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Abstract

The response of ancient structures such as the Saint-Jean-Baptiste church or the current EI-Badr
mosque in Mostaganem (Algeria) to earthquakes depends on these physical characteristics and
consequently on modal properties such as frequencies, damping and modal deformations. In this
paper, ambient vibration tests were carried out on the three parts of the mosque building, and the
response spectra and damping obtained will be correlated with the mechanical tests carried out in
the second part of the work. Determination of the dynamic characteristics made it possible to
distinguish differences in stiffness and to clearly highlight a disparity in frequencies in each
structure, which may correspond to the age of each part of the building, the design and construction
and differences in levels, etc. The results of the destructive tests give indications that confirm the
hypotheses of ageing of the materials. The low young modulus of the various components partly
confirms the frequency and damping values obtained. The experimental study of the mosque using
ambient vibrations will give an order of magnitude of the vibratory mode periods, which are the
first steps in any modelling, reinforcement and/or verification strategy and constitute a health record
for this type of heritage.
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1. Introduction

Assessing the vulnerability of existing buildings by using seismic background noise
recordings, which provide information on the actual dynamic behaviour of structures under low
stress (Clotaire, 2007). The response of the structure to background noise (or ambient vibrations) is
given in terms of modal frequencies, modal damping and modal deformations, and these three
parameters constitute what are commonly known as the dynamic characteristics of the structure.

Many authors have considered the relevance of the use of ambient vibrations in the assessment
of different structures, Dunand (2005) studied the building stock in Boumerdes damaged by the
2003 earthquake and the building stock in Grenoble and Nice, and emphasised the relevance of the
seismic background noise for the dynamic characterisation and its contribution to the seismic
diagnosis of earthquake-damaged structures. Ayad's contribution (2012) on monitoring the health
of structures by choosing seismic background noise methods to define the dynamic characteristics
of structures and their damage levels.

Limoge Schraen (2015) explored a method to diagnose the seismic vulnerability of a masonry
church by integrating parameters derived from environmental vibration tests. Jetson A. Ronald and
al (2018) modelled parts of a temple in India to extract the rate of its seismic vulnerability by
integrating seismic background noise. Duco (2012) used in-situ ambient vibration tests on existing
buildings to assess their rate of structural deterioration.

This measurement technique is well suited to ancient monuments, as the measured response
is representative of the actual operating conditions of the structure, and is also considered to be non-
destructive, inexpensive and significantly time-saving (on average 10 to 15 minutes per set of
measurements) (EI-Borgi, S.and al., 2008). This approach to vulnerability analysis was applied to
the heritage of the city of Mostaganem in the case of the EI-Badr mosque, where a background noise
recording study was carried out to determine the modal characteristics of each structure, namely the
old church, the sacristy and the minaret. The correlation between the parameters obtained by the test
and the modulus of elasticity of each material extracted from the structures of the former church and
sacristy, considered as an indicator of the mechanical performance of the building as a whole, will
enable the results to be validated.

2. Experimentation
2-1 Presentation of the case study "the EI-Badr mosque, former Saint Jean-Baptiste church

The EI Badr mosque is a former "Saint Jean-Baptiste" church, built between 1841 and 1848,
located in the heart of the old colonial city of Mostaganem. with a cruciform plan that allows large
openings, and has a central nave. The church was built in masonry (load-bearing walls) and consists
of three rows of stone rubble, mostly sandstone, 65 cm thick and up to 70 cm wide. The quality of
the rubble masonry is concealed by a natural portland cement CPN. The church was later extended
around 1955 with a four-storey self-supporting sacristy. The floors are made of massive reinforced
concrete slabs (20 cm thick) and the walls of masonry varying in thickness from 30 to 50 cm, due
to the special ornamentation (crosses) on the four facades. The central part of the sacristy structure
is grafted onto the old structure in the former choir, making it difficult to distinguish between the
two. After independence, the church continued to be used as a Christian parish until 1980, when it
was converted into a mosque, with some major alterations. The cruciform plan of the non-Muslim
worship was eliminated, the bell tower was removed, and an addition of ablution room and sanitary
in the north/north-west. The minaret, located in the north/north-east part of the building, have a self-
supporting octagonal structure and reaches a height of 30.26 m.

The choice of this structure, also known as the "test building"”, was motivated by the difficulty
of dealing with masonry and reinforced concrete structures from the last century in seismic
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engineering, and by the difficulty of predicting their seismic behaviour. It is of particular interest
because, like all the churches in Algeria, it has undergone several major modifications and
deterioration over the years. It is made up of three different substructures, depending on the
geometry, materials and structural system, as well as the dating of each substructure. We decoupled
the parts of the structure that have very different modes and calibrated them with parameters specific
to each substructure, before reassembling the whole structure using global calibration (Limoge, S.
C., 2015).

2-2 Conduct and processing of ambient vibration measurements at the EI-Badr mosque

The whole building was instrumented with several series of measurements because of the
different blocks and the number of sensors (four Lennartz velocimeters three-component with the
Cityshark Il station, see supplementary material in Figure 1S and Figure 2S) (Benkaci, N. and al.,
2021; Chatelain, J.L. and al., 2012; Kibboua, A., 2006; Kibboua, A. and al., 2008), cables are needed
to complete the circuit with the recording station and a laptop for signal processing. Given the
irregular shape of the structure, the arrangement of the sensors was designed to avoid redundancy
and to illustrate the actual modes (Paquette, L.G., 2012).

For each recording, averaging 10 to 15 minutes (EI-Borgi, S., 2008), the location of the fixed
sensor used as reference was studied beforehand so as not to coincide with a node, i.e. a location
that remains stationary while three mobile sensors or wick sensors are moved from one recording
to another (Paquette, L.G., 2012). The seismometers represented by the abbreviations C1 to C13
have been positioned in the North-South direction indicated by NS, this direction follows the
longitudinal direction of the building as shown in Figure 1.

'C10: 0.30m
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Figure 1 - Location of the sensors on the structures.

Thus, the NS component corresponds to the longitudinal horizontal motion North-South,
while the East-West direction indicated by the abbreviation EW corresponds to the transverse
direction of horizontal movement and Z présents the vertical direction of mouvement (Chatelain,
J.L.and al., 2012; Paquette, L.G., 2012).

_In general, signal processing and identification is an important step in the whole monitoring
process, because from the collected data, recordings can be made of each structure, whose natural
frequencies, modal deformations and damping rates are relevant for determining the level of
structural damage (Gattulli, V. and al., 2016). In order to resolve the non-stationary and random
nature of the ambient vibrations, several modal exploration methods have been developed and
integrated into data processing computer programs. The analyses of each data set were operated and
performed with the Geopsy software (Benkaci, N. and al., 2021; Chatelain, J.L. and al., 2012) has
integrated modules for calculating amplitude spectra using the fast Fourier transform. The singular
value curves of spectral density matrices represent amplitude signals as a function of frequency or
time. This amplitude can be a displacement, a velocity or an acceleration (Chatelain, J.L. and al.,
2012). The modes are represented in three directions: vertical Z, longitudinal NS and transverse
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EW. The damping coefficient of the eigen modes of the structure is estimated using the random
decrement method (Gattulli, V. and al., 2016); Limoge, S. C., 2015), which is based on the principle
of replicating a dynamic system to a random vibration and can be divided into two parts; the first
corresponds to the impulse response of the system and the second to the forced response to the
random stress.

The principle is based on removing the random component to reveal the impulse response by
summing a large number of signal windows of the same initial value, for example zero displacement
and positive velocity (Mikael, A., 2011), the random component of the response is then reduced
compared to the impulse response, which has a zero mean at the end of the signal. From the impulse
response it is easy to subtract the damping coefficient (&) (Kibboua, A. and al., 2008). In order to
quantify the damage to the building materials used, such as the stone and concrete taken from the
different sections; namely the prayer hall and the sacristy, we crushed the samples under destructive
load in order to characterise the mechanical quantities.

3. Results of the experiment

The first modes recorded in each structure are shown in the response spectra recorded by the
sensors, Figure 2 to Figure 14 shows all the singular spectral density curves for the three components
for each sensor. Peak frequency values are obtained with one standard deviation within the interval
bounded by two grey areas. The Table 1S to Table 14S shows estimates based on measurements of
the natural frequencies and periods corresponding to the modes recorded for each sensor.

For the second part of the damping coefficient recording, the Table 1 to Table 19 and the
Figure 3S to Figure 21S (in supplementary material) shows the damping coefficient (&) at each point
for different frequency intervals (2 Hz to 12 Hz).The results of the destructive tests provide
mechanical quantities such as the longitudinal modulus of elasticity of materials rock and concrete.

3-1 Determination of natural frequencies

The results of frequency show that there are several sharp peaks (the frequency peaks in the
shaded columns have been selected as vibration modes) at a sampling frequency of 200 Hz,
corresponding to a duration At=0.005 s between two recording points. Graphs A, B and C show the
modes in the vertical Z, horizontal NS and EW directions respectively in the different sensors. The
frequencies and amplitudes are indicated by the letters F and A respectively mentioned in the
supplementary data.

Prayer hall (the former church): Due to the size of the prayer hall, the test was split into two
recordings, the first; mezzanine represented by sensors C1 (reference sensor), C2 and C3 (wick
sensors), and the second; priest's balcony represented by sensors C4 (reference sensor) and C5 (wick
sensor).

Since it was not possible to place the collectors directly on the timbered roof, we placed them
at mid-height (4.42 m for seismometers C2 and C3 and 5.43 m for the seismometer C5 as shown in
Figure 1, which allows us to verify that the deformations measured on the roof follow the general
trend of the building (Paquette, L.G., 2012), i.e. the vertical Z component at the top). The Figure 2
to Figure 4, and Table 1S to Table 3S (see supplementary material) shows the modal frequencies of
the first recording in the prayer room:

A(2) B (NS)

Frequency (Hz) Frequency ()  Frequency (G

Figure 2 - Response spectrum of the signals recorded by the C1 sensor.
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Figure 3 - Response spectrum of the signals recorded by the C2 sensor.
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Figure 4 - Response spectrum of the signals recorded by the C3 sensor.

The Figure 5, Figure 6, and Table 4S to Table 5S (see supplementary material) shows the
modal frequencies of the second recording in the prayer hall:
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Figure 5 - Response spectrum of the signals recorded by the C4 sensor.
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Figure 6 - Response spectrum of the signals recorded by the C5 sensor.

Sacristy: For the sacristy, the data are collected by seismometers C6, C7 and C9 (wick
sensors), C8 (reference sensor), placed on each floor from the ground floor to the third floor as
shown in Figurel. The Figure 7 to Figure 10, and Table 6S to Table 9S (see supplementary material)
shows the modal frequencies of the recording in the sacristy:
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Figure 7 - Response spectrum of the signals recorded by the C6 sensor.
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Figure 8 - Response spectrum of the signals recorded by the C7 sensor.
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Figure 9 - Response spectrum of the signals recorded by the C8 sensor.
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Figure 10 - Response spectrum of the signals recorded by the C9 sensor.

Minaret: For the minaret, the data set is obtained from seismometers C10, C12 and C13 (wick
sensors), C11 (reference sensor), placed at the locations of each level from 0.3 m to 22.08 m as
shown in Figure 1. The Figure 11 to Figure 14, and Table 10S to Table 13S (see supplementary

material) shows the modal frequencies of the recording in the minaret:
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Figure 11 - Response spectrum of the signals recorded by the C10 sensor.
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Figure 12 - Response spectrum of the signals recorded by the C11 sensor.
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Figure 13 - Response spectrum of the signals recorded by the C12 sensor.
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Figure 14 - Response spectrum of the signals recorded by the C13 sensor.
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3-2 Determining the damping coefficient

The estimation of the values of the damping coefficient (§) of the eigen modes of El-Badr
Mosque (the prayer hall, the sacristy and the minaret), by the signature of random decrement for
each sensor in the different directions, the results are presented in the following figures and
appendices.

Prayer hall: The Table 1 to Table 10 and Figure 3S to Figure 12S (see supplementary material)
shows the values of the damping coefficient (§) of the prayer hall at the recording sensors C1 to C5:

Table 1 - Values of the damping coefficient at the recording point C1.

Directions Frequencies / Hz Damping / %

Vertical Z 3.4 7.22
Longitudinal NS 3.79 10.68
Transversal EW 3.38 4.08

Table 2 - Values of the damping coefficient between 2 Hz - 4 Hz at the recording point C2.

Directions Frequencies / Hz Damping / %

Vertical Z 3.29 9.50
Longitudinal NS 3.81 11.04
Transversal EW 3.39 2.86

Table 3 - Values of the damping coefficient between 6 Hz - 12 Hz at the recording point C2.

Directions Frequencies / Hz Damping / %

Vertical Z 10.22 7.37
Longitudinal NS 7.71 6.74
Transversal EW 9.25 23.15

Table 4 - Values of the damping coefficient between 2 Hz- 4 Hz at the recording point C3.

Directions Frequencies / Hz Damping / %

Vertical Z 3.26 9.99
Longitudinal NS 3.79 10.15
Transversal EW 3.41 3.28

Table 5 - Values of the damping coefficient between 4 Hz- 6 Hz at the recording point C3.

Directions Frequencies / Hz Damping / %

Vertical Z 5.25 5.69
Longitudinal NS 5.49 4.80
Transversal EW 5.63 7.99
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Table 6 - Values of the damping coefficient between 6 Hz- 8 Hz at the recording point C3.

Directions Frequencies / Hz Damping / %

Vertical Z 7.22 241
Longitudinal NS 7.07 1.11
Transversal EW 7.27 2.52

Table 7 - Values of the damping coefficient between 8 Hz- 12 Hz at the recording point C3.

Directions Frequencies / Hz Damping / %

Vertical Z 10.26 5.53
Longitudinal NS 11 1.64
Transversal EW 10.62 3.94

Table 8 - Values of the damping coefficient at the recording point C4.

Directions Frequencies / Hz Damping / %

Vertical Z 3.43 7.17
Longitudinal NS 3.42 4.97
Transversal EW 3.39 2.94

Table 9 - Values of the damping coefficient between 2 Hz - 4 Hz at the recording point C5.

Directions Frequencies / Hz Damping / %

Vertical Z 3.43 4.16
Longitudinal NS 3.79 2.18
Transversal EW 3.43 0.46

Table 10 -Values of the damping coefficient between 8 Hz - 12 Hz at the recording point C5.

Directions Frequencies / Hz Damping / %

Vertical Z 10.54 4.31
Longitudinal NS 10.76 1.71
Transversal EW 8.90 1.78

Sacristy: For the sacristy, only two sensors recorded minimal (&) coefficient rates following
the same frequency trend at the first floor and second floor levels. The Table 11 to Table 15 and
Figure 13S to Figure 17S (see supplementary material) shows the values of the damping
coefficient (&) of the sacristy at the recording sensors C6 to C9:
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Table 11 - Values of the damping coefficient at the recording point C6.

Directions Frequencies / Hz Damping / %
Vertical Z 3.89 1.36
Longitudinal NS 3.85 1.47

Transversal EW 3.84 3.40

Table 12 - Values of the damping coefficient at the recording point C7.

Directions Frequencies / Hz Damping / %

Vertical Z 3.89 1.38
Longitudinal NS 3.88 0.94
Transversal EW negligible value negligible value

Table 13 -Values of the damping coefficient at the recording point C8.

Directions Frequencies / Hz Damping / %

Vertical Z 3.89 1.36
Longitudinal NS 3.87 1.63
Transversal EW negligible value negligible value

Table 14 - Values of the damping coefficient between 2 Hz-3 Hz at the recording point C9.

Directions Frequencies / Hz Damping / %

Vertical Z 2.88 0.87
Longitudinal NS 2.94 1.37
Transversal EW 2.89 1.06

Table 15 - Values of the damping coefficient between 3 Hz-4 Hz at the recording point C9.

Directions Frequencies / Hz Damping / %

Vertical Z 3.87 1.15
Longitudinal NS 3.87 0.94
Transversal EW negligible value negligible value

Minaret: The Table 16 to Table 19 and Figure 18S to Figure 21S (see Supplementary material)
shows the values of the damping coefficient (&) of the minaret at the recording sensors C10 to C13:
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Table 16. Values of the damping coefficient at the recording point C10.

Directions Frequencies / Hz Damping / %

Vertical Z 291 3.52
Longitudinal NS 3.34 8.23
Transversal EW 2.88 6.98

Table 17 - Values of the damping coefficient at the recording point C11.

Directions Frequencies / Hz Damping / %

Vertical Z 2.96 1.61
Longitudinal NS 2.87 0.31
Transversal EW 2.99 0.71

Table 18 - Values of the damping coefficient at the recording point C12.

Directions Frequencies / Hz Damping / %

Vertical Z 2.87 0.48
Longitudinal NS 2.95 1.26
Transversal EW 2.88 0.78

Table 19 - Values of the damping coefficient at the recording point C13.

Directions Frequencies / Hz Damping / %

Vertical Z 2.88 0.87
Longitudinal NS 2.94 1.37
Transversal EW 2.89 1.06

3-3 Determination of the modulus of longitudinal deformation by destructive tests

The results of the destructive tests allow us to deduce the Young's modulus indicated by the
letter E for the sandstone rubble masonry of the prayer room E rock = 1457.49 MPa and for the
reinforced concrete structure of the sacristy E concrete = 3206.34 MPa.

4. Analysis of results
4-1 Frequencies

It can be seen that the modal frequencies are heterogeneous and disparate depending on the
type of structure being instrumented, which fall into two categories. The displacement oscillations
highlight the modal components of the amplitudes, which are amplified at frequencies above 1 Hz;
these are often the main modes that describe the dynamics of the structures in existing buildings,
especially those with an ancient character such as ours. The frequencies are between 2.87 Hz and
12.07 Hz. They make up 59 vibration modes for the whole building, 28 modes for the prayer hall of
the mosque, 11 modes for the sacristy and 20 modes for the minaret.

Prayer hall (former church): The prayer hall of the mosque has frequencies between 3.07 Hz
and 11.85 Hz, the highest values are recorded in the vertical directions Z, NS and EW at the junction
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between the prayer hall and the sacristy by the C5 sensor (11.85 Hz, 10.63 Hz and 8. 81 Hz) (see
Figure 6 and supplementary material in Table 5S), and at the junction between the prayer hall and
the two structures of the minaret and the ablution room, recorded by the C2 and C3 sensors (7.11
Hz, 11.08 Hz, 5.14 Hz, 11.07 Hz, 7.61 Hz) (see Figure 3 and supplementary material in Table 2S)
for the C2 sensor and (10.69 Hz, 5.18 Hz, 7.11 Hz, 7.59 Hz, 11.05 Hz and 11.16 Hz) (see Figure 4
and supplementary material in Table 3S) for the C3 sensor, these values significantly exceed the
frequencies recorded by the reference sensors placed on the ground (C1 and C4) (see Figure 2,
Figure 5 and ssupplementary material in Table 1S, Table 4S).

The significant difference in the frequency values can be explained by the difference in the
stiffness and mass at which the measurement points were taken, and means that the points of
connection between the different structures with that of the prayer hall constitute a blockage created
by the reinforced concrete side structures built at a later date on the north and south sides therefore
have low rigidity and natural periods, justifying minimal displacement.

Also, the majority of the modal deformations are torsion-flexion, influenced by the horizontal
geometric irregularities (the original shape of former church in the form of a cross on which a
sacristy was grafted and finally used for religious purposes, the cross was removed after the building
was converted in 1980, with the addition of two 5 m high blocks for the ablution room and the base
covering the minaret, which rises to 30.26 m, resulting in uneven bending along the entire length of
the prayer hall.

In most of the sensors (C1, mode 2 of C3, C4, C5) (see Figure 2, Figure 4 to Figure 6 and
supplementary material in Table 1S, Table 3S to Table 5S), the frequencies of the prayer hall in the
NS directions are higher than those in the EW direction, which explains why there is a greater
stiffness in the longitudinal direction (Mikael, A., 2011); in fact, the particular characteristics of
Christian religious buildings, is that the two side walls with timid openings of a Romanesque design
are characterised by a squat architecture and a low slenderness of the load-bearing walls , with a
thickness of 65 cm to 70 cm resting on a string of arches highlighting the central nave, and makes
the side walls more flexible than the North and South fronts. It is also the effectiveness of this
connection that causes the torsional component of the bending mode (Chabane, S. and al., 2019;
Kibboua, A. and al., 2008), so in terms of displacement this remains minimal. These explanations
can be also linked to the random decrement method, which can increase the values of one direction
relative to another.

Sacristy: The sacristy has the lowest frequencies, ranging from 3.65 Hz to 12.07 Hz. The
building has a certain symmetry in plan and elevation, except in a few places, such as the location
of the staircase on the south-south/west side on the ground floor, which goes from the second floor
to the north-north/west, and the presence of a balcony in the third floor in the choir hall, creating a
double height of more than 5 m for this floor. This explains the slight difference in the frequency
values of the vertical Z components (3.88 Hz for the C6 and C7 sensors) (see Figure 7, Figure 8 and
supplementary material in Table 6S, Table 7S), and (3.86 Hz for the C8 and C9 sensors) (see Figure
9, Figure 10 and supplementary material in Table 8S, Table 9S).

The same applies to the values of the horizontal longitudinal components NS, where we see
3.72 Hz at the C6 sensor (see Figure 7 and supplementary material in Table 6S), 3.88 Hz at the C7
sensor (see Figure 8 and supplementary material in Table 7S), 3.71 Hz at the C8 sensor (see Figure
9 and supplementary material in Table 8S), and 3.83 Hz at the C9 sensor (see Figure 10 and
supplementary material in Table 9S).

For the horizontal transverse component EW, two recordings of 3.65 Hz and a frequency peak
of 12.07 Hz at the C6 sensor (see Figure 7 and supplementary material in Table 6S) and the value
of 3.75 Hz at the C8 sensor (see Figure 9 and supplementary material in Table 8S), very low or even
negligible amplitude and frequency values were observed for the C7 and C9 sensors (see Figure 8,
Figure 10 and supplementary material in Table 7S, Table 9S).

The minimal difference between the frequency values of the two longitudinal components NS
and EW can be explained by the symmetrical layout of the spaces and the ascending lightening of
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the partitions in the distribution of the rooms: the higher you go, the more pronounced the
decompartmentalization until you reach the choir hall with an open balcony.

It can also be seen that the frequencies in the NS direction (3.72 Hz, 3.88 Hz, 3.71 Hz and
3.83 Hz) are slightly higher than those in the other EW direction (3.65 Hz and 3.75 Hz) (see
supplementary material in Table 6Sto Table 9S), which indicates the stiffness in the NS direction
(Mikael, A., 2011) due to the interlocking with the masonry walls of the mosque as well as the
greater number of walls in this direction, the transverse EW component is free of blocking and leads
to the majority of the modal deformations in torsional bending.

The frequency peak of 12.07 Hz recorded at the C6 sensor (see Figure 7 and supplementary
material in Table 6S) means that the location of the sensor adjacent to one of the load bearing
masonry walls of the prayer hall and its position close to the reinforced concrete staircase located at
the south/southwest corner influences on the spectral response and the stiffness of the structure.

Minaret: For the minaret, which has heterogeneous frequencies oscillating around 2.88 Hz to
3.52 Hz and other values around 7.01 Hz to 8.79 Hz with a significant peak recorded in the first C10
sensor in the direction of the vertical Z component at a value of 11 Hz (see Figure 11 and
supplementary material in Table 10S).

The frequency values of the first three modes are very far from the last modes in each sensor
(3.01 Hz, 3.52 Hz and 3.11 Hz ) for the first low values and (11 Hz, 7.17 Hz and 7.01 Hz) for the
higher values in the C10 sensor (see Figure 11 and supplementary material in Table 10S), the low
values of 2.94 Hz, 2.88 Hz and 2.96 Hz and the high value of 7.38 Hz for the C11 sensor (see Figure
12 and supplementary material in Table 11S), low values of 2.88 Hz and 2.94 Hz and high values
of 8.39 Hz and 8.49 Hz for the C12 sensor (see Figure 13 and supplementary material in Table 12S),
low values of 2.88 Hz and 2.91 Hz and two high values of 8.79 Hz and 8.76 Hz for the C13 sensor
(see Figure 14 and supplementary material in Table 13S).

The minaret has a symmetrical octagonal configuration, so the mode shapes have the same
dynamic properties in both horizontal directions (NS and EW) (Khaldoon, B.H. and al., 2008). This
similarity in frequency values in both directions (see supplementary data in Table S10 to Table S13)
gives rise to modal deformations (mode shapes) in torsion-flexion (Khaldoon, B.H. and al., 2008).
Similarly, the absence of pronounced irregularities in elevation allows the existence of much more
regular bending modes (Paquette, L.G., 2012).

The value of the 11 Hz peak (see Figure 11 and supplementary data in Table S10) suggests an
increase in stiffness due to the interconnection between the base of the minaret and the rest of the
prayer hall structure.

4-2 Damping

The wide distribution of damping coefficients refers to parameters intrinsic to each structure's
ability to dissipate energy (Dunand, F., 2005), as well as to other external factors.

The prayer hall: In the prayer hall, for different frequency ranges from 2 Hz to 12 Hz, low
damping coefficients between 1.11% and 4.80% were reported for some sensors and high
coefficients between 7.22% and 11.04% for others, except for the C2 sensor with a very high rate
of 23.15%, which makes no physical sense, most of these values are generally very low compared
to those used in calculations for masonry structures, between (7% - 10%) (Kibboua, A., 2006).

Sacristy: For the sacristy, very low damping coefficients were reported for different frequency
ranges from 2 Hz to 4 Hz, varying between 0.94% and 3.40%, and in some cases even negligible,
especially in the horizontal EW direction, bearing in mind that most of these values are very low
compared to those used in calculations for reinforced concrete structures, generally between (5%-
7%) (Kibboua, A., 2006).

Minaret: For the minaret, and for the various frequency ranges from 2 Hz to 4 Hz, very low
to low damping rates are reported, ranging from 0.31% to 3.52% for some sensors, and damping
values within the range of recommendations for this type of structure ranging from 6.98% to 8.23%
recorded in the C10 sensor (see Table 16 and supplementary material in Figure 18S).
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The structures tested show different rates of deterioration due to various factors specific to the
buildings and other external factors, and it is impossible to justify each structure in isolation from
the others. During the site visits, we noted many anomalies due to the passage of time, the use of
the buildings and their neglect. The connections between the different types of walls (load-bearing
and infill), the heterogeneity of the materials, their aging-fatigue cycles and the internal friction in
the different structures affect the ability to absorb and dissipate energy, and the mobilisation of
imperfections, triggers damping in the structures (Mikael, A., 2011).

The absence of a joint at the junction of each structure with the parent structure (the prayer
hall) creates a visible overlap, giving rise to fears of hammering problems on the north and south
flanks of the intilal structure, leading to cracks. This phenomenon, to which unreinforced masonry
is highly susceptible (Asikoglu, A., 2018; Paquette, L.G., 2012), may also explain the high damping
values at some sensors. These cracks, mainly the hidden or invisible ones, bear tiny changes in
frequency but up to 50% for the damping coefficient (Mikael, A., 2011). This was noticeable at the
C2 and C3 sensors (see Table 2 to Table 7 and supplementary material in Figure 4S to Figure 9S),
the C8 sensor (EW component) (see Table 13 and supplementary material in Figure 15S), and the
C10 sensor (see Table 16 and supplementary material in Figure 18S).

All the bibliographical references mention that the damping depends on the frequencies,
whatever the ground (Dunand, F., 2005; Mikael, A., 2011). By analysing the damping values with
those of the frequencies, for the prayer hall; an increase in the coefficients with the frequencies at
the level of the C1 sensor in the EW direction (see Table 1 and supplementary material in Figure
3S), the C2 sensor between 2 Hz - 4 Hz in the vertical Z and horizontal EW directions (see Table 2
and supplementary material in to Figure 4S), between 6 Hz - 12 Hz for all directions (see Table 3
and supplementary material in to Figure 5S), with a significant increase in the damping reaching 23.
15% for the EW component, for the C3 sensor, between 2 Hz - 4 Hz in the vertical Z and horizontal
EW directions (see Table 4 and supplementary material in to Figure 6S), between 4 Hz - 6 Hz in all
directions (see Table 5 and supplementary material in to Figure 7S), between 8 Hz - 12 Hz in the
vertical Z direction (see Table 7 and supplementary material in to Figure 9S), for the C4 sensor, in
all directions (see Table 8 and supplementary material in to Figure S10).

Or, the decrease of the coefficient is observed with the increase of the frequencies in certain
directions of the C2 sensors, between 2 Hz - 4 Hz in the horizontal direction EW (see Table 2 and
supplementary material in to Figure 4S), of the C3 sensor, between 6 Hz - 8 Hz in all directions (see
Table 6 and supplementary material in to Figure 8S), between 8 Hz - 12 Hz in the horizontal
directions NS and EW (see Table 7, supplementary material in to Figure 9S), and for the C5 sensor,
between 2 Hz - 4 Hz in the horizontal directions NS and EW (see Table 9 and supplementary
material in to Figure 11S), where even the lowest coefficient of 0. 46 % in the EW direction, between
8 Hz-12 Hz in all directions (see Table 10 and supplementary material in to Figure 12S). These
sensors are located in the upper part of the hall and their values are justified by the movement that
can be generated by the wooden framework, which has its own response and influences the values
of the mentioned sensors.

For the sacristy, almost all the values of the damping coefficients do not follow the same
pattern as the frequencies, which oscillate between 2.88Hz and 3.89Hz. As far as the coefficients
are concerned, they remain around 0.87% to 1.63%, except for the maximum value of 3.4% at the
level of the EW component of sensor C6 (see Table 11 and supplementary material in to Figure
13S), at the level of the C9 sensor, between 2Hz and 3Hz, a decrease in frequencies and damping is
recorded in all directions compared to the other sensors (see Table 14 and supplementary material
in to Figure 16S).

For the minaret, the damping values follow the trend of the frequency values for most of the
sensors in the interval 2.87 Hz and 3.34 Hz with coefficient variations between 0.31% and 3.52%,
except for the C10 sensor where there is an increase in damping without frequency in the horizontal
directions NS of 8.23% and EW of 6.98% (see Table 16 and supplementary material in to Figure
189S).



| The Journal of Engineering and Exact Sciences — jJCEC

As mentioned in the presentation of the project, the Church of Saint Jean-Baptist was
converted to the mosque, in order to provide access to the ablution room, one of its connections, i.e.
the north/north-west edge of the building was removed and the arch was condemned by filling it in
with masonry.

For the purpose of the worshippers' ablutions, a depth of 70 cm and dimensions of 1.70 m
long by 0.54 m wide perforation was made in the north/northwest bearing wall to access the water
tank, which means that the destruction of the walls contributed to the rigidity of the structure in this
direction [17] at the level of the nearest C3 sensor (see Table 4 to Table 7 and supplementary
material in to Figure 6S to Figure 9S).

This patrimonialization can contribute significantly to the spectral response of the building
[19] and can create a difference in stiffness and cause the frequency to drop by up to 8% (Dunand,
F., 2005; Mikael, A., 2011).

The movements of the building generate waves that propagate in the ground, diverging from
the point of emission, which is also considered as damping (Dunand, F. and al., 2002). This damping
is attenuated by the frequency of the building and the stiffness of the foundation soil (Kibboua, A.,
2006); damping is high in soft soils and low in hard or stiff soils According to the geological area
of Mostaganem region, the site is composed of Lumachian limestone sandstone covered by a
Quaternary limestone shell. The whole is masked by alluvium and sand attributed to the Quaternary
[8], this first layer, being less rigid, can generate the phenomenon of soil-structure interaction, and
a classification according to Algerian parasismic regulation 2003 (RPA 2003) can be assigned to
soil being firm with a velocity indicated by VS > 400 m/s and < 800 m/s (CGS, 2003).

Seismic episodes that affect the city of Mostaganem, classified according to the RPA 2003 in
zone ll-a with a seismic zoning that gives rock accelerations of 0.15g for a return period of 100
years (CGS, 2015), can lead to a loss of stiffness in the building stock and can cause frequencies to
decrease by 10% to 40% (Dunand, F., 2005; Mikael, A., 2011). It should be noted that no
measurements of modal characteristics have been made for the building, so we can in no way assume
that frequencies have decreased because of previous earthquakes.

The damping values and frequencies are also justified by other parameters such as the number
of storeys, the prayer hall, which extends over a height of 5.60 m on the aisles and culminates at a
height of over 13 m, leaving a central nave at a height of 11 m, the sacristy, which is built over 4
storeys with a total height of over 20 m, and the minaret, which culminates at a height of over 30 m
due to its function.

Changes in the frequency values of up to 5% are not directly related to damage to the structure.
This may be due to climatic variations such as temperature and humidity (Mikael, A., 2011). Winds
do not follow the same trend as temperature: as the wind amplitude increases, the frequency
decreases. It has been observed that, at moderate levels of stress, it can lead to the opening and
closing of pre-existing cracks, thereby reducing stiffness and therefore frequency. This level of
excitation is comparable to small seismic shocks (Mikael, A., 2011). On the day of the
measurements, we recorded an average temperature between 20°C and 27°C and a relatively low
wind speed of 26 km/h (Historique-meteo.net, 2017). No precipitation was recorded, so the long-
term monitoring of climatic variations and their impact on the building was not investigated in this
article.

The presence of an underground water reservoir can have the same effect as rainfall that
saturates the soil, which can lead to differences in behaviour over a short distance is 0.52 m from
the foundations of the north/north-west load bearing wall and has never been maintained, had been
never control from water leakage and is therefore likely to saturate the soil surrounding the load
bearing foundations in this direction and introduce damping values.

We have seen that frequencies and damping are largely dependent on the same phenomena
and respond to the same consequences (Dunand, F., 2005). However, it has been observed that two
climatic factors significantly affect the response of the structure, namely temperature and
precipitation, leading to an increase in frequency.
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4-3 Longitudinal modulus of deformation

For simple or known structures, only a few parameters are involved in the dynamic behaviour.
In general, the main unknown comes from the state of degradation of the constituent materials
(Augenti, N. and Fluvio, P., 2011; Chaibedra, B. and al., 2017; Gharib, T., 2015; Mikael, A., 2011).
To complete this study, we correlated the first experiment with mechanical tests which indicate that
the Young's modulus values are much lower (E rock= 1457.49 MPa, E concrete= 3206.34 MPa)
than those in the literature (Afnor,1999; Ambroziak, A. and al.,2019; Kaushik, H. and al., 2007,
Mikael, A., 2011; Sohail, M. G. and al., 2018). This explains the various degradations observed as
these materials deteriorated and aged over time.

5. Conclusion

A summary of the results of the ambient vibration tests carried out on the EI-Badr mosque
was presented, allowing a more accurate assessment of the existence of the modes identified in the
various structures subjected to the test. Once the data had been collected, a computer programme
was used to process the information, extracting and interpreting the signals recorded using the
inverse Fourier transform to extract the main vibration modes, i.e. the natural frequencies and
damping using the random decrement method.

The modal frequencies and damping rates are heterogeneous and different according to the
type of structure. by comparing them with the values derived from the international bibliography,
we find an underestimation of the frequencies (Dunand, F. and al., 2002) and of the calculated
damping (reinforced concrete structures (5%-7%) and masonry structures (7%-10%) (Dunand, F.
2005; Kibboua, A., 2006).

These results make it difficult to interpret the variations and do not allow us to clearly identify
modes specific to each structure, since the variables between the different structures are significant
and contribute to the heterogeneity of these data.

To support these conclusions, the scientific community agrees on the influence of certain
parameters that group the two categories of structure together:

- The prayer hall of the mosque (ex-church) in load-bearing masonry, the sacristy and minaret
in a self-stable reinforced concrete structure, the whole forming a complex monobloc in materials,
the differences in stiffness of each structural system and in relation to the complex shapes in plan
and mass (Paquette, L.G., 2012).

- The embedding of the structures, the geometry and position of the building in the block (head,
corner, middle) and the variations in gauge of one structure to another would not have the same
frequencies (Douiri, A. and al., 2015), and damage and degradation of structures, soil-structure
interaction. Age, and consequently the poor quality of materials and their fatigue (Jeston, A. R. and
al., 2018), the rate of degradation of buildings during their life is also a major issue in frequency
variations (Aldea, A. and al., 2018).

- The numerous cracks observed and various rehabilitations or previous works (removals and
additions) reduce the overall stiffness of the building.

- The effect of the flexibility of the facades, especially for the sacristy with the distribution of
window and door openings, influences the shapes of the main modes (Asikoglu, A., 2018).

- Other causes can be cited as disturbances of the test such as heat, sensitive recording
equipment, and assembly and disassembly cycles can also affect the recording (Mikael, A., 2011).

- The mechanical quantities obtained from the destructive tests show weaknesses in the
longitudinal deformation moduli for rock and concrete and justifies the results obtained from the
non-destructive tests in terms of frequencies and damping coefficients.

This ambient vibration monitoring campaign allowed us to determine the condition of the El-
Badr mosque, to assess the feasibility of measuring in heritage buildings, to locate the frequency
register of this type of structure and then to observe the shapes of the main modes. They provide
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information on the state of loss of stiffness and/or the degree of vulnerability of the whole building
and can be used for strengthening purposes in the event of new earthquakes.

5. Supplementary Material

The supplementary materials contain the equipment used for background noise (station and
sensor), the modal frequency values and amplitude peaks identified in each sensor, and the damping
curves in each sensor.

The free access to the supplementary material at JCEC website
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Figure 1S. Station used for background noise.

Figure 2S - Se'nsor used for background noise.

Table 1S- Modals frequencies and amplitudes peaks identified for the sensor C1.

Mode Frequencies / Hz Amplitude peak Directions
1 3.19 0.00538 Vertical Z
2 3.66 0.0077 Longitudinal NS
3 3.28 0.0048 Transversal EW

Table 2S - Modals frequencies and amplitudes peaks identified for the sensor C2.

Mode Frequencies / Hz Amplitude peaks Directions
1 3.47 0.0053 Vertical Z
2 3.73 0.009 Longitudinal NS
3 7.11 0.0186 Transversal EW
4 11.08 0.011 Vertical Z
5 5.14 0.0082 Longitudinal NS
6 11.07 0.0149 Transversal EW
7 7.61 0.0135 Longitudinal NS

Table 3S- Modals frequencies and amplitudes peaks identified for the sensor C3.
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Mode Frequencies / Hz Amplitude peaks Directions
1 3.49 0.005 Vertical Z
2 3.72 0.0088 Longitudinal NS
3 3.08 0.006 Transversal EW
4 10.69 0.010 Vertical Z
5 5.18 0.008 Longitudinal NS
6 7.11 0.0226 Transversal EW
7 7.59 0.014 Longitudinal NS
8 11.05 0.0174 Transversal EW
9 11.16 0.0105 Longitudinal NS

Table 4S- Modals frequencies and amplitudes peaks identified for the sensor C4.

Mode  Frequencies/Hz  Amplitude peaks Directions
1 3.18 0.0052 Vertical Z
2 3.67 0.0077 Longitudinal NS
3 3.07 0.0042 Transversal EW

Table 5S- Modals frequencies and amplitudes peaks identified for the sensor C5.

Mode  Frequencies/Hz  Amplitude peaks Directions
1 3.62 0.0059 Vertical Z
2 3.88 0.036 Longitudinal NS
3 3.36 0.0202 Transversal EW
4 11.85 0.0071 Vertical Z
5 10.63 0.013 longitudinal NS
6 8.81 0.019 Transversal EW

Table 6S- Modals frequencies and amplitudes peaks identified for the sensor C6.

Mode Frequencies / Hz Amplitude Directions
1 3.88 0.01143 Vertical Z
2 3.72 0.0086 Longitudinal NS
3 3.65 0.0055 Transversal EW
4 12.07 0.0064 Transversal EW
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Table 7S- Modals frequencies and amplitudes peaks identified for the sensor C7.

Mode Frequencies / Hz Amplitude peaks Directions
1 3.88 0.0128 Vertical Z
2 3.88 0.0385 Longitudinal NS
3 Negligible values in transversal EW direction

Table 8S- Modals frequencies and amplitudes peaks identified for the sensor C8.

Mode Frequencies / Hz Amplitude peaks Directions
1 3.86 0.0052 Vertical Z
2 3.71 0.0041 Longitudinal NS
3 3.75 0.0055 Transversal EW

Table 9S- Modals frequencies and amplitudes peaks identified for the sensor C9.

Mode Frequencies / Hz Amplitude peaks Directions
1 3.86 Hz 0.0057 Vertical Z
2 3.83 Hz 0.0173 Longitudinal NS
3 Negligible values in transversal EW direction

Table 10S- Modals frequencies and amplitudes peaks identified for the sensor C10.

Mode  Frequencies/Hz  Amplitude peaks Directions
1 3.01 0.0066 Vertical Z
2 3.52 0.0044 Longitudinal NS
3 3.11 0.0032 Transversal EW
4 11 0.0083 Vertical Z
5 7.17 0.0070 Longitudinal NS
6 7.01 0.0059 Transversal EW
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Table 11S- Modals frequencies and amplitudes peaks identified for the sensor C11.

Mode  Frequencies/Hz  Amplitude peaks Directions
1 2.94 0.020 Vertical Z
2 2.88 0.043 Longitudinal NS
3 2.96 0.025 Transversal EW
4 7.38 0.024 Transversal EW

Table 12S- Modals frequencies and amplitudes peaks identified for the sensor C12.

Mode Frequencies / Hz Amplitude peaks Directions
1 2.88 0.039 Vertical Z
2 2.94 0.118 Longitudinal NS
3 2.88 0.149 Transversal EW
4 8.39 0.0295 Longitudinal NS
5 8.49 0.04216 Transversal EW

Table 13S- Modals frequencies and amplitudes peaks identified for the sensor C13.

Mode Frequencies / Hz Amplitude peaks Directions
1 2.88 0.0446 Vertical Z
2 291 0.318 Longitudinal NS
3 2.88 0.3088 Transversal EW
4 8.79 0.0429 Longitudinal NS
5 8.76 0.0529 Transversal EW
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