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Model calibration in the presence of resonant non-structural
elements

Emiliano Matta’, Alessandro De Stefano

Department of Structural, Geotechnical and Building Engineering, Politecnico di Torino, 24 Corso Duca degli
Abruzzi, Torino 10129, Italy

Abstract. Accurate finite element models are needed in many applications of Civil Engineering. Non-structural
elements (NSEs) often interfere with the main structure, altering its stiffness and modal signature. Neglecting
such interaction, although a common practice in design, may lead to unreliable predictions of the structural
dynamic response and to biased interpretations of experimental vibrational tests. In the literature, the role of
NSEs in vibration-based finite element model calibration is well documented for NSEs working “in parallel”
with the main structure (e.g. masonry infills in buildings, pavements or railings in bridges) but remains
essentially unexplored for NSEs working “in series” with the main structure (e.g. non-structural appendages like
suspended ceilings, piping systems, storage tanks and antennas, but also partitions and facades in their out-of-
plane modes). Through the analysis of numerical and experimental case studies, this paper shows that “in series”
NSEs accidentally resonating with some structural mode may deeply contaminate the overall modal behaviour
and severely invalidate model calibration, unless their role is properly addressed while performing experimental
modal analysis and structural modelling. Two alternative calibration strategies are finally discussed which prove
effective in the presence of resonant NSEs, based on respectively excluding/including the NSEs from/into the
model structure.

Keywords: FE model calibration; experimental modal analysis; non-structural elements; resonant appendages;
tuned vibration absorbers; modelling errors.

1. Introduction

Accurate finite element (FE) models are needed in many applications of Civil Engineering, ranging from health
monitoring to structural control, from damage detection to structural evaluation and assessment [1]. Model
accuracy can be conveniently improved by means of vibration-based FE model calibration, typically consisting
in the reconciliation of the modal response of a baseline FE model with the experimental modal model derived
from vibration data. Yet the success of model calibration is strictly conditional upon the adoption of a proper
“model structure” for the baseline model, i.e. of an adequate form of the mathematical equations governing the
problem and of the associated boundary conditions. Without choosing a proper model structure, or at least
without recognizing the extent of errors in the adopted model structure, the analyst might reconcile to the
measured data an incorrect or shifted model, which would eventually replicate measurements while lacking any
sound physical meaning [2].

In Civil Engineering, a common source of modelling errors is represented by non-structural elements
(NSEs), which may interact with the main structure (MS) altering its stiffness and modal signature. Neglecting
such interaction, although a common practice in design, may lead to unreliable predictions of future dynamic
scenarios and to biased interpretations of experimental vibrational tests. Simplifying, the interaction may
essentially follow one of two alternative paradigms, which could be denoted for convenience as, respectively, P-
NSEs and S-NSEs, according as they work “in parallel” (P-NSEs) or “in series” (S-NSEs) with the main
structure. On the one hand, P-NSEs (e.g. masonry infills in buildings, pavements or railings in bridges and
footbridges) enter the stiffness matrix of the FE model as a mere additive term, modifying frequencies and
mode-shapes without affecting the model order. On the other hand, S-NSEs (e.g. non-structural appendages like
suspended ceilings, piping systems, chimneys and parapets, storage tanks and antennas, electrical equipment and
ornamentations, but also partitions and facades in their out-of-plane modes) introduce further degrees-of-
freedom (DOFs) into the FE model, thus augmenting the modal model and potentially causing local/global
modal interaction phenomena if accidentally “in resonance” with some structural mode, until eventually
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resulting into a deeply modified modal system. A schematic representation of the two types of NSEs on a single-
DOF structure is proposed in Fig. 1.

In the current literature, the role of NSEs in vibration-based model calibration appears to be well
documented for P-NSEs but essentially unexplored for S-NSEs.

In fact, P-NSEs are known to significantly influence both the static and the dynamic response of the main
structure. Excluding P-NSEs from the model may result in:

e an underestimation of the vertical load bearing capacity of the MS, as in reinforced concrete bridges when
barriers, sidewalks or diaphragms are excluded from the model [3], or in masonry bridges when fill material and
pavement are neglected [4], or in metal roof deck diaphragms of building structures when non-structural roofing
components are omitted [5];

e an underestimation of the horizontal load bearing capacity of the MS, or an inaccurate estimation of its
expected response under code-conforming seismic [6] or wind [7] loads, as in moment resisting frame structures
where masonry infills are excluded from the model;

e a bias in the outcome of vibration-based model calibration, as for a variety of non-structural and secondary
structural elements in bridges (barriers, sidewalks and pavement [8], transverse bracings [9]), in footbridges
(deck and handrails [10,11], asphalt pavement [12]), in buildings (cladding and internal partitions [13], stairs
and elevators [14]), in wharves (non-structural steel frames and piping systems [15]), in stadia (precast seating
deck units [16]).

On the other hand, several research works have dealt with the dynamic interaction between S-NSEs and the
main structure, mostly to the purposes of predicting the seismic response of the combined system and providing
simple design formulas to assess the seismic vulnerability of the non-structural components. Although non-
structural appendages to buildings or industrial facilities are not part of the primary load-bearing structural
system, their seismic analysis and design are in fact a topic of broad engineering interest [17,18]. Economic
losses due to non-structural elements being damaged during past earthquakes have consistently been reported to
be greater than those resulting from structural damage [19-21] and have urged most international building codes
to account for this kind of failures [22]. The simplest and most popular approach to the analysis of S-NSEs is the
so-called “cascade” approximation, in which feedback of the S-NSEs on the MS is neglected. In this approach,
the MS and the S-NSEs are decoupled and analysed in sequence: at the first stage, the seismic response of the
MS is evaluated neglecting the presence of the S-NSEs; at the second stage, the dynamic response of each S-
NSE is evaluated considering the motion of the MS at the anchor points [23]. Following this approach, current
building codes report closed-form expressions providing the seismic response of the S-NSE as a function of the
floor structural response and the appendage-to-structure frequency ratio [24]. By neglecting the interaction
between NSEs and the main structure, this “cascade” approximation may however lead to largely underestimate
or overestimate the response of the secondary subsystem, especially if one or more of the natural frequencies of
the NSE are tuned to those of the primary one [25]. Alternative to both the conventional “cascade”
approximation and the rigorous but computationally expensive time-history analysis of the combined primary-
secondary system under spectrum-compatible records, several approximate coupled solutions have been
proposed in the literature [26]. These solutions generally consist in response spectrum analyses performed using
the modal properties of the coupled system, obtained in approximate analytical terms from the modal properties
of the uncoupled primary and secondary subsystems [27-29]. These studies are mainly intended to offer
operative analysis tools for seismic design, but they also demonstrate the influence that resonant non-structural
elements may have on the modal behaviour of the main structure. Similar approaches are used, in the same
years, for dealing with resonant structural appendages of the “tuned mass damper” type, where the same
interaction mechanism is exploited for the purposes of structural vibration absorption [30-33].

Despite such a conspicuous literature on S-NSEs, no proper attention seems to ever have been paid, to the
best of the author’s knowledge, to the influence that resonant S-NSEs may have on the accuracy of experimental
modal analysis and vibration-based model calibration.

In this paper, numerical and experimental case studies are analysed in order to show the influence of
resonant S-NSEs on the dynamics of the MS, and two alternative strategies are proposed to correctly perform
model calibration in their presence. The material is presented as follows: in Section 2 the basic concept of
local/global modal interaction is introduced for resonant S-NSEs, and the effects of neglecting such interaction
at the modelling stage are exemplified through numerical simulations; in Section 3 numerical case studies are
analysed to show that: (i) if modal interaction is not correctly identified during data interpretation, model
calibration may result severely biased; (ii) if modal interaction is properly recognized, two successful
approaches can be alternatively pursued, respectively based on excluding/including the S-NSEs from/into the
model structure; in Section 4 the results from Section 3 are confirmed through a real case study, consisting in
the experimental model calibration of a large-scale laboratory building structure where some S-NSEs are
accidentally tuned to the main structure; in Section 5 conclusions are finally drawn.



©CO~NOOOTA~AWNPE

2. Influence of non-structural elements on the modal response of the main structure

In this section, the two alternative paradigms of P-NSEs and S-NSEs are introduced. Their influence on the
modal and time response of the main structure is numerically exemplified, assuming for the latter a planar,
shear-type building schematization. Resonant S-NSEs, although not influencing the static response nor the
horizontal load bearing capacity of the structure, are shown to deeply impact on the structural modal model and,
in some cases, on the structural time response to design loads.

2.1 Basic configurations for P-NSEs and S-NSEs
A planar (2-dimensional) shear-type, N-storey building structure is assumed having, without loss of generality,
N = 3 storeys and modal damping ratio £'= 2% in all the modes.
Four basic configurations will be compared herein, respectively denoted as:
e C,, corresponding to the MS alone (Fig. 2a);
e Cy, corresponding to the MS having one or more P-NSEs (Fig. 2b);
e C,, corresponding to the MS having one or more S-NSEs of the “single-anchor” type, such as pendulous
appendages (Fig. 2c);
e C;, corresponding to the MS having one or more S-NSEs of the “double-anchor” type, such as out-of-plane
infills (Fig. 2d).
In order to better explain the peculiarities of the “in parallel” and “in series” arrangements, the mass and the
stiffness matrices for the four configurations schematized in Fig. 2 are briefly derived as follows.
As far as configuration C, is concerned (Fig. 2a), the mass and stiffness matrices are as for classical shear-
type frames:

M, =diag (m,,m,,m,) (1.a)
k+k, -k, 0

Ko=| -k,  k+ks =k |[=ST(k,k, k) (1.b)
0 kK

where m; is the mass at the i-th storey, k; is the stiffhess at the i-th inter-storey, diag denotes the diagonal matrix,
and ST denotes the shear-type stiffness matrix operator, mapping the stiffness vector (ky, ks, k3) into the stiffness
matrix.

As far as configuration C, is considered (Fig. 2b), assuming for simplicity the mass m, of the P-NSE be
equally subdivided between the two adjacent storeys and denoting as Kk, its stiffness, the mass and stiffness
matrices are expressed by:

M, =diag (m, +m, /2,m, +m, /2,m,) =M, +m,diag (1/2,1/2,0) (2.a)

K, =ST (ky.k, +k,,k;) = K, +k ST (0,1,0) (2.b)

The model order keeps the same as for C, (equal to N) and the stiffness matrix results from the summation of the
stiffness matrix of the MS with the stiffness matrix of the P-NSE, as is typical of “in parallel” springs.

Considering the single-anchor appendage of configuration C, (Fig. 2c), on the other hand, a new DOF
appears and the model order increases (up to N+1); assuming the appended mass to be concentrated in the new
DOF and denoting as ks the equivalent stiffness of the appendage, the mass and stiffness matrices become:

M, =diag (m,, m,,m;,m, ) (3.2)
0O 0 0 O

K, = ST (K, Ky, k;,0) +k, 8 (l) 8 - (3.)
0 -1 0 1
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In this case, as is typical of “in series” springs, the stiffness matrix results from the augmentation of the stiffness
matrix of the MS (through the incorporation of one further row and one further column of null elements) and the
subsequent addition of four more terms (plus or minus the stiffness of the S-NSE) at rows and columns
corresponding to the DOFs of, respectively, the new appendage and the storey to which it is attached.

Finally, if the double-anchor appendage of configuration C; is considered (Fig. 2d), assuming for simplicity
that half its mass be lumped at mid-span (where the new DOF is born) and that the remaining half be equally
subdivided between the two adjacent storeys, and denoting as k; its out-of-plane mid-span stiffness, the mass
and the stiffness matrices can be expressed as follows:

M, =diag(m, +m,/4,m, +m,/4,m;,m,/2) (4.0)

Y4 14
Y4 14
0 0
Y2 12

As for configuration C,, also in this last case the stiffness matrix results from an augmentation and an addition
(again an “in series” arrangement), although its structure becomes more complex since nine terms are added
(instead of four) this time, at rows and columns corresponding to the DOFs of, respectively, the new appendage
and the two anchor points.

~1/2
~1/2
0
1

K, =ST (k. k,,k;,0)+k, (4.b)

o O O o

2.2 Influence of NSEs on the modal response of the MS

In order to highlight the influence of NSEs on the modal response of the MS and particularly the effects of an
erroneous modelling of NSEs, configurations C;, C, and C; will be herein modelled either “correctly”, i.e.
according to Egs. (1) to (4), or “incorrectly”, i.e. according to the current practice of merely incorporating the
mass of the NSEs into the structural mass while neglecting the contributions of NSEs to the structural stiffness.
Thus, the incorrect modelling option will assume K; = K; = K = Ko, My = diag(m;+my/2, mp+my/2, m3), M, =
diag(my, my+mg, m3), and Mz = diag(m;+my/2, my+my/2, ms).

Correct and incorrect modelling options are compared in Fig. 3, which shows both the correct (thick lines)
and the incorrect (thin contours of grey areas) transfer functions from the ground acceleration to the maximum
structural acceleration, for the following six different cases:

e Case (a): a single “in parallel” infill between the 1% and 2™ floors (as in configuration C,), having mass
equal to 5% of the total structural mass and stiffness equal to three times the inter-storey structural stiffness (i.e.
mp/Zmi = 5%; kp = Zk| = 3k|)

e Case (b): a single “in series” pendulum anchored to the 2" floor (as in configuration C,), having mass equal
to 2.5% of the total structural mass and frequency equal to the second structural frequency (i.e. mg/=Zm; = 2.5%;
fs=12).

e Case (c): a single “in series” infill between the 1% and 2™ floors (as in configuration Cs), having mass equal
to 5% of the total structural mass and frequency equal to the second structural frequency (i.e. mgZm; = 5%; f, =
fp).

e Case (d): three identical “in parallel” infills, one at each inter-storey (in analogy with configuration C,),
having total mass equal to 5% of the total structural mass, and each one having stiffness equal to the inter-storey
structural stiffness (i.e. myi/m; = 5%; ky; = k;).

o Case (e): three identical “in series” pendulums, one anchored to each floor (in analogy with configuration
C,), having total mass equal to 2.5% of the total structural mass, and having frequencies equal to, respectively,
0.95 (1* floor), 1.00 (2™ floor), and 1.05 (3" floor) times the first structural frequency (i.e. mg/m; = 2.5%:; f =
095f1, fSZ = 100f1, fSB = 105f1)

o Case (f): three identical “in series” infills, one at each inter-storey (in analogy with configuration Cs), having
total mass equal to 5% of the total structural mass, and having frequencies equal to, respectively, 0.95 (1% floor),
1.00 (2" floor), and 1.05 (3" floor) times the first structural frequency (i.e. mg/m; = 5%; fy; = 0.95f;; f, = 1.00f;
f53 = 105f1)

Common to all six cases, the underlying main structure (configuration Co, not described in Fig. 3) is assumed
to have the same mass at every storey (m; = m, = ms), the same stiffness at every inter-storey (k; = k, = k3) and a
fundamental frequency f; = 1 Hz, with its second and third frequencies being consequently equal to f, = 2.8019
Hz and f; = 4.0489 Hz. Common to all S-NSEs, a 2% damping-ratio is assumed in all simulations.
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Fig. 3(a) and 3(d) show the obvious effect of P-NSEs being inserted into the MS, consisting in an increase of
the natural frequencies, more or less generalized depending on the number and location of the P-NSEs. The
dynamic behaviour proves deeply modified, yet the modal order keeps unaltered (three natural modes). This
phenomenon is well-known and in most cases easily detectable during model calibration even if not specifically
accounted for in the model, since resulting in updated MS stiffness values much larger than expected. And even
if not explicitly recognized by the analyst, this interaction mechanism would be someway implicitly understood
by the calibrated model itself, whose overall stiffness description would phenomenologically resemble the true
one. Examples of NSEs obeying this paradigm of “in-parallel” interaction with the main structure include:
cladding, internal partitions, stairs and elevators in buildings; pavements, railings, barriers, sidewalks in bridges;
fill material in masonry bridges; deck and railings in footbridges; non-structural steel frames and piping systems
in industrial facilities. The literature reports several real case studies where this “in-parallel” interaction plays a
significant role in dynamic identification and model updating.

Fig. 3(b), 3(c), 3(e) and 3(f), on the other hand, show the effect of resonant S-NSEs being inserted into the
MS. Such insertion generates new modes, one for each appendage, closed to (and interacting with) the original
structural modes, resulting in the transfer functions being deeply modified in the vicinity of the NSEs’ resonant
frequencies while basically unaltered far from it. This phenomenon, easily explicable using the same theoretical
framework developed to describe tuned vibration absorbers [30] yet so far undocumented for NSEs in model-
updating applications to the best of the authors’ knowledge, may significantly bias model calibration if not
adequately recognized, as it will be demonstrated in the sequel. Examples of NSEs obeying this paradigm of
“in-series” interaction with the main structure may include a variety of secondary structural and non-structural
appendages in buildings or industrial facilities: piping systems, machinery, non-structural steel frames, storage
tanks, chimneys and antennas, partitions and facades in their out-of-plane modes, parapets, suspended ceilings,
ornamentations. If the natural frequencies of these S-NSEs are far from the structural modal frequencies, the
dynamic interaction may be of scarce practical interest, and insignificant discrepancies are expected between the
“correct” and “incorrect” modelling options. If instead the S-NSEs are close to resonance with some structural
mode, and their mass is a non-negligible percentage (e.g., about 5% in the present numerical case studies) of the
effective modal mass of the interacting structural mode [30], then the effects of the interaction grow important,
and the correct and incorrect options lead to meaningful differences.

To better explain the modal consequences of an erroneous modelling of NSEs, Fig. 4 reports the natural
frequencies and the mode-shapes for the same Cases (a) to (f).

Results obtained using the correct modelling option are plotted as grey-scale coloured marks (placed at the
height of the model DOFs) connected by dotted lines; results obtained using the incorrect modelling option are
plotted in continuous lines. Cases (a) and (d) confirm that the incorrect modelling of P-NSEs leads to erroneous
frequencies and mode-shapes but not to an erroneous model order. If, as in Case (d), the additional stiffness
matrix contributed by the P-NSEs is exactly proportional to the stiffness of the MS, then correct and incorrect
mode-shapes result obviously equal, while correct and incorrect frequencies result proportional to each other.
On the other hand, as far as S-NSEs are concerned, the incorrect modelling provides a 3-DOF FE model (with
modes only slightly altered with respect to those of the MS due to the slight increase of the mass matrix
coefficients), whilst the correct modelling increases the model order by the number of the appendages’ DOFs,
eventually leading to four modes in Cases (b) and (c) and to six modes in Cases (¢) and (f). For the mere sake of
convenience, the cluster of interacting modes born from the interference of the S-NSEs with a particular
structural mode is here named after such structural mode, and in fact comprises modes 2a and 2b in Cases (b)
and (c), and modes 1a, 1b, 1c and 1d in Cases (e) and (f). The new modes possess frequencies which are
distributed around the original frequency of the MS and, remarkably, possess mode-shapes which are virtually
indistinguishable from each other as well as from the original mode-shape of the bare MS, except at the DOFs
corresponding to the NSEs, i.e. unless measurements are taken at the NSEs. Modes far from the NSEs’
frequencies appear instead almost unaffected by their presence. Noticeably, these results have been obtained
assuming relatively small appendage-to-structure mass ratios and non-unitary appendage-to-structure frequency
ratios. Although not shown in the present paper, the damping ratio of the new, combined modes proves to be a
weighted average of the damping ratios of, respectively, the S-NSE and the interacting structural mode, the
weight depending on the ratio of the NSE mass to the modal mass of the structural mode and on the NSE
position along the structure, in full agreement with the classical theory of tuned mass dampers [30, 31]. Because
of the larger uncertainties inherent in experimental damping identification and of the relatively limited use of
model updating for the specific purpose of modal damping calibration, the influence of S-NSEs on structural
damping is not further emphasized in the present paper and is left for future work.

Two main conclusions can be drawn from this simple preliminary example, regarding the potential effects of
errors inherent in, respectively, modelling and identification:

o first (and more intuitively), an incorrect modelling of S-NSEs may prevent a physically meaningful
reconciliation of the FE model with a correctly identified modal model;
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e second (and less obviously), an inaccurate experimental modal identification, perhaps biased by the
expectation of an N-modes structure, may mislead the analyst to (randomly) reject all but one of the interacting
modes within any frequency cluster, which can potentially result in even more severe consequences on the
reliability of the calibration process, as will be better explained in the next pages.

2.3 Influence of S-NSEs on the time response of the MS

In order to highlight the influence of S-NSEs on the time response of the MS and particularly the effects of an
erroneous modelling of S-NSEs, the shear-type building structure introduced above is simulated under the action
of a set of 338 historical seismic records extracted from the PEER-NGA Strong Motion Database [34]. Various
configurations of S-NSEs are considered, either correctly or incorrectly modelled, including Cases (e) and (f)
defined above and a new Case (f), obtained as a variant of Case (f) by assuming that the three identical “in
series” infills have frequencies equal to r times the fundamental structural frequency f; and total mass equal to x
times the total structural mass.

In Fig. 5 the acceleration time-history at the 3™ storey is reported for two selected seismic records, in both
cases of correct (black line) and incorrect (grey line) modelling of the S-NSEs. Fig. 5(a) describes Case (e)
under Record # 0143 TAB-LN (Tabas earthquake, 09/16/78). Fig. 5(b) describes Case (f) under Record # 1529
TCU102-N (Chi-Chi earthquake, 09/20/99). Denoting as R the response ratio obtained dividing the correct by
the incorrect maximum accelerations, Fig. 5(a) and 5( b) provide R = 1.562 and R = 0.523, respectively. It is
evident that an incorrect modelling of S-NSEs may significantly affect not only the modal response but also the
time response of the overall system.

In Fig. 6 the response ratio is plotted for the whole set of 338 records. Fig. 6(a) refers to Cases (e) and (f).
Fig. 6(b-c) refer to Case (f*), assuming a mass ratio x = 5% and seven different values of the frequency ratio r,
respectively < 1 (Fig. 6b) or > 1 (Fig. 6c).

In Fig. 7 three selected percentiles, extracted from response ratio curves obtained for the 338 records as in
Fig. 6, are plotted as a function of the frequency ratio r for three possible values of the mass ratio, namely x =
2.5%, 5% and 10%. Similar results, not reported for the sake of brevity, were obtained changing the stiffness
and the damping ratio of the MS.

Results in Fig. 5 to 7 demonstrate that incorrect modelling of S-NSEs may significantly bias the prediction
of the maximum response to specific ground motions if the frequency of some S-NSE is close to the frequency
of some structural mode, to an extent which gets larger as the mass of the S-NSE increases. Fortunately, the bias
results statistically conservative, in that neglecting the dynamics of the appendages implies on average an
overestimation of the response, as shown by the 5% percentiles deviating from unity more than the 95%
percentiles, and by the mean being systematically less than or equal to unity, once again confirming the analogy
existing between S-NSEs and passive tuned vibration absorbers.

In other words, neglecting resonant NSEs seems generally acceptable within the scope of seismic design and
assessment of structures. Nevertheless, the structural response to single seismic records proves very sensitive to
the presence of resonant NSEs, and this again shows the extent to which S-NSEs can modify the modal
behaviour of the housing structure.

3. Model calibration in the presence of resonant non-structural elements: a numerical case
study

In this section the effect of resonant S-NSEs on modal identification and model-updating is demonstrated by
means of a simple numerical simulation performed on the structural system already encountered in Section 2
and there denoted as Case (c).

An incorrect baseline model is supposed to be initially available, characterized by a shear-type MS having
three uncertain stiffness parameters, ki, k, and ks (requiring calibration), and structural masses exactly known,
and by masonry infills incorrectly modelled as assumed in Section 2, i.e. as merely a pair of rigid masses
incorporated into the floors’ masses.

Structural vibrations are supposed to be measured by accelerometers located exclusively at the three storey
levels (i.e. with no accelerometer available on the NSE), and experimental modal identification is supposed to
be performed in order to calibrate the baseline model.

Various scenarios may occur, mostly depending on: (i) the correctness of the performed modal identification,
and (ii) the importance of achieving modelling accuracy. Three main approaches are conceivable, briefly
sketched as follows.

3.1 Approach 1 (incorrect identification plus incorrect model)
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According to Approach 1, the influence of the NSE is supposed not to be understood by the analyst who,
expecting a 3-DOF system (according to the incorrect baseline model), looks for three structural modes only
and, perhaps deceived by measurement noise, identifies them as, for instance, f;, f,, and f; (or, which would be
the same, as f;, o, and f3). Using the incorrect 3-DOF model, the analyst will calibrate the three stiffness
parameters, ki, k,, ks, so that the analytical frequencies of the FE model would match the experimentally
identified frequencies. In looking for modal reconciliation, the analyst might also use mode-shapes to build the
error function but, regarding them as less accurate than frequencies and assuming the problem as exactly
determinate (3 data and 3 unknowns), he will likely prefer to only rely on frequencies in this case. Anyway, Fig.
4 suggests that, because of the similarity between correct and incorrect mode-shapes (except at the unmeasured
DOF of the NSE), using mode-shapes as further source of information would scarcely improve results.

3.2 Approach 2 (correct identification plus incorrect model)

According to Approach 2, the influence of the NSE is supposed to be understood by the analyst who, identifying
four real modes and attributing modes 2a and 2b to the interaction between the S-NSE and the second structural
mode, recognizes the 3-DOF model as inadequate to reproduce them all. However, being supposedly not
interested in an accurate modelling of the NSE and of the second mode, he will consider it an unnecessary cost
to modify the model structure so as to include the NSE, and will prefer to keep the baseline model structure
unaltered (incorrect modelling).

Since the four identified modes are incompatible with the three simulated modes, the analyst will exclude
modes 2a and 2b from the experimental data and will calibrate the model on the basis of the first and third
modes only. Since, however, two frequencies are insufficient to calibrate three unknown stiffness parameters,
the analyst will avoid the indeterminateness of the problem (i.e. non-uniqueness of the solution) by using mode-
shapes too, for example mode-shapes 1 and 3. If no mode-shapes were available from the identification this
approach would not be viable unless the analyst could reduce the number of unknowns by making some further
a priori assumption. This approach seems of particular advantage when multiple S-NSEs are attached to the MS
at different points and there is not enough information to identify the one(s) responsible for the tuning effect.

3.3 Approach 3 (correct identification plus correct model)

The influence of the NSE is understood by the analyst who, based on the correct identification of the four true
modes, accepts to improve the model so as to account for the S-NSE. Still assuming the masses as completely
known, he will update the four unknown stiffness parameters, ki, ks, ks and ks, (see again Fig. 2(d)) using the
four identified frequencies.

3.4 Comparison of the three approaches
The three approaches above are obviously only some of the possible options the analyst might follow to perform
model calibration in the presence of S-NSEs. Alternatively, he might use redundant information to increase
robustness. Or, once recognized the significance of the NSE (Approaches 2 and 3), he might decide to repeat
acquisitions, processing and calibration after deploying additional sensors on the NSE. Anyway, in their
simplicity, these three approaches have the merit, on the one hand, to indicate two viable strategies for dealing
with S-NSEs in model calibration (Approaches 2 and 3) and, on the other hand, to underline the drawbacks of
not following them (Approach 1).

Results are summarized in Table 1, with Approach 1 presented twice, according as either f,, (Approach 1-a)
or fy, (Approach 1-b) be used for updating. Table 1 presents the optimal solutions of the calibration problem
(herein obtained using a hybrid direct-search algorithm, consisting of a genetic algorithm followed by a

nonlinear least-square solver), corresponding to finding the normalized updating parameters |Z, (defined as the

dimensional parameters divided by their nominal value) which numerically minimize the following objective
function:

fop = [Z(fi [fa 024223 o, ~ 0 ] / [Z(l)mzza)J ©)

in which the first summation (subscript i) refers to the frequency residual and the second summation

(subscript j) to the mode-shape residual (Z(l) and Z(l) in the denominators standing for the total number
i i

of, respectively, frequency and mode-shape residuals), f; and f being, respectively, the analytical and the

experimental natural frequencies, ¢ and ¢ being the analytical and the experimental mode-shapes (normalized
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S0 as to have unit norm), H(oj — @,

being the 2-norm (or Euclidean distance) between vectors ¢ and ¢, and A

being the relative weight assigned to the mode-shape residual with respect to the frequency residual, accounting
for the different reliability of mode-shape information with respect to frequency information and herein taken to
be equal to 1. It is worth noticing that the analyst might choose to include into Eq. (5) only a selected subset of
the available frequencies (subscript i) and mode-shapes (subscript j), with the frequency subset and the mode-
shapes subset not necessarily being the same; supposing that the two subsets be the same, Eq. (6) further
simplifies as follows:

f= \/(Z[( f, [T, -1%+2%||p - o, IIZ]J / (Z(1+ lZ)J (6)

Egs. (5) and (6) are so conceived that if all residuals equal a certain value then f,, equals that same value. In this
sense, fy, is the weighted error of the analytical modal model with respect to the experimental modal model.
Besides the updated parameters, Table 1 presents, in the last column, their RMS (root mean square) distance
from their true value (1.000 in the present case), herein denoted as d and taken as a measure of the calibration
error. The value of the objective function, f,,, not reported in Table 1, is virtually null in this numerical example
for all cases.

Based on Table 1 the following observations can be made:
e an incorrect modal identification (Approach 1) may lead to unacceptable errors in the parameter domain (d =
33.6%);
o understanding the true “modal structure” while keeping an incorrect FE “model structure” (Approach 2) may
lead to acceptable calibration errors (2.7%);
e acorrect identification combined with a correct NSEs” modelling (Approach 3) is obviously the best option,
which in the present ideal case leads to a null error in the parameter domain as a consequence of the assumed
absence of errors in the identified modal data as well as in the model structure.
The validity of these results will be tested on a real case study in the next section.

4. Model calibration in the presence of resonant non-structural elements: an experimental
case study

The present section shows the influence of resonant NSEs on model calibration by means of an experimental
case-study.

4.1 The test structure

The test structure is a large-scale (2:3) model of a two-storey steel frame building with composite steel-concrete
floors (Fig. 8(a)). Built at the Structural Laboratory of the University of Basilicata (ltaly), it served as a
benchmark for the experimental assessment of the seismic effectiveness of different passive and semi-active
control strategies, in the framework of the inter-university Italian DPC-ReLUIS 2005-08 Project.

The steel structure, consisting of columns and beams orthogonally interconnected into a regular (doubly-
symmetrical) three-dimensional frame with one bay in both directions and two rectangular floors (levels 1 and
2), is mounted on a rigid horizontal base (level 0), resting on two sliding guides and connected to a dynamic
hydraulic actuator which can impart the desired mono-dimensional excitation to the structure. Four HE140B
columns, fixed to the base, extend continuously to the top floor. Eight IPE180 lateral beams, welded to the
columns, support the two composite floors, made up of concrete slabs cast on coffer profiled steel sheeting.
Columns’ free length is 4.00 m, divided into two 2.00 m inter-storey heights. Beams’ length is 4.00 m in the
along-excitation (longitudinal or x) direction and 3.00 m in the across-excitation (transverse or y) direction.
Floors’ thickness is larger than expected and non-uniform because of a sagging effect occurred during concrete
casting. In order to house the dissipating devices during tests on the controlled structure, four HE100A V-
inverted braces, crowned with gusset plates, are bolted at both storeys, parallel to the longitudinal direction.

At the initial stage of the Project, the need of an accurate, experimentally calibrated FE model of the
benchmark building motivated a preliminary campaign of dynamic tests which was conducted on the structure
in its original, uncontrolled configuration, i.e. with no dissipative devices installed between the top of the V-
inverted braces and the beams. In this configuration, the V-inverted braces clearly behave like secondary
appendages connected at their base to the supporting beams and free at their top, and can be then classified as
non-structural elements of the “in series” type (the two upper braces working “in series” with the first storey
level, the two lower braces working “in series” with the base level), very stiff in the their in-plane direction (x
axis) and relatively flexible in their out-of-plane direction (y axis). The significance of braces’ dynamics was
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however not immediately understood and, as it will be clarified in the sequel, their influence on the overall
structural behaviour was initially neglected on the account of their relatively small mass, with the result that the
original baseline FE model reported no trace of their presence.

In order to increase the amount of experimental data available, classical “perturbed boundary condition

testing” was applied [35], consisting in perturbing both the structure and the analytical model by adding the
same amount of mass at given positions. A total of eight concrete blocks (about 340 kg each) were fixed onto
the floors during testing according to three different configurations. Starting from the basic configuration (BC),
characterized by no additional mass, a second doubly-symmetric configuration (SC) was obtained by the
addition of four blocks on each storey, and finally a non-symmetric configuration (NC) was obtained by
removing two blocks from the SC configuration at each storey.
For each of the three mass configurations, ambient vibration tests were conducted on the uncontrolled structure,
keeping the sliding guides locked. The dynamic response was measured, at a sampling frequency of 200 Hz, by
15 uniaxial high-sensitivity force balance Columbia SA107LN accelerometers (operating in the range +0.1 g).
The location of the accelerometers and of the concrete blocks is described in Fig. 8(b). Significantly, no sensors
were placed on the upper braces.

4.2 The initial FE model (excluding NSES)

The FE model available at the initial stage of the project was, as anticipated above, the model of the MS alone,
with no consideration for the dynamics of the NSEs, their mass being merely included into the mass of the floor
slabs. This was partly because the mass of the appendages was seen to be small with respect to the structural
mass, partly because there was no interest to accurately simulate braces’ out-of-plane dynamics (in this
preliminary experimental campaign braces had no specific function, and in the final controlled configuration
they would have been connected to the floors and their dynamics would have been dramatically modified),
partly because it was judged unlikely that a close tuning might occur between the braces and some structural
mode. This kind of model, reasonable until the influence of NSEs was correctly understood, will be taken herein
as representative of the incorrect modelling of S-NSEs, in the sense explained in previous sections.

According to this model, 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 7
= {dyy, dy1, dgn, Oip, Oy, de}', 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 assumed
clamped at their base (i.e. no dynamics is attributed to the base level), no connection is explicitly recognized
between the floor slabs and the steel beams, and each of the additional concrete blocks is modelled as a
translational inertia, entering the system mass matrix with its own mass, static moment and polar inertia. With
these assumptions, for each of the three mass configurations, the resulting 6-DOF baseline, or nominal, model
(prior to calibration) is obtained through equalling each geometrical and mechanical parameter to its expected
(nominal) value. A list of the main nominal parameters assigned to the baseline model is given in Table 2. An
axonometric view of the 6-DOF baseline model in the BC configuration is given in Fig. 9, together with a planar
schematic view of its six mode-shapes.

4.3 The experimental modal model

The experimental modal model is identified on the basis of ambient vibration tests. Three classical output-only
methods are used (and compared to enhance robustness) in order to extract frequencies and mode-shapes,
respectively working in the time-domain, in the frequency-domain and in the time-frequency domain:
NEXT/ERA [36], FDD [37] and TFIE [38].

Details of the experimental modal analysis can be found in [39]. Two results in particular deserve
mentioning, clearly recognizable in both Fig. 10, which presents the phase difference standard deviations
obtained through the TFIE method, and in Table 3, which reports the mean values and the normalized standard
deviations of the experimental natural frequencies and mode-shape components. The first, expected result is the
progressive reduction of all structural frequencies as a consequence of the deployment of the additional concrete
blocks on the floors, together with a slight modification of the mode-shapes (including appearance of torsional
components in the NC configuration). The second result is the existence of seven structural modes instead of the
expected six ones. Two modes in particular show different frequencies but nearly undistinguishable mode-
shapes, very similar to the second flexural mode of the “incorrect” baseline model in the transverse (y) direction,
i.e. to mode 4, and consequently denoted as modes 4a and 4b in what follows.

Useful suggestions on how to interpret these findings come from Fig. 11, which reports the auto-spectral
densities of the acceleration signals measured in the transverse direction at, respectively, the ground level, the
first storey level, the second storey level and the top of one of the lower braces (i.e. those attached to the base
level, see again Fig. 8). First of all, Fig. 11 ensures that modes 4a and 4b are true physical modes, and not the
effect of identification errors or anomalous narrow-band external input: the two respective peaks, migrating
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leftwards as the structural mass increases, are prominent in the spectra corresponding to the two storey levels
whilst are nearly absent from the spectrum corresponding to the ground level, in contrast with the small peak
around 7.8 Hz, which appears almost identical for all spectra and independent of the mass configuration, and
which can be clearly attributed to the input frequency content. Besides, above all, Fig. 11 draws attention to the
so far neglected influence of the V-inverted braces, indicating that: (i) an interaction occurs between the
spectrum corresponding to the lower brace and the spectra corresponding to the first and second storeys, in that
modes 4a and 4b produce high peaks in the brace spectrum, and on its turn the brace causes small but distinct
perturbations in the structural spectra; such interaction is even more remarkable in that it regards one of the
lower braces (the only instrumented one, unfortunately), attached to the base level and not directly to the in-
elevation structure; (ii) the natural frequency of the out-of-phase local mode of the instrumented lower brace is
close to modes 4a and 4b, and approximately equal to 9 Hz.

These findings suggest a nice physical interpretation of modes 4a and 4b, based on the concept of modal
interaction illustrated in previous sections. Accordingly, these two modes would emerge from the interaction
between the MS and the out-of-plane mode of the upper braces (those attached to the first floor, unfortunately
not instrumented), accidentally working as a couple of S-NSEs roughly tuned to the fourth mode of the
benchmark structure. The total effective resonant mass, approximately including the two gusset plates atop and
half the mass of the four HE100A diagonals, is around 140 kg. This value, apparently small if compared with
the total mass of the building (about 6600 kg), is indeed large enough, if compared with the modal mass of the
fourth mode (approximately 500 kg according to the subsequent model calibration), to justify the observed
phenomenon.

4.4 The augmented FE model (including NSEs)

The “incorrect” 6-DOF model is inadequate to explain the experimentally identified seven modes. In order for
modes 4a and 4b to be fairly reproduced by the model, the latter needs to be augmented so as to account for the
two resonant S-NSEs. This is done by incorporating in the original 6-DOF model two identical single-DOF
appendages, attached to the first storey and corresponding to the transverse dynamics of the two upper V-
inverted braces. The nominal mass of each appendage, denoted as m;, is assumed equal to a rough estimation of
the effective resonant mass of the S-NSE, i.e. 70 kg. The nominal frequency of each appendage, denoted as f;, is
assumed equal to 10 Hz, i.e. to the approximate average of f;, and f,, for the three mass configurations (see
again the auto-spectra in Fig. 11).

An axonometric view of the resulting 8-DOF baseline model in the BC configuration is given in Fig. 12,
together with a planar schematic view of its eight mode-shapes. Comparing Fig. 12 with Fig. 9, it is clear that
including the NSEs into the model does not alter the five modes which are far from the NSEs’ frequency but
substantially alter mode 4, due to its frequency, 9.65 Hz, being close to the NSEs’ frequency, 10 Hz. Instead of
the original mode 4, three modes now exist, originated from the interaction of mode 4 with the two NSEs’
modes. Of these three modes, the lower and the upper ones, respectively denoted as mode 4a (f;, = 9.10 Hz) and
mode 4b (f;, = 10.8 Hz), correspond to the experimentally identified interacting modes introduced in the
previous subsection 4.3; looking at their mode-shapes, it is clear that the two additional DOFs (circles in Fig.
12) are in phase with each other, and respectively in phase (mode 4a) and in counter-phase (mode 4b) with the
first storey level (grey line) to which they are attached,; it is also clearly visible that, as long as the NSEs are not
instrumented, mode-shapes 4a and 4b appear practically indistinguishable from each other and from mode 4 of
the MS. On the other hand, the intermediate of these three modes, denoted as mode 4ab (f;3, = 10.0 Hz), does
not correspond to any of the identified modes; its frequency is exactly the frequency of the two NSEs and its
mode-shape has null components at all 6 DOFs of the MS, and equal and opposite components at the 2 DOFs of
the NSEs; evidently, since the upper V-inverted braces were not instrumented during testing, this mode is not
identifiable from measured data.

4.5 Model calibration according to Approaches 1to 3

The three approaches presented in Section 3 are here applied to the real case study. Since, however, in this case
the exact solution is not known in advance, caution must be used to select the proper set of updating parameters.
A multi-model updating procedure is adopted in order to enhance robustness, consisting in comparing
alternative optimal models obtained using different updating sets [40]. As in Section 3, the solution of the
updating problem entails minimization of an objective function which measures the distance between the
experimental and the numerical modal models. The objective function, again defined by Eq. (6), now extends to
the whole of the three mass configurations (BC, NC, SC), and for each mass configuration includes 6 modes in
Approach 1, 5 modes in Approach 2, and 7 modes in Approach 3. According to the multi-model procedure, the
overall set of potential updating parameters (“potential set”), normalized to their respective nominal values, is
identified first, based on the available a priori knowledge and on a sensitivity analysis (Fig. 13). Twelve
parameters are thus identified as potential candidates for updating, including mass and polar inertias of the floor

10



©CO~NOOOTA~AWNPE

slabs, bending stiffness of columns and beams, mass and frequency of the NSEs when relevant (refer to Table 2
again). Then, in order to avoid ill-conditioning or indeterminateness of the optimization problem, three different
plausible subsets of the potential set (“updating sets” or “models™) are chosen for each approach, denoted as My,
M, and M; for Approaches 1 and 2 (incorrect modelling of NSEs), and as My., M,, and M, for Approach 3
(correct modelling of NSEs), and the minimization problem is separately solved for each model and for each
approach.

Results are reported in Tables 4 to 7. As in Section 3, Approach 1 is presented twice, according as either fy,
(Approach 1-a) or fy, (Approach 1-b) are chosen for updating. In order to genuinely capture improvements in the
model, the multiple solutions are compared in terms not only of their modal fitting capability (f,,) but also of the
plausibility of the underlying parametric description. Using, as in Table 1, the RMS error to measure the
distance in the parameter domain between different solutions, it results that the distance from the best model
(Ms.) equals 17.6% for M3 according to Approach 1a, 72.9% for M3 according to Approach 1b, and only 2.1%
for M3 according to Approach 2.

4.6 Discussion of the results

Looking at the results in Tables 4 to 7 the following considerations can be formulated.

The best model is M3, calibrated using Approach 3. This model is the analogue of the exact model in Section 3
and can be used here as the reference term for evaluating any other solution. This model not only achieves an
excellent matching of the experimental modal data, testified by the small value of the objective function (fo,s =
0.659%) and further appreciable by comparing Table 3 above (experimental modal data) with Table 8 below
(simulated modal data), but it also possesses clearly sound physical meaning. The stiffness of the lower columns

is less than nominal ( |,

=0.607, |cyl = 0.769), coherently with the plausible imperfect clamp at their base, and

the stiffness of the beams is larger than nominal (I_bX = 1.305, I,

by = 1.163), coherently with the plausible

collaboration of the floor slabs. The mass and frequency of the S-NSEs are coherent with expectations (M, =

1.062, f_S: 1.011), proving that estimating the effective resonant mass based on NSEs’ geometry and the

resonant frequency as the average of frequencies f,, and fy, is an acceptable approximation. If, in order to
represent the floor sagging effect, the slab thickness at the i-th level, t;, is expressed as a 4™ order polynomial
function of x and y according to:

t(xy) =s + fill-(2x/L,)* 11~ (2y/L,)’] (7

in which LX and Ly are the slab dimensions along x and y, s; is the uniform thickness at the i-th level, and f; is

the mid-span additional deflection at the i-th level, then the masses and polar inertias identified in model Ms.,
exactly lead to s, = 7.5¢cm, s, = 6.7 cm, f; = 2.7 cm and f, = 4.1 cm (resulting in total mid-span deflections s; +
f, = 10.2 cm and s; + f; = 10.8 cm), in good agreement with visual inspections. Finally, an interesting
confirmation of the plausibility of model Mj,, not available at the time when model updating was first
performed, came later on, when an accelerometer placed on one of the upper braces revealed an out-of-plane
frequency of 10.0 Hz, very close to the best calibrated value of 10.1 Hz.

It deserves noticing that the same Approach 3 gives not so good results for updating sets My, and M.,
because they both exclude beams’ stiffness from calibration. This result confirms the importance of correctly
choosing the set of updating parameters, which can be profitably done, for instance, by recurring to multi-model
approaches. Nonetheless, no matter which of the three updating sets is chosen, the mass and frequency of the

NSEs are identified with very good accuracy and minimum dispersion (M, ranges from 1.025 for My, to 1.084

for M,,, and f_s ranges from 1.011 for Ms, to 1.020 for My.), testifying that Approach 3 can successfully

identify NSEs” dynamic behaviour independently of modelling errors and, remarkably, with no need to take
measurements on them.

Approach 2 provides satisfactory results too. The best model, once again obtained using the updating set M,
is very close to the M3, model obtained with the Approach 3, both in terms of the objective function (fops =

0.780%) and in terms of the distance in the search domain: the RMS distance from Mg, is only 2.1%, and the
maximum distance along a single parameter, |, , is only 3.7%. This clearly confirms the validity of Approach

2. The calibrated model is very close to the best possible one, with no need to modify the model structure
through including the resonant NSEs, and modal matching (with the obvious exception of modes 4a and 4b) is
good in absolute terms. This is a result of great practical importance, which validates Approach 2 as a simplified
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way to acceptably perform model calibration in the presence of resonant NSEs without modifying the FE model
of the MS.

On the contrary, as already shown for the numerical case-study in Section 3, Approach 1 shows all its
limitations, proving the significance of NSEs and the importance of well understanding their role during
experimental modal analysis. Not only the objective function significantly increases with respect to Approaches
2 and 3 but also the updated models diverge significantly from model M., particularly if mode 4b is used
(Approach 1-b), in which case the RMS distance from Ms, grows to an unacceptable 72.9%, with errors of

274% along I_Cyl and -66% along I_by. The physical unsoundness of the resulting solution here luckily alerts
that something has gone wrong. Unfortunately, this is not always the case.

5. Conclusions

In the present paper, numerical and experimental case studies are analysed to demonstrate the influence of
“resonant” non-structural elements of the “in series” type on the dynamics of the main structure and the need to
properly account for their presence when performing experimental modal analysis and model calibration.

Main conclusions of this work can be summarized as follows:

1) non-structural (or secondary structural) elements working in series with the main structure may substantially
modify the modal behaviour of the overall system if accidentally tuned to (or “resonating” with) some structural
mode; in this event, the structural and the non-structural modes merge together until generating new, combined
modes, having frequencies scattered around the original structural frequency and mode-shapes which, as far as
no measure is taken on the NSE, are fairly indistinguishable from each other and from the original structural
mode-shape; remarkably, the model order is augmented with respect to the model of the bare structure;

2) neglecting the significance of resonant NSEs may cause errors in performing experimental modal analysis
(because of the wrong expectation of a lesser model order) as well as in constructing the FE baseline model
(because of the exclusion of NSEs from the model structure), therefore potentially invalidating the entire
process of model calibration (Approach 1);

3) if, on the contrary, the role of NSEs is correctly understood and an effective experimental modal
identification is performed accordingly, two alternative calibration strategies can be pursued, based on
respectively excluding from the FE model structure (Approach 2) or including into it (Approach 3) the
contribution of non-structural appendages.

These findings highlight a peculiar paradigm of dynamic interaction between structural and non-structural
components, which appears to have been mostly disregarded by the literature in the field of experimental system
identification and yet may have a significant impact on the effectiveness and reliability of model calibration in
real world applications. Tested in this paper only on simple, few-degrees-of-freedom structures, such paradigm
is expected to hold even in the case of complex models, and to prove of significant practical interest whenever
sufficiently massive, either single or multiple, non-structural appendages happen to be close to resonate with one
or several structural modes. The exemplification on large-scale and real-case applications is left for future work.
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Fig. 9 The 6-DOF, “incorrect” FE baseline model in the BC configuration: (left) axonometric view; (right)
planar view of the 6 mode-shapes (dotted line: base level; grey line: first level; black line: second level)
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List of tables

Table 1 Model calibration according to Approaches 1, 2 and 3.

Approach k, k, k, K, d (%)
1-a 0.948 1.159 0.850 n.a. 13.0
1-b 1.350 0.685 1.343 n.a. 33.6

2 0.985 1.045 1.004 n.a. 2.7
3 1.000 1.000 1.000 1.000 0.0
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Table 2 Nominal parameters of the baseline FE model.

Symbol Description Value Unit
Iy Distance between columns along x 4.00 m
ly Distance between columns along y 3.00 m
h Inter-storey height 2.00 m
E Steel Young's modulus 206 GPa
Os Steel mass density 7850 kg/m?
Dc Composite slab mass density 2500 kg/m®
m; Slab mass at the i-th level (i=1, 2) 3539 kg
Joi Slab polar inertia (i = 1, 2) 7702 kg-m?
loxi Columns bending inertia along x (i = 1, 2) 1.509-10° m*
leyi Columns bending inertia along y (i = 1, 2) 0.550-10° m*
i x-oriented beams bending inertia (i = 1, 2) 1.317-10° m*
lbyi y-oriented beams bending inertia (i = 1, 2) 1.317-10° m*
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Table 3 Experimental modal properties — Mean values (%o standard deviation in brackets).

Conf. Mode fei (HZ) ¢ei1 ¢ei2 ¢ei3 ¢ei4 ¢ei5 ¢ei6

1 3.37(.3) -.009 507 (6) .001 -.005 .862 (2) .004

2 4.23 (.6) 445 (2)  -.004 -.002 895 (0)  .006 .000

3 5.89 (.2) 057 .053 478 (84) .054 -011 873 (7)
BC 4a 9.39 (.6) 026 777 (27) .006 -.038 -627 (31) -.029

4b 11.3(2)  -.031 913 (10) .006 -.020 -.405 (69) -.010

5 14.6 (.1) 876 (5)  .000 .004 -483 (15) .005 -.005

6 18.7 (\1) -.006 -.071 .828 (30) -.006 011 -.555 (41)

1 3.08 (.5) -.004 .510(9) .005 -.007 .860 (3) .004

2 3.85 (.7) 448 (3)  -.004 027 892 (1)  .002 .049

3 551(6)  -.120 .010 470 (12) -.276 -.032 829 (8)
NC 4a 8.90 (.4) 012 825(5)  .000 .004 -565 (10) -.017

4b 10.7 (.1) .020 927 (7) .011 022 -372(23) -.020

5 12.9 (.3) 868 (0) -.081 .084 -475 (58) .027 -.082

6 17.6 (0)  -.247 -011 806 (8) .196 021 -501 (10)

1 2.85 (.5) -.004 505 (6) -.001 -.004 .863(3) .005

2 3.57 (.6) A47 (4)  -.002 -.001 894 (1)  .007 -.001

3 511(1)  -.005 012 495 (39) .019 -015 868 (18)
sC 4a 8.43 (.4) .003 840 (5)  .002 -.004 -542(9) -.012

4b 105(1)  -.001 944 (8)  .001 -.006 -.329 (65) -.011

5 12.4 (.2) 880 (7) -.005 .002 -A474 (24) 002 -.004

6 16.2 (1)  -.016 -.062 851 (12) .022 .008 -520 (24)
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Table 4 Approach 1-a.

Model 1, oy S P O m M, Jy Jo, My f foa (%)

M, 952 928 1 1 1 1 1045 .794 946 .793 na. na 1.26

M, .881 .913 1.099 0989 1 1 1041 .774 944 766 na. na 1.23

M; 952 857 1 1 984 1.137 1.035 .789 .928 .804 na na 1.24
32
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Table 5 Approach 1-b.

Model 1., 1y 1o Iy 1yl m m, Jy Jo, Mg f fou (%)
M; 0451 0.658 1 1 1 1 528 .628 0.666 .515 na. na. 4.89
M, 1172 0.825 .732 2510 1 1 973 870 1226 933 na. na 2.31
M; 0.820 2.873 1 1 1.155 395 960 .837 1221 .812 na na 2.10
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Table 6 Approach 2.

Model I oxl oyl I ox2 | cy2 | bx by ml mz J o1 ‘JOZ ms fs fObZ (%)
M, 756 792 1 1 1 1 887 716 .830 .694 na. n.a. .856
M, 782 778 915 1.073 1 1 862 726 .834 .707 na. n.a. .843
M, .629  .755 1 1 1254 1192 816 .777 .790 .740 n.a. n.a. .780
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Table 7 Approach 3.

Model oxl cyl I cx2 I cy2 I bx by n_’]1 mZ J 01 J 02 rﬁS 1:S foba (%)
My J11 0 7721 1 1 1 839 705 .807 .673 1.025 1.020  .839
Mo .806 .788 .836 1.028 1 1 830 .735 .800 .716 1.084 1.013  .739
M, 607 769 1 1 1305 1.163 .803 .785 .785 .742 1.062 1.011 .659
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Table 8 Simulated modal properties of the best calibrated model Ms..

Conf. Mode fi (Hz) P b2 #i3 Pia $s P
1 3.38 .000 .506 .000 .000 .863 .000
2 4.24 468 .000 .000 .884 .000 .000
3 5.87 .000 .000 487 .000 .000 .873
BC 4a 9.38 .000 .780 .000 .000 -.626 .000
4a-b 10.1 .000 .000 .000 .000 .000 .000
4b 11.3 .000 .909 .000 .000 -417 .000
5 145 .876 .000 .000 -.483 .000 .000
6 18.6 .000 .000 .853 .000 .000 -521
1 3.08 .000 .505 .000 .000 .863 .000
2 3.84 467 .000 .032 .882 .000 .058
3 5.52 -.141 .000 464 -.268 .000 .832
NC 4a 8.92 .000 .822 .000 .000 -.570 .000
4a-b 10.1 .000 .000 .000 .000 .000 .000
4b 10.8 .000 .928 .000 .000 -.373 .000
5 13.2 .874 .000 .074 -478 .000 -.046
6 17.6 -.299 .000 .803 174 .000 -.485
1 2.84 .000 .505 .000 .000 .863 .000
2 3.57 468 .000 .000 .884 .000 .000
3 5.12 .000 .000 487 .000 .000 .874
sc 4a 8.42 .000 .838 .000 .000 -.545 .000
4a-b 10.1 .000 .000 .000 .000 .000 .000
4b 10.5 .000 .945 .000 .000 -.326 .000
5 12.3 .878 .000 .000 -478 .000 .000
6 16.3 .000 .000 .859 .000 .000 -513
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