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Abstract: In recent years, structural health monitoring (SHM) has received increasing interest from
both research and professional engineering communities. This is due to the limitations related to
the use of traditional methods based on visual inspection for a rapid and effective assessment of
structures and infrastructures when compared with the great potential offered by newly developed
automatic systems. Most of these kinds of systems allow the continuous estimation of structural
modal properties that are strictly correlated to the mechanical characteristics of the monitored
structure. These can change as a result of material deterioration and structural damage related
to earthquake shaking. Furthermore, a suitable configuration of a dense sensor network in a real-
time monitoring system can allow to detect and localize structural and non-structural damage
by comparing the initial and a final state of the structure after a critical event, such as a relevant
earthquake. In this paper, the modal curvature evaluation method, used for damage detection and
localization on framed structures, considering the mode curvature variation due to strong earthquake
shaking, is further developed. The modified approach is validated by numerical and experimental
case studies. The extended procedure, named “Curvature Evolution Method” (CEM), reduces the
required computing time and the uncertainties in the results. Furthermore, in this work, an empirical
relationship between curvature variation and damage index has been defined for both bare and
infilled frames.

Keywords: structural damage localization; nonlinear FEM simulations; reinforced concrete framed
structures; structural health monitoring; real structures; signal processing

1. Introduction

Structural health monitoring (SHM) is a topic of major interest in different fields of
applied engineering. In particular, in civil engineering SHM applications are becoming
increasingly important since at global level a larger number of structures are subject to an
advanced state of deterioration due to aging of materials or inadequate maintenance. In this
regard, continuous monitoring systems can allow quick identification of structural defects
and/or damage occurred, in order for effective maintenance programs for restoring optimal
conditions and reducing direct and indirect costs to be planned efficiently. Furthermore,
the maintenance program can be calibrated based on the real structural conditions, with a
consequent reduction of intervention time and, at the same time, an increase in both safety
and functionality of the building.

Nowadays, the recent developments in dynamic identification techniques allow re-
trieval of the characteristics of a generic system, and then to suitably calibrate numerical
models able to reproduce the observed behavior under certain operating conditions (i.e.,
weak- and strong-motion conditions).
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Over the past few decades, the application of such techniques in structural engineer-
ing has considerably increased due to the awareness that the dynamic properties of a
building can provide a reliable overview of the state of integrity of the monitored structure.
Considerable progress has been made in the field of structural monitoring and dynamic
identification, using approaches based on the analysis of the variations of wave propaga-
tion [1-7] and on the techniques operating in the time-frequency domain [8-17]. The latter
are particularly effective when the structural dynamic characteristics rapidly change over
time. After an event generating strong motion, the rapid and reliable evaluation of damage
on strategic structures and infrastructure in the epicentral area is of major importance
for Civil Protection authorities. SHM may be used for rapid and first order assessment
in order to provide, in near real-time, reliable information about a system’s performance
during and after critical events (such as earthquakes, explosions, etc.). The possibility to
remotely monitor the state of health of an instrumented structure and detect potential
damage during a critical event could also be used as an indicator to calibrate a damage
scenario, also providing several benefits in reducing the potential loss of life and injuries
and improving the effectiveness of a potential emergency response in case of a disaster.

It is well known that the presence of damage on any type of structure is able to change
the dynamic characteristics of the structural system. Several methods for damage detection
are based on the evaluation of the variation of these characteristics, called modal parame-
ters (frequency, mode shape, equivalent viscous damping) or non-modal parameters (e.g.,
operational deflection shapes) [18-29]. The presence of damage is detected by variations in
these parameters in the damaged configuration compared to the reference state (undam-
aged) evaluated before the event (sometimes seconds before an event for continuously
monitored structures). There are several approaches that allow such comparisons [30—42]
to be made. It has been observed that methods based on the analysis of variations in the
modal shapes and/or their derivatives, such as the mode curvature, are very effective [1]
and can also be used as a diagnostic tool for structural and/or non-structural damage
localization and quantification.

The aim of this paper is the upgrade of an existing method for damage detection and
localization on framed structures based on the evaluation of the modal curvature evolution
over time [1], reducing the number of steps of the method from three (before, during
and after) to two (before and during) significant time instants that must be evaluated to
correctly apply the damage detection method, reducing uncertainties associated to all the
variables included within the procedure and, as a consequence, the calculation time. The
aim of this approach is to detect structural damage and to localize the most damaged
stories, using a series of accelerometers installed on the monitored structure at each floor
level. An extensive campaign of numerical simulations of regular and irregular models
of reinforced concrete structures designed only for gravity loads without and with the
presence of infill panels was carried out. Compared with the first version of the method [1],
a correlation between the maximum curvature variation and maximum inter-story drift has
been defined in this work. Furthermore, the method has been applied to an experimental
case study in order to test its effectiveness considering a real accelerometric dataset.

2. Materials and Methods

Curvature evaluation method is based on the evaluation of modal curvature variation
over time, [1]. The method uses a narrow-band-time-variable filter [10] to isolate the
fundamental modal shape over time, as well as during the phase of maximum nonlinearity
(strong motion phase). This makes it possible to estimate and localize the occurring damage
during the seismic event by evaluating the modal curvature evolution over time. In other
words, this filter is able to extract from a nonstationary and/or nonlinear signal only the
energy content of interest, preserving both the amplitude and phase in the region of interest
for each time instant [8,10].

The band-variable filter is based on the Stockwell Transform [43], a time—frequency
representation of a time-series that overcomes the limitations due to the assumptions of
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stationary behavior. Under the assumption of linear behavior over a short time interval,
the S-transform allows analysis of the nonlinear behavior of any dynamic system, also
during strong motion phases [44]. The Stockwell Transform operates simultaneously in
both the time and frequency domains.

The novelty of the approach presented in this present paper consists of the evaluation

of the mode curvature difference. Firstly, the modal shape variation has been evaluated
between different stories before and after the strong shaking phases and, secondly, at
different time instants.

The Procedure for Damage Localization (PDL) involves several steps:

Identification of the fundamental frequency of the structure in the time-frequency
domain by analyzing the top floor’s relative accelerometric recordings (difference
between top and bottom instant acceleration values, see Figure 1);

definition of a filtering matrix, using the band-pass-time-variable filter, fitting the evo-
lution over-time of the fundamental frequency of the monitored structure (evaluated
in the previous step);

convolution of the filtering matrix with the Stockwell Transform of the signal recorded
at each floor, along the same direction for all floors;

evaluation of the variation of the fundamental mode shape and related mode curvature
over time (time instants A and B, see Figure 1);

computation of the mode curvature differences among floors at different time steps
(see Equations (2) and (3));

selection of two different time instants (one immediately before the earthquake and
one corresponding to the minimum fundamental frequency) and evaluation of the
mode curvature difference between them (time instants A and B, see Figure 1).

Top Floor Relative Accelerometric Recording
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Figure 1. Top: Top floor relative accelerometric recording. Bottom: An example of the Normalized S-Transform of the
signals associated with the first mode of vibration of the monitored structure and selection of the time instants (A) and (B).
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In order to completely automatize the procedure, the Short Time Impulse Response
Function (STIRF) procedure, as described in [45], has been used to filter the matrix selection.
Using a combined approach based on the FT and on the seismic interferometric analysis,
it can be a useful tool for the automatic evaluation of both fundamental frequency and
related equivalent viscous damping factors of nonlinear structures.

Modal curvature can be calculated by modeling a framed structure as a beam:

M(o,t)  W(o—ht)— 2W(I t) + W(o+ 1)
El(v,t) h?

W"(v,t) = — 1)
where v is the position along the height of the monitored structure,  is a finite increment of
v, M(v, t) is the bending moment, EI(v, t) is the bending stiffness, W, ;) is the displacement,
and W{v H is the related curvature. Considering the fundamental mode shape of a framed

structure as a beam displacement, it is possible to localize structural damage by analyzing
the singularity on the curvature of the fundamental mode shape [46].

In the first version of the method, the damage feature was evaluated by only consider-
ing the curvature variation over time. In order to reduce the uncertainties on the damaged
floor localization and to upgrade the version of the method to identify and localize the
damaged level, the curvature differences among floors have been evaluated according to
the following equation:

" " "
5W(i+1)7i,t = Wiy — Wi @)

where Wlf:t is the value of the curvature evaluated at the ith floor and WI-NH/ ; is the value of
the curvature evaluated at the (i + 1)th floor.

After the evaluation of the mode curvature variation between floors, it is necessary to
evaluate the second variation of the mode curvature operating in the time domain:

AW//

Vo = AW = OW g — W 4 3)

where SW” 4 is the difference in the curvatures between floors evaluated in the time instant
A, and 6W" p is the difference in the curvatures between floors evaluated in the time instant
B. A is a general time instant immediately before the earthquake (during the stationary
behavior of the monitored structure), while B is the time instant corresponding to the
minimum fundamental frequency exhibited by an oscillating building during the strong
motion phase.

Figure 1 shows an example of the top floor relative accelerometric recording (evaluated
as the difference in time domain with respect to the station installed at the bottom floor) and
the normalized S-Transform of the signals related to the fundamental mode of vibration
of the monitored structure, extracted by using the PDL described above. Analyzing the
S-Transform, it is possible to follow the evolution of the fundamental frequency of the
structure.

As discussed in [10], using the band-variable filter, it has also been possible to evaluate
the modal shape associated with the minimum fundamental frequency (instant B) recorded
during the maximum excursion in the plastic field. Particularly, CEM is based on the
possibility to evaluate each structural mode shape, and its geometrical curvature, during
the linear behavior in correspondence of a time instant during the stationary phase (named
A, see Figure 1), where structural eigenfrequencies are constants, and during the nonlinear
phase of the structural response in correspondence of the minimum value of recorded
fundamental frequency (named B).

3. Numerical Applications

In order to test and verify the performance of the upgraded Curvature Evolution
Method (CEM), the method has been applied to several nonlinear numerical models
representative of realistic reinforced concrete framed structures characterized by 3, 5 and
8 floors, with regular and irregular geometric plans designed by considering only gravity
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loads (Figures 2 and 3). The inter-story height is constant and equal to 3 m, resulting in a
total height of the buildings equal to 9 m, 15 m and 24 m, respectively. With reference to
the mechanical properties of the materials adopted in the numerical models, the concrete
is characterized by a compressive strength equal to 25 MPa, whereas the steel by a yield
stress equal to 380 MPa. Reinforced concrete floors with a thickness of 25 cm have been
considered. The dead load was set as 5 kN/m?, while the live load was 2 kN /m?.

Figure 3. Numerical model of a building that has an irregular plan with 5 floors.

Nonlinear numerical analyses have been carried out using a software tool based
on nonlinear finite elements (SAP2000 non-linear [47]). A kinematic constraint has been
added to each floor to simulate the slab as rigid diaphragms. Structural elements, such as
beams and columns, were modeled with type elements “FRAME”, while the non-linear
characteristics have been applied using the “LINK” elements. Link elements and plastic
hinges were introduced at the ends of both beam and column elements to simulate the
structural nonlinear behavior during a strong ground motion. Link elements have a Pivot
hysteretic behavior, while plastic hinges have an axial load-dependent one. Rigid offsets
at beam-column joints have been considered. Figure 4 shows the Force-Deformation
relationship of the link elements used for the nonlinear numerical analyses. The masses
were considered distributed on the structural elements.
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Figure 4. Multilinear plastic link with Pivot hysteretic model used for the nonlinear numerical
analyses in SAP2000.

In order to define the damage threshold of even the non-structural component, the
numerical simulations have been carried out by modeling the effects caused by the presence
of infill panels within the structural R/C framed models (Figure 5).

Figure 5. Numerical model of the infilled framed structure.

Both the masonry strength and stiffness contribution have been considered by intro-
ducing two equivalent structural elements in the models. The mechanical characteristics of
these elements were evaluated considering the Mainstone model, through the Equation
(4) [48]:

Ey-to-h3,-sinsin 20 -0l 1
= —dy 4)
Ecl,

by = d+0.20-sin sin 26- ( 0

where by, is the equivalent width, &, is the panel height, d,, is the strut length, ¢, is the
panel thickness, 8 is the angle that the strut forms with the horizontal line, E;, is the elastic
modulus of the panel, chosen as 2000 N/ mm?, E, is the elastic modulus of the concrete
and I, is the moment of inertia of the columns.

In the simulation, a 12 cm + 8 cm thick panel has been considered. Using the SAP2000
finite elements program, these elements were modeled using multi-linear plastic links. The
Force-Displacement behavior of the Mainstone model is depicted in Figure 6a. Concentric
connection of the equivalent diagonal struts has been considered in the modelling strategy
(Figure 6b). This sees a fundamental period of vibration of the 5-story infilled numerical
model to be 0.51 s. Table 1 reports the value of the fundamental periods of vibration of the
numerical models.
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Figure 6. Infill model used for the nonlinear numerical analyses: (a) constitutive model of the

infill panel related to Mainstone model (u represents the elastic limit displacement); (b) equivalent
diagonal struts scheme.

Table 1. Fundamental periods of vibration of the numerical models representing the structures under consideration.

3-Story Model 5-Story Model

5-Story Model
with Infill Panel

5-Story Model

8-Story Model Irregular in Plan

T (s)

0.65 0.84 0.51 1.50 1.28

Natural and artificial accelerograms, compatible (in terms of average among three and
seven accelerograms) with the Italian Seismic Code [49] for soil types B and D (using the
spectral conventional shape of the Italian Seismic Code), have been selected from the Italian
Accelerometric Archive ITACA. Figures 7 and 8 show the response spectra associated
with the natural and artificial accelerograms, respectively. A comparison between the
related mean spectrum and the spectrum provided by the Italian Seismic Code (NTC18) is
presented in both figures. In order to simulate the presence of ambient noise vibrations
(microtremors), in the numerical analyses twenty seconds of pink noise have been added
before and after the strong motion phase of each considered accelerogram.

—Al —A2 —A3 —A4 —A5 —A6 — A7 —Mean Spectrum —Spectrum NTC0O8

S, (2)

Figure 7. Response spectra related to the seven natural accelerograms (A1l to A7, representative of
soil class B) used within the numerical analyses.
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Figure 8. Response spectra related to the two artificial accelerograms (A2 and A4, representative of
soil class D) used within the numerical analyses.

3.1. Numerical Results

In this section, the main outcomes obtained by applying the method to the responses
of the nonlinear numerical models are presented. In Appendix A, Tables A1-A5 present the
values of fundamental mode shapes, related mode curvatures and curvature differences
among floors evaluated in the reference time instant immediately before the earthquake (A)
and in the time instant of minimum fundamental frequency (B). Furthermore, the values of
curvature differences between the two-time instants and Inter-Story Drift retrieved from
the nonlinear numerical analyses performed in SAP2000 are shown.

The curvature difference between the two time-instants (B) and (A), and the inter-story
drift, are plotted from Figures 9-13 for all the numerical models.

Al

A1
A2 A2
"':: A3
A5 2. Ad H
14 -+ AB o - A5
(o) A7 O - A6
o] (o] A7
- |
w w
1t
Damage
threshold
0.1 0.12 2

0.02 0.04 0.06 0.08 1
CURVATURE DIFFERENCE B-A DRIFT (%)
(a) (b)

Figure 9. Structural damage localization for the numerical models. Results of the 3-story regular
in plan structure: (a) curvature difference between the selected time-instants B and A; (b) inter-
story drift and damage threshold equal to 0.5% (for non-structural components) valid for reinforced
concrete framed structures.
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Figure 10. Structural damage localization on numerical models. Results of the regular in
plan 5-story structure: (a) curvature difference between the selected time-instants B and A;
(b) inter-story drift and damage threshold equal to 0.5% (for non-structural components)
valid for reinforced concrete framed structures.
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Figure 11. Structural damage localization on numerical models. Results of the 5-story regular in
plan structure with infill panels: (a) curvature difference between the selected time-instants B and A;
(b) inter-story drift and damage threshold equal to 0.5% (for non-structural components) valid for
reinforced concrete framed structures.
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Figure 12. Structural damage localization for the numerical models. Results of the 8-story regular
in plan structure: (a) curvature difference between the selected time-instants B and A; (b) inter-
story drift and damage threshold equal to 0.5% (for non-structural components) valid for reinforced
concrete framed structures.
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Figure 13. Structural damage localization for the numerical models. Results of the 5-story irregular
in plan structure: (a) curvature difference between the selected time-instants B and A; (b) inter-
story drift and damage threshold equal to 0.5% (for non-structural components) valid for reinforced
concrete framed structures.

To verify the presence of damage along the height of the structures the inter-story drift
has been considered as damage indicators in order to validate the proposed method. Table 2
shows the values of drift related to the different performance levels [45]. Figures 8-12 show
the inter-story drift equal to 0.5%, representing a threshold for non-structural components
(such as the infilled panels). Above this threshold, the monitored structure changes its
damage mechanism with a change in the maximum curvature difference and maximum
inter-story drift relationship.

Table 2. Performance level definition as a function of inter-story drift [50].

Performance Level Inter-Story Drift (%)
Fully Operational (FO) 0.2
Operational (DC) 0.5
Life Safety (LS) 1.5
Near Collapse (NC) 25

Analyzing the results obtained from the numerical campaign, it can be observed that
the mode curvature difference B-A is able to localize structural damage and identify the
most damaged floors after strong motion earthquakes.

3.2. Definition of Empirical “Curvature Variation-Maximum Inter-Story Drift” Relationships

In order to quantify structural damage, a correlation between maximum inter-story
drift and maximum curvature difference has been defined. The peak ground acceleration
(PGA) values of the accelerograms used for the numerical analyses have been scaled with a
scaling factor value between 0.25 and 1.50.

The following figures show the different correlations with the related R-squared
coefficients: Figure 14 shows the correlation for the 3-story building subjected to three
selected natural accelerograms (A1, A5, A6); Figures 15 and 16 show the results for the
5-story regular in plan building without and with infill panels, subjected to three selected
natural accelerograms (A1, A5, A6). Figure 17 shows the correlation for the 8-story building
subjected to three selected natural accelerograms (A1, A5, A6).



Appl. Sci. 2021, 11, 6496 11 0f 22

3.0

25

2.0

R2=0.7619 m
1.5 ]

1.0

Y e T -

a
0.0 T T

0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
MAXIMUM CURVATURE DIFFERENCE (%)

MAXIMUM DRIFT (%)

Figure 14. Structural damage quantification: empirical correlation between the maximum inter-story
drift and the maximum curvature difference for the 3-story building.
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Figure 15. Structural damage quantification: empirical correlation between the maximum inter-story
drift and the maximum curvature difference for the 5-story building.
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Figure 16. Structural damage quantification: empirical correlation between the maximum inter-story
drift and the maximum curvature difference for the 5-story building with infill panels.
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Figure 17. Structural damage quantification: empirical correlation between the maximum inter-story
drift and the maximum curvature difference for the 8-story building.

The expected performance of the structure can be associated with the inter-story drift
that allows defining, through different performance levels, the expected damage to both
the non-structural and structural elements [50]. The following figures show the threshold
related to the (LS) performance level (Table 2), where damage is moderate, the structure
remains stable, and life safety is generally protected.

The following equations show the relationships for the different analyzed structures:

3-story building d,(c) = 0.180e%%%* 0 < ¢ < 4% (5)
5-story building d,(c) = 0.163¢%%* 0 < ¢ < 4% (6)
5-story infilled building d,(c) = 0.064¢*%* 0 < ¢ < 4% @)
8-story building d,(c) = 0.079¢**** 0 < ¢ < 2% 8)

where d, (c) is the maximum inter-story drift and c is the maximum curvature difference.
The above results show that the relationship between maximum inter-story drift and
maximum curvature difference can be defined through the following correlation:

dy(x) = A-e"* )

where A and B are parameters depending on the monitored structure.

The mode curvature variation is strongly related to the maximum inter-story drift. It
can be noted as a quasi-linear behavior between 0% and 0.5% of the maximum inter-story
drift. After this range of values, corresponding to a structural linear behavior, it is possible
to note a slight nonlinear behavior, with the growth of nonlinear effects occurring within
the damaged structure. It is important to highlight the limited dispersion of data. This
kind of trend has been found for all of the analyzed numerical models. In conclusion,
further studies are necessary to better understand how it could be possible to generalize the
empirical relationship mentioned above, with the aim to reduce uncertainties on structural
damage localization and quantification.

4. Experimental Case Study

In order to test and verify experimentally the proposed approach, the method has been
applied to a real case study: the Navelli town hall located in Central Italy. The building is a
reinforced concrete framed structure with three stories and two (about 6.5 m in length) by
four (Iength varying between 3.65 and 7.0 m) bays. Inter-story height is 3.5 m [3,51].

The Navelli town hall was affected by the earthquake of 6 April 2009 (Mw = 6.3).
Starting from 7 April 2009, ambient noise measurements on the structure were performed
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and, from the 8 April, a local accelerometric network was installed outside and inside the
building.

Concerning nonstructural elements, significant damage was found both in the external
infill panels and in the internal partitions. Infill panels suffered wide cracking at the ground
and first stories along both the longitudinal and transversal frames. The most damaged
areas were near the stiff stair-structure and along the longitudinal direction. Wide cracks
occurred along the longitudinal direction of the infill placed in the last bay of the ground
and the first story (Figure 18). Along the transversal direction, lower damage was detected.
The damage mechanism was mainly in-plane. Cracking along the diagonals of the panel
(due to inclined tension stress mostly concentrated within the center region of the panel)
and crushing of panel corners (due to the interaction with the surrounding frame) were
observed [52].

Figure 18. Picture of the monitored structure (Municipality of Navelli): damage of the infill panels.
More details in [3].

Concerning the structure, some beams showed cracks due to the shear action (Figure 19),
particularly those loaded by the one-way slab. As reported in [3], the columns’ damage
was particularly heavy and extensive at the first level. Possibly, damage on columns was
increased by the interaction with the adjacent infill panels [3]. For the same reason, even
structural damage on some beam—column joints was found (Figure 19).

Figure 19. Damage on beam-column joints at the first story of the monitored structure (Municipality
of Navelli). More details in [3].

As described in [52], on 8 April 2009, four accelerometric stations were installed
for the continuous monitoring of the building. The monitoring system was composed
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by one station installed in each floor (three) on the same vertical along the building
height, and one station buried in the ground near the building. Stations were developed
by Helmholtz-Centre Potsdam-German Research Centre for Geosciences (GFZ) and the
Humboldt University of Berlin [53].

Particularly, wireless three-directional accelerometers named SOSEWIN were based
on MEMS (Micro Electro Mechanical System) with a measurement range of £1.7 g, a
bandwidth of 25 Hz and a noise level of 0.5 mg, which were arranged to sample the three
components of the ground motion. The digitizer board was characterized by a resolution
of 24 bits, effectively providing a resolution of 19 bits. The sample rate, variable between
50 and 400 samples per second (sps), was set up as 100 sps.

Table 3 shows the information regarding the selected seismic events recorded by these
instruments and used in the analysis. Figure 20 shows the map of the recorded seismic
events.

Table 3. Recorded events.

N. Event Date (dd/mm/yyyy) Time (UTC) Magnitude (Mp)
1 8 April 2009 22:59 43
2 9 April 2009 00:53 5.1
3 9 April 2009 02:34 3.1
4 9 April 2009 03:14 42
5 9 April 2009 04:32 4.0

tesilvano
N

¥
{Guardial

Gopgle Earth

L

Figure 20. Map of the selected seismic events used in the analysis, from Google Earth.

Data Analysis and Experimental Results

In order to apply the method for damage detection, first of all the structural response
acceleration at each floor has been analyzed. Figure 21 shows as an example the accelero-
metric recordings related to the event recorded on 9 April 2009 at 04:32 (see Table 3).
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Figure 21. Accelerometric recordings at the different floors of the Navelli municipality building along the transversal

direction.

As for the nonlinear numerical models, the mode shapes and the curvature differences
have been evaluated for each seismic recording. Figures 22-25 show the results retrieved
for the recorded events. In particular, the ground accelerations, the related response
spectra and the mode curvature variations between the minimum fundamental frequency
time-instant (B) and a general time-instant immediately before the earthquake (A) are
plotted.

0.04 0.15
0.02¢ 1
0.1
0 ‘ 1
0.05
-0.02
-0.04 0
0

50 100 150 0 1 2 3 ooos 0.005 0.01 0015 002 0025 003 0035
Time (s) Time (s) CURVATURE DIFFERENCE B-A

(a) (b) ()

Figure 22. Accelerometric recordings at the different floors of the Navelli municipality building along the transversal

s, (@)
FLOOR

direction.
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Figure 23. Results for the event that occurred on 9 April 2009 at 02:34: (a) ground accelerometric recordings; (b) response
spectrum; (c) curvature differences between the selected time-instants B and A.
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Figure 24. Results for the event that occurred on 9 April 2009 at 03:14: (a) ground accelerometric recordings; (b) response
spectrum; (c) curvature differences between the selected time-instants B and A.
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Figure 25. Results for the event that occurred on 9 April 2009 at 04:32: (a) ground accelerometric recordings; (b) response
spectrum; (c) curvature differences between the selected time-instants B and A.

5. Discussion and Conclusions

Nowadays, many dynamic identification techniques are based on the evaluation of
changes of structural parameters (frequency, modal shape, equivalent viscous damping)
to localize possible damage that has occurred on a monitored structure during a critical
event. Mode curvature variations are strictly associated with structural damage; indeed,
mode curvature is used as a control parameter for damage localization after an earthquake.
Scientific literature shows that most of the methods for structural damage detection require
a large number of sensors placed on the monitored structure. This involves high costs if
the monitoring system is extended, continuous, and covers many structures.
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Most of the vibration-based procedures and methods for damage detection on existing
structures are based on the evaluation of just stationary or “stationarized” structural modal
parameters. The band-variable filter allows for the separation of the variable contributions
of each mode of vibration within both linear and nonlinear fields. The capability to isolate
each individual contribution allows us to better understand how damage propagates
through the structure, and which are the main modes involved within the damage process
during the nonlinear behavior of each excited structure.

In this paper, the upgrade of an existing procedure for damage detection on framed
structures subjected to strong motion earthquakes has been presented. The results show the
possibility of localizing structural damage and identifying the most damaged floor(s) after
an earthquake through the analysis of the curvature difference between two time-instants
(the minimum fundamental frequency time-instant and the reference time-instant before
the event).

The revised Curvature Evolution Method has been successfully applied both to nu-
merical models and on a real case study. The results retrieved for all of the analyzed
case-studies showed that the curvature difference is systematically able to localize the most
damaged floor. Moreover, the correlation between maximum inter-story drift and maxi-
mum curvature variation has been defined. With reference to the empirical relationship,
further studies are necessary to better understand how it could be possible to generalize
results and to define new analytical equations to relate modal curvature and inter-story
drift. This last step is important to evolve the method towards a third level, according to
the Rytter classification of structural damage. Compared with the original version of the
CEM method, by analyzing this correlation it could be possible to obtain more accurate
information about both the location and severity of any structural damage.

The capability of the modified CEM for damage detection on framed damaged struc-
tures has been validated using accelerometric data acquired from a real structure (Navelli
town hall) monitored during the L’Aquila 2009 seismic sequence. With reference to the
Navelli accelerometric dataset, it has been demonstrated that the damaged level identified
by using the proposed approach agrees with the damage observed at the first floor of the
monitored structure using visual inspection.

The proposed method has been applied to structures with a predominantly shear
dynamic behavior, representative of European constructions. More detailed analyses are
necessary to test the capability of the modified method, to detect and quantify damage
on high-rise buildings governed by a flexural behavior. New numerical analyses will be
performed considering both new models for infilled panels and non-rigid beam-column
joints [54]. In this paper, only the fundamental mode of vibration has been considered, but
in the future it would be necessary to apply this approach to also consider the contribution
of higher modes to the structural damage process (nonlinear field) during an earthquake.
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Appendix A

Table A1. Values of the main parameters evaluated for the 3-story numerical model in correspondence to the fundamental
mode of vibration.

Time Instant A Time Instant B
Inter-Story Curvature
Accelerogram : Mode Curvature Mode Mode Curvature .
PGA No. of Floors D(or/: ft Mode Shape Curvature Difference Shape Curvature Difference leée_rgnce
0 0.00 0.000 —0.013 0.000 0.000 —0.067 0.000 0.000
A1 (soil class B) 1 0.82 0.351 0.026 0.051 0.331 —0.002 0.132 0.080
034g 2 116 0.763 0.072 0.060 0.796 0.097 0.165 0.105
3 0.51 1.000 0.087 0.028 1.000 0.130 0.100 0.072
0 0.00 0.000 —0.025 0.000 0.000 —0.091 0.000 0.000
A2 (soil class B) 1 0.54 0.359 0.018 0.068 0.281 —0.039 0.143 0.075
034g 2 0.96 0.765 0.074 0.081 0.745 0.058 0.189 0.108
3 0.53 1.000 0.086 0.038 1.000 0.104 0.136 0.099
0 0.00 0.000 —0.024 0.000 0.000 —0.055 0.000 0.000
A3 (soil class B) 1 0.38 0.348 0.019 0.068 0.328 —0.004 0.106 0.039
013 g 2 0.57 0.759 0.075 0.080 0.767 0.075 0.134 0.055
3 0.27 1.000 0.087 0.036 1.000 0.103 0.083 0.047
0 0.00 0.000 —0.031 0.000 0.000 —0.053 0.000 0.000
A4 (soil class B) 1 0.50 0.341 0.011 0.072 0.331 —0.002 0.105 0.034
015g 2 0.71 0.754 0.067 0.087 0.769 0.076 0.132 0.045
3 0.33 1.000 0.082 0.046 1.000 0.103 0.080 0.034
0 0.00 0.000 —0.058 0.000 0.000 —0.070 0.000 0.000
A5 (soil class B) 1 0.45 0.308 —0.007 0.109 0.320 —0.016 0.125 0.016
022g 2 0.73 0.747 0.072 0.138 0.737 0.074 0.160 0.022
3 0.45 1.000 0.101 0.087 1.000 0.109 0.105 0.018
0 0.00 0.000 —0.036 0.000 0.000 —0.049 0.000 0.000
A6 (soil class B) 1 0.51 0.358 0.006 0.077 0.340 0.005 0.103 0.026
048 g 2 0.81 0.771 0.065 0.095 0.778 0.083 0.128 0.033
3 0.49 1.000 0.083 0.053 1.000 0.108 0.074 0.021
0 0.00 0.000 —0.031 0.000 0.000 —0.072 0.000 0.000
A7 (soil class B) 1 0.51 0.363 0.012 0.074 0.315 —0.014 0.130 0.056
0.35g 2 0.75 0.769 0.070 0.090 0.774 0.080 0.166 0.076
3 0.38 1.000 0.086 0.047 1.000 0.116 0.108 0.061

Table A2. Values of the main parameters evaluated for the 5-story numerical model in correspondence to the fundamental
mode of vibration.

Time Instant A Time Instant B
Inter-Story Curvature
Accelerogram ; Mode Curvature Mode Mode Curvature .
F’GAg No. of Floor ?02 ft Mode Shape Curvature Difference Shape Curvature Difference le{;e_l:nce
0 0.00 0.000 —0.049 0.000 0.000 —0.056 0.000 0.0000
1 0.48 0.189 —0.043 0.055 0.183 —0.049 0.062 0.0071
A1 (soil class B) 2 0.74 0.466 0.003 0.095 0478 0.008 0.113 0.0179
034g 3 0.68 0.715 0.058 0.104 0.747 0.078 0.125 0.0214
4 0.47 0.899 0.057 0.048 0.924 0.073 0.051 0.0028
5 0.20 1.000 0.042 0.033 1.000 0.050 0.032 —0.0012
0 0.00 0.000 —0.047 0.000 0.000 —0.061 0.000 0.0000
1 0.33 0.186 —0.040 0.055 0.166 —0.057 0.064 0.0093
A2 (soil class B) 2 0.59 0.464 0.007 0.095 0.452 —0.002 0.116 0.0212
34g 3 0.58 0.714 0.061 0.101 0.724 0.071 0.133 0.0322
4 0.38 0.898 0.057 0.044 0.910 0.070 0.059 0.0151
5 0.18 1.000 0.041 0.031 1.000 0.048 0.039 0.0078
0 0.00 0.000 —0.047 0.000 0.000 —0.054 0.000 0.0000
1 0.17 0.193 —0.039 0.055 0.169 —0.049 0.059 0.0043
A3 (soil class B) 2 0.29 0.472 0.009 0.095 0.447 0.000 0.103 0.0082
13 g 3 0.28 0.720 0.062 0.099 0.704 0.060 0.114 0.0153
4 0.21 0.901 0.057 0.042 0.894 0.059 0.053 0.0109
5 0.12 1.000 0.041 0.030 1.000 0.042 0.037 0.0073
0 0.00 0.000 —0.049 0.000 0.000 —0.058 0.000 0.0000
1 0.32 0.176 —0.044 0.054 0.176 —0.051 0.066 0.0114
A4 (soil class B) 2 0.50 0.450 0.001 0.095 0.469 0.007 0.116 0.0215
015g 3 0.43 0.704 0.058 0.106 0.732 0.072 0.123 0.0171
4 0.29 0.894 0.058 0.050 0.908 0.064 0.050 0.0009
5 0.15 1.000 0.042 0.034 1.000 0.043 0.037 0.0032
0 0.00 0.000 —0.049 0.000 0.000 —0.058 0.000 0.0000
1 0.27 0.177 —0.044 0.055 0.168 —0.053 0.063 0.0078
A5 (soil class B) 2 0.47 0.451 0.002 0.095 0.453 0.000 0.112 0.0166
022g 3 0.47 0.704 0.058 0.106 0.718 0.067 0.125 0.0191
4 0.35 0.895 0.058 0.050 0.904 0.065 0.056 0.0060
5 0.18 1.000 0.042 0.034 1.000 0.045 0.038 0.0043




Appl. Sci. 2021, 11, 6496 19 of 22
Table A2. Cont.
Time Instant A Time Instant B
Inter-Story Curvature
Accelerogram ; Mode Curvature Mode Mode Curvature .
PGA No. of Floor D(or/: ft Mode Shape Curvature Difference Shape Curvature Difference lege_rgnce
0 0.00 0.000 —0.048 0.000 0.000 —0.052 0.000 0.0000
1 0.31 0.179 —0.041 0.055 0.189 —0.042 0.062 0.0069
A6 (soil class B) 2 0.51 0.459 0.006 0.096 0.482 0.014 0.108 0.0122
048 g 3 0.53 0.711 0.061 0.103 0.734 0.070 0.108 0.0050
4 0.38 0.897 0.058 0.046 0.907 0.060 0.042 —0.0034
5 0.19 1.000 0.042 0.032 1.000 0.040 0.032 0.0004
0 0.00 0.000 —0.050 0.000 0.000 —0.059 0.000 0.0000
1 0.31 0.172 —0.045 0.054 0.174 —0.053 0.065 0.0112
A7 (soil class B) 2 0.49 0.444 —0.001 0.094 0.466 0.005 0.117 0.0233
035g 3 0.48 0.697 0.055 0.106 0.733 0.073 0.127 0.0216
4 0.33 0.890 0.057 0.051 0.912 0.067 0.053 0.0022
5 0.17 1.000 0.042 0.035 1.000 0.045 0.037 0.0023

Table A3. Values of the main parameters evaluated for the 5-story numerical model with infill panels in correspondence to

the fundamental mode of vibration.

Time Instant A

Time Instant B

Inter-Story Curvature
Accelerogram ; Mode Curvature Mode Mode Curvature .
PGAg No. of Floor ]%,th Mode Shape Curvature Difference Shape Curvature Difference Dlﬂe_rence
0 0.00 0.000 —0.046 0.0000 0.000 —0.054 0.000 0.000
1 0.52 0.169 —0.045 0.0467 0.203 —0.042 0.067 0.020
A1 (soil class B) 2 0.76 0.430 —0.007 0.0835 0.515 0.025 0.121 0.037
034g 3 0.62 0.687 0.051 0.1034 0.776 0.087 0.117 0.014
4 0.34 0.888 0.058 0.0526 0.931 0.070 0.037 —0.016
5 0.15 1.000 0.044 0.0316 1.000 0.043 0.028 —0.004
0 0.00 0.000 —0.046 0.0000 0.000 —0.051 0.000 0.000
1 0.23 0.167 —0.046 0.0465 0.185 —0.043 0.059 0.013
A5 (soil class B) 2 0.32 0.426 —0.008 0.0831 0472 0.009 0.104 0.021
22g 3 0.29 0.684 0.050 0.1045 0.727 0.067 0.109 0.005
4 0.24 0.886 0.058 0.0540 0.906 0.062 0.046 —0.008
5 0.14 1.000 0.044 0.0323 1.000 0.043 0.032 0.000
0 0.00 0.000 —0.046 0.0000 0.000 —0.057 0.000 0.000
1 0.24 0.165 —0.047 0.0456 0.174 —0.050 0.063 0.017
A6 (soil class B) 2 0.40 0.422 —0.010 0.0823 0.462 0.004 0.111 0.029
48 g 3 0.35 0.681 0.049 0.1056 0.724 0.068 0.121 0.015
4 0.23 0.885 0.058 0.0553 0.906 0.064 0.052 —0.003
5 0.12 1.000 0.045 0.0325 1.000 0.044 0.037 0.004
0 0.00 0.000 0.000 0.0000 0.000 —0.035 0.000 0.000
1 0.67 0.175 0.000 0.0001 0.180 —0.030 0.039 0.039
A2 (soil class D) 2 0.90 0.440 0.000 0.0003 0.476 0.006 0.070 0.069
0.26 g 3 0.71 0.695 0.000 0.0003 0.739 0.045 0.074 0.073
4 0.34 0.891 0.000 0.0002 0.914 0.040 0.030 0.030
5 0.16 1.000 0.000 0.0001 1.000 0.027 0.021 0.021

Table A4. Values of the main parameters evaluated for the 8-story numerical model in correspondence to the fundamental

mode of vibration.

Time Instant A

Time Instant B

Inter-Story Curvature
Accelerogram : Mode Curvature Mode Mode Curvature .

PGAg No. of Floor 1?:/: ft Mode Shape Curvature Difference Shape Curvature Difference leée_rgnce

0 0.00 0.000 —0.000036 0.000000 0.000 —0.002 0.0000 0.0000

1 0.33 0.111 —0.000036 0.000036 0.096 —0.002 0.0019 0.0019

2 0.45 0.276 —0.000014 0.000058 0.241 —0.001 0.0025 0.0024

A1 (soil class B) 3 0.34 0.441 0.000010 0.000060 0.382 —0.001 0.0020 0.0019

0.34 4 0.42 0.593 0.000016 0.000043 0.534 —0.001 0.0019 0.0019

%8 5 0.54 0.742 0.000032 0.000052 0.710 0.002 0.0040 0.0039

6 0.59 0.864 0.000046 0.000050 0.864 0.004 0.0039 0.0038

7 0.41 0.951 0.000028 0.000018 0.958 0.003 0.0012 0.0012

8 0.20 1.000 0.000026 0.000034 1.000 0.002 0.0007 0.0007

0 0.00 0.000 —0.000022 0.000000 0.000 —0.001 0.0000 0.0000

1 0.73 0.126 —0.000019 0.000024 0.185 0.000 0.0024 0.0024

2 0.81 0.303 —0.000002 0.000039 0.416 0.002 0.0039 0.0039

A2 (soil class B) 3 0.37 0.469 0.000011 0.000035 0.578 0.003 0.0018 0.0018

34 4 0.21 0.617 0.000012 0.000023 0.697 0.001 0.0001 0.0001

g 5 0.30 0.759 0.000020 0.000030 0.809 0.001 0.0014 0.0014

6 0.34 0.874 0.000028 0.000030 0.903 0.002 0.0019 0.0019

7 0.26 0.955 0.000022 0.000016 0.966 0.001 0.0011 0.0011

8 0.14 1.000 0.000015 0.000014 1.000 0.001 0.0009 0.0009

0 0.00 0.000 —0.000013 0.000000 0.000 —0.004 0.0000 0.0000

1 1.10 0.119 —0.000013 0.000014 0.155 —0.004 0.0046 0.0046

2 1.55 0.289 —0.000004 0.000022 0.382 0.000 0.0083 0.0083

A3 (soil class B) 3 1.38 0.457 0.000005 0.000023 0.597 0.005 0.0093 0.0093

0.13 4 0.92 0.609 0.000008 0.000016 0.764 0.006 0.0055 0.0055

108 5 0.51 0.754 0.000013 0.000019 0.872 0.005 0.0031 0.0031

6 0.31 0.871 0.000017 0.000018 0.940 0.004 0.0028 0.0028

7 0.18 0.953 0.000014 0.000010 0.979 0.002 0.0027 0.0027

8 0.10 1.000 0.000009 0.000009 1.000 0.001 0.0035 0.0035




Appl. Sci. 2021, 11, 6496 20 of 22

Table A4. Cont.

Time Instant A Time Instant B
Inter-Story Curvature
Accelerogram : Mode Curvature Mode Mode Curvature h
PGAg No. of Floor D(or/: ft Mode Shape Curvature Difference Shape Curvature Difference lege_rgnce
0 0.00 0.000 —0.000023 0.000000 0.000 —0.003 0.0000 0.0000
1 0.79 0.119 —0.000023 0.000024 0.149 —0.003 0.0038 0.0038
2 1.11 0.290 —0.000006 0.000040 0.368 0.000 0.0068 0.0068
A4 (soil class B) 3 0.95 0.457 0.000009 0.000039 0.569 0.004 0.0067 0.0067
15 4 0.69 0.608 0.000012 0.000027 0.720 0.004 0.0034 0.0034
8 5 0.48 0.754 0.000022 0.000033 0.835 0.003 0.0028 0.0028
6 0.30 0.871 0.000030 0.000032 0.918 0.003 0.0031 0.0031
7 0.18 0.953 0.000024 0.000017 0.971 0.002 0.0025 0.0025
8 0.11 1.000 0.000016 0.000016 1.000 0.001 0.0027 0.0027
0 0.00 0.000 —0.000034 0.000000 0.000 —0.009 0.0000 0.0000
1 3.63 0.114 —0.000034 0.000034 0.190 —0.007 0.0111 0.0111
2 4.86 0.279 0.000012 0.000080 0.483 0.004 0.0196 0.0195
A5 (soil class B) 3 4.10 0.444 0.000010 0.000032 0.722 0.014 0.0184 0.0184
0.22 4 2.62 0.596 0.000016 0.000040 0.866 0.012 0.0069 0.0069
228 5 1.03 0.744 0.000031 0.000049 0.930 0.006 0.0032 0.0032
6 0.35 0.865 0.000044 0.000048 0.968 0.003 0.0054 0.0054
7 0.23 0.951 0.000036 0.000026 0.990 0.002 0.0074 0.0074
8 0.13 1.000 0.000025 0.000023 1.000 0.001 0.0081 0.0081
0 0.00 0.000 —0.000032 0.000000 0.000 —0.003 0.0000 0.0000
1 0.72 0.122 —0.000030 0.000034 0.173 —0.002 0.0034 0.0034
2 1.02 0.298 —0.000007 0.000055 0.408 0.002 0.0059 0.0058
A6 (soil class B) 3 0.92 0.468 0.000016 0.000055 0.604 0.004 0.0050 0.0049
48 4 0.66 0.620 0.000020 0.000036 0.745 0.003 0.0020 0.0020
8 5 0.37 0.761 0.000030 0.000042 0.851 0.003 0.0019 0.0019
6 0.25 0.875 0.000039 0.000041 0.925 0.002 0.0022 0.0022
7 0.21 0.955 0.000031 0.000024 0.973 0.002 0.0019 0.0019
8 0.14 1.000 0.000021 0.000022 1.000 0.001 0.0020 0.0020
0 0.00 0.000 —0.000020 0.000000 0.000 —0.006 0.0000 0.0000
1 0.99 0.121 —0.000018 0.000022 0.159 —0.004 0.0088 0.0088
2 143 0.290 —0.000004 0.000035 0.389 0.001 0.0109 0.0109
A7 (soil class B) 3 142 0.452 0.000008 0.000032 0.601 0.006 0.0115 0.0115
0.35 4 1.15 0.598 0.000009 0.000021 0.762 0.007 0.0073 0.0073
208 5 0.70 0.742 0.000017 0.000028 0.871 0.005 0.0052 0.0052
6 0.37 0.863 0.000026 0.000029 0.939 0.004 0.0049 0.0049
7 0.23 0.950 0.000022 0.000016 0.979 0.002 0.0048 0.0048
8 0.14 1.000 0.000015 0.000013 1.000 0.001 0.0055 0.0055

Table A5. Values of the main parameters evaluated for the 5-story numerical model with irregular plan in correspondence
to the fundamental mode of vibration.

Time Instant A Time Instant B
Inter-St Curvat
ACEER™  NoofFeor Duft  Modeshpe  oMedt. Sl Hok Mol GG Diffeence
0 0.00 0.000 —0.032 0.00000 0.000 —0.047 0.000 0.000
1 0.34 0.146 —0.042 0.02220 0.102 —0.064 0.030 0.008
A1 (soil class B) 2 0.65 0.354 —0.024 0.05010 0.298 —0.051 0.060 0.010
g 3 0.88 0.602 0.015 0.07080 0.561 0.005 0.103 0.032
4 0.88 0.803 0.014 0.03110 0.798 0.024 0.066 0.035
5 0.68 1.000 0.002 0.02020 1.000 0.017 0.041 0.020
0 0.00 0.000 —0.030 0.00000 0.000 —0.037 0.000 0.000
1 1.74 0.159 —0.038 0.02280 0.181 —0.041 0.033 0.010
A2 (soil class D) 2 237 0.378 —0.016 0.05200 0437 —0.006 0.073 0.021
026g 3 254 0.625 0.023 0.06890 0.708 0.059 0.101 0.033
4 214 0.817 0.019 0.02580 0.896 0.063 0.041 0.015
5 142 1.000 0.004 0.01610 1.000 0.042 0.016 0.000
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