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Abstract
E——

Heritage constructions presents high significance and importance for society. As way of contribution for the preservation of the heritage construc-
tions, this paper presents a study on the dynamic behavior of a heritage construction, part of the historic center of Sobral city, located at the north
region of Ceara State, namely the Nossa Senhora das Dores Church, a church from the beginning of the 19th century, built in clay brick walls. In
this study, ambient vibration tests were performed aiming to obtainment of the natural frequencies of the building focusing the calibration of the
numerical model and, from it, proceeding with modal analysis by Finite Element Method (FEM) with recurrence to software Ansys®. The results
allowed the analysis of the structural dynamic behavior taking into account natural frequencies, modal shapes and directional displacements.

Keywords: dynamic characterization, heritage construction, environmental vibrational characterization, finite elements, sobral’s historical heritage.

Resumo

EE—

As construgdes histéricas possuem elevado significado e importancia para a sociedade. Como contribuigdo a preservagdo do patriménio histo-
rico, o presente trabalho apresenta um estudo sobre o comportamento dinamico de uma edificagado histérica, inserida no ambito do patriménio
histérico da cidade de Sobral, localizada na regido norte do estado do Ceara, nomeadamente Igreja de Nossa Senhora das Dores, uma capela
do inicio Século XIX, construida em alvenaria de tijolos macicos. Neste estudo foi realizado o ensaio de vibragdo ambiental com objetivo de obter
as frequéncias naturais da edificagdo com foco a calibragdo do modelo numérico e, a partir dele, com recurso ao software Ansys®, realizar a ca-
racterizagdo modal via Método dos Elementos Finitos (MEF). Os resultados obtidos permitiram analisar o comportamento dinamico da estrutura,
no que se refere a obtencdo das frequéncias naturais, modos de vibragdo e deslocamentos direcionais.

Palavras-chave: caracterizagdo dinamica, construgbes histéricas, caracterizagdo vibracional ambiental, elementos finitos, patriménio
histdrico sobralense.
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1. Introduction

EE

Heritage constructions can be understood as structures with
importance artistic, cultural, religious, documentary or aesthet-
ics for a society. In other words, heritage constructions repre-
sent the cultural identity of a community.

Heritage constructions, as the other types of structures, are
subject to several scenarios of degradation, among natural ac-
tions (thermal effects, chemical or physical attacks), anthropic
actions, such as alterations in buildings architecture, inter-
ventions, and also dynamic actions such as wind and earth-
quakes. For that, and considering its high cultural value, this
special class of structures need to be appropriately maintained
as way to keep its structural safety conditions [1]. However,
for efficient maintenance or retrofitting measures adoption, it
is necessary to implement the current state of knowledge on
structural characteristics and behavior of heritage construc-
tions, once these structures may present different constructive
methods and complex structural properties, such different from
structures designed nowadays.

As highlighted by [2], exist a gap in the technical-scientific lit-
erature on structural characteristics of historical heritage and,
considering the large interest on keep its structures in safety
condition, as well considering its potential of contribution to re-
gional tourism implementation, and also, by necessity to imple-
ment the current state-of-the-art in this field of engineering, it
is evident that heritage constructions constitute topic of inter-
est for scientific and technological development. Thus, stud-
ies essentially focused on non-destructive characterization of
historical heritage have been recently developed by State Uni-
versity of Vale Do Acarau, at Sobral, Brazil, with support by
the Faculty of Engineering of the University of Porto and the
University of Aveiro, in Portugal, in order of to contribute for
field implementation, among some works can be seen in [3],
[4], (8], [6].

To study the structural dynamic characteristics can be a
fundamental step for structural behavior characterization,
as well these information can be also used as support for
implementation of monitoring systems, since dynamic prop-
erties are related with performance of the structural compo-
nents and, consequently, with the structure integrity [7], [8]
structural health monitoring is a fundamental tool to control the
civil infrastructures lifetime. Raw earth masonry structures (as
adobe, rammed earth, among other techniques. In the case
of heritage constructions, the employment of dynamic charac-
terization is relevant not only for the dynamic data collected,
but because its non-destructive nature presents guarantees of
repeatability without risk of to provoke damage emergence on
assessed structure [9].

The employment of experimental methodologies for dynamic
characterization, like the environmental vibration, can be an as-
sertive tool in order of to provide accurate data to support the
calibration of numerical models. Numerical simulations can also
be employed with focus on obtaining the structural response to
different damage scenarios and used as support tool for deci-
sion-making on maintenance and retrofitting measures [10].
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This way, as contribution to the implementation of technical-sci-
entific literature and, consequently, for the preservation of his-
torical heritage, the present work proposes to study the dynamic
characteristics of a heritage construction, namely, the Nossa
Senhora das Dores Chuch, a chapel from the beginning of the
19th century placed in Sobral, built in solid bricks masonry.

2. Dynamic characterization
of buildings
——

According to [11], dynamic actions can be characterized by
the action of loads changing over time its magnitude, direction
and point of application, and that can be characterized by the
existence of oscillatory movement, designated by vibrations.
Therefore, the structure response to these actions can be ex-
pressed in terms of displacements, speeds, acceleration or
tensions. Essentially, the characterization of the dynamic be-
havior of the structures comprises the calculation of the natural
frequencies, modal shape and also, the estimation of modal
damping coefficients.

One of the strategies for dynamic properties characterization
of a structure can be performed using /» siz» testing, collecting
data on structure acceleration, where after the data be pro-
cessed, dynamic parameters, such as natural frequencies and
modal shapes, can be identified. These tests can be performed
on new buildings and old buildings, such as in the case of
heritage constructions that may require rehabilitation actions.
Currently, for this type of characterization, the environmental
vibration tests have been frequently employed (see [12], [13],
[14], [15], [16]), due to the fact that they do not constitute an
invasive technique, require less time, when compared with the
traditional load tests.

According to [17], environmental vibration tests are based on
the measurement of time series of acceleration at points in
the structure previously chosen by simulating of the prelimi-
nary numerical model with initial mechanical properties. From
these measurements, the modal parameters (natural frequen-
cies, modal shapes and damping) are identified. In this type
of test, the excitation force on the structure is the result of the
environmental actions (wind or earthquake, for example) and
operational actions (linked to the use of the structure), there-
fore, there are no control over excitation force.

The collection of structures acceleration data is usually per-
formed using accelerometers. The piezoelectric acceler-
ometers, for instance, employs materials able to generate a
difference electrical potential when subjected to mechanical
pressure. According to [18], piezoelectric accelerometers are
essentially configured by an inertial mass positioned in contact
with the surface of a piezoelectric material. When this acceler-
ometer is subjected to a motion change, the inertial mass pro-
duces a mechanical stress in the piezoelectric material, and
this, has as response an electric charge proportional to the
applied voltage.

In terms of the processing of the data obtained by environmen-
tal vibration tests, these data can be processed by the applica-
tion of consolidated methods, such as the application of Fast
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Fourier Transform (FFT), described by Equation (1) that modi-
fies the temporal function f(t) in a function in the frequency
domain F(w), and which expresses the frequency content of
f(t). By the application of the FFT, the Fourier Spectrum is
extracted, by which the dominant frequencies can be identified
to the collected signal, and which indicate the natural frequen-
cies of the structure [19].

(M

By itself, the results obtained by dynamic structural character-
ization through environmental vibration tests, provide a good
understanding of the behavior of heritage constructions, but
this approach can be complemented by a numerical simulation
of the structure model using modal analysis using and the data
obtained in the environmental vibration tests. In these cases,
the numerical models are used to reproduce, the most closely
possible, the dynamic behavior of the structure, according to
the parameters collected during the environmental vibration
tests. The numerical results (natural frequencies and modal
shapes) are then compared to the values obtained experimen-
tally, and by the adjustments in the properties of the model,
particularly the modulus of elasticity, can guarantee similarity
between the real behavior of the structure and the behavior
of the numerical model. In this way, it's possible that the nu-
merical model developed, is calibrated and it's used with con-
fidence for the safety assessment of the structure in various
risk scenarios [20].
For the modal analysis of a structure, considering it in a
non-damped free vibration regime of linear behavior, the dif-
ferential equation of motion has the following form:

©)

Where K represents the stiffnes matrix of the structure, M
represents the mass matrix of the structure, u(t) represents
the displacement and i (%) represents the acceleration, of the
structure. In considering that the structure presents a harmon-
ic motion when it vibrates at a natural angular frequency @,
its displacement is expressed by:

3)

Where (,7)j is a vector named natural modal shape of the struc-
ture, @, is a magnitude named the natural frequency of vibra-
tion of the structure, and 49j is the phase angle. Now, making
the second-order derivative of Equation (2) with respect to
time, gives the Equation (4), that represents the accelerations:

)

Finally, substituting the Equations (3) and (4) into Equation (2)
gets the following equation:

2 . .
Fromwhere are extracted @;", thatis aneigenvalue and square

F(w) = J_ ’ F(e wtdt

Mii(t) + Ku(t) = 0

u(t) = ®jcos(wjt )]

ii(t) = —ij@jcos(a)jt -6)

[K — cusz](?)]. =0

ofthe j-th natural frequency, and (?Jj, thatrepresents aj-th natural
modal shape or non-damped mode. The Equation (5) expresses
a generalized eigenvector problem and has nontrivial solutions
(a)jz,q”)j) only if the matrix of the coefficients [K—a)sz] is
singular, that is:

6)

With this, is possible to infer that for each solution of the eigen-
value a)jz, there is an eigenvector corresponds (ZJj.

det[K — w;*M] =0

3. Case study

HEE

3.1 The Nossa Nossa Senhora
das Dores’s Church

The Nossa Senhora das Dores Church (Figure 1-A) is a heri-
tage construction from historic center of the Sobral downtown,
located near of Acarau River (Figure 1-B). Sobral downtown is
located in the north region of the Ceara State (Figure 1-D) over
away 230 km from the capital of the State, Fortaleza. Sobral
has one of the biggest Brazilian historical centers, including
more than 1,200 buildings registered by the Instituto do Pat-
rimonio Histérico e Artistico Nacional (IPHAN).

According to [11], the Nossa Senhora das Dores, dates from
the decade of 1,810, and was built in the place where there was
a set of old buildings located in the old Rua do Rio along the
margins of the Acarau River. It is not known when the church
was built, but it is known that it already existed in 1,818. Its
only and lateral tower does not follows the neoclassical rule of
its elements of facades, because it was completed after 1,924.
The Igreja das Dores was built in solid bricks masonry using lo-
cal construction techniques. Its geometry (Figure 2) is charac-
terized by one central nave of greater proportion (6.46x16.02m)
and one lateral of smaller proportion (3.23x12.00m). In the
same alignment of the central nave is located the altar, which
is separated from this nave by one triumphal arch. After the
altar there is a small sacristy and utilitarian dependencies of
the Church. The access to the floor (choir) can be done by a
staircase in the only lateral tower with 20.50 m of high.

In Figure 3- A is shown the interior of the building, where is
possible to see in more details the lateral arches that separate
the two nave, while the Figure 3-B shows the altar seen from
the floor, where can be seen the low degree of ornamentation
of this church.

3.2 Numerical simulation of Igreja das Dores

For the creation of the 3D model of the Nossa Senhora das
Dores Church, was done a consultation of the building plans,
provided by IPHAN-CE in CAD format. In addition, was done
a visit to the church, that allowed the validation of the con-
stant measures in the geometric registers. Based on these
registers and the visit, a 3D model of the church was built us-
ing the AutoCAD® commercial software (Figure 4), where is
possible to see that the wooden ceiling, the ceramic tile roof
and the frontal fagade, were not modeled, as a way to simplify

54 E—
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Figure 1
(A) View of the Nossa Senhora das Dores's Church, (B) Location of said church in Sobral,
(C) Location of the Ceard State in Brazil and (D) Location of the city of Sobral in the Ceard State

the model and also to minimize the occurrence of discontinui- cm, the yellow rectangle indicates the wall of the bathroom
ties, which would generate problems in the discretization of  door with a thickness of 15 cm and the red rectangle indicates
the finite element mesh. the walls of the lateral tower that was modeled with a thickness

The ornamental details of facades and doors were simplified, of 105 cm. These measurements were obtained according to
the walls were modeled with a constant thickness of 60 cm, the existing geometric records and confirmed in the in situ in-
except the highlighted walls in Figure 5, where the black rect-  spection that was performed.

angle indicates the wall behind the altar with a thickness of 35  The mechanical properties adopted of the masonry of numerical
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Figure 2

Geometry of the Nossa Senhora das Dores's Church: (A) Sacristy; (B) Altar; (C) Central nave;
(D) Lateral nave; (E) Lateral tower and (F) Floor [22, Adapted]
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Figure 3

Interior of the Igreja das Dores: (A) view of the arches and (B) view of the altar

model was obtained on the existing literature in the field. Was
decided to use the data on the Modulus of Elasticity (E), Spe-
cific Weight (W) and Compression Strength (f), of the Italian
Regulation “Norme Tecniche per le Costruzioni (NTC)” of 2008
[23]. It should be noted that some italian entities have even
developed specialized calculation and analysis programs for
masonry structures, such as 3DMacro and 3Muri, which use
the NTC values for the elaboration of calculation models.

The coefficient of Poisson (v), was considered 0.2, value this
is commonly adopted in studies in this field, as [24], [25], [26].
However, the tensile strength value of the masonry, (f), which is
considered null in many calculation programs as 3muri, was
considered 5% of the value adopted for the compressive
strength (7). It should be noted that these values were obtained

Figure 4
3D model of the Nossa Senhora das Dores's Church

through extensive bibliographical research, and are in accor-
dance with the structural typology of the edification of the pres-
ent study. The mechanical properties inserted in the model are
shown in Table 1.

In the discretization of the numerical model in finite elements
developed in the program Ansys® (version 17.1), was used a
mesh of 500 mm side, it was generated 53,889 elements and
93,380 nodes. The element chosen was SOLID187, a tetrahe-
dral element of 10 nodes with 3 degrees of freedom in each.
This type of element is very flexible and compatible with irregu-
lar meshes and allows that curvilinear surfaces, arches, doors
and windows, to be modeled more precisely without geometry
losses. The Figure 6 shows the finite element mesh used.

3.3 Ambient vibration test

The obtaining of the experimental data related to modal proper-
ties of the Nossa Senhora das Dores’s Church was performed
using the environmental vibration test that was executed on
04/28/2016 in the afternoon from 14:00h to 17:00h. However,

Figure 5
Details of wall thicknesses adopted in 3D Model
of das Dores's Church

56 TS
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Table 1
Mechanical properties adopted in the numerical
model
w f f
E(GPA) | uN/me) | (MPa) | (MPa) v
1.5 18 3.2 0.16 0.2

before carrying out the experimental test, was performed a pre-
liminary modal analysis of the model using the mechanical prop-
erties of the masonry indicates in Table 1, in order to obtain a
first approximation of the values of the natural frequencies and
the modal shapes of the structure and to identify the zones with
the high displacements observed in the first modal shapes and
more, in these zones, to position the accelerometers.

The equipment used in this test was a triaxial accelerometer
of the piezoelectric type, with sampling frequency between 0
Hz and 100 Hz, configurable through a software developed in
Labview by the Instituto de Telecomunicag¢des de Aveiro, Por-
tugal. The points where the accelerometer was positioned are
indicated in Figure 7.

Theaccelerometerwasfixed atime ateachone ofthethree points
and the data collection lasted 10 minutes. The accelerations
were collected in the 3 axes (X, Y and Z), where the X axis was
considered outside the plane of the walls, the Y axis in the
plane of the walls and the Z axis in the vertical position.

The accelerograms collected in the test (Figure 8 and Figure 9)

-

Figure 7

Figure 6
Finite element mesh used in the model

were processed using the Fast Fourier Transform (TRF), using
16,384 points, since the TRF requires samples whose size is
the entire power of 2, in this case 2'* = 16,384. The points were
spaced at 0.001 s time intervals, which totaled 16.384 s of signal
and the noise effects on the frequency signals were filtered with
SeismoSignal® software.

From the accelerograms collected, were considered only the
referring to the X axis and the Y axis, since the X axis refers to
off-plane displacements of the walls and the Y axis in the plane
of the walls in the longitudinal direction, and also because in the
Z axis, the preliminary modal analysis of the model, founds very
low displacements in relation the displacements in the other

15! Point

ZT—)Y

2nd point

13

, N
Point

3['(1

Location of the points of the building that was chosen for the environmental vibration test
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Figure 8
Accelerogram of 3 points on the X axis

axes (X and Y), in addition, the structure does not have pave-
ments, so, there is no expressive participation of effective modal
mass in the Z axis, that would lead to an increase in frequency.
Applying the TRF to the accelerograms in X and Y axis, was
possible to obtain the Fourier spectra in these two directions.

Still in the preliminary modal analysis of the model, no frequen-
cies lower than 1.50 Hz were found, therefore, for the building
in study, a filter Lowpass and Bandpass from 1.00 Hz to 30.00
Hz was applied to the Fourier spectra to eliminate the exter-
nal frequencies at this interval. It is further emphasized that
the amplitude of the frequencies comprised between 0 Hz and
1.00 Hz before the application of the filter, were not greater
than 0.01 Hz reason why the application of the filter is justified.
With the application of the filter to the calculated Fourier spec-
tra, the results obtained are shown in Figure 10, for the X di-
rection and in Figure 11, for the Y direction. Is shown only the
frequency range on the horizontal axis between 1 Hz and 7 Hz
for a better visualization of the maximum amplitudes of each fre-
quency and also because, the first three frequencies identified
for the building are within this range, as indicated in the figures.
By analyzing of the these two spectra, it can be inferred that
the first 3 natural frequencies of the building are between 2.00
Hz and 4.00 Hz. Considering the frequencies with the highest
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Fourier spectra in the X axis for the three points fested
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Figure 9
Accelerogram of 3 points on the Y axis

values of amplitude in relation to each axis, the first funda-
mental frequency of the building is 2.391 Hz in relation to the
X axis, the second is 2.880 Hz also in the X direction, since
the amplitude of the first two peaks in the X direction is greater
than in the Y direction. The third natural frequency was ob-
tained on the Y axis in the third peak of the spectrum of the
Figure 11, whose value is 3.125 Hz, because in this direction
its amplitude much larger than the third peak of the spectrum
of Figure 10. The values of the first three natural frequencies
of the das Dores’s Church are indicates in Table 2.

Only the first three natural frequencies of the das Dores’s Church
are identified, because these were considered sufficient for the
calibration of the model in finite elements, in addition, the most
important of all is the first, because it has the longest period.

3.5 Calibration of the model

The calibration of the numerical model was done using the
natural frequencies obtained in the experimental test, keeping
the specific weight constant and adjusting only the modulus of
elasticity adopted for the masonry, having as limit the maxi-
mum value imposed by the Italian technical norm, 1.8 GPa .

The modulus of elasticity was adjusted in the Ansys®program to
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Figure 11
Fourier spectra in the Y axis for the three points fested
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Table 2
First 3 natural frequencies of the das Dores's
Church

Mode Frequency (Hz)
1 2.391
2 2.880
3 3.125

that the natural frequency of the first modal shape of the model
arrived as close as possible to the value obtained in the experi-
mental test, and the other frequencies, of the second and third
modes, would be adjusted by the first frequency. The modu-
lus of elasticity of 1.50 GPa, the first value used, was varied
to 1.75GPa, to that the values of the frequencies obtained by
the numerical simulation presented values close to the experi-
mental values. The closest value of the natural frequency of the
first mode of vibration was obtained by adjusting the modulus
of elasticity to E = 1.70 GPa. The results, as well as the error
associated with each of the frequencies, are shown in Table 3.
The differences between the dynamic parameters obtained nu-
merically and those obtained by the experimental test, may be
related to the structural modeling process and to the mechanical
properties adopted. Is common practice to correct these models
to use information obtained from ambient vibration tests, were the
natural frequencies can be used for the correction of the elastic
properties and inertia of the numerical model, and incorporate the
damping characteristics obtained experimentally [27].

An error of up to 5% is acceptable, and in this calibration, the
largest error value obtained from the difference between the
natural frequency of the structure extracted by ambient vibra-
tion test and the natural frequency extracted by numerical
analysis, was 2.637 %, which is well below this value. The
mechanical properties adopted in the numerical model, now
calibrated, are shown in Table 4.

From the mechanical properties of Table 4 inserted in the mod-
el, the natural frequencies were obtained for the first 20 modal
shape of the building, with respective percentages of mass
participation in each mode.

4. Results and discussions
E———

From the modal analysis of the numerical model of the Nossa

Table 3
Comparative between the experimental
and numerical frequencies of the building

Senhora das Dores’s Church, were extracted the first 20 vibra-
tion modes, considering the linear-elastic regime of the ma-
terials. The natural frequencies, periods and percentages of
participation of the masses for each of these 20 modes, are
indicated in Table 5.

The percentage of mass participation for the first 20 modes
of vibration in the X, Y and Z directions are respectively;
72.930%, 61.675% and 0.151%. Is observed that the X di-
rection presents the higher percentage of mass participation,
which causes highs displacements in this axis, which can be
confirmed through the first natural frequency, which was also
identified in the direction of the said axis.

The Y direction also shows significant mass participation,
more than 50% of the total mass of the church. The direc-
tion Z is the direction that presented the lowest percentages
of modal participation, which indicates a tendency to obtain
values of very low displacements in this axis, almost null. And
it is precisely what is observed in Figure 12, where all the val-
ues of the directional displacements in each of the three axes
are indicated.

The displacements shown in the negative direction of the
horizontal axis indicate that the structure has moved in the
negative direction of the reference axis system adopted in the
analysis. The most expressive directional displacements are
in the X direction, while the least expressive are found in the
Z direction.

The first three modal shapes of the building are shown in Fig-
ure 13, where can be seen that the first mode is a local mode
and presents flexion of the lateral left wall, that is the part of
the structure that presents the biggest value of modal defor-
mation, 0.215 mm, indicated by the red color of this figure.
The second and third modal shapes are also flexion modes
in the X direction, were in the second mode it is observed
that the biggest modal displacement occurs at the top of the
lateral tower; 0.108 mm. In the third mode, the biggest modal
displacement occurs in the arcs that separate the two nave,
which is 0.133 mm.

In Figure 14, are indicated the modal shapes that excite the
major number of parts of the building, that is the global modes,
were the 6" Mode and the 13 " Mode, are flexion modes while
that the 18" Mode is a torsion mode, that can be observed in
the lateral tower.

Analyzing the Figures 13 and 14, can be inferred that the lat-
eral left wall and the region of the central arcs, are the zones
of the edification that are most requested in the modal shapes.
For the lateral left wall, this fact may be related to non-continu-
ity of the same, as it can be observed in the Figure 2, as this,
a local model shape was generated resulting in large modal

E . tal Ansys E Table 4
Mode xperimenta frequency Zror Mechanical properties adopted in the calibrated
frequency (Hz) (%) .
(H2) numerical model
2.391 2.403 0.502 E w £ f .
2.880 2.806 2.637 (GPa) (kN/m?) (MPa) (MPa)
3.125 3.084 1.329 1.70 18.00 3.20 0.16 0.20
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Table 5
Results of the modal analysis

Mode Frequency Period Mass participation

f (H2) T (s) m, (%) m, (%) m, (%)
1 2.403 0416 13.533 0.219 0.000
2 2.806 0.356 20.969 3.020 0.003
3 3.084 0.324 7.241 16.007 0.010
4 3.342 0.299 0.022 4,951 0.008
5 3.796 0.263 3.031 0.008 0.000
6 4.925 0.203 3.571 0.211 0.000
7 5.547 0.180 7.051 2.271 0.001
8 6.229 0.161 0.581 2.311 0.001
9 6.753 0.148 0.628 0.558 0.001
10 7.247 0.138 0.019 4143 0.003
11 7.867 0.127 3.864 0.147 0.000
12 8.192 0.122 0.993 0.013 0.001
13 8.591 0.116 1.437 0.212 0.000
14 8.763 0.114 0.943 0.729 0.003
15 8.924 0.112 0.950 0.001 0.001
16 9.275 0.108 0.720 4.703 0.001
17 9.463 0.106 1.851 13.502 0.049
18 9.907 0.101 0.526 8.546 0.026
19 10.341 0.097 4.412 0.062 0.027
20 10.835 0.092 0.588 0.060 0.017

displacements. For the region of the arches, this behavior was
already expected, because generally in the region, for this type
of buildings, these zones are very propitious to the appearance
of fissures, due to tensions or to elevated displacements.

The results obtained in this work are useful for the structural
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Modal displacement (nm)
Figure 12

Comparison between the modal directional
displacements of each mode

monitoring of the building, because indicated the zones where
accelerometers and displacement sensors can be installed, in
addition, they make possible the comprehension of the global
behavior of the structure and verification of the regions which,
in the necessity of a retrofitting plan must be prioritized. This
work has generated information that may be useful in simula-
tions of various damage scenarios, such as the incidence of
earthquakes, and can be used as a tool to support the struc-
tural safety of the Nossa Senhora das Dores’s Church.

5. Conclusions

EE

The Nossa Senhoras das Dores’s Chcuch is an important heri-
tage construction form the historic center of Sobral, in this work
was defined a numerical model that represents this structure
of the best way possible, in order to guarantee precision in the
results of the modal analysis. By the ambient vibration test,
it was possible to identify the first three natural frequencies
of the building, necessary for the calibration of the numerical
model, for to study the dynamic behavior by the modal analysis
using the Finite Element Method.

The first three natural frequencies of the building are indenti-
fied in the range of 2.00 Hz to 4.00Hz, the first being 2.403 Hz,
that differs 0.502% from the value obtained experimentally
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(2.391 Hz). Was verified that the biggest displacements of the = modes of flexion, among which some are local modes. From
building, occur in the X direction, the axis with major participa- the sixth, the modes are global, being that, the 18" mode is
tion of effective modal mass. The smallest displacements, oc- characterized by twisting mode. Was also observed that, the re-
cur in the Z direction, axis with more low mass participation. The  gion of the central arches is a much sought after zone, because
first modal shapes of the building, were characterized by being its deformations are show in almost all the 20 modal shapes
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Figure 13
Three first modal shapes of the das Dores's Chuch
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Figure 14
Modal shapes with larger parts of the building excited
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extracted, and still, in many of these, it presents values of consid-
erable displacements, mainly due to its geometry which directly in-
fluences its rigidity properties. In this way it can be inferred that this
zone is one of the most propitious to the appearance of fissures.
This type of study, applied to heritage constructions, contribute
to the implementation of knowledge about the global behav-
ior and vulnerability of these structures, constituting important
tools to support decision making on interventions focused on
the preservation and maintenance of structural safety and val-
orization of the heritage.
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