
 
 

 
 
 

 
 

Network of European Research Infrastructures for  

Earthquake Risk Assessment and Mitigation  
 

 
 

 
 

 

 
 

 

Report  
 

Structural fragility assessment using field monitoring data  

 
 
 

 
 

 
 

 
 

 

 
 

 
 

Activity:  Vulnerability Assessment from Field 
Monitoring  

Activit y number:  WP15 
  

Deliverable:  Structural fragility assessment using field 

monitoring data  
Deliverable number:  15.4  

  
Responsible activity leader:  VCE 

Responsible participant:  VCE 
Author :   

 
Seventh Framework Programme  

 EC project number: 262330  

 



 NERA | D15.4

 

2 

Summary  

High protection measures should be taken to increase the resilience of our society and 

minimize the effects of seismic events. One of the crucial steps for the mitigation of the 

seismic risk is indeed the capacity of assessing the risk and its cor related uncertainties. A 

unified methodology and tools for the Earthquake Engineering Community should be developed 

for seismic vulnerability assessment, accounting for different typologies of building and 

building aggregates. Within this methodology, fiel d monitoring data will help to reduce the 

epistemic as well as aleatory uncertainties associated with the risk assessment procedure, 

allowing the creation of real time assessment tools.  

Fragility curves, as damage intensity predictors of various structures  and life lines under 

different demand levels, have to be derived in a way to reflect the most realistic view of the 

performance of the structure.  

This report treats the derivation of fragility curves of structures of which the finite element 

model has bee n calibrated by comparison between calculated and measured dynamic 

properties.    
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1.  Introduction  

In the last decade, several earthquakes produced severe damage and casualties around the 

world and in the European -Mediterranean region. Recent events like LôAquila (Italy), 2009, 

Athens (Greece), 1999 and Izmit (Turkey), 1999, remind us th at the vulnerability and 

exposure of our built environment are high and the seismic risk cannot be underestimated. 

Therefore higher protection measures should be taken to increase the resilience of our society 

and minimize the effects of seismic events. On e of the crucial steps for the mitigation of the 

seismic risk is indeed the capacity of assessing the risk and its correlated uncertainties. A 

unified methodology and tools for the Earthquake Engineering Community should be developed 

for seismic vulnerabil ity assessment, accounting for different typologies of building and 

building aggregates. Within this methodology, field monitoring data will help to reduce the 

epistemic as well as aleatory uncertainties associated with the risk assessment procedure, 

allow ing the creation of real time assessment tools.  

The uncertainty behind any attempt to represent reality by a mathematical model is mainly 

caused by lack of knowledge and may exist in all aspects of the modeling procedure. Physical 

structural features, i.e.  material, mass and geometry, are likely to be selected as updating 

parameters in order to improve accuracy. This process will quantify the difference between 

experimental and numerical results and it will subsequently modify the numerical values of the 

input parameters to increase the correlation between the observed dynamic response of the 

structure and the prediction from the numerical model.  

Natural phenomena such as fatigue, creep and degradation of material properties during the 

life time of the stru ctures as well as the plausible damages due to the occurrence of the 

external hazards including but not limited to the ground motions, may result into a notable 

deviation in the global characteristics and dynamic performance of the buildings at real - time 

from the initial, theoretically assumed, design values. So not only in a seismic context 

updating of numerical models based on experimental in situ results is mandatory.  

Fragility curves, as damage intensity predictors of various structures and life lines u nder 

different demand levels, have to be derived in a way to reflect the most realistic view of the 

performance of the structure. Fragility curves are to represent the probability of the occurrence 

of a specific damage state to a structure, under a certain  level of ground motion shaking 

[1][2][3][4][5]. As a result, any phenomena, such as degrading of the structural material 

properties due to aging or probable damages by various events during the lifetime of the 

structure could inherently influence the exte nt of response of the building to any arbitrary 

excitations in comparison to the original intact state. This is to imply that the fragility curves of 

a specific structure might not potentially hold their initial configuration and could need an 

upgrade to t he ñreal timeò condition. 

This report treats the derivation of fragility curves of structures of which the finite element 

model has been calibrated by comparison between calculated and measured dynamic 

properties.   
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2.  Developing fragility curves  

The vulnera ble conditions of a building can be described using fragility functions that describe 

the probability of  exceeding different limit states (such as damage or injury levels) given a 

level of ground  shaking.   

Different methods can be used to estimate a fragil ity function. It is possible to classify them  

into four generic groups:  

ü Empirical fragility  curves  are constructed based on statistics of observed  damage from 

past earthquakes, such as from data collected by post -earthquake surveys.  

ü Expert opinion -based fr agility curves  depend on judgment and information of experts. 

These experts are asked to provide an estimate of the mean loss or probability of 

damage for different types of structures and several levels of ground shaking.  

ü Analytical fragility curves  are c onstructed starting from the statistical elaboration of 

damage distributions that are simulated from analyses of structural models under 

increasing earthquake intensity. It is worth noting that the application of the analytical 

methods might be limited by the computational effort of the analyses.  

ü Hybrid fragility curves  are based on the combination of different methods for damage 

prediction. Often, the aim is to compensate for the lack of observational data, the 

deficiencies of the structural models and the  subj ectivity in expert opinion data 

[10][11]  

 

Referring to the definitions of the fragility functions (analytically determined fragility functions) 

as the probability of the occurrence or exceedance of a specific damage state by the structure 

under a cert ain level of ground motion,  the methodology of developing fragility curv es includes 

the following steps:  

1.  Define scenario earthquake(s) and derive the corresponding demand (response) spectra 

(for weak, medium, strong é shaking / for different damping values) : spectral 

acceleration versus spectral spectral displacement (ADRS format).  

2.  Build capacity curves (with control points: yield capacity, ultimate capacity) (also: 

pushover curves): calculated base shear versus top roof displacement curves can be 

rescaled  (converted) to spectral acceleration versus spectral spectral displacement 

capacity curves.  

3.  Building response points (performance points, demand points) are given by the 

intersection of  demand spectra and building capacity curves.  

4.  Finally fragility curve s are built: lognormal functions that describe the probability of 

reaching, or exceeding, structural and nonstructural damage states, given median 

estimates of spectral response, for example spectral displacement. These curves take 

into account the variabi lity and uncertainty associated with capacity curve properties, 

damage states and ground shaking.  

 

Development of a damage -state medians (e.g. of spectral displacment) involves three basic 

steps (which will be significantly different for structural and non structural systems):  
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a.  Develop a detailed understanding of damage to elements and components as a 

continuous function of building response. For example, average inter -story drift 

(i.e., roof displacement divided by building height) or floor acceleration can  be 

used. In developing fragility functions, the pushover analysis can be used: it must 

appropriately capture the damage patterns of elements and components of the 

building. This requires more detailed and complex analysis than that required 

simply for eva luatio n of building response (step 2).  

b.  Select specific values of building response that best represent the threshol d of 

each discrete damage state.  

c.  Convert damage -state threshold values (e.g., average inter -story drift) to spectral 

response coordinates (i. e., same coordinates as those of the capacity curve).  

ü An example of ground motion hazard level selection (step 1) is given in Appendix B 

(section 2.5).  

When evaluating the exact response of the structure, the accuracy of the eigen frequencies 

and mode shap es of the building as well as the modal participation factors and damping 

coefficients are of undeniable importance [6]. Consequently, application of the measured ñreal 

timeò modal parameters can be the best way to reflect the ñas-of - the -dateò dynamic 

perf ormance of the structure (see Appendix B, section 2.1 and reference [4]).  
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3.  Field Monitoring  

Field monitoring can help in the following ways:  

ü By the modal results from forced or ambient vibration measurements (initial) finite 

element models can be calibrate d that are used for pushover (response) analysis (steps 

2 and 4a.).  

ü A simple model based on frequencies, mode shapes and damping, taken from ambient 

vibrations, can allow direct computation of the response of the structures and 

comparison of inter -storey d rifts with the limits found in the literature for the slight 

damage grade, considered here as the limit of elastic behaviour [4].  

ü Extensive guidelines are available in deliverable  D6.2 ñGuidelines for designing optimal 

dynamic monitoring strategiesò, deliverable D6.3 ñGuidelines for optimal design of 

forced vibration methodò, deliverable D15.1 ñDeveloped integrated field monitoring 

technologiesò. 

 

For the instrumentation of field monitoring several questions have to be answered:  

1.  How many sensors are needed for a good identification of all modes which are relevant 

for assessment of seismic vulnerability?  

2.  What are the optimum positions, depending on the number of available sensors.  

 

In Appendix C a method [9] is proposed to choose the sensor locations so that the uncertainty 

of the identified modal coordinates, as measured by their information entropy, is minimized.  

Appendix C presents also the application of this method to the AHEPA hospital in Thessaloniki 

which is instrumented with a limited number of triax ial accelerometers.  
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4.  Calibration (updating) of Finite Element Models  

Extensive overviews of recent literature about FE -updating can be found in [7] and [8].  

Basic principle is minimizing the differences (ñerrorsò) between measured and calculated modal 

prop erties (natural frequencies, mode shapes, modal strains or combinations of these values).  

This is done in an optimization context defining uncertain (updating) parameters (like 

stifnesses, boundary conditions etc. ) and an objective function. The updating p arameters can 

be constrained to ñreasonableò values. The objective function (ñerror functionò) can be built 

upon differences in natural frequenci es, mode shapes, modal strains etc.  

In Appendix A, another error criterion called ñGeneralized Modal Errorò is evaluated combining 

the MAC index (Modal Assurance Criterion), based in the difference between the eigenvectors 

j of the numerical model and the eigenvectors Ei obtained from dynamic identification, and 

the error between the numerically evaluated eigen frequencies Ȓj and the experimental ones 

ȒEi. 
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5.  Test cases  

 Secondary School Building at C omune di Val di Sotto  5.1

In Appendix A, a case study (Secondary School Building At Comune Di Val Di So tto (So), Italy) 

is presented.  

The measured data obtained from the f ield monitoring of the school are used to test the 

updating methodology. The analyses are performed considering the three different type of 

simulations:  

1.  simulated numerical models with one value of Youngôs Modulus for the entire structure; 

2.  simulated numeri cal models with one value of Youngôs Modulus for all the elements of 

the storey;  

3.  simulated numerical models with a different value of Youngôs Modulus for each different 

element.  

For each of the three different types of simulation, an increasing value of ge nerated models is  

considered for the different tests. The results in terms of generalized modal error are 

compared in order to understand where the stabilization of the values starts, which means the 

minimum number of samples which should be generated to o btain satisfactory error index 

values.  

Ones, the type of simulation which exhibits  the lowest range of generalized modal error has 

been identified, the same simulation is used to investigate the results by changing the mean 

and the standard deviation value s for the characteristic compressive strength of the concrete.  

 Spittelbreitengasse  5.2

This case is treated in section 4 of Appendix B. The building under consideration is an old 

three -story unreinforced masonry structure, located at Spittelbreitengasse, Vienn a, Austria. 

The linear dynamic properties of the structure, namely the natural frequencies belonging to the 

linear mode shapes and the modal damping values of the building, required for the estimation 

of the linear structural response under any arbitrary e xcitations have been derived based  on 

the data processing of the on -site measurement records  by Vienna Consulting Engineers . 

 The AHEPA hospital in Thessaloniki  5.3

The AHEPA hospital in Thessaloniki, Greece is a seven -story reinforced concrete structure with 

basement. The building is instrumented with the purpose of an early earthquake warning 

system and structural health monitoring.  

There are 13 triaxial accelerometers available. For the time being they are installed as follows: 

one at the basement, one at the  1st floor, 4 at the middle and 7 at the top floor.  

In Appendix C, an Optimal Sensor Location (OSL) algorithm is applied to see if relevant modes 

could be identified with the available set of accelerometers and to investigate other (better) 

sensor distribu tions . 
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 Bossigasse  5.4

The unreinforced clay brick masonry building analyzed in the appendix D is located in the 

thirteenth district of Vienna, Austria. This is a typical Wilhelminian style building with raised 

ground floor and  garret used as storing area. The building was tested with forced vibration 

method and the structural response was recorded through 7 mono -axial velocity sensors in 4 

different layouts. The field testing data were used to estimate the linear dynamic 

characteristics of the buildings. For this study only  the first 5 natural frequency of the building 

were identified. These linear dynamic characteristics of the structure were used to update an 

initial Finite Element Model.  

A hybrid method mainly based on the indications of the Eurocode 8 was developed to e stimate 

the seismic vulnerability assessment of this building. The capacity of the structure was 

estimated with a nonlinear static analysis and it was supposed to be deterministic, while the 

seismic demand was considered to be stochastic. The structural ca pacity and seismic demand 

were combined through a dynamic method.  

The results of the comparison between the seismic vulnerability estimated using the initial FEM 

and the updated one show that the use of field testing method is recommendable to improve 

th e vulnerability assessment of existing buildings.     
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10.  Introduct ion  

In Work Package 15 the contribution of the EUCENTRE team focused the development of a 

methodology for the numerical model updating of buildings using field monitoring data. The 

aim of the procedure presented herein is to find the best suitable model wi thin a class of 

simulated structural models, based on incomplete modal data, as well as the most probable 

value of the system natural frequencies and the full system mode shapes.  

The method is based on a Montecarlo simulation scheme of the structural para meters selected 

for the updating procedure thus it requires matching of the measured modal deformed shapes 

with the eigenmodes obtained from the simulated models. For the purpose of updating a 

numerical model according to the data obtained from a dynamic i dentification, the parameter 

Youngôs Modulus has been selected for the sensitivity analysis. Changes of geometry, masses, 

boundary conditions and other structural characteristics have not considered at this stage. To 

estimate the most probable value for th e sensitivity parameter, the Modal Assurance Criterion 

(MAC) is used for the evaluation of the generalized modal error, involving both frequency 

values and modal displacements. Finally, elastic time history analysis is performed in order to 

better assess t he difference in the response between the initial structural model and the 

updated model. A two -storey and a three -storey frame models are used for the initial 

considerations.  

A routine has been created using Matlab, for the numerical simulations and the post -

processing calculations, and OpenSees, for the structural analyses.  

The methodology was then finally tested using a real three -storey frame building (school 

building), which has been characterized through a dynamic identification performed  by 

EUCENTRE in the Comune di Val di Sotto (SO), Italy, and fully described in Deliverables 15.1 

and 15.2 of Work Package 15.  

Once an updated structural model is characterized using the developed procedure the updated 

fragility is obtained by applying the methodolo gy presented by the EUCENTRE team in 

Deliverable 14.2 of Work Package 14.    
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11.  Description  of the updating procedure  

A general description of the developed  methodology is provided herein . The procedure has 

been split  into three parts: generation of the nume rical models , modal analysis  and time 

history analysis . 

 Numerical  simulations  11.1

The first part, regarding the numerical simulations, requires the following specifications.  

1.  Type of Youngôs Modulus simulation for the generated numerical models. 

 

Three differen t types of numerical simulation can be selected. The first ( type 1 ) considers 

one value of Youngôs Modulus for the overall structure, the second (type 2 ) considers one 

value of Youngôs Modulus for all the elements at each storey and the third (type 3 ) 

considers one value of Youngôs Modulus for each structural element. Between the simplest 

option of having one value for all the elements and the more sophisticated one in which 

every single element has its own elastic modulus, the second type of simulation see ms to 

represent theoretically the closest solution thinking about what is the common practice 

when the building is being constructed. For normal RC buildings, in fact, each slab is 

commonly cast - in -place together with the columns of the lower level, having  in this way a 

possible different distribution of the concrete characteristics along the height of the 

structure, storey -by -storey.  

 

2.  Number of samples for the class of simulated numerical models . 

 

3.  Number of floors  (needed for Youngôs Modulus simulation type 2 only).  

 

4.  Mechanical characteristics of the material (concrete) . 

 

The definition of the mean value for the characteristic compressive cylinder strength  of the 

concrete f ck  and its standard deviation is fundamental for a good matching between 

simulated nu merical models and field monitoring data. These two parameters are used for 

the generation of random values of f ck  following a normal distribution, according to the 

aforementioned type of Youngôs Modulus simulation and the number of samples selected 

for th e analysis. Hence, the number of samples is used to set, also, the number of 

randomly generated f ck .  

Subsequently, the evaluation of the mean value for the characteristic compressive cylinder 

strength of the concrete f cm  and the Youngôs Modulus Ecm , for ea ch of the simulated f ck , are 

done using the formulas of the Italian Code ( NTC 2008 )  (Decreto Ministeriale 2008)  as 

follow:  

  

 

Ὢ  Ὢ ψ   [MPa]  

Ὁ ςςπππᶻ
Ȣ

  [MPa]  

 

Once the previous specifications has been set, the s imulated numerical models are generated 

following few passages. In case of Youngôs Modulus simulation type 1  and type  2, the 
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procedure is straightforward. The values of f cm  and Ecm  are evaluated starting from f ck , 

previously defined through its mean and st andard deviation. Hence each numerical model is 

created considering directly a different value of Ecm. Instead, in case of Youngôs Modulus 

simulation type 3 , the values of f cm  and Ecm  are still evaluated starting from f ck , but then the 

values of mean and s tandard deviation of the Ecm  distribution are needed. These two values 

are used to perform a further random generation, regarding, in this case, the Youngôs Modulus, 

according to the number of numerical simulations and structural elements. More clearly, ea ch 

element has a total number of elastic modulus equal to the number of samples selected to 

perform the updating procedure, with the same mean and standard deviation of the Ecm  

distribution. Finally, the numerical models can be created.  

Kolmogorov -Smirnov  test  is performed in order to check the distribution of the elastic modulus 

in all the elements, to be compared with a standard normal distribution.  
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 Modal analysis  11.2

The second part of the procedure, creates the numerical models ( scripts ) for OpenSees  

(McK enna et al., 2000) , according to the previously simulated elastic characteristics of the 

elements. Furthermore, some features concerning the modeling of the building have to be 

selected. Below, in Table 1, the init ial part of the routine for the data entries of the program is 

indicated.  

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%INPUT DATA%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 
%UNITS 
%Force   - >   kN  
%Mass    - >   ton  
%Length  - >   m  
%Time    - >   sec  

 
close all  

 
%OUTPUT OF THE ANALYSIS & MEASUREMENTS 
%set the name of the model (script file) to be run in OpenSees before the  
%field measurements  
nameScript= 'TEST.txt' ;  
nameScriptModel= 'TEST' ;  
%set the name of the output folder  
nameFolderOut= 'Results_Modal_Analysis' ;  
%set the name of the measured eigenfrequencies and mode shapes  
nameFieldEigenfrequencies= 'eigenfrequenciesDI.txt' ;  
nameFi eldMode shapes= 'eigenvectorsDI.txt' ;  

 

 
%DIMENSION OF THE ANALYSIS AND DOFs -- > __DON'T CHANGE__  
%http://opensees.berkeley.edu/wiki/index.php/Model_command  
ndm=3; %dimension of the analysis  
ndf=6; %number of DOFs for each node (used to build the script for OpenSees)  

 

 
%MODEL GEOMETRY & MASSES 

 
%   NODES  
%- > http://opensees.berkeley.edu/wiki/index.php/Node_command  
%   Note: write the node tag in ascending order  
node=importdata( 'node.txt' ); %[m]  

 
%   BOUNDARY CONDITIONS 
%   http://opensees.berkeley.edu/wiki/in dex.php/Fix_command  
fix=importdata( 'fix.txt' );  

 
%   MP CONSTRAINTS (EQUAL DOFs)  
%   http://opensees.berkeley.edu/wiki/index.php/EqualDOF_command  
%   set the possibility of loading the constraints of the model (if any)  
%   set - > 1 YES there are constraints  
%   set - > 0 NO there are no constraints  
mpconstraints_equalDOF=0; %set the constraints  
mpconstraint_equalDOF=importdata( 'mpconstraint_equalDOF.txt' );  
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%   MP CONSTRAINTS (RIGID DIAPHRAGMs)  
%   http://opensees.berkeley.edu/wiki/index.php/RigidDiaphragm_co mmand 
%   set the possibility of considering rigid diaphragms in the model (if  
%   any)  
%   set - > 1 YES there are rigid diaphragms  
%   set - > 0 NO there are no rigid diaphragms  
mpconstraints_rigidDiaphragm=1; %set the rigid diaphragms  
mpconstraint_rigidDi aphragm=importdata( 'mpconstraint_rigidDiaphragm.txt' );  

 
%   MASSES (nodal masses for the lumped mass model -  6 values to implement)  
%   http://opensees.berkeley.edu/wiki/index.php/Mass_Command  
%   Note: write the mass tag in ascending order  
mass=importdata ( 'mass.txt' ); %[tons]  

 
%   ELEMENTS (type of element used for the analysis)  
%   http://opensees.berkeley.edu/wiki/index.php/Element_Command  
%   Note: write the element tag in ascending order  
eleType= 'elasticBeamColumn' ; %string - > type of element used  
elem ent=importdata( 'element_elasticBeamColumn.txt' );  

 
%   GEOMETRIC TRANSFORMATION (The geometric - transformation command is used  
%   to construct a coordinate - transformation (CrdTransf) object, which  
%   transforms beam element stiffness and resisting force fr om the basic  
%   system to the global - coordinate system. The command has at least one  
%   argument, the transformation type.  
%   http://opensees.berkeley.edu/wiki/index.php/Geometric_Transformation_Co  
%   mmand  
transfType_beam= 'Linear 1 0 0 1' ; %string - > type of transformation used  
transfType_column= 'Linear 2 0 1 0' ; %string - > type of transformation used  
 

%   LINKS  
%   http://opensees.berkeley.edu/wiki/index.php/RigidLink_command  
%   or  
%   http://opensees.berkeley.edu/wiki/index.php/Two_Node_Link_Element  
%   http://opensees.berkeley.edu/wiki/index.php/UniaxialMaterial_Command  
%   set - >  0 no LINK  
%   set - >  1 for RIGID LINK  
%           the type of rigid link can be:  
%           'beam'  - >  both the translational and rotational degrees of  
%                       freedom are constrained  
%           'bar'   - >  only the translational degree - of - freedom will be  
%                       constrained to be exactly the same as those at  
%                       the master node  
%   set - >  2 for TWO NODE LINK ELEME NT 
linkType=0; %set the type of link  

 
rigidLinkType= 'beam' ; %string - > type of RIGID LINK used  
rigidLink=importdata( 'rigidLink_beam.txt' );  

 
nodeLinkType= 'twoNodeLink' ; %string - > type of NODE LINK TYPE used  
%set the tag for the uniaxialMaterial considered for the link's dofs  
nodeLinkUniaxialMaterialType= 'Elastic' ; %string - > type of uniaxialMaterial  
%set the tag for each of the material objects associated to the dofs  
%considered for the link element  
nodeLinkMat= '1 2 3 4 5 6' ; %string - > material objects use d 
%set the material directions:  
%1,2,3 -  translation along local x,y,z axes, respectively  
%4,5,6 -  rotation about local x,y,z axes, respectively  
nodeLinkDir= '1 2 3 4 5 6' ; %string - > material directions considered  
nodeLinkUniaxialMaterial=importdata( 'unia xialMaterial_NodeLink_Elastic.txt' );  
nodeLink=importdata( 'element_twoNodeLink.txt' );  
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%Analysis Type: MODAL ANALYSIS  
%set the number of modes (if a modal analysis is carried out)  
%maximum number of modes - > 20  
numModes=1;  

 
%set the dof provided in the outp ut of the modal analysis for the  
%evaluation of the mode shape [x y z rx ry rz]  
%indicate - > dof=[1 2 3]        <modal displacements provided>  
%or 
%indicate - > dof=[1 2 3 4 5 6]  <modal displacements and rotations provided>  
dof=[1 2 3];  

 
%set the amplifica tion factor for the plot of the mode shape  
ampFactor=1;  
ampFactorModalDisplacement=1;  

 
%NORMALIZE the eigenvectors  
%   set - >  0 keep the normalize eigenvectors from OpenSees  
%   set - >  1 normalize the eigenvectors according to another criteria  
normalize= 0; %set the normalized eigenvectors  

 
%set the specification to normalize the eigenvectors  
%   set - >  1 normalize according to a scaling factor for modal  
%           displacements and rotations  
%   set - >  2 normalize according to a modal displacement and  
%           rotation. Select node tag and relative dof to perform the  
%           normalize eigenvectors  
% 
%           indicate   - >   1 normalization according to the modal  
%                           displacement along X direction & rotation about  
%                           X axis  
%           indicate   - >   2 normalization according to the modal  
%                           displacement along Y direction & rotation about  
%                           Y axis  
%           indicate   - >   3 normalization acco rding to the modal  
%                           displacement along Z direction & rotation about  
%                           Z axis  
% 
typeNorm=2; %set the type of normalization  

 
nodeNorm=12; %node tag to normalize the modal displacements  
dirNorm=3; %node dof  tag to normalize the modal displacements  

 
dispFactorNorm=0.5; %displacement factor to normalize the modal displacements  
rotFactorNorm=0.2; %rotation factor to normalize the modal rotations  

 
%NUMBER OF GENERATED MODELS (different Young's Modulus combinatio ns among  
%the elements)  
%this value is coming from the previous matlab routine regarding the  
%Montecarlo simulation test  
nms=nsample;  

 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%END OF THE INPUT% 

 

Table 1  -  Data entr y for the modal analysis routine  

After performing the modal analysis of the initial model, the same analysis is repeated for all 

the simulated numerical models. In order to select, among all the samples, the one that more 
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closely fits the results from the dynamic identification measurements, the following criteria is 

introduced. Among all the generated simulations, only one is judged as superior comparing to 

the initial model, according the error index described as follow.  

A Generalized Modal Error  is evalu ated combining the MAC index ( Modal Assurance Criterion ), 

(e.g. Alvin, 1997 ; Farhat and Hemez, 1993; Lekidis et al., 2004; Papadimitriou et al., 1997 ) , 

based in the difference between the eigenvectors j  of the numerical model and the 

eigenvectors Ei  obtained from dynamic identification, and the error between the numerically 

evaluated eigenfrequencies Ȓj  and the experimental ones ȒEi . The formula used for the 

evaluation of the Generalized Modal Error  are showed below:  

ὓὃὅ
 ὓ 

 ὓ    ὓ 
 

   ὓ   

ὋὩὲὩὶὥὰὭᾀὩὨ ὓέὨὥὰ Ὁὶὶέὶ
 


ὓὃὅ  

where:  

j  eigenvector j from the numerical model;  

Ei eigenvector i from the dynamic identification;  

M  mass matrix;  

Ȓj  eigenfrequency j from the numerical model;  

ȒEi  eigenfrequency i from the dynamic identification;  

The model that performed the lowest e rror index is then identified, and its mode shapes are 

plotted together with the mode shapes obtained from the dynamic identification 

measurements. A first qualitative comparison can be done through the plots, together with the 

numerical results.  
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 Time hi story analysis  11.3

In the third and last part of the procedure, a time history analysis of both initial and updated 

models is performed. In Table  2, the final specifications needed to start the analysis are 

indicated, as they appear in the data input of the program. The purpose of this last part is to 

compare the displacements response of the two models, in order to have an addi tional  

criterion  for the evaluation of the results coming from the updating procedure.  

 

Table  2  -  Data entry for the time history analysis routine  

 

%   DEFINE RECORDERS 
%   http://opensees.berkeley.edu/wiki/index.php/Recorder_Command  
%   http://opensees.berkeley.edu/wiki/index.php/Node_Recorder  
%   http://opensees.berkeley. edu/wiki/index.php/Node_Envelope_Recorder  
%   http://opensees.berkeley.edu/wiki/index.php/Drift_Recorder  
%   http://opensees.berkeley.edu/wiki/index.php/Element_Recorder  
%   http://opensees.berkeley.edu/wiki/index.php/ElementEnvelopeRecorder  
%   http://ope nsees.berkeley.edu/wiki/index.php/Plot_Recorder  
% 
%   Note: MODIFY THE SCRIPT generation according to the number of monitored  
%   displacements and drifts  

 
nodeRecorderDisp=109; %monitored free node displacements  
nodeRecorderDispDof=[1 2 3]; %dofs of the d isplacements  

 
%%%MODIFY%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
nodeRecorderDrift1iNode=1; %lateral drift iNode  
nodeRecorderDrift1jNode=21; %lateral drift jNode  
nodeRecorderDrift2iNode=21; %lateral drift iNode  
nodeRecorderDrift2jNode=61; %lateral drift jNode  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%MODIFY%%% 
nodeRecorderDriftDofX=1; %dof of the monitored drift  
nodeRecorderDriftDofZ=3; %dof of the monitored drift  

 
%set of the perpendicular global directions (1=X, 2=Y (vert), 3=Z) - > this  
%input is needed to calcul ate the length between the nodes whose drift is  
%calculated  
nodeRecorderDriftDofPerpDirnColumn=2; %for the columns  
nodeRecorderDriftDofPerpDirnBeamX=2; %for the beams along X direction  
nodeRecorderDriftDofPerpDirnBeamZ=2; %for the beams along Z direction  

 
%   DEFINE DYNAMIC GROUND- MOTION ANALYSIS 
%   http://opensees.berkeley.edu/wiki/index.php/Path_TimeSeries  
%   http://opensees.berkeley.edu/wiki/index.php/Uniform_Exciatation_Pattern  
% 
%   http://opensees.berkeley.edu/wiki/index.php/Time_Series_Command  
%   http://opensees.berkeley.edu/wiki/index.php/Analysis_Commands  
%   http://opensees.berkeley.edu/wiki/index.php/Examples_Manual#3D_Structur  
%   al_Modeling_.26_Analysis_Examples  
% 
%   Note: MODIFY THE SCRIPT according to the number of earthquake records  
%   to be considered for the analysis. One record in one of the two  
%   horizontal direction is set as default  

 
record= 'LOMAP- CLS.txt' ; %set the name of the earthquake record  
G=9.81; %[g] set the scale factor for the acceleration  
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dt=0.005; %[sec] set the time step of the acceleration record  
directionEQ=1; %set the direction of the analysis  
dampRatio=0.02; %set the damping ratio  
tolerance=1e - 12; %tolerance for the convergence of the algorithm  
maxIterations=100; %max number of iterations for the convergence of th e 

algorithm  
recordValues=7989; %set the steps of the analysis  
timeStep=0.005; %set the time step of the analysis  

 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%END OF THE INPUT% 
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12.  Preliminary analyses  

For an initial verification of the afore mentioned procedure, several tests have been performed 

considering two different buildings, showed in Figure 1 and Figure 2. The models were created 

with the idea of testin g first ( TEST 1 ), a very simple and small structure, with regularity in plan 

and in elevation, and then going through some tests of a more complex structure ( TEST 2 ), 

much bigger in dimension and with a modest plan irregularity.  

 

 

 

Figure 1  -  TEST 1 -  Geometry  

 

Figure 2  -  TEST 2 ï Geometry  

 

 

Starting with an initial model in which all the Youngôs Modulus are equal to E=30000000 

kN/m 2, the field monitoring data were all numerically simulated by arbitraril y changing the 

distribution of the elastic modulus among the structural elements. Appreciable changing in the 

modal response was obtained, although the deformed shape of all the considered modes, due 

to the simplicity of the structure, remained practically  unchanged.  

It has to be pointed out that at the time of these initial tests, only the possibility of generating 

numerical models with a non -uniform distribution of elastic modulus between the elements 

could be investigated (see simulation type 3). The oth er two options, related to the type of 

mechanical characteristics simulation, have been added later.  
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As a total, four analyses were done with the two buildings, two for the first and two for the 

second. Some data regarding the simulations are indicated in  Table 3. 

Considering TEST 1 , the finite element model updating was done, initially, considering 20 

simulated measured modes with 6 dofs per node. Each run consisted in 10000 numerical 

simulations, repeated 10 time s, for a total of 100000 numerical simulations. The need of 

performing several time the same amount of simulations comes from the fact that the 

methodology have to be calibrated in terms of both mean and standard deviation values of the 

characteristic comp ressive strength of the concrete . The procedure was done manually but the 

idea of adding to the methodology the possibility for a self -calibration of the concreteôs 

mechanical characteristics simulation, will be discussed and implemented in the following t ests. 

Finally, reasonable values for ȉ and ů of f ck  were obtained and the identified quantities were 

ȉfck =16 N/mm 2 and ůfck =5 N/mm 2 . The second part of the analysis concerning the same 

structure, were done performing the updating procedure considering only the first 3 simulated 

measured modes  and excluding the modal rotations from the matching of the mode shapes. 

This reflects a more common situation, taking into account that, in reality, only the first modes 

are identified during dynamic identification and only the modal displacements are rec orded 

from the instruments. The difficulty in exciting the structure in order to identify higher modes 

and the impossibility of having a tri -axial instrument (geophone) for each of the structural 

node so as to record the modal displacement in all the struc ture, represent  the two major 

limits for the problem of finite element model updating of building using dynamic identification 

measurements.  

Considering, instead, TEST 2 , the two analysis executed have the same specifications as in the 

first two analysis of TEST 1 . Like mentioned before, the field monitoring data are simulated 

considering a non -uniform distribution of Youngôs Modulus among the members. The first 

analysis (n° 4) takes into account 20 simulated measured modes with 6 dofs per node while 

the s econd analysis (n° 5) considers the same field monitoring data. However, in this case, 

only 3 simulated measured modes, with 3 dofs per node (translations), contribute to the 

updating process.  

 

Analysis  Structure  
Total 

Simulations  

(Simulated) Measured Mode s 

n°  

1 TEST 1  100000  20  

2 TEST 2  12000  20  

3 TEST 1  10000  3 (no rotations)  

4 TEST 2  2000  3 (no rotations)  

Table 3  -  List of the performed tests for the preliminary analyses  
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 Analysis with Complete Measured Data  12.1

12.1.1  Geometry  
The st ructures considered for the test of the methodology are showed in Figure 3 and Figure 4. 

The one presented initially has a very simple and regular geometry. Some features are 

indicated as follow, together  with Figure 3, showing the geometry of the building:  

- bay length X direction     6 m;  

- bay length Z direction     10 m;  

- interstorey height -  level 1    3 m;  

- interstorey height -  level 2    4 m;  

- beam section      0.20x0.20 m;  

- column sect ion      0.30x0.30 m.  
 

 

Figure 3  -  TEST 1 -  Perspective, plan, front and side views  
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The test is further repeated considering a second structure, showed in Figure 4. The 
geometrical characteristics of the  building are indicated below:  

- bay length X direction     6 m and 4 m;  

- bay length Z direction     6 m and 4 m;  

- interstorey height -  level 1    4 m;  

- interstorey height -  level 2    3 m;  

- interstorey height -  level 3    3 m;  

- beamôs section     0.30x0.30 m;  

- columnôs section      0.30x0.30 m.  
 

 

Figure 4  -  TEST 2 -  Perspective, plan, front and side views  
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12.1.2  Simulation of the Field Monitoring Data  

Regarding the field monitoring data, those were simulated by arbitrarily assigning different 

elasti c modulus to the elements. In Table 4 and Table 5, the mechanical characteristics of the 

elements for the simulation of the measured eigenfrequencies and eigenvectors are s howed, 

for both structures.  

Table 4  -  Mechanical characteristics of the structural elements -  Analysis 1 _ TEST 1  

eleType  eleTag  iNode  jNode  A [m 2]  E [kN/m 2 ]  G [kN/m 2]  J [m 4]  I y [m
4]  I z [m

4]  

tran

s 

Tag 

elasticBeamColumn  1 1 3 0.09  2 8000000  11666666  0.001142  0.000675  0.000675  1 

elasticBeamColumn  2 2 4 0.09  31000000  12916666  0.001142  0.000675  0.000675  1 

elasticBeamColumn  3 3 5 0.09  27000000  11250000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  4 4 6 0.09  32000000  13333333  0.001142  0.000675  0.000675  1 

elasticBeamColumn  5 7 9 0.09  27000000  11250000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  6 8 10  0.09  27000000  11250000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  7 9 11  0.09  30000000  12500000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  8 10  12  0.09  26000000  10833333  0.001142  0.000675  0.000675  1 

elasticBeamColumn  9 3 4 0.04  30000000  12500000  0.000226  0.000133  0.000133  2 

elasticBeamColumn  10  3 9 0.04  30000000  12500000  0.000226  0.000133  0.000133  2 

elasticBeamColumn  11  9 10  0.04  29000000  12083333  0.000226  0.000133  0.000133  2 

elasticBeamColumn  12  4 10  0.04  29000000  12083333  0.000226  0.000133  0.000133  2 

elasticBeamColumn  13  5 6 0.04  30000000  12500000  0.000226  0.000133  0.000133  2 

elasticBeamColumn  14  5 11  0.04  30000000  125 00000  0.000226  0.000133  0.000133  2 

elasticBeamColumn  15  11  12  0.04  31000000  12916666  0.000226  0.000133  0.000133  2 

elasticBeamColumn  16  6 12  0.04  30000000  12500000  0.000226  0.000133  0.000133  2 

 

Table 5  -  Mechanical characteristics  of the structural elements -  Analysis 2 _ TEST 2  

eleType  eleTag  iNode  jNode  
A 

[m 2]  
E [kN/m 2 ]  G [kN/m 2]  J [m 4]  I y [m

4]  I z [m
4]  

trans  

Tag 

elasticBeamColumn  1 19  20  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  2 20  21  0.09  29000000  12083333  0.001142  0.000675  0.000675  2 

elasticBeamColumn  3 22  23  0.09  27000000  11250000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  4 23  24  0.09  31000000  12916666  0.001142  0.000675  0.000675  2 

elasticBeamColumn  5 24  25  0.09  32000000  13333333  0.001142  0.000675  0.000675  2 

elasticBeamColumn  6 25  26  0.09  26000000  10833333  0.001142  0.000675  0.000675  2 

elasticBeamColumn  7 27  28  0.09  33000000  13750000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  8 28  29  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  9 29  30  0.09  29000000  12083333  0.001142  0.000675  0.000675  2 

elasticBeamColumn  10  30  31  0.09  28000000  11666666  0.001142  0.000675  0.000675  2 

elasticBeamColumn  11  32  33  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColu mn  12  33  34  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  13  34  35  0.09  26000000  10833333  0.001142  0.000675  0.000675  2 

elasticBeamColumn  14  35  36  0.09  27000000  11250000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  15  37  38  0.09  31000000  12916666  0.001142  0.000675  0.000675  2 

elasticBeamColumn  16  38  39  0.09  32000000  13333333  0.001142  0.000675  0.000675  2 

elasticBeamColumn  17  40  41  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  18  41  42  0.09  30000000  125000 00  0.001142  0.000675  0.000675  2 

elasticBeamColumn  19  42  43  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  20  43  44  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  21  45  46  0.09  27000000  11250000  0.001142  0.00 0675  0.000675  2 

elasticBeamColumn  22  46  47  0.09  33000000  13750000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  23  47  48  0.09  32000000  13333333  0.001142  0.000675  0.000675  2 
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elasticBeamColumn  24  48  49  0.09  26000000  10833333  0.001142  0.000675  0.000675  2 

elasticBeamColumn  25  50  51  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  26  51  52  0.09  29000000  12083333  0.001142  0.000675  0.000675  2 

elasticBeamColumn  27  52  53  0.09  28000000  11666666  0.001142  0.000675  0.000675  2 

elasticBeamColu mn  28  53  54  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  29  55  56  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  30  56  57  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  31  58  59  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  32  59  60  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  33  60  61  0.09  33000000  13750000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  34  61  62  0.09  27000000  112500 00  0.001142  0.000675  0.000675  2 

elasticBeamColumn  35  63  64  0.09  31000000  12916666  0.001142  0.000675  0.000675  2 

elasticBeamColumn  36  64  65  0.09  32000000  13333333  0.001142  0.000675  0.000675  2 

elasticBeamColumn  37  65  66  0.09  30000000  12500000  0.001142  0.00 0675  0.000675  2 

elasticBeamColumn  38  66  67  0.09  26000000  10833333  0.001142  0.000675  0.000675  2 

elasticBeamColumn  39  68  69  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  40  69  70  0.09  26000000  10833333  0.001142  0.000675  0.000675  2 

elasticBeamColumn  41  70  71  0.09  29000000  12083333  0.001142  0.000675  0.000675  2 

elasticBeamColumn  42  71  72  0.09  28000000  11666666  0.001142  0.000675  0.000675  2 

elasticBeamColumn  43  21  26  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColu mn  44  26  31  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  45  31  36  0.09  33000000  13750000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  46  20  25  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  47  25  30  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  48  30  35  0.09  26000000  10833333  0.001142  0.000675  0.000675  2 

elasticBeamColumn  49  19  24  0.09  27000000  11250000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  50  24  29  0.09  31000000  129166 66  0.001142  0.000675  0.000675  2 

elasticBeamColumn  51  29  34  0.09  32000000  13333333  0.001142  0.000675  0.000675  2 

elasticBeamColumn  52  23  28  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  53  28  33  0.09  30000000  12500000  0.001142  0.00 0675  0.000675  2 

elasticBeamColumn  54  22  27  0.09  33000000  13750000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  55  27  32  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  56  39  44  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  57  44  49  0.09  26000000  10833333  0.001142  0.000675  0.000675  2 

elasticBeamColumn  58  49  54  0.09  28000000  11666666  0.001142  0.000675  0.000675  2 

elasticBeamColumn  59  38  43  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColu mn  60  43  48  0.09  27000000  11250000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  61  48  53  0.09  31000000  12916666  0.001142  0.000675  0.000675  2 

elasticBeamColumn  62  37  42  0.09  32000000  13333333  0.001142  0.000675  0.000675  2 

elasticBeamColumn  63  42  47  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  64  47  52  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  65  41  46  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  66  46  51  0.09  26000000  108333 33  0.001142  0.000675  0.000675  2 

elasticBeamColumn  67  40  45  0.09  31000000  12916666  0.001142  0.000675  0.000675  2 

elasticBeamColumn  68  45  50  0.09  32000000  13333333  0.001142  0.000675  0.000675  2 

elasticBeamColumn  69  57  62  0.09  30000000  12500000  0.001142  0.00 0675  0.000675  2 

elasticBeamColumn  70  62  67  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  71  67  72  0.09  29000000  12083333  0.001142  0.000675  0.000675  2 

elasticBeamColumn  72  56  61  0.09  28000000  11666666  0.001142  0.000675  0.000675  2 

elasticBeamColumn  73  61  66  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  74  66  71  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  75  55  60  0.09  26000000  10833333  0.001142  0.000675  0.000675  2 

elasticBeamColu mn  76  60  65  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  77  65  70  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  78  59  64  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  79  64  69  0.09  30000000  12500000  0.001142  0.000675  0.000675  2 

elasticBeamColumn  80  58  63  0.09  26000000  10833333  0.001142  0.000675  0.000675  2 

elasticBeamColumn  81  63  68  0.09  26000000  10833333  0.001142  0.000675  0.000675  2 
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elasticBeamColumn  82  1 19  0.09  27000000  1125000 0 0.001142  0.000675  0.000675  1 

elasticBeamColumn  83  19  37  0.09  31000000  12916666  0.001142  0.000675  0.000675  1 

elasticBeamColumn  84  37  55  0.09  33000000  13750000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  85  2 20  0.09  30000000  12500000  0.001142  0.0006 75  0.000675  1 

elasticBeamColumn  86  20  38  0.09  29000000  12083333  0.001142  0.000675  0.000675  1 

elasticBeamColumn  87  38  56  0.09  28000000  11666666  0.001142  0.000675  0.000675  1 

elasticBeamColumn  88  3 21  0.09  30000000  12500000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  89  21  39  0.09  26000000  10833333  0.001142  0.000675  0.000675  1 

elasticBeamColumn  90  39  57  0.09  30000000  12500000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  91  8 26  0.09  27000000  11250000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  92 26  44  0.09  30000000  12500000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  93  44  62  0.09  33000000  13750000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  94  7 25  0.09  27000000  11250000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  95  25  43  0.09  3100 0000  12916666  0.001142  0.000675  0.000675  1 

elasticBeamColumn  96  43  61  0.09  32000000  13333333  0.001142  0.000675  0.000675  1 

elasticBeamColumn  97  6 24  0.09  27000000  11250000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  98  24  42  0.09  30000000  12500000  0.0 01142  0.000675  0.000675  1 

elasticBeamColumn  99  42  60  0.09  30000000  12500000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  100  5 23  0.09  29000000  12083333  0.001142  0.000675  0.000675  1 

elasticBeamColumn  101  23  41  0.09  28000000  11666666  0.001142  0.000675  0.000675  1 

elasticBeamColumn  102  41  59  0.09  33000000  13750000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  103  4 22  0.09  27000000  11250000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  104  22  40  0.09  30000000  12500000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  105  40  58  0.09  30000000  12500000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  106  13  31  0.09  27000000  11250000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  107  31  49  0.09  31000000  12916666  0.001142  0.000675  0.000675  1 

elasticBeamColu mn  108  49  67  0.09  32000000  13333333  0.001142  0.000675  0.000675  1 

elasticBeamColumn  109  12  30  0.09  27000000  11250000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  110  30  48  0.09  30000000  12500000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  111  48  66  0.09  30000000  12500000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  112  11  29  0.09  27000000  11250000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  113  29  47  0.09  31000000  12916666  0.001142  0.000675  0.000675  1 

elasticBeamColumn  114  47  65  0.09  32000000  13333333  0.001142  0.000675  0.000675  1 

elasticBeamColumn  115  10  28  0.09  29000000  12083333  0.001142  0.000675  0.000675  1 

elasticBeamColumn  116  28  46  0.09  28000000  11666666  0.001142  0.000675  0.000675  1 

elasticBeamColumn  117  46  64  0.09  30000000  12500000  0.0 01142  0.000675  0.000675  1 

elasticBeamColumn  118  9 27  0.09  27000000  11250000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  119  27  45  0.09  32000000  13333333  0.001142  0.000675  0.000675  1 

elasticBeamColumn  120  45  63  0.09  30000000  12500000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  121  18  36  0.09  32000000  13333333  0.001142  0.000675  0.000675  1 

elasticBeamColumn  122  36  54  0.09  27000000  11250000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  123  54  72  0.09  30000000  12500000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  124  17  35  0.09  27000000  11250000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  125  35  53  0.09  33000000  13750000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  126  53  71  0.09  32000000  13333333  0.001142  0.000675  0.000675  1 

elasticBeamCo lumn  127  16  34  0.09  29000000  12083333  0.001142  0.000675  0.000675  1 

elasticBeamColumn  128  34  52  0.09  28000000  11666666  0.001142  0.000675  0.000675  1 

elasticBeamColumn  129  52  70  0.09  30000000  12500000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  130  15  33 0.09  33000000  13750000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  131  33  51  0.09  27000000  11250000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  132  51  69  0.09  27000000  11250000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  133  14  32  0.09  270000 00  11250000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  134  32  50  0.09  33000000  13750000  0.001142  0.000675  0.000675  1 

elasticBeamColumn  135  50  68  0.09  32000000  13333333  0.001142  0.000675  0.000675  1 
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Table 6  -  Comparison be tween initial 

and measured eigenvalues -  Analysis 1 

_ TEST 1  

Mode  
ȒI  

[rad/sec]  
ȒE 

[rad/sec]  
ǧ 

[%]  

1 16.95  16.64  1.82%  

2 19.03  18.74  1.53%  

3 20.15  19.87  1.40%  

4 24.14  23.93  0.87%  

5 61.54  60.87  1.08%  

6 73.36  72.76  0.83%  

7 79.85  78.00  2.31%  

8 80.25  79.92  0.41%  

9 82.50  80.83  2.02%  

10  83.25  81.19  2.47%  

11  84.67  83. 57  1.29%  

12  91.45  91.08  0.41%  

13  111.20  108.28  2.62%  

14  118.15  114.95  2.71%  

15  122.54  121.08  1.19%  

16  129.17  127.36  1.40%  

17  131.25  128.20  2.33%  

18  133.94  129.94  2.98%  

19  134.79  131.47  2.47%  

20  136.03  133.53  1.84%  

Table 7  -  Comparison between initial 

and measured eigenvalues -  Analysis 2 

_ TEST 2  

Mode  
ȒI  

[rad/sec]  
ȒE 

[rad/sec]  
ǧ 

[%]  

1 21.00  21.28  1.29%  

2 21.96  22.24  1.25%  

3 22.47  22.89  1.83%  

4 30.89  31.18  0.93%  

5 39.26  39.78  1.30%  

6 45.94  46.52  1.25%  

7 55.61  56.35  1.31%  

8 59.96  60.58  1.03%  

9 69.40  70.47  1.52%  

10  71.51  72.41  1.24%  

11  74.69  75. 44  0.99%  

12  77.03  77.69  0.85%  

13  80.30  81.12  1.01%  

14  84.50  85.33  0.97%  

15  88.87  89.79  1.02%  

16  90.38  91.49  1.22%  

17  93.93  94.92  1.04%  

18  113.97  115.43  1.26%  

19  130.25  131.71  1.11%  

20  133.06  133.96  0.67%  

 

In Table 6 and Table 7, the comparison between the eigenfrequencies of the initial model and 

the eigenfrequencies obtained simulating the results of a dynamic identification are indicated 

for TEST 1  and TEST 2 . A lthough among the elements of TEST 1, the Youngôs Modulus range 

from E=26000000 kN/m 2 up to E=32000000 kN/m 2 (ǧE=18.75%), the difference in the results 

of the eigenvalue analysis are not higher than the 2 % for the first 3 modes, and not more 

than 3% consi dering all the considered modes. For TEST 2 , instead, the range of variability of 

the elastic modulus goes from E=26000000 kN/m 2 up to E=33000000 kN/m 2 (ǧE=21.21%) 

and the difference in the results of the modal analysis are below the 2% for all the conside red 

modes.  

A number of 20 simulated measured eigenvectors , considering 6 dofs per node , are 

taken into account for the updating of the initial numerical models.  
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12.1.3  Calibration of the Mechanical Characteristics Simulation  

In this preliminary analysis, a nec essary step, as it can be observed in Table 11  and Table 12 , 

was the calibration of the Youngôs Modulus generation for the two tested structures. In each 

test, fixed the number of generated numerical mode ls, different values of mean and standard 

deviation for the characteristic compressive strength are investigated in order to see the 

variability of the generalized modal error.  

 

Concrete  
ȉfck  

[N/mm 2]  
ůfck  

[N/mm 2]  

C28/35  28  8 

C25/30  25  5 

C20/25  22  5 

C20/25  19  5 

C16/20  16  5 

Table 8  -  Mean and 
standard deviation for 

f ck  [N/mm 2 ]  

fck +  ůfck  
fcm  

[N/mm 2]  
Ecm  

[N/mm 2]  

36  44  34313  

30  38  32837  

27  35  32036  

24  32  31187  

21  29  30279  

Table 9  -  Upper part of 
the s imulation of E cm  

[N/mm 2 ]  

fck -  ůfck  
fcm  

[N/mm 2]  
Ecm  

[N/mm 2]  

20  28  29962  

20  28  29962  

17  25  28960  

14  22  27871  

11  19  26672  

Table 10  -  Lower part of 
the simulation of E cm  

[N/mm 2 ]  

 

 

Test  N. Models  
ȉfck  

[N/mm 2]  

ůfck  

[N/mm 2]  

3.7  10000  28  8 

3.8  10000  28  8 

4.0  10000  25  5 

4.1  10000  25  5 

4.2  10000  22  5 

4.3  10000  22  5 

4.4  10000  19  5 

4.5  10000  19  5 

4.6  10000  16  5 

4.7  10000  16  5 

Table 11  -  Calibration of the 
methodology for Analysis 1 -  TEST 1  

 

Test  N. Models  
ȉfck 

[N/mm 2]  
ůfck 

[N/mm 2]  

5.0  2000  25  5 

5.1  2000  22  5 

5.2  2000  19  5 

5.3  2000  16  5 

5.4  2000  19  8 

5.5  2000  19  6 

Table 12  -  Calibration of the 

methodology for Analysis 2 -  TEST 2  
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12.1.4  Results TEST 1  

Among the set of simulations  for TEST 1 , the one that exhibited the lowest generalized modal 

error is the model n°1332  from simulation 4.6. In Figure 5, all the numerical models, 

generated for test 4.6 are compared on the basis of the general ize modal error. A detailed 

comparison in terms of eigenfrequencies and distribution of Youngôs Modulus is subsequently 

done in Table 14  and Table 15 , between the model tha t simulated the dynamic identification 

measurements, the initial model and the updated model. Finally, the first 3 mode shapes 

regarding updated model and field monitoring data are showed.  

Table 13  -  Results of all the set of simula tions -  Analysis 1 _ TEST 1  

Test  N. Models  ȉfck  [N/mm 2]  ůfck  [N/mm 2]  Best Fit Model n°  
Gen. Modal 

Error  

3.7  10000  28  8 3203  0.06065  

3.8  10000  28  8 9439  0.07782  

4.0  10000  25  5 3203  0.00335  

4.1  10000  25  5 3203  0.00335  

4.2  10000  22  5 5448  0.00480  

4.3  10000  22  5 5612  0.00649  

4.4  10000  19  5 5081  0.00214  

4.5  10000  19  5 5081  0.00214  

4.6  10000  16  5 1332  0.00172  

4.7  10000  16  5 1332  0.00172  

 

 

Figure 5  -  Generalized Modal Errors (set 4.6 -  Analysis 1 _ TEST 1)  
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Table 14  -  Comparison of measured ei genfrequencies, initial updated models -  
Analysis 1 _ TEST 1  

Mode  
Measured data  Initial model  

ȒEi/ ȒIi  
Model 1332  

ȒEi/ ȒUi 
ȒEi [rad/sec]  ȒIi  [rad/sec]  ȒUi [rad/sec]  

1 16.64  16.95  0.982  16.64  1.000  

2 18.74  19.03  0.985  18.81  0.996  

3 19.87  20.15  0.986  19.88  0.999  

4 23.93  24.14  0.991  23.91  1.001  

5 60.87  61.54  0.989  60.83  1.001  

6 72.76  73.36  0.992  72.73  1.000  

7 78.00  79.85  0.977  77.76  1.003  

8 79.92  80.25  0.996  79.88  1.001  

9 80.83  82.50  0.980  80.57  1.003  

10  81.19  83.25  0.975  80.98  1.003  

11  83.57  84.67  0.987  83.18  1.005  

12  91.08  91.45  0.996  91.07  1.000  

13  108.28  111.20  0.974  108.34  0.999  

14  114.95  118.15  0.973  115.84  0.992  

15  121.08  122.54  0.988  120.48  1.005  

16  127.36  129.17  0.986  127.04  1.003  

17  128.20  131.25  0.977  127.52  1.005  

18  129.94  133.94  0.970  129.23  1.005  

19  131.47  134.79  0.975  131.58  0.999  

20  133.53  136.03  0.982  133.64  0.99 9 

 

Table 15  -  Comparison for the Youngôs Modulus between the model that simulate the 
field monitoring data, initial and updated models -  Analysis 1 _ TEST 1  

Element  
Measured model  Initial model  

EEj/ E Ij  
Model 1332  

EEj/ E Uj  
EEj [k N/m 2]  EIj  [kN/m 2]  EUj  [kN/m 2]  

1 28000000  30000000  0.933  27643000  1.013  

2 31000000  30000000  1.033  27368000  1.133  

3 27000000  30000000  0.900  28543000  0.946  

4 32000000  30000000  1.067  26131000  1.225  

5 27000000  30000000  0.900  28338000  0.953  

6 27000000  30 000000  0.900  29639000  0.911  

7 30000000  30000000  1.000  29303000  1.024  

8 26000000  30000000  0.867  29214000  0.890  

9 30000000  30000000  1.000  31028000  0.967  

10  30000000  30000000  1.000  30260000  0.991  

11  29000000  30000000  0.967  30770000  0.942  

12  29000000  300 00000  0.967  29429000  0.985  

13  30000000  30000000  1.000  30558000  0.982  

14  30000000  30000000  1.000  30335000  0.989  

15  31000000  30000000  1.033  29710000  1.043  

16  30000000  30000000  1.000  29469000  1.018  
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Figure 6  -  Mode shape 1 -  Comparison between updated model and experimental 

results -  Analysis 1 _ TEST 1  

 

 

Figure 7  -  Mode shape 2 -  Comparison between updated model and experimental 

results -  Analysis 1 _ TEST 1  






























































































































































































































































































































