in the final updated model. Several studies have shown how environmental impact 

such as a severe decrease in temperature can cause considerable changes on structural modal 

properties. These changes are even comparable to those induced by damage. Therefore, the 

environmental variability should be considered when using stiffness as model updating param-

eter (Zhou & Song, 2016). 

It is important to consider that the resulting parameters from the model updating represent es-

timated values rather than true values. This can be due to the unavoidable random and system-

atic errors of the test data (Mottershead, 2011). Apart from this, it also has to be noted that in 

practice, the discrepancies between the experimental and analytical models are due to many 

parameters and uncertainties and not just the selected updating parameters.  

In general, only sensitive parameters are selected, otherwise the updating process may be ill-

conditioned since insufficient information is available to estimate the parameters accurately. As 

a result, the parameter selection requires a considerable physical insight into the target structure, 

and trial-and-error approaches are often used with different set of selected parameters for more 

complicated structures (Jaishi & Ren, 2007).  

2.2 Features  

The next step in model updating is to determine the features that will be used. Residuals or 

features represent the differences between the numerically and experimentally obtained data 

sets. These data sets include structural dynamic parameters, static data sets or combinations 

thereof (Ereiz et al., 2022). The most common features are natural frequencies and mode shapes. 

Changes to the structure lead to changes in the structural stiffness which in turn affect the struc-

tural dynamic parameters. However these changes are small and as a result, it is important to 

obtain high accuracy during the experimental tests in the field. In addition to natural frequencies 

and mode shapes, there are other structural dynamic properties that are frequently employed in 

model updating such as formulation of the residual function using frequency response function, 
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modal flexibility or modal strain energy. This thesis will focus only on natural frequencies and 

mode shapes.  

Aside from the structural dynamic properties, which are suitable for modelling complex struc-

tures, displacements and strains obtained from in-situ static tests have also been successfully 

used for FEMU. Nevertheless, the main problem with static measurements is the placement of 

the sensors and the errors they are subject to (size, position, orientation, thermal expansion, 

reading technique, or measurement accuracy) (Ereiz et al., 2022). In order to avoid errors, the 

best solution is to use these features in combination with the structural dynamic parameters. 

In this article (Jaishi & Ren, 2005), the objective function that considers frequency residual 

only, mode shape (MAC) related function only, modal flexibility residual only, and their full 

combination are studied independently. The authors conclude that the objective function that 

considers all the combination of different residuals shows the best performance in model up-

dating. However, this approach requires the proper definition of the weighted factor values in 

the residual function. 

Natural frequencies 

Natural frequencies are considered indispensable magnitudes in the model updating process 

(Jiménez-Alonso & Sáez, 2018). They are very sensitive to the stiffness of a structure and can 

be accurately obtained experimentally through a vibration test. However, a drawback to natural 

frequencies is that they are global quantities and are less sensitive to changes in local properties.  

In model updating the features based on natural frequencies are simply obtained the difference 

between the natural frequencies of the real structure and the numerical model as shown in Equa-

tion (2.1): 

 

 

This represents a column vector where 𝑖 refers to the mode number, 𝑟𝑖 is the residual parameter 

or feature of mode 𝑖, 𝜔𝑖 is the natural frequency of the real structure, 𝜔𝑖
𝑓𝑒𝑎

 is the natural fre-

quency of the numerical model.  

Mode shapes 

Mode shapes are less sensitive as natural frequencies with respect to the material properties but 

provide spatial information of the structure, which makes them more sensitive to local damages 

and enables them to detect multiple damages or nonlinearities. Aside from this, mode shapes 

are less sensitive than natural frequencies to environmental effects such as temperature (Gorgin 

& Rahim, 2020). However, their experimental definition is more affected by noise and it is 

𝑟𝑖 = 𝜔𝑖 − 𝜔𝑖
𝑓𝑒𝑎

 (2.1) 
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more difficult to identify accurately mode shapes in the real structure, also leading to inaccura-

cies in the model (Jiménez-Alonso & Sáez, 2018). 

The implementation of mode shapes is not as forward as natural frequencies because additional 

considerations regarding the mode shapes scaling have to be made. To analyse the discrepancies 

between mode shapes, there are various residual functions that are applied in literature. Firstly, 

the direct difference between mode shapes: 

 

This represents an 𝑖 𝑥 𝑗 matrix where 𝑖 refers to the mode number and j the number of the sensor 

on the structure, 𝑟𝑖𝑗 is the residual parameter or feature of mode 𝑖 at location 𝑗, 𝜙𝑖𝑗 is the mode 

shape of the real structure, 𝜔𝑖
𝑓𝑒𝑎

 is the mode shape of the numerical model.  

Another common objective function to represent mode shapes is the modal assurance criterion 

(MAC) between the experimental and the analytical mode shapes. It is presented in the Equation 

(2.3):  

 

 

 

The MAC is the normalized scalar product of the two sets of vectors. It quantifies the accuracy 

of the identified mode shapes. It is a real quantity even with complex model shape data. It takes 

value from 0 (representing no consistent correspondence) to 1 (consistent correspondence) 

(Pastor et al., 2012).  

2.3 Method selection 

There are various finite model updating methods that through the comparison of the numerical 

and real feature calibrate the numerical model. They used for many applications, not only in 

bridges but also industrial-scale structures. In this thesis, it was important to choose the most 

optimal updating method for the case studies. Because of this, the most common updating meth-

ods are introduced. As a first classification, the updating methods are deterministic or non-

deterministic.  

The deterministic methods can be broadly classified into two categories, namely the direct 

methods, the iterative methods. Direct model updating methods are the oldest methods used to 

𝑟𝑖𝑗 = 𝜙𝑖𝑗 − 𝜙𝑖𝑗
𝑓𝑒𝑎

 (2.2) 

𝑀𝐴𝐶 (𝑟, 𝑞) =  
|{𝜙𝐴}𝑟

𝑇{𝜙𝑋}𝑞|
2

({𝜙𝐴}𝑟𝑇{𝜙𝐴}𝑟){𝜙𝑋}𝑞𝑇{𝜙𝑋}𝑞
 

 

(2.3) 
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update numerical models. They are used to directly update the structure FEM by changing the 

structural stiffness matrix and the mass matrix. They substitute the numerical system matrices 

and the experimentally obtained frequencies and mode shapes to solve for the residual vector 

without iteration.  

The direct methods include the direct solution and the optimal matrix update. The modal force 

residual (ri) in the direct solution can be obtained from the equations of a finite element model 

of a vibrating structure (Carvalho et al., 2006). It is shown in the Equation (2.5) and could be 

used to detect and localize damages.  

 

 

where 𝜔𝑖 is the natural frequency of mode 𝑖, 𝛟𝑖 is the mode shape of mode 𝑖, 𝐌 is the mass 

matrix, 𝐃 is the damping matrix and 𝐊 is the stiffnes matrix. 

The optimal matrix updates the entries es of the mass, damping and stiffness matrices in order 

to minimize the residual vector. The optimization problem is generally formulated as a La-

grange multiplier or penalty-based optimization as shown in Equation (2.6). 

 

 

where 𝑟 is the objective function, 𝜆 is the Lagrange multiplier and 𝑅 is the constraint function. 

In comparison to the direct solution, the optimal matrix update diminishes the data-driven 

smearing effect due to the constraint function.  

Without using iterative methods, direct methods can reproduce accurate experimental data and 

are computationally efficient. The main disadvantage of direct methods is that the updating 

process is performed without involving the physical knowledge of the problem. This drawback 

caused the later appearance of indirect methods, where the model updating arises from the 

changes applied on some well-defined structural physical parameters selected by the users. In 

this case, the modified parameters are not linearly related to the modal parameters so the ad-

justment process requires the use of iterative techniques (Mottershead, 2011) 

In the iterative methods, an iterative process based on sensitivity analysis is required in order 

to minimise the residual function. This is achieved through the careful selection of updating 

parameters that represent the uncertainties of the model. These parameters will iteratively 

change until the residual function is a minimum. However, issues of convergence and ill-con-

ditioning of the matrices may appear (Khodarapast, 2010). In the Equation (2.7) the residual 

𝑟𝑖 = (−𝜔𝑖
2𝐌 + 𝒾𝜔𝑖𝐃 + 𝐊) 𝛟𝑖  (2.5) 

minΔM,ΔD,ΔK 𝑟(𝛥𝐌, 𝛥𝐃, 𝛥𝐊) +  𝜆𝑅(𝛥𝐌, 𝛥𝐃, 𝛥𝐊) (2.6) 
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function 𝑟 of the sensitivity-based model updating is shown for the case where the natural fre-

quencies (𝜔) are used as features. 

 

 

where 𝜃 is the selected structural updating parameters. A drawback of sensitivity-based model 

updating is that it does not consider the variability of the features, bias to the collected data is 

easily introduced due to measurement noise, the use of sensors that affect the measurement or 

signal processing might. It is possible to decrease the variability by increased information 

(Khodarapast, 2010) but in some cases, it may be necessary to consider these uncertainties dur-

ing the model updating. For these cases, the non-deterministic or stochastic model updating 

techniques are introduced. The most common non-deterministic methods are the Bayesian 

model updating, the interval methods and fuzzy updating. Firstly, the Bayesian model updating 

describes variabilities of the model parameters through probability functions. The formulation 

is based on the Bayes’ theorem which is showed below (Mares et al., 2006). 

 

The terms of the Bayes’ theorem can be seen in Figure 6, where p(𝜃) is the prior distribution 

before updating, p(𝜃|r) is the posterior distribution after evaluating the data-driven residuals, 

p(r| 𝜃) is the likelihood function that describes the probability of observing a residual r for 

a given parameter and p(r) is the evidence, a normalization constant. (Mares et al., 2006) 

 

𝑟𝑖 = 𝑓𝑖(𝜃) = 𝜔𝑖 − 𝜔𝑖
𝑓𝑒𝑎

  
(2.7) 

𝑝(𝜃|𝑟) =  
𝑝(𝑟|𝜃) 𝑝(𝜃)

𝑝(𝑟)
 

(2.8) 

Figure 6. Bayes updating from its prior to its posterior distribution  (Etz, 2017). 
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Bayesian model updating is commonly used to consider the variability of the model parameters. 

In order to parametrise uncertainty, however, the interval and fuzzy updating techniques are 

more common (Fang et al., 2013). In interval model updating, the uncertain inputs are defined 

through intervals as shown in the Equation (2.8). 

 

 

Where p is the number of input parameters, then a function 𝑦 = 𝑓(𝑥) that maps inputs to out-

puts is obtained. The goal is to solve the equation by considering the intervals as follows (Fang, 

Zhang, & Ren, 2013) . 

 

The last method is the fuzzy model updating, where membership functions are used to describe 

uncertainties. The membership function is depicted in the Figure 7, and is obtained through 

interval method instead of the probability function as the Bayesian model updating. In the worst 

cases of uncertainties, it is the most useful technique (Boulkaibet et al., 2017).  

 

For this thesis, it was necessary to choose one for its implementation to the case studies. As a 

first approach, it was decided not to consider direct methods as they do not consider the physical 

meaning of updating the mass and stiffness matrices. In sensitivity-based model updating and 

non-deterministic methods, however, it is possible to select structural parameters that represent 

uncertainties in order to update the model. The main difference between these methods relies 

on the consideration of the variability and uncertainties of the structural parameters. Sensitivity-

based methods do not consider these, which leads to inaccuracies in the numerical model. 

𝑿𝑖̃ 𝜖 ([𝑥1,  𝑥1] ∪ …∪ [𝑥𝑝,  𝑥𝑝]                  𝑖 = 1 ∙ 𝑝 (2.8) 

  𝑦𝑖 = max(𝑦𝑖(𝑥))                       𝑦𝑖 = min (𝑦𝑖(𝑥)) (2.9) 

Figure 7. Membership function of fuzzy logic. Figure 7- Membership function of fuzzy logic (Kishk & Assem, 2000). 



   ¡Error! Utilice la pestaña Inicio para aplicar 

Heading 1 al texto que desea que aparezca aquí. 

 

17 

However, they are more straight-forward to apply than non-deterministic methods. The latter 

require an in-depth background on higher statistics where sensitivity-based method are closer 

to the structural dynamics domain.  

As a result, it was decided to implement the sensitivity-based model updating method in the 

this thesis. Aside from this, at the Chair of Non-destructive testing at TUM, sensitivity-based 

statistical tests are used for damage diagnosis, which has a similar background to the model 

updating technique. The sensitivity vector could therefore first be used for model updating and 

then for the damage diagnosis based on different techniques.  
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Figure 8. Newton-Raphson method (Mendler, 2021). 

3 Sensitivity-based model updating 

Sensitivity-based model updating is the selected method in this thesis. Therefore, a complete 

theoretical background on the technique is provided. First of all, the employed data-driven re-

siduals are presented. Then how the method is applied is explained, with a step by step proce-

dure. Finally, a concept study demonstrating the theory is introduced.  

3.1 Feature selection 

As explained previously, the selection of the data-driven residuals is a defining step in model 

updating. There are several different types of features that can be used for model updating tech-

niques. Some of them have been presented in previous sections. In this thesis, it has been de-

cided to solely use the natural frequencies as data-driven features due to the simplicity of its 

implementation.  

By selecting uniquely one feature, it is not necessary to introduce the weigh the influence of the 

residuals in the updating parameters. Apart from this, the issue of shape scaling of the mode 

shapes is avoided. As the final intention of this thesis is to demonstrate the sensitivity-based 

model updating approach, it was deemed unnecessary to select different residuals. The residual 

function based on natural frequencies has been used in many studies and is even considered an 

indispensable magnitude in model updating. 

3.2 Method 

The easiest way to explain the sensitivity-based model updating method is by setting a simple 

example with only one parameter to be updated. As stated in the previous section, the residual 

is a function of the structural updating parameters. This function is represented for this simple 

case in Figure 8, f(x) represents the residual and x is the parameter to be updated.  

 

 

 

 

 

 

 

 

 

θ1  θr  
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The objective is to minimise the value of the residual, it has to be as close to 0 as possible. This 

is achieved through the Newton Raphson iteration. This method begins with an initial estimate 

of the updating parameter for which the residual is not 0 (θ1 ≠ θr). Then, the first derivative of 

the function, also called sensitivity, at the point θ1 is determined.  

 

 

 

The tangent of the function is obtained through the first-order Taylor expansion. The intercep-

tion of the tangent with the horizontal axis (𝛥𝑟 = 0) is easily solved as both the value of the 

residual and the first derivative is known, the 𝛥𝜃 is solved.  

 

 

Lastly, the value of the residual is re-estimated with the updated 𝛥𝜃. The whole process is re-

peated until the error function reaches a minimum (Garret, 2015). 

 

 

This example was just for one parameter and one feature. Normally the parameters to be up-

dated and features are more than one. As a result, sensitivity vectors and matrices have to be 

set up. For the case studies in this thesis, for example, it was necessary to compute a sensitivity 

matrix. This matrix has n rows and m columns, where the number of rows n is the same as the 

number of features and the number of columns m is the number of parameters. Each entry of 

the sensitivity matrix 𝐽𝑖𝑗 will contain the first-order derivative of the residual feature 𝑖 with re-

spect to the model parameter to be updated 𝑗. The sensitivity matrix contains the first derivatives 

and blows up to a Jacobian matrix. Below is the example of a 2 x 2 Jacobian matrix shown, this 

belongs to the case where there are two features to analyse and two parameters to update. 

 

 

 

 

For some residuals, it is not possible or very difficult to obtain analytical derivatives for the 

computation of the sensitivity matrix. Other methods have to be used such as the finite 

𝑚 = 
𝜕

𝜕𝜃1
𝑟(𝜃) 

 
(3.1) 

𝛥𝑟 ≈  𝑟 +  𝑚 𝛥𝜃                  𝛥𝜃 ≈
−𝑟

𝑚
 (3.2) 

𝜃2 = 𝜃1 +  𝛥𝜃                  𝑟2 = 𝑓(𝜃2)  (3.3) 

𝑱 =

[
 
 
 

𝜕

𝜕𝜃1
𝑟1 (𝜃)

𝜕

𝜕𝜃2
𝑟1 (𝜃)

𝜕

𝜕𝜃1
𝑟2 (𝜃)

𝜕

𝜕𝜃2
𝑟2 (𝜃)

]
 
 
 

 

 

(3.4) 
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difference method. It consists in evaluating the feature 𝑟 before and after a small perturbation 

𝛥𝜃𝑗   is applied to the structural parameter:  𝜃𝑗
∗ = 𝜃𝑗 + 𝛥𝜃𝑗 . The corresponding sensitivity en-

try is calculated as in the Equation (3.5): 

 

 

 

where 𝑖 and 𝑗 are the row and the column of the sensitivity matrix. In each column 𝑗, is the 

result of the small perturbation 𝛥𝜃𝑗  for each feature 𝑖. Consequently, the accuracy of the ob-

tained derivative depends on the step size 𝛥𝜃𝑗 . It is important to note that for big step sizes, it 

is not possible to represent the tangent through the finite difference method.  

With the computation of the sensitivity entries, the complete Jacobian matrix can be computed. 

Its purpose is to map changes in features onto changes in structural parameters and to create the 

link between data-driven domain and the model-based domain. The Jacobian matrix makes it 

possible to apply the complete sensitivity-based model updating procedure to a complex system 

with 𝑖 features and 𝑗 parameters.  

 

 

 

 

The final objective of sensitivity-based model updating is to find the updated structural param-

eter 𝜃 vector that corresponds to a minimum deviation of the residual function. This is achieved 

through iterative methods such as the Newton-Raphson method. This method is applied in the 

following three steps: 

Firstly, the sensitivity matrix is computed by applying the finite difference method as explained 

previously. Secondly, with the inverse of the sensitivity matrix, the parameter vector is updated 

as shown below.  

 

 

 

Thirdly the delta residual vector 𝛥𝑟 is re-evaluated. If it is equal to 0, the model and the real 

structure have the same features, and the model has been updated. Alternatively, it is necessary 

𝐽𝑖𝑗 = 
𝛥𝑟𝑖
𝛥𝜃𝑗

= 
𝑟𝑖

∗ − 𝑟𝑖
𝜃𝑗

∗ − 𝜃𝑗
 

 

(3.5) 

[
𝑟1
𝑟2

] = 𝑱 [
𝜃1

𝜃2
] 

 
(3.6) 

[
𝛥𝜃1

𝛥𝜃2
] = 𝑱−𝟏  [

𝛥𝑟1
𝛥𝑟2

] (3.7) 
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to return to the first step with the new updated parameter 𝜃 until the residual vector reaches a 

minimum. 

Two types of iterative methods have been considered in this thesis. On the one hand, the above 

explained, Newton Raphson method where the sensitivity matrix is calculated in each iteration 

and on the other, the modified Newton-Raphson where the sensitivity matrix is calculated once 

at the beginning. Computing the sensitivity matrix in each iteration requires several executions 

(one per each considered parameter) of the modelling programm. As a result, when modelling 

complex structures, the modified Newton-Raphson method is preferred as it is generally more 

time efficient in spite of the lower number of iterations in the Newton-Raphson method. Below 

is a figure that compares both iteration methods according to the number of iterations needed 

to obtain the same result. 

  

3.3 Step-by-step procedure 

In this section, the complete step-by-step procedure of sensitivity-based model updating is de-

scribed. As the main model of this thesis is the UniBw bridge, which can be considered a com-

plex structure due to its size and its computation time, it has been decided to apply the modified 

Newton-Raphson method.  

Naturally, the first step is to select the updating parameters and the features to be compared. As 

previously explained, this step defines the final quality of the model. Therefore, it is necessary 

to make the proper considerations and analysis as explained in the previous sections.  

Then an initial assumption of the updating parameters has to be introduced. This assumption 

has to be consistent with the real structure as it may decrease the number of iterations to obtain 

Figure 9. Newton Raphson vs modified Newton-Raphson (Mendler, 2021). 
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the final updated model. Apart from this, a tolerance has to be set to end the iteration. With this 

initial data, it is possible to assemble the Jacobian matrix of the model. In the modified Newton-

Raphson method, this is done before the iteration. The entries of the Jacobian matrix are ob-

tained through the finite difference method, so a small perturbation to each θ parameter has to 

be applied to the structure. This means that the model has to be executed the same number of 

times as number of 𝜃 parameters considered. After obtaining the Jacobian matrix, it is possible 

to perform its validation. The validation consists in comparing the residual function with the 

tangent obtained through finite difference method.  

 

Figure 10. Step-by-step procedure of sensitivity-based model updating. 
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Next, the iterative process starts. In each iteration, the first step is to obtain the modal data of 

the model with the introduced θ parameter and to calculate the corresponding residual vector. 

With the inverse of the Jacobian matrix, 𝛥𝜃 is obtained and the 𝜃 can be updated. Finally, the 

residual vector is evaluated. In the case of this thesis, this was done by calculating the Euclidean 

norm of the residual vector. If this value is smaller than the tolerance, the model has been up-

dated with the resulting θ parameter. On the contrary, if the norm of the residual vector is larger 

than the tolerance, it is necessary to start the iterative process again with the last obtained θ 

parameter. The complete process is represented in Figure 10. 

3.4 Proof of concept study 

In this section, the sensitivity-based model updating method is applied to the following model 

in order to proof the presented theory. It is a six floor building that is modelled as a mass-and-

spring system with six degrees of freedom (6-DOF) as shown in Figure 11.  

 

 

The modal frequencies of the damaged and undamaged structure were numerically calculated. 

In the healthy state, the first six frequencies are evaluated one-hundred times. In the damaged 

state, the modal frequencies are available for six modes. Each mode was evaluated one hundred 

times (as the healthy state) and there are two different damage scenarios represented. The eval-

uated features for the comparison between the data-driven and numerical domain are the six 

Figure 11. 6-DOF mass and spring system (Mendler et al., 2022). 
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natural frequencies. Due to the amount of data provided and to increase the accuracy, the se-

lected features will each be the average of the one hundred data segments.  

In the first damage scenario, the spring stiffness of the first floor is reduced by a 25 [%] and in 

the second damage scenario, the second spring stiffness will be reduced by the same amount. 

Because of this, it has been decided that the structural monitoring parameter 𝜽 contains the 

stiffness of each spring (shown below). In the healthy state the stiffness of each spring is 1000 

[N/m]. 

 

 

The objective of this concept study, is to demonstrate that it is possible to quantify damage 

through model updating methods. Therefore, the initial assumption of the monitoring parameter 

has to be the healthy state, that is, the spring stiffness of the 6 masses are 1000 [N/m]. This way, 

it is possible to directly compare the healthy state with the damaged state. Both damage scenar-

ios will be presented in this thesis. It is important to note that as this numerical model has a very 

low computation time, the most suitable iterative method is the Newton-Raphson.  

First damage scenario 

In this first damage scenario, the first spring stiffness decreases by a 25 [%]. In Figure 12, it 

can be seen how the features are affected by this damage scenario. In black, are the data seg-

ments of each feature in the healthy state and in red, the damaged state. The modal frequencies 

decrease in the damaged state, it is worth mentioning this result is consistent with real struc-

tures. If the stiffness of a spring decreases, the natural frequencies have to decrease as well. 

𝜽 = 𝒌 = [𝑘1   𝑘2   𝑘3   𝑘4   𝑘5   𝑘6 ]
𝑇  (3.9) 
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Once the features and the initial monitoring parameter are known, the next step is to start the 

Newton Raphson iterative method. For each iteration, the Jacobian matrix is assembled through 

the finite difference method as previously explained. This model has a very low computation 

time and because of this, it is possible to estimate the updated parameter with a low tolerance. 

In this case a tolerance of 10−12[-]. After 8 iterations, the following results were obtained as 

seen in Figure 13. 

Figure 12. Frequencies of the undamaged and first damaged system (6-DOF). 



   ¡Error! Utilice la pestaña Inicio para aplicar 

Heading 1 al texto que desea que aparezca aquí. 

 

26 

 

 

As expected, there is a significant decrease in the stiffness of the first spring/floor. Specifically, 

it has decreased from 1000 N/m to 755 N/m, which corresponds to approximately 25[%] of the 

initial spring stiffness in the healthy scenario. This coincides with the numerical results, mean-

ing that the model updating was successful. It was possible to identify which spring/floor was 

failing and how severe the damage is, that is to localize and quantify damage. 

Second damage scenario 

The same analysis was done to the second damage scenario. In this case, the second spring 

stiffness was decreased by a 25 [%]. The final result of the sensitivity-based model updating 

can be seen in the next figure. As in the previous case, it was also possible to localize the dam-

age in the correct spring/floor and to quantify it. The stiffness of the second spring was reduced 

by a 25 [%] as the Figure 14 shows.  

With this numerical example, it was possible to demonstrate the quantification of damage for 

two damage scenarios simply by using sensitivity-based numerical model updating. In the next 

sections of the thesis, more complex models are evaluated and the same verifications will be 

made. 

Figure 13. Changes structural monitoring parameter, first damage scenario (6 DOF). 
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Figure 14. Changes structural monitoring parameters, second damage scenario (6 DOF) 
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4 Finite element modelling in ANSYS 

In engineering design, the most reliable and widespread technique for numerical modelling is 

the finite element method. It consists of dividing a complicated structure into discrete areas or 

volumes known as ‘elements’ with simple and standard geometrical shapes such as small tetra-

hedral or hexahedral volumes. The standard formulation for the finite element method is the 

displacement method. This method consists in the the idealization of general structure as an 

assemblage of beams and truss elements interconnected at nodes whose modal and static solu-

tion can be obtained through the static and dynamic balance equations (Bathe, 2014). 

Finite element analysis allows to analyse the dynamic behaviour of numerical models under 

different types of loadings or support settlements. With accurate models that have been updated, 

it is possible to detect any deficiency from the early stages of the design process or to predict 

damage in structures that are being used at the moment of analysis (Khodarapast, 2010). The 

more accurate the initial model, the more accurate the model updating process and the more 

accurate the damage information. As a result, it is crucial to model the finite element modelling 

as accurate as possible. 

The chosen software for the modelling of the bridge is ANSYS Parametric Design Language 

(APDL). This software is suitable for model updating purposes as it allows the parametrization 

of the structural properties of the model. Furthermore, it is possible to interface ANSYS APDL 

with MATLAB. Through this interface, iterative methods can be applied to the finite element 

model.  

In this thesis, the sensitivity-based model updating is applied to two different models of varying 

complexity. The first model is a simple bi-supported beam with an intermediate support and the 

second study consists of the UniBw bridge model, the main case study of the thesis. The first 

model is only introduced to verify the interface between ANSYS and MATLAB and the code 

on sensitivity-based model updating. The case study of the UniBw bridge, however, has to be 

designed more carefully. This chapter introduces some considerations that were made for the 

design of the finite element models. Firstly, the main approximations that are generally made 

in finite element modelling are described. Then how to model changes in support conditions is 

explained. This section is important for the development of the case studies. Finally it is de-

scribed in a step-by-step procedure how the interface between ANSYS and MATLAB is com-

puted.  
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4.1 Assumptions in FE modelling 

Linearity is one of the main approximations that are generally employed in finite element mod-

elling. In a linear static analysis a linear relation holds between applied forces and displace-

ments as shown in Figure 15. In practice, this is applicable to structural problems where stresses 

remain in the linear elastic range of the used material. In a linear static analysis the model’s 

stiffness matrix is constant, and the solving process is relatively short compared to a nonlinear 

analysis on the same model. Therefore, for a first estimate, the linear static analysis is often 

used prior to performing a full nonlinear analysis (Bathe, 2014). 

 

 

A nonlinear analysis is an analysis where a nonlinear relation holds between applied forces and 

displacements. Nonlinear effects can originate from geometrical nonlinearity’s (i.e. large de-

formations), material nonlinearity’s (i.e. elasto-plastic material), and contact. These effects re-

sult in a stiffness matrix which is not constant during the load application. This is opposed to 

the linear static analysis, where the stiffness matrix remained constant. As a result, a different 

solving strategy is required for the nonlinear analysis and therefore a different solver (Femto 

Engineering , 2017). 

Geometrical nonlinearities 

Geometric nonlinearities consider the changes of the geometry as the structure deforms. There 

are different degrees of nonlinearities. The first one considers large displacements, large rota-

tions but small strain whereas the second considers large displacements, rotations and large 

strain. In Figure 16, both degrees o geometric nonlinearities can be seen and compared. 

Figure 15: Linear elastic FEM (Bathe, 2014) 
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The main difference between the small strain and large strain consolidation or any deformation 

analysis is that in small strain approach there is no update in geometry with respect to time 

which means the shear stress is constant with increasing strains. On the other hand, in large-

strain analysis, the geometry is updated with respect to time which means that the shear stresses 

are decreasing with increasing strains (or displacement). Generally, the small strain approach 

will result in larger deformation as compared to the large-strain approach. However, large-strain 

approach is more realistic (Bathe, 2014). 

Material nonlinearities 

Material nonlinearities involves the nonlinear behaviour of a material- nonlinear displacement 

and stress–strain response. For the case studies of this thesis, steel has been one of the consid-

ered materials. As it can be seen in Figure 17, it has a nonlinear behaviour. If it was decided to 

model the steel with a linear behaviour, any deformation that occurs as a result of a stress higher 

than the Yield strength, would be inaccurately represented.  

  

In actual finite element analysis, it is necessary to decide whether a problem falls into one or 

other category of nonlinearity as it dictates which formulation will be used to describe the 

Figure 16. Geom. non-linearities, small strain (left), large strain (right) (Bathe, 2014) 

Figure 17. Stress strain relation of steel (Autodesk , 2018). 



   ¡Error! Utilice la pestaña Inicio para aplicar 

Heading 1 al texto que desea que aparezca aquí. 

 

31 

physical situation. It is true that the use of the most general large strain formulation "will always 

be correct"; however, the use of a more restrictive formulation may be computationally more 

effective and may also provide more insight into the response prediction (Bathe, 2014). As a 

result, it has been decided to consider that the finite element models introduced in this thesis 

have a linear behaviour. 

Apart from assuming the linear behaviour of the FE model, there are several other approxima-

tions or assumptions that are commonly introduced to FE models. For example, the variability 

of material properties is in some cases not properly considered. Aside from this, there are also 

usually approximations introduced in the modelling of system connectivity as it is usually dif-

ficult to model (Friswell et al., 2001). Nevertheless, it is important to always assess the error 

introduced to the model due to approximations.  

4.2 Modelling changes in support conditions 

In some case studies of this thesis, damage will be represented as the change in boundary con-

ditions. Therefore, it is important to explain how the imposition of displacement boundary con-

ditions alters the initial stress state in structures and the resulting modal parameters and how it 

can be implemented in finite element software.  

First of all, a structural analysis of the finite element model has to be executed to obtain the 

global stress vector. Next, the force vector is transformed onto element level in order to evaluate 

the geometric stiffness and then back-transformed to element level. Ultimately, the modal pa-

rameters are solved through a dynamic analysis which considers the new terms of the geometric 

stiffness (Mendler et al., 2022). To determine the global force vector, the equilibrium equations 

are derived, neglecting damping, as follows: 

 

 

where 𝑈𝑎 are the unknown displacements and 𝑈𝑏 are the known/fixed displacements. Consid-

ering that accelerations are zero at the fixed supports, for a static support displacement, the 𝑈𝑎 

can be solved as:  

 

 

[
𝑀𝑎𝑎 𝑀𝑎𝑏

𝑀𝑏𝑎 𝑀𝑏𝑏
] [

Ü𝑎

Ü𝑏

] + [
𝐾𝑎𝑎 𝐾𝑎𝑏

𝐾𝑏𝑎 𝐾𝑏𝑏
] [

𝑈𝑎

𝑈𝑏
] =  [

𝑅𝑎

𝑅𝑏
]  (4.1) 

𝑀𝑎𝑎Ü𝑎 + 𝐾𝑎𝑎𝑈𝑎𝑎 = 𝑅𝑎 − 𝐾𝑎𝑏𝑈𝑏   
(4.2) 
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In other words, the permanent support displacement is modelled through an equivalent force  to 

static displacements at the unknown displacements. With this, we demonstrate how the change 

in the support settlements affect the final solution of the structure. This is an important aspect 

of the thesis because for the final case studies, the change in support settlement will be repre-

senting damage (Bathe, 2014).  

For this thesis, the code presented in the Appendix A had to be included in the ANSYS com-

mand window, in order to correctly model the change in support settlements. A static analysis 

is performed prior the modal analysis. In this static analysis firstly the nodes that will be dis-

placed are selected and then the support settlements are applied with the command D. As seen 

in this section, the stress state of the model changes with support settlements, therefore it is 

necessary to save its new distribution for the modal analysis. This is implemented in ANSYS 

through the PSTRES, ON command as seen in the appendix. This is how support settlements 

are implemented in ANSYS. 

4.3 Interface between ANSYS and MATLAB 

In this section, how MATLAB and ANSYS are interfaced is explained. Both software are nec-

essary for the application of model updating techniques. On the one hand, with ANSYS, models 

of real structures are designed and built. On the other hand, MATLAB is needed in order to 

apply model updating techniques to these models and to obtain the results of model calibration 

and damage diagnosis.  

As explained previously, sensitivity-based model updating consists in changing selected pa-

rameters iteratively until the residual vector between the model and real structure is zero. This 

means, that in order to apply this method, it is necessary to run the ANSYS model from 

MATLAB iteratively for different parameter vectors and the corresponding modal solution has 

to be saved in MATLAB for its evaluation. In Figure 18, how both software have to be com-

bined in each iteration of the sensitivity-based model updating is shown.  

 

Figure 18. Interface between ANSYS and MATLAB. 
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First of all, a θ parameter is introduced in MATLAB. ANSYS builds the model and obtains the 

modal solution, i.e. natural frequencies and mode shapes. This solution is saved in MATLAB 

so that the corresponding residual vector can be calculated. If the residual vector is non-zero, 

the θ parameter has to be updated and a new iteration takes place. On the contrary, if the residual 

vector reaches a minimum, the model is updated with the last introduced θ parameter.  

The interface between the two software requires a toolbox that has to be downloaded in 

MATLAB and the 2021 R1 license of ANSYS. ANSYS has to be run in the ANSYS as a server 

(aas) mode. This way, it is possible to input and issue ANSYS commands directly from 

MATLAB. Because of this, it was necessary to build and analyse the ANSYS model through 

text files. These text files contain all the commands that are used in the building and analysis 

of the model. Apart from this, there are also commands that can create result data files which 

MATLAB can open. This is how the natural frequencies and mode shapes of the model can be 

used in MATLAB. The step-by-step procedure of the MATLAB code (see appendix B) that 

obtains the natural frequencies and mode shapes from the ANSYS model is shown in Fig. 19: 
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As it can be seen, firstly the values of the θ parameter have to be introduced by the user. Apart 

from this, all the result data files are deleted. Naturally, the computation time of the model in 

ANSYS has to be considered in the MATLAB code. If not, the model will not be built and it 

will not be possible to obtain the natural frequencies. Because of this, it is necessary to issue a 

while loop until the result data file is created. For the text file that builds the finite element 

Figure 19. Scheme of the interface between Matlab and Ansys. 
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model this data is going to be Res_ACC.dat which contains the locations of the sensors in the 

model. After this, the runAnalysis text file (see appendix A) is input. This text file as previously 

explained, saves the natural frequencies and mode shapes of the model. This is done through 

the Res_frequencies.dat and Res_modeshapes.dat data files. These results are then loaded in 

MATLAB and can be used to apply the model updating techniques.  
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5 Case studies 

In this section, the sensitivity-based model updating method is applied to two different case 

studies, each varying in complexity. First of all, the HSS beam is introduced. For this case, the 

calibration of the Young’s modulus is performed and then a support displacement is updated. 

With this case study, it is possible to verify the interface between ANSYS and MATLAB and 

the correct application of the sensitivity-based model updating.  

Aside from this, a second case study is introduced with a more detailed finite element model, 

the UniBw model. One of the main tasks of this thesis was to design the ANSYS model of this 

bridge. In this section, a description of the bridge is firstly provided. Aside from this, the AN-

SYS model is presented, detailing the main approximations that were made during the design 

process. Finally, sensitivity-based model updating is applied to the model. Firstly for its cali-

bration, and then to diagnose damage.  

5.1 HSS beam 

In this section, the HSS beam is presented. The purpose of this case study is to verify that the 

interface between ANSYS and MATLAB together with the code on sensitivity-based model 

updating were correctly applied. Due to the low computation time of this model, it was possi-

ble to edit and correct errors until the code could be correctly applied to the next case study, 

the UniBw bridge.  

5.1.1 Description of the HSS beam model 

First of all, a case study of a simple HSS beam has been modelled by ANSYS APDL. It can be 

seen in Figure 20 below. The particularity of this beam is that it is composed of two different 

materials which have a different Young’s modulus. In blue is the material 1 and in yellow the 

material 2. Apart from this, the beam is supported on its ends and also in the middle.  

 

Figure 20. HSS beam, in blue material 1 and in yellow material 2 
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Both a “healthy” and a “damaged” scenario of the HSS beam is introduced. The main objective 

is to firstly, with the healthy state, calibrate the model using the sensitivity-based model updat-

ing . Secondly, by comparing the healthy and damaged state, damage is detected. 

5.1.2 Calibration of the Young’s modulus in two segments.  

In general, for the comparison between the numerical model and the real structure the two first 

natural frequencies have been selected. For the calibration of the model, two scenarios are 

needed: an initial assumption of the structural updating parameters and the “healthy” scenario 

of the HSS beam. It is important to consider that this study does not evaluate experimentally-

obtained data. Simply two numerical scenarios have been set up. As structural monitoring pa-

rameter, it has been chosen to use the Young’s modulus (in [GPa]) of material 1 and 2. In the 

initial assumption, the values of both Young’s moduli are contained in the 𝜽𝟎 parameter shown 

in Equation (5.1). Apart from this, the natural frequencies obtained from the modal analysis of 

the initial assumption are contained in 𝒇𝟎  [Hz] in the Equation (5.2). 

 

 

 

 

For the “healthy” case scenario, the real Young’s modulus of the beam is assumed to be higher, 

for the material 1, it is going to be 225 [GPa] and for the material 2, [250] GPa. The “real” 

structural parameter will have each Young’s modulus and will be contained in 𝜽𝒅. The corre-

sponding natural frequencies are contained in 𝒇𝒅 [Hz] . 

 

 

 

 

Through sensitivity-based model updating, the 𝜽𝟎 is updated and made equal to the 𝜽𝒅. The 

Jacobian matrix is calculated with the 𝜽𝟎  by the finite difference method. Afterwards, a vali-

dation of the Jacobian matrix is performed in order to ensure that the finite difference method 

was correctly used. This is a visual validation and it can be seen in Figure 21. In this case, for 

the Young’s modulus of material 1, in red are the values of the residual function and in black, 

the obtained Jacobian entry through the finite difference method. If it is tangent to the residual 

𝜽𝟎 = [ 210    240]𝑇 (5.1) 

𝒇𝟎 = [ 12.302   13.2564]𝑇 (5.2) 

𝜽𝒅 = [ 225    250]𝑇 (5.3) 

𝒇𝒅 = [ 12.6743   13.6530]𝑇 (5.4) 
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function, the Jacobian entry can be validated. In the Figure 21, it can be seen how the Jacobian 

entries with respect to the Young’s modulus of the material 1 are valid.  

 

Once the Jacobian matrix is obtained, the model can be updated through the modified Newton-

Raphson method as explained in previous sections. After seven iterations of the modified New-

ton Raphson method, the model is updated. In Figure 22, the changes in the Young’s modulus 

can be appreciated. In red is the initial assumption and in blue, the updated structural monitoring 

parameter through sensitivity-based model updating.  

 

Figure 21. Validation of the Jacobian vector for parameter 1. 

Figure 22. Calibration of the HSS beam. 
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In order to evaluate the accuracy of the obtained results, the relative error is calculated. The 

formula of the relative error is shown in Equation (5.5): 

 

 

The results of the model updating are shown in Table 1. As it can be seen, the relative error is 

quite low for both monitoring parameters. Therefore, it can be concluded, that the model up-

dating was successful in the calibration of the HSS beam.  

 

Table 1. Relative errors of the monitoring parameter. 

𝜃𝑖
𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑

 𝜃𝑖
𝑟𝑒𝑠𝑢𝑙𝑡 𝐸𝑟𝑟𝑜𝑟 

225,000,000,000 224,999,999,771 1.01·10-9 

250,000,000,000 250,000,000,523 2.09·10-9 

 

 

5.1.3 Updating the support displacement  

In this section, a “damage” scenario is added. The idea is to transform the “healthy” scenario 

into the “damaged” through sensitivity-based model updating. The initial assumption is there-

fore, in this case, the “healthy” scenario. However, an extra structural monitoring parameter has 

to be included to represent damage. In previous sections of this thesis, it has been explained 

how support settlements are modelled in FE analysis. For this case study, damage will be rep-

resented as the vertical displacement of the middle support. For the initial assumption, the 

healthy state is defined, that is a zero support settlement. In this case, the structural monitoring 

vector 𝜽𝟎 has parameters with different units, the first two correspond to Young’s modulus and 

are in [GPa] whereas the last parameter refers to the support settlement and is in [m], these 

parameters are contained. The corresponding natural frequencies are contained in 𝒇𝟎 [Hz] and 

have naturally the same values as the previous case. 

 

 

 

𝐸𝑟𝑟𝑜𝑟 = |𝜃𝑖
𝑟𝑒𝑠𝑢𝑙𝑡 − 𝜃𝑖

𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑| 𝜃𝑖
𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑⁄   

(5.4) 

𝜽𝟎 = [ 225    250    0]𝑻 (5.5) 

𝒇𝟎 = [ 12.6743   13.6530]𝑇 (5.6) 
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For the “damaged” case scenario, a support settlement of 0.02 [m] is implemented and the up-

dated structural monitoring parameter will have the values presented in Equation (5.7). As a 

result of the support settlements, the natural frequencies will be affected as expected. The “dam-

aged” structural parameter 𝜽𝒅 will contain each Young’s modulus in [GPa] and the imple-

mented support settlement in [m]. The corresponding natural frequencies are contained in 𝒇𝒅 

[Hz] . 

 

 

 

 

The result of the model updating can be interpreted in Figure 23, which shows the changes in 

the modal parameter. As it can be seen, the Young’s modulus of material 1 and 2 are not affected 

by the model updating, whereas the support settlement was updated to 0.02 [m]. This was pos-

sible after two iterations of model updating.  

 

 

These two studies verify the sensitivity-based model updating is useful for calibration and dam-

age quantification. It has also been demonstrated that both the interface between MATLAB and 

𝜽𝒅 = [ 225    250    0.02]𝑻 (5.7) 

𝒇𝒅 = [ 12.6581   13.6322]𝑇 (5.8) 

Figure 23. Change in the model updating parameters for support settlement conditions 
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ANSYS and the sensitivity-based model updating have been correctly applied. It is now possi-

ble to continue the studies with a more complex model, the UniBw model. 

5.2 UniBw Bridge 

One of the main tasks of this thesis is to design the model of the UniBw bridge. In Figure 24, 

the complete model can be seen. In this section, first of all the description of the bridge is pro-

vided. Secondly, the main considerations made for its modelling are explained. Lastly, the 

same study as the HSS beam is performed: calibration and damage detection. The idea is to 

apply the sensitivity-based model updating methods to this model.  

 

5.2.1 Bridge description 

In the figure below, real pictures of the bridge are shown. In Figure 25.a, a general view of the 

bridge is given. The bridge is 29.9 [m] long and 4 [m] wide. It is supported by abutment walls 

at each end and by pier situated in the middle, with two spans of 14.95 [m] each. In Figure 25. 

b, the view from the inside of the bridge is seen. As the picture depicts, the bridge consists of 

two steel HEB1000 beams which are connected on the top by cement boxes and on the bottom 

by steel braces. Apart from this, there are stiffeners on the HEB1000 beams every 3.6 [m]. 

 

Figure 24. ANSYS model of the UniBw bridge. 
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Figure 25. UniBw bridge (left), between HEB1000 profiles (right) (Jaelani et al., 2022). 

 

On the deck, there are ten cement boxes that are 4 [m] wide and 2.98 [m] long. In Figure 26 the 

reinforcement of the boxes can be seen. It consists of half of a HEA340 steel profile. These 

profiles are then fixed to the HEB1000 beams on its bottom. In the picture, the complete front 

view of the cement boxes is not shown but in reality there are two reinforcement beams pro 

cement box. Apart from this, it is important to note that the concrete of the boxes is C30/37 as 

this study (Baumhauer, 2010) on the same bridge shows. 

  

 

 

The HEB1000 beams are connected through nine braces that are placed between them. These 

braces can be seen in Figure 25. B and in the Figure 27. Two types of braces were used. At the 

ends of the bridge there are two IPE270 braces situated in the middle of the HEB1000 beams 

and along the bridge there are seven HEA120 situated in the lower part of the HEB1000 as seen 

in the figures. 

Figure 26. Cement blocks in the UniBw M bridge (Jaelani et al., 2022) 
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.  

5.2.2 Ansys model 

In this section, the main aspects of the process of the design of the UniBw model is explained. These 

are on the one hand, the main approximations applied to the model and on the other, how to properly 

mesh the UniBw model is decided.  

 

Approximations 

In this section, the most important approximations that had to be made for the UniBw bridge 

model are explained. As a first consideration, it was decided to maintain the whole model linear. 

In previous sections, it has been seen how the linearity can affect the accuracy of the numerical 

model. Nevertheless, considering the non-linear behaviour increases the computation time of 

the model considerably. As the nonlinearities are not the main interest of this thesis and in order 

to increase time-efficiency of the model, the model is maintained linear. 

Figure 27. ANSYS model of the UniBw bridge (front view) 
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Secondly, some approximations were made to model the contact regions between the volume 

surfaces. In reality as it can be seen in Figure 28, there are stiffeners and screws that were not 

included in the ANSYS model. On the one hand, modelling the screws in the model is very 

time consuming and increases considerably the computation time of the model. Because of this, 

it was decided not to model the screws and directly consider that the contact regions are com-

pletely glued together. 

 

On the other hand, the stiffeners were not included as they increase the number of volume 

cutting in the ANSYS model for its proper meshing. It has been observed that adding number 

of cuts to the model increases significantly the computation time.  

Another contact region which was not modelled correctly is the surface between the braces and 

the HEB1000 profiles. In Figure 28, it is clear that there is a rigid union between them. Never-

theless, there were many problems encountered when modelling this in ANSYS. Because of 

this, instead of a rigid union an articulate was modelled. In Figure 29, the consequence of this 

implementation can be interpreted. The rigid union produces joint bending of both elements 

against gravitational and horizontal loads, increasing stiffness and reducing deformation. Not 

considering this union correctly, introduces a big error to the model. 

Figure 28. Front of the Autodesk Revit model of the UniBw bridge (Janßen, 2022) 
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Finally, the material properties of the model were assumed according to the provided literature. 

The materials considered in the model are steel and cement. For steel in the first run, a Young’s 

modulus of 210 [GPa] is going to be assumed and for the cement as it is a C30/37 (Baumhauer, 

2010), a Young’s modulus of 33GPa . The density of the steel is 7850kg/m3 and the concrete 

2500 kg/m3. It is true that some properties are going to be updated with real measuring data, 

but he uncertainties of these properties will inevitably introduce errors to the model. In conclu-

sion, there were several approximations applied to the model and as a result, it is necessary to 

calibrate it for it to be useful in damage detection.  

Meshing considerations 

Once the geometry of the model has been assigned, the model has to be meshed. Meshing con-

sists in dividing the structure into smaller ‘elements’ as previously explained. To apply a mesh-

ing to a model, it is necessary to define the shape of the ‘elements’ and their size. How the 

structure is meshed, affects the general accuracy and the computational efficiency of the solu-

tion. Because of this, it is important to make the proper considerations in the type of meshing 

and the size of the elements.  

a) Hexahedral vs tetrahedral meshing 

The most common type of meshes are tetrahedral or hexahedral. In Figure 30, both types of 

meshing are depicted. The type of meshing affects the solution of the model. The goal in choos-

ing a particular type of mesh, whether it is hexahedral or tetrahedral, is to find the best balance 

between simulation accuracy, computational time, convergence rate, and difficulty in 

Figure 29. Deformation of articulated beams (right) vs rigid (left) (Barluenga, 2018). 

https://resources.system-analysis.cadence.com/blog/msa2021-cfd-meshing-methods
https://resources.pcb.cadence.com/blog/2019-speed-of-convergence-for-numerical-simulation-algorithms
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generating the numerical model (CFD, 2022). Because of this, both types will be compared and 

the option that best suits the model of the bridge will be chosen. 

 

 

The generation of hex-dominant meshes often require time-consuming user interaction. This is 

the case in ANSYS APDL. When choosing the hexahedral meshing, it is necessary to make 

extra cuts on the model as depicted in Figure 31. That means that when there is an L or T shaped 

volume, it will have to be cut in all its corners. In the Figure 31, the cuts are shown in red for 

an L-shaped figure.  

Apart from this, hexahedral meshes cannot be adapted to complicated geometry, such as 

spheres. It is important to note that in our case, the UniBw bridge is mainly composed of rec-

tangular prisms, which have accurate results with hexahedral meshes.  

There are also some disadvantages in choosing tetrahedral meshing. First of all, there is a higher 

number of elements created, so the runtime will be less efficient. Secondly, tetrahedral meshes 

Figure 30. Hexahedral (right) and tetrahedral (left) meshing (Sosnowski et al., 2018) 

Figure 31. Needed cuts (red) in hexahedral meshing. 
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can lead to some issues as inaccuracy or locking problems. Locking problems is an error that 

occurs in finite element analysis due to the linear nature of quadrilateral elements. Linear mod-

els can not accurately model the curvature present in the actual material bending and a shear 

stress is introduced. In Figure 32, the shear-locking problem is represented in the example of 

pure bending. In the linear element the corner nodes at horizontally shifted, resulting in a shear 

strain in horizontal plane. The shear stress contributes to the equilibrium of forces and thereby 

disturbs the deformation of the bending beam. To avoid this problem and get more accurate 

results, the area of interest has to be as rectangular as possible (preferably square). This is 

achieved with hexahedral mesh instead of tetrahedral. 

 

 

 

Given the geometry of the structure of the UniBw bridge and in order to avoid locking prob-

lems, it has been decided to mesh the whole bridge with hexahedrons. Even though it was nec-

essary to make several cuts to the volume, it is expected to improve the accuracy of the analysis.  

 

b) Size of the elements 

Another important aspect to consider in the mesh is the size of the elements of the model. In 

finite element analysis, the accuracy of the FEA results and requested computing time are de-

termined by the finite element size (mesh density). According to FEA theory, the FE models 

with fine mesh (small element size) yield to highly accurate results but may take longer com-

puting time. On the contrary, those FE models with coarse mesh (large element size) may lead 

to less accurate results but save computing time. Additionally, small element size will increase 

the FE model's complexity which is only necessary when high accuracy is required. Large ele-

ment size, however, will reduce the FE model's size and is extensively used in simplified models 

in order to provide a quick and rough estimation of designs. Due to its importance, in generating 

FEA models, the foremost problem is to choose appropriate elements size so that the created 

Figure 32. Real solution (left), linear solution (right) (FEM data Streamlinear, 2021) 
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models will yield accurate FEA results while save as much computing time as possible (Liu & 

Glass, 2013). A good technique is to reduce element sizes in places where big defor-

mations/stresses/instabilities take place. This allows for greatly increased accuracy without 

great expense at computing time (Skotny, 2017). In the areas that are more stable, coarser 

meshes can be used.  

For the UniBw model, the size of the elements of the model was carefully selected. Different 

element sizes were applied to the model and their result was checked. For “poorly” shaped 

elements, ANSYS APDL shows shape warnings. These are identified by the program through 

an element shape checking which is done after meshing. In a good model, no shape warnings 

should occur (ANSYS I. , 2021). After analysing the results of the model for different element 

sizes, it can be seen through the summary of the shape check that these warnings appear due to 

its aspect ratio, which is a measure of the stretching of a cell. This means that the elements are 

not cubes with equal side lengths, which leads to errors in the results. To avoid the warnings 

and the possible errors, the size of the elements has to take into account the size of the geometry 

of the structure. The smallest measurements on the structure are clearly the thicknesses of the 

profiles which are around 0.01-0.2 [m] thick. Because of this, for element sizes smaller than 

0.1 [m] no warning was given by the program.  

After applying several different element sizes to the model, it was determined that in order to 

obtain zero warnings from the program, the element size has to be equal to or less than 0.1 [m] 

as established before. It is also possible to make it coarser. However, for an element size of 

0.07, the running time of the modal analysis was considerably larger. As a result, by keeping 

the element size as 0.1 [m], we obtain zero warnings from the program and a low computation 

times with respect to finer meshes. It was decided to maintain the 0.1 [m] element size for the 

whole bridge.  

5.2.3 Calibration of the Young’s modulus 

In this section, sensitivity-based model updating is applied to the UniBw model. As in the 

previous case study, the HSS beam, this section willl start with the comparison of the structural 

health monitoring vector and the corresponding natural frequencies in both its initial and 

“healthy” state. It was decided to use the Young’s modulus of the steel and the Young’s 

modulus of the concrete of the structure as structural monitoring parameters. Even though the 

literature review (Baumhauer, 2010), states their values, Young’s modulus are very common 

structural updating parameters and have been used in many cases as explained in previous 

sections. The residuals in this case, are going to be the first three natural frequencies. In the 

initial assumption, the values of the Young’s modulus of the steel and the Young’s modulus of 

the concrete are contained in the 𝜽𝟎 parameter shown in Equation (5.8). Apart from this, the 
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natural frequencies obtained from the modal analysis of the initial assumption are contained in 

𝒇𝟎  [Hz] in the Equation (5.2). 

 

 

 

 

For the “healthy” case scenario, the real Young’s modulus of the bridge is assumed to be higher, 

for the steel, it is going to be 220 [GPa] and for the concrete, 34 [GPa]. The “real” structural 

parameter will have each Young’s modulus and will be contained in 𝜽𝒅. The corresponding 

natural frequencies are contained in 𝒇𝒅 [Hz] . 

 

 

 

 

With the initial structural monitoring parameter and the final residual vector, sensitivity-based 

model updating is applied to the model. The results can be seen in Figure 33. In red are the 

initial assumptions and in blue, the final values.  

 

𝜽𝟎 = [ 210    33]𝑻 (5.9) 

𝒇𝟎 = [ 9.2281    14.4173   29.5711]𝑇 (5.10) 

𝜽𝒅 = [ 220    34]𝑻 (5.11) 

𝒇𝒅 = [ 9.4387    14.7444    30.2440]𝑇 (5.12) 

Figure 33. Model updating of UniBw model. Calibration. 
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The results of the model updating are shown in Table 2. It is important to note that a total of 

four iterations were needed to converge the solution. As it can be seen, the relative error is quite 

low for both monitoring parameters. Therefore, it can be concluded, that the model updating 

was successful in the calibration of the UniBw model.  

 

Table 2. Relative errors of the calibration of the UniBw model. 

𝜃𝑖
𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑

 𝜃𝑖
𝑟𝑒𝑠𝑢𝑙𝑡 𝐸𝑟𝑟𝑜𝑟 

220,000,000,000 219,999,999,302. 3.17 10-9 

34,000,000,000 33,999,999,911 2.61 10-9 

 

 

5.2.4 Damage detection 

In this section, a “damage” scenario is added. Damage will be represented as the vertical dis-

placement of the middle support as in the HSS case study. The idea is to transform the “healthy” 

scenario into the “damaged” through sensitivity-based model updating. The initial assumption 

is therefore, in this case, the “healthy” scenario. However, the support settlement of the middle 

support has to be included in the structural health monitoring parameter for its assessment. For 

the initial assumption, the “healthy” state is defined, that is, a zero support settlement. In this 

case, the structural monitoring vector 𝜽𝟎 has parameters with different units, the first two cor-

respond to Young’s modulus and are in [GPa] whereas the last parameter refers to the support 

settlement and is in [m], these parameters are contained. The corresponding natural frequencies 

are contained in 𝒇𝟎 [Hz] and have naturally the same values as the previous case. 

 

 

 

 

If a support settlement of 0.03 m is applied to the model, the updated structural health monitor-

ing parameter 𝜽𝒅 would have the values presented in Equation (5.15). As a result of the support 

settlement, the natural frequencies 𝒇𝒅 [Hz] would change to the values presented in (5.16).  

 

 

𝜽𝟎 = [ 220    34     0]𝑇 (5.13) 

𝒇𝟎 = [ 9.4387    14.7444    30.2440]𝑇 (5.14) 

𝜽𝒅 = [ 220    34     0.03]𝑇 (5.15) 
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Through model updating, the parameters are updated as shown in the Figure 34. The result was 

successfully converged in two iterations. In the figure, Young’s moduli are shown on the left 

side in blue and the support settlement  on the right side in red. Each with its own units. For the 

Young’s moduli, the lighter blue are the initial assumptions and the darker blue the final result 

of the model updating. It can be seen that through the model updating, the Young’s modulus of 

both the steel and concrete remain constant.  

On the right side in red, is the result of the support settlement in [m]. Initially it is 0 as stated in 

the beginning of the section. This is the reason why it cannot be seen on the graph. After the 

model updating, the support settlement is approximately 0.03 [m], as expected. This means that 

the model updating was successful.  

 

 

Figure 34. Model updating of the UniBw bridge damage detection 

 

In Table 3, the relative errors and the comparison between the initial and updated monitoring 

parameters are shown. They relative errors of each parameter is very low and therefore, the 

model was successfully updated. 

 

𝒇𝒅 = [ 9.4001    14.7168    30.2121]𝑇 (5.16) 
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Table 3. Relative errors of damage detection in UniBw model. 

 

 

Finally, as a last visual representation of the success of the model updating method, the Figure 

35 is shown. This figure represents the deviations of the structural monitoring parameters. In 

blue are the changes in the Young’s modulus of the concrete and steel and in red, the changes 

of the support settlement are represented.  

 

Figure 35. Change in parameters in damage detection. 

 

With this case study, it is represented how sensitivity-based model updating techniques can be 

implemented to complex models through the interface of MATLAB and ANSYS. Once again, 

it is necessary to highlight the benefits to sensitivity-based model updating. As the different 

case studies presented in this thesis have concluded, sensitivity-based model updating allows 

the damage localization and quantification, two very sought-out characteristics for SHM 

𝜃𝑖
𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑

 𝜃𝑖
𝑟𝑒𝑠𝑢𝑙𝑡 𝐸𝑟𝑟𝑜𝑟 

220,000,000,000 219,999,978,166. 9.92 10-8 

34,000,000,000 34,000,004,121 1.21 10-7 

0.03 0.02999 0.003 
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methodologies. Finally, appendix C contains figures of the ANSYS model in the damaged 

scenario for the three studied modes in order to visually verify that the obtained modes in the 

analysis correspond to the eigenfrequencies. 
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6 Conclusions 

In this last section, a summary and an analysis of the future research in the field are given. 

Firstly, the main ideas and conclusions of the thesis are presented. For this purpose, it is im-

portant to note that the thesis is divided into two main parts: on one hand, the literature review 

on model updating and on the other, the application of model updating to the UniBw model. 

Furthermore, the conclusions of this thesis also offer a reflection of possible future research.  

6.1 Summary 

Due to the continuous advances in information technology and sensors, SHM is becoming a 

cost-efficient and reliable solution to ensure safety and reliability of structures. For the predic-

tion or assessment of damage based on SHM, a digital model of the real structure is required. 

To improve the correlation between the numerical model and the real structure and make its 

predictions as credible as possible, it is increasingly common to combine numerical modelling 

with the results of experimental investigation of the structure. This thesis provides an overview 

of the process of updating finite element models based on the results of experimental investi-

gations and the most used methods. Several relevant conclusions can be drawn from the litera-

ture review: 

1. Considering the actual behaviour of the structure and the parameters that most credibly 

represent it, one can conclude that the numerical model of the structure can be improved 

based on the experimentally determined dynamic properties (e.g. natural frequencies 

and mode shapes). The accuracy of the experimentally obtained data will influence the 

quality of the updated numerical model.  

2. Selecting the appropriate design variables has a significant influence on reducing errors 

and simplifying the finite element model. It is very important that the selected design 

variables represent the real structural behaviour as well as possible. The change in struc-

tural dynamic parameters is most associated in the changes of structural stiffness in form 

of the damage.   

3. There are several finite element model updating methods represented in the literature 

review of this thesis. For the application of the FEMU to the UniBw model, the sensi-

tivity-based model updating method was selected. The existing research has highlighted 

the advantage of the stochastic method (e.g. Bayesian), which provides the overall prob-

ability of the distribution of the physical parameters under consideration. Nevertheless, 

it was chosen to use the sensitivity-based model updating for the case studies as they 

have a similar background to sensitivity-based statistical tests, which is currently used 

at the Chair of Non-destructive Testing at TUM to perform the damage diagnosis. 
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Therefore, for this thesis it was more consistent to develop the sensitivity-based model 

updating technique. 

Apart from this, the sensitivity-based model updating method was successfully applied to the 

numerical model of the UniBw bridge. For this purpose, the numerical model had to be firstly 

designed. Then it was possible to apply FEMU for its calibration and damage detection. The 

complete process involved several considerations: 

1. First of all, there were several modelling assumptions which had to be made to simplify 

the numerical model. It was decided to maintain the complete structure linear. Moreo-

ver, there were some complications encountered when modelling the system connectiv-

ity of the braces with the main profiles of the bridge. Additionally, the material constants 

of the bridge were maintained constant throughout the whole bridge. These approxima-

tions introduce errors to the model and as a result, it is necessary to improve it through 

FEMU methods. 

2. Secondly the updating structural parameter had to be selected for model updating. It 

was decided that due to the uncertainties presented in the Young’s modulus of both 

materials of the bridge (steel and concrete), these would be the structural health moni-

toring parameter. As an example, in order to proof the damage detection algorithm, a 

damage scenario was modelled that represented the change in the support settlement. 

Therefore, for the damage detection, the support settlement was also a structural moni-

toring parameter.  

3. Finally, the results showed, how it is possible to quantify damage through sensitivity-

based modal updating. The results were quite accurate for all the case studies and proof 

of concept studies presented, not only the UniBw bridge model.  

6.2 Future research 

The Chair of Non-destructive Testing at TUM in collaboration with other universities have 

already performed field work on the UniBw bridge. Real vibration data has been extracted for 

several scenarios. Firstly, an undamaged scenario, and then various damaged scenarios were 

evaluated such as a change in middle support settlement. All of these are collected in the forth-

coming paper (Jaelani et al. , 2022). 

With the undamaged scenario, the FE model can be calibrated. This would allow the develop-

ment of a benchmark study of the UniBw bridge. Through the several damage scenarios that 

have been applied to the real bridge, it is possible to validate further model updating techniques 

and develop a benchmark study of the UniBw bridge.  
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Unfortunately, this has not been possible in the duration of this thesis. The dynamic response 

of the initially designed FE model had too many differences from the real bridge and the solu-

tion did not converge for only two structural updating parameters. Nevertheless, the provided 

FE model, can be used as a reference for its calibration and to perform further studies on model 

updating techniques at different damage scenarios. 

The approximation on the system connectivity of the braces to the main profiles could probably 

be the leading issue in the lack of the convergence in the model updating of the FE model. 

Therefore, as a next step, a different solution to model this connection could be proposed. Aside 

from this, in this thesis it has been shown that model updating structural parameters can be used 

to improve system connectivity. This could be another approach to solve this issue. 

In general, a sensitivity analysis should be performed on the FE model before its updating. This 

way the parameters that are most sensitive to the output can be chosen. Nevertheless, it should 

be noted that the number of parameters should be as small as possible to avoid ill-conditioning 

issues. Through these steps, the calibration of the FE model of the UniBw bridge could be 

obtained.  

To conclude, the relevance of benchmark studies in FEMU is highlighted. Such case studies 

can verify the efficiency of different model updating techniques, develop damage detection 

algorithms, study the selection of structural parameters in model updating and more, contrib-

uting to the research of non-destructive SHM.   
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7 Appendix A: ANSYS APDL - runAnalysis 

 

/SOLU ! STATIC ANALYSIS 

ANTYPE, static 

PSTRES,ON ! Stress stiffening 

NLGEOM,OFF ! Large deflections 

outres,all,last 

EMATWRITE,YES 

OUTPR,,1 

NSEL,S,loc,x, -0.115,0.115 

NSEL,R,loc,y, d - 0.115, d + 0.115 

NSEL,R,LOC,z,0.5  

D,all,uz, theta3 

allsel,all 

SOLVE 

SAVE 

FINISH 

/SOLU ! MODAL ANALYSIS 

allsel,all 

NSEL,all 

nModes = 15  

 

ANTYPE, modal 

MODOPT, LANB, nModes 

MXPAND, nModes, ,,YES 

PSTRES,ON 

NLGEOM,OFF ! Large deflections 

 

SOLVE 

SAVE 

FINISH 
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8 Appendix B: Interface between ANSYS and Matlab  

function [f, phi] = askANSYS(theta) 
%% Inferface MATLAB and ANSYS 
orb = initialize_orb(); 
load_ansys_aas(); 
iCoMapdlUnit = actmapdlserver(orb,'aaS_MapdlId.txt'); 
char(iCoMapdlUnit.executeCommandToString('/clear')); 
 
%% Define Monitoring Vector 
char(iCoMapdlUnit.executeCommandToString(['theta1 = ',num2str(theta(1))])); 
char(iCoMapdlUnit.executeCommandToString(['theta2 = ',num2str(theta(2))])); 
char(iCoMapdlUnit.executeCommandToString(['theta3 = ',num2str(theta(3))])); 
%% Build Model 
char(iCoMapdlUnit.executeCommandToString('/DELETE, Res_ACC, dat')); 
char(iCoMapdlUnit.executeCommandToString('/input,runModel1,txt')); 
 
% Wait for ANSYS to respond 
count = 0; 
disp(['1. ANSYS is building the model']); 
while (exist('Res_ACC.dat')==0) 
    pause(0.25) 
    count = count+1; 
    maxCount = 500; 
    if count ==maxCount 
        disp('no file was generated in allowed within 180 seconds'); 
        break 
    end 
end 
 
%% Run Modal Analysis 
char(iCoMapdlUnit.executeCommandToString('/DELETE, Res_frequencies, dat')); 
char(iCoMapdlUnit.executeCommandToString('/DELETE, Res_modeshapes, dat')); 
char(iCoMapdlUnit.executeCommandToString('/DELETE, Res_participation, dat')); 
char(iCoMapdlUnit.executeCommandToString('/DELETE, Res_K_sol, txt')); 
char(iCoMapdlUnit.executeCommandToString('/DELETE, Res_M_sol, txt')); 
char(iCoMapdlUnit.executeCommandToString('/input,runAnalysis1,txt')); 
 
% Wait for ANSYS to respond 
count = 0; 
disp(['2. ANSYS is solving the model']); 
while (exist('Res_frequencies.dat')==0 || exist('Res_modeshapes.dat')==0) 
    pause(0.25) 
    count = count+1; 
    maxCount = 500; 
    if count ==maxCount 
        disp('Error: No file was generated in allowed within 180 seconds'); 
        beep on; beep; 
        break 
    end 
end 
 
 
%% Load Modal Parameters 
f = load('Res_frequencies.dat'); 
phi = load('Res_modeshapes.dat'); 
 
end 
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9 Appendix C: Pictures of UniBw ANSYS model  

 

Case: Damaged scenario of the UniBw bridge, with a 0.03 [m] settlement. 

First natural frequency: 9.4001 [Hz] 
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Second natural frequency: 14.7168[Hz]  

Third natural frequency: 30.2121 [Hz] 
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