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ABSTRACT: In Civil Engineering, experimental modal analysis and FE model calibration 

deserve a special caution even in the case of seemingly simple systems, especially when 

ambient vibration tests are used, and both stiffness and mass parameters are unknown a priori. A 

robust system identification methodology is suggested which enhances results reliability by 

means of repeated dynamic identification sessions, multiple FE modeling approaches and robust 

updating algorithms, thus averting the risk of ill-conditioning and fake solutions. The 

methodology is applied to the JETPACS benchmark building to calibrate the predictive 

numerical model required in subsequent shake-table tests of passive and semi-active control 

devices. This case study allows touching on some reliability issues critical in vibration-based 

system identification, including, thanks to a fortunate coincidence, the potentially misleading 

role of unaccounted secondary structural elements. 

 

 

1 INTRODUCTION 

Experimental modal analysis and FE model calibration may prove a difficult task even in the 

case of seemingly simple systems, especially when ambient vibration tests are employed, and 

when both stiffness and mass parameters are not known in advance with acceptable confidence. 

This paper highlights, with the support of a practical example, how the application of vibration-

based identification methods should deserve in these circumstances a special caution. 

The case study is a scaled two-storey steel frame prototype, built in the Structural Engineering 

Laboratory at the University of Basilicata, which served as a benchmark for conducting an 

extensive program of shake-table tests named JETPACS (Joint Experimental Testing on Passive 

and semiActive Control Systems), in the framework of DPC-ReLUIS 2005-08 Project, 

involving several partners from different Italian universities (Ponzo et al. (2007)). 

The need for a representative numerical model motivated a preliminary campaign of dynamic 

characterization tests, and the subsequent attempts, by various partner units, to a physical 

parametric identification, particularly focused on correctly estimating structural inertias, a priori 

unknown and crucial for future control applications (Gattulli et al. (2007), Serino et al. (2008)). 

Involved in the program, the authors joined in the effort and tried on it a basic implementation 

of a robust system identification methodology currently under perfection, eventually resulting in 
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the proposal of a calibrated FE model for use in subsequent phases of the project (De Stefano et 

al. (2008)). This method enhances results reliability through multiple identification techniques, 

multiple FE modeling approaches and robust updating algorithms, thus averting the risk of ill-

conditioning and fake solutions. The results of such work are briefly summarized here. 

2 THE BENCHMARK STRUCTURE  

The prototype structure (figure 1) is a 2/3 scaled model of a 2-storey steel frame building with 

composite steel-concrete slab floors. Four HE140B columns extend continuously from base to 

top. Eight IPE180 lateral beams, welded to the columns, support the two composite floors, made 

up of concrete slabs cast on coffer profiled steel sheeting. The exact thickness of the composite 

floors is unknown, and increased with respect to the design nominal value due to a sagging 

effect occurred during casting. Unknown is also the degree of connection between the 

composite slabs and the steel beams underneath. In order to house the dissipating devices during 

future tests, four V-inverted HE100A vertical braces, crowned with gusset plates, are bolted at 

both storeys parallel to the (longitudinal) x-axis (along which the control devices will be tested). 

        

Figure 1. The structural prototype with the location of accelerometers and additional masses. 

The said structure is mounted on a rigid horizontal steel frame (base frame), resting on 1-D x-

oriented sliding guides so as to realize, once connected to the dynamic hydraulic actuator, the 

shaking table apparatus required for future tests. A total of four reference levels can be therefore 

distinguished: the ground floor; the base floor; the first floor; the second floor.  

Aiming at model characterization, various dynamic tests were conducted on the structure, the 

sliding guides being locked, ranging from ambient noise excitation to hammer impact tests to 

ground motion induced by operating a nearby shaker, and subsequent vibration was measured 

using a whole of 15 mono-directional accelerometers, deployed in the most significant 

observation points: two at the ground level; four at the base level; four at the first level; four at 

the second level; and one to the gusset plate atop one of the two lower V-inverted braces. 

During testing, concrete blocks (about 337 kg each) were placed on the first and second floors 

in order to improve dynamic characterization. The resulting three mass configurations are 

distinguished as follows: the basic configuration (BC), with no additional masses; the non-

symmetric configuration (NC), with two blocks at the first and two at the second storey, placed 

along the same longitudinal side; the symmetric configuration (SC), with four blocks at each 

storey. The experimental data acquired during tests, kindly provided by partner units, will be 

processed in the sequel in order to calibrate a representative FE model of the test structure.  
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3 THE NUMERICAL MODEL 

First, the FE numerical model is formulated which will undergo experimental calibration next. 

Like in Gattulli et al. (2007), stiffness and mass matrices are statically condensed to the six 

translational and rotational displacement components of the first and second floors’ geometrical 

centres, included in the vector η = {dx1  dy1  dθ1  dx2  dx2  dθ2}
T
, under the hypotheses of axial 

rigidity of Euler-Bernoulli type columns and beams, in-plane rigidity of floor slabs, and lumped 

mass formulation for columns and beams. Columns are clamped at their base (i.e.: no dynamics 

attributed to the base level), the V-inverted braces deprived of any dynamics of their own, and 

no connection is explicitly recognized between the floor slab and the steel beams. To simulate 

floors sagging, the slab thickness at the i-th level, ti, is modelled not as a constant value but as a 

4th order polynomial function of x and y. Each of the additional concrete blocks is accounted for 

as a translational inertia, and enters the system mass matrix with its own mass, static moment 

and polar inertia. With these assumptions, for each mass configuration the nominal (reference) 

FE model is obtained through equalling each geometrical and mechanical parameter to its 

expected (nominal) value. The complete list of the nominal parameters is given in De Stefano et 

al. (2008), table 2. 

4 THE EXPERIMENTAL MODAL ANALYSIS 

Identification of structural modal properties from experimental data is a fundamental step 

towards vibration-based model calibration. In this study, relying exclusively on ambient 

vibrations tests, three distinct output-only techniques are used, corresponding to respectively 

time-domain, frequency-domain and time-frequency-domain methods, and averaged to increase 

robustness: ERA (Eigensystem Realization Algorithm); FDD (Frequency Domain 

Decomposition), see Brincker et al. (2001); and TFIE (Time-Frequency Instantaneous 

Estimators), see Bonato et al. (2000). FRFs (Frequency Response Functions) are also evaluated 

to confirm the spurious character of certain frequency components.  

Figure 2 plots the singular value curves obtained using the FDD technique, where the structural 

natural frequencies are identified through peak-picking (red circles), for respectively the BC, the 

NC and the SC mass configurations. Similarly, figure 3 reports the standard deviations of the 

phase difference provided by the TFIE method. Please note that 7 natural frequencies have been 

circled in figures 2 and 3. This aspect will be clarified later. Figure 4 contains the FRFs from the 

ground acceleration to the average acceleration at respectively the first and the second floors. By 

reducing measurement data to the 6 DOFs of the analytical model, 6-components eigenvectors 

are finally synthesized. Through averaging over the whole of the obtained experimental modal 

models, the mean values (with the percentage standard deviations expressed in brackets) for the 

natural frequencies and for the modeshapes are reported in tables 1÷3, where each modeshape is 

normalized so as to have unit norm (i.e. unit Euclidean length) and is represented in each column 

through its components φ1i, ..., φ6i (ordered as the elements in the displacement vector η).  

A peculiar feature of tables 1÷3, recognizable in figures 2÷4 as well, is the occurrence of two 

distinct experimental modes, denoted as 4a and 4b, instead of a single fourth mode, having close 

frequencies and similar modeshapes, clearly incompatible with the 6-DOF FE representation. In 

the BC configuration, modes 1, 4a and 4b are flexural modes along y, modes 2 and 5 flexural 

modes along x, modes 3 and 6 torsional modes. In the NC configuration, due to the eccentricity 

of the additional masses, a weak lateral-torsional coupling arises, so that rotational components 

appear in modes 2 and 5 and flexural components in modes 3 and 6. Also, due to the increased 

mass, frequencies decrease. In the SC configuration, thanks to the recovered symmetry, lateral-

torsional coupling disappears, and frequencies get even smaller. The percentage standard 

deviation is very small for the eigenfrequencies (never larger than 0.7 per thousand), and quite 

small for the modeshapes principal components too.  
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Figure 2. FDD method. Singular value curves in the BC (left), NC (centre) and SC (right) configurations. 
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Figure 3. TFIE method. Phase difference standard deviation in the BC, NC and SC configurations. 
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Figure 4. FRFs from the ground to the two storey levels in the BC, NC and SC configurations. 

Let us now try to explain the couple of modes 4a and 4b. The question first arises if they are real 

(physical) or spurious (computational) modes. An example of spurious modes is provided by the 

peak around 7.8Hz in figures 2 and 3, which is actually inherent in the external input and not 

representative of intrinsic structural dynamics. In fact, several circumstances proclaim modes 4a 

and 4b as real. They are confirmed by virtually all identification sessions and for all mass 

configurations, independently on the vibration intensity. They undergo the same trend of 

frequency reduction of any other mode, as the structural mass increases. They are not the effect 

of any abnormal narrow-banded input, as is clear from the auto-spectra of the accelerations at 

the base level. To sum up, modes 4a and 4b must be real modes. But what’s their origin then? 

To answer, let us consider figure 5, where the auto-spectral densities are plotted, respectively in 

the BC, NC and SC mass configurations, for the accelerations in the y direction measured at the 

ground level, at the base level, at the first and second floor levels and at the gusset plate atop 

one of the lower V-inverted braces (those attached to the base level of the prototype).  

Table 1. Experimental modal properties for the BC configuration: mean values (% standard deviation) 

i (# mode) fi (Hz) φ1i φ2i φ3i φ4i φ5i φ6i 
1 3.37 (0.03) -0.009 0.507 (0.6) 0.001 -0.005 0.862 (0.2) 0.004 
2 4.23 (0.06) 0.445 (0.2) -0.004 -0.002 0.895 (0.0) 0.006 0.000 

3 5.89 (0.02) 0.057 0.053 0.478 (8.4) 0.054 -0.011 0.873 (0.7) 

4a 9.39 (0.06) 0.026 0.777 (2.7) 0.006 -0.038 -0.627 -0.029 

4b 11.28 -0.031 0.913 (1.0) 0.006 -0.020 -0.405 -0.010 
5 14.65 0.876 (0.5) 0.000 0.004 -0.483 0.005 -0.005 

6 18.74 -0.006 -0.071 0.828 (3.0) -0.006 0.011 -0.555 

BC NC SC 

BC NC SC 

BC NC SC 
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Table 2. Experimental modal properties for the NC configuration: mean values (% standard deviation) 

i (# mode) fi (Hz) φ1i φ2i φ3i φ4i φ5i φ6i 
1 3.08 (0.05) -0.004 0.510 (0.9) 0.005 -0.007 0.860 (0.3) 0.004 
2 3.85 (0.07) 0.448 (0.3) -0.004 0.027 0.892 (0.1) 0.002 0.049 

3 5.51 (0.06) -0.120 0.010 0.470 (1.2) -0.276 -0.032 0.829 (0.8) 

4a 8.90 (0.04) 0.012 0.825 (0.5) 0.000 0.004 -0.565 -0.017 

4b 10.75 0.020 0.927 (0.7) 0.011 0.022 -0.372 -0.020 
5 12.95 0.868 (2.0) -0.081 0.084 -0.475 0.027 -0.082 

6 17.63 -0.247 -0.011 0.806 (0.8) 0.196 0.021 -0.501 

Table 3. Experimental modal properties for the SC configuration: mean values (% standard deviation) 

i (# mode) fi (Hz) φ1i φ2i φ3i φ4i φ5i φ6i 
1 2.85 (0.05) -0.004 0.505 (0.6) -0.001 -0.004 0.863 (0.3) 0.005 
2 3.57 (0.06) 0.447 (0.4) -0.002 -0.001 0.894 (0.1) 0.007 -0.001 

3 5.11 (0.01) -0.005 0.012 0.495 (3.9) 0.019 -0.015 0.868 (1.8) 

4a 8.43 (0.04) 0.003 0.840 (0.5) 0.002 -0.004 -0.542 -0.012 

4b 10.54 -0.001 0.944 (0.8) 0.001 -0.006 -0.329 -0.011 

5 12.38 0.880 (0.7) -0.005 0.002 -0.474 0.002 -0.004 

6 16.23 -0.016 -0.062 0.851 (1.2) 0.022 0.008 -0.520 

In figure 5 a new fact emerges, overlooked so far: the braces’ transverse (along-y) dynamics. 

With respect to the global behaviour of the benchmark structure, braces can be classified as 

secondary structural elements. Their mass is small, their connection to the main frame uncertain, 

their transverse behaviour of little interest in the final (controlled) structural configuration. For 

these reasons, in the simplified 6-DOF model their dynamics are completely ignored. And yet, 

contrary to expectations, braces’ dynamics are important. A coupling effect exists between the 

brace’s spectrum and the first and second storeys’ spectra. Such interaction is even more 

remarkable in that it regards one of the lower braces (the only instrumented one, unfortunately), 

i.e. those connected to the base of the frame. But figure 5 provides another precious element of 

information to characterize braces’ dynamics: the natural frequency of the lower brace is close 

to modes 4a and 4b, namely approximately equal to 9Hz.  
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Figure 5. Auto-spectral densities in the along-y direction for the BC, NC and SC configurations. 

These findings allow for the following explanation of modes 4a and 4b, based on the concept of 

Tuned Mass Damper (TMD). A TMD is a well-known passive absorber working as a SDOF 

appendage of the main system. The optimal choice of the device’s frequency ratio rc (the ratio 

of the device’s frequency over the structural frequency), generally very close to one, ensures an 

energy transfer from the structure to the absorber, thanks to the interaction between the 

structural mode and the absorber. Consequently, the controlled system possesses two natural 

frequencies, one right below and one right above the original resonance. The smaller rc, the 

larger the second peak with respect to the first one, and vice versa. The smaller the device’s 

damping ratio, the more pronounced the two peaks.  

All the ingredients being set, the explanation is straightforward. The two modes 4a and 4b result 

from the coupling of the fourth mode (the second flexural mode in the y direction) of the main 

structure with the upper V-inverted braces (those attached to the first floor), unexpectedly 

BC NC SC 
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working as a couple of under-damped TMDs roughly tuned to the JETPACS prototype. The 

total mass of the two TMDs, roughly including the two gusset plates atop and half the mass of 

the four HE100A, is around 140kg, large enough with respect to the modal mass of the fourth 

mode to justify the strong tuning interaction. An interesting confirmation comes from the way 

the first and second storeys spectra in figure 5 change due to the increase in structural mass 

from the BC to the SC configurations. With the mass increase, the frame structural frequencies 

obviously decrease whilst the frequency of the TMDs must remain unchanged. This corresponds 

to increasing the frequency ratio rc, and thus to augmenting the first FRF peak while decreasing 

the second peak.  

With the foregoing explanation, the experimental modal analysis is fulfilled. Next section will 

use the identified modal models to finally step towards calibration of the FE numerical model.  

5 FINITE ELEMENT MODEL-UPDATING 

Basically, FE model-updating is the inverse problem of correcting uncertain parameters of a FE 

model in order to replicate test results. In iterative approaches, such as the one adopted in this 

study, model-updating is posed as an optimization problem, in which the discrepancies between 

numerical and experimental results are set as an objective function to be minimized by making 

changes to a pre-selected set of physical parameters of the FE model.  

The success of any FE model-updating procedure depends on a number of factors, including the 

selection of the updating parameters, the definition of the objective function, the choice of the 

optimization algorithm, the extent of modelling errors and of noise in the test data. If the 

experimental information is not rich enough to prevent multiple solutions to exist (ill-

conditioning); if measurement errors, identification errors and modelling errors are not small 

enough to forbid noise from heavily biasing the objective function; if the optimization search is 

not capable to escape local minima; then, the calibrated model may be unacceptably far away 

from the (unknown) real model (Berman (1998)). In order to avoid such circumstance, 

robustness should always be pursued in model-updating. To this purpose, some robust 

techniques are currently under development by the authors, inspired by multi-model approaches 

(Smith et al. (2006)), and finally aimed at providing not only the most plausible estimate of a 

model but an index of its reliability as well.  

The JETPACS case offers the opportunity to show a basic implementation of the ongoing 

researches. In particular, the importance will be stressed of embracing an entire range of 

alternative models, each one corresponding to a specific combination of updating parameters. In 

fact, since large sets of parameters may lead to ill-conditioning, multiple combinations of 

relatively few parameters must be selected (and independently solved), the selection being 

governed by direct a-priori knowledge, and/or by extensive simulation aimed at identifying all 

the possible condition states (or damage scenarios) for the system. A critical analysis of the 

resulting multiple solutions will finally enhance reliability of the calibration. 

In this Section, the reference FE model derived in Section 3 and the experimental modal model 

identified in Section 4 are used to implement a simple version of multiple-model reconciliation. 

For each of the multiple models, the procedure is posed as an iterative minimization problem, its 

main constituents being a set of parameters (optimization variables), an objective function 

(depending on the parameters), and an optimization algorithm (searching for the parameters 

minimizing the objective function). 

Referring to De Stefano et al. (2008) for details, the objective function fob is introduced as the 

normalized discrepancy, averaged over the three mass configurations, between numerical and 

experimental eigenfrequencies and modeshapes, so conceived as to represent the weighted error 

of the numerical model with respect to the experimental modal model. 
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As to the optimization variables, the overall set of potentially significant parameters is first 

chosen. Then a sensitivity analysis is used to remove uninteresting parameters. Finally, from the 

remaining set of parameters different subsets are extracted, each providing a different model. In 

particular, the significant parameters, normalized to their respective nominal value, result the 

following 12 ones: columns’ bending inertias (4 parameters: Icx1, Icx2, Icy1, Icy2); beams’ bending 

inertias (4 parameters: Ibx1, Ibx2, Iby1, Iby2); slabs’ masses and polar inertias (4 parameters: m1, m2, 

Jo1, Jo2). Preliminary attempts, conducted on simulated modal models, at using all the 12 

variables together failed, partly due to the difficulty of escaping local minima, partly due to the 

proven existence of near-optimal solutions far from each other in the search space. 

Therefore, three alternative combinations of parameters, i.e. three possible models, are selected, 

as synthesized in table 4. Each model is then separately solved several times and the statistics of 

the resulting solutions are analyzed to enhance reliability. Each time, the optimization is solved 

using a hybrid stochastic search algorithm consisting of a genetic algorithm (GA) followed by a 

nonlinear least-square solver (a subspace trust region method based on the interior-reflective 

Newton method). The GA, using exceedingly large numbers of individuals and generations for 

the purpose of robustness, should grant a solution close to the global optimum. The nonlinear 

least-square solver, starting from that solution, should grant the convergence to the nearest 

minimum. An exhaustive comparison, conducted for the whole of the three models, between the 

experimental and the numerical modal parameters can be found in De Stefano et al. (2008). 

Here only the best solutions are reported in table 4 for each model.  

Table 4. The best solutions obtained for the three alternative models 

i (# Icx1 Icy1 Icx2 Icy2 Ibx1,2 Iby1,2 m1 m2 Jo1 Jo2 fob (%) 

1 0.756 0.792 - - - - 0.887 0.716 0.830 0.694 0.827 
2 0.782 0.778 0.915 1.073 - - 0.862 0.726 0.834 0.707 0.814 
3 0.629 0.755 - - 1.254 1.192 0.816 0.777 0.790 0.740 0.753 

Among the three proposed models, the best calibration is obtained with the third one (fob = 

0.753%) and the worst with the first one (fob = 0.827%), the second one resting in the middle (fob 

= 0.814%). The first model makes the stiffness matrix depending only on the lower columns’ 

stiffness, entailing a poor approximation. The second model slightly improves the first one 

through the addition of two further variables, the upper columns’ stiffness, which however are 

not where the largest uncertainty actually resides, because in the real structure upper columns 

and lower columns are a unique structural element and no doubt exists in their mutual 

connection. In fact, the improvement from the first model to the second one is more seeming 

than real: it improves matching modal properties without improving the physical insight. The 

third model is superior, in that the two further variables, the beams’ stiffness appear more 

adequate to represent the actual discrepancies between real and numerical models. This reveals 

a columns’ stiffness which is less than nominal, due to the imperfect clamp at its base, and a 

beams’ stiffness which is larger than nominal, due to the partial collaboration of the floor slabs. 

It is worth noticing that the improvement might appear small if considered in the light of the 

objective function: respectively from 0.827% to 0.814% to 0.753%. If only the first model had 

been explored, an overall error less than 1% would have been easily considered as acceptable. 

Yet the corresponding variations in terms of physical parameters result not negligible. It is clear 

that small absolute variations in the objective function may correspond to large variations in the 

domain of physical parameters. If, for instance, the 8 parameters on the third row of table 4 (the 

best solution of the third model) are increased by 10% or 20%, the corresponding objective 

function will pass from 0.753% to respectively 1.053% or 1.546% only. This fact has important 

implications. First, even in simple cases such as the one here addressed, model-updating is not 

an easy task, and attaining a robust calibration requires a multiple-model approach, so as to 

depict at which extent results depend on the initial (arbitrary) choice of the set of updating 
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parameters. Small absolute values of the objective function are not per se a reliable index of 

successful updating. Observing how the solution improves through enlarging the updating set 

may provide useful information on its optimal dimension. Improvement in the objective 

functions should always be judged in relative terms: passing from 0.827% to 0.753% may 

indeed represent a drastic improvement, corresponding to a significantly different solution. 

Second, since small improvements in the objective function may be so important, every care 

must be taken to minimize all sort of possible errors, which could bias the operator’s judgment 

in the selection of the best solution. To this purpose, all operations should be repeated and 

statistically processed for the sake of robustness. Experimental identification should be faced 

though different techniques and for each technique should be repeated several times and 

averaged in order to cancel out random noise. Intrinsically robust optimization algorithms 

should be chosen and run several times, initially on simulated cases for the sake of validation 

and only afterwards on the real case. And finally a statistical treatment of the whole solution 

should be performed. 

6 CONCLUSIONS 

In the present paper, proceeding through the steps of FE modelling, experimental dynamic 

identification and FE model-updating, a simple 6-DOFs numerical model is calibrated for the 

JETPACS frame prototype. This case study allowed touching on some issues related with 

robustness in dynamic identification and model-updating of Civil Engineering structures. 

Results show that, even for simple systems and apparently redundant data, the solution may be 

extremely sensitive to the initial choice of the updating parameters as well as to modeling errors, 

and that testing the whole procedure on the simulated model prior to the real model may provide 

a helpful insight into such dependence. They prove that spanning alternative modeling 

assumptions is an effective strategy to increase calibration robustness. Also, thanks to a 

fortunate coincidence, they highlight how the influence of unaccounted secondary structural 

elements may act as a severe misleading factor in system identification. 
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