Structures 50 (2023) 148-160

o %

ELSEVIER

Contents lists available at ScienceDirect

Structures

journal homepage: www.elsevier.com/locate/structures
Dynamic identification of brick masonry semi-circular arches due to s

temperature and moisture

Alireza Alaei®, Mehrdad Hejazi™ ', Elizabeth Vintzilaiou”, Androniki Miltiadou-Fezans ©,

Marek Sktodowski ¢

& Department of Civil Engineering, Faculty of Civil Engineering and Transportation, University of Isfahan, Isfahan, Iran

Y School of Civil Engineering, National Technical University of Athens, Athens, Greece
€ School of Architecture, National Technical University of Athens, Athens, Greece

4 Institute of Fundamental Technological Research, Polish Academy of Sciences, Warsaw, Poland

ARTICLE INFO ABSTRACT

Keywords:

Operational Modal Analysis

Brick Masonry Semi-Circular Arch
Temperature

Moisture

Dynamic Parameters

This paper presents the effects of changes in temperature and moisture content on the dynamic properties of
semi-circular arches made of clay brick and gypsum mortar constructed and tested in the laboratory. First, the
mechanical properties of the materials used were determined by experimental tests. Operational Modal Analysis
was then performed for each condition to measure natural frequencies, mode shapes, and modal damping ratios.
An empirical equation for estimating the natural frequencies of the studied arch at different material moisture

contents was proposed using the obtained results from experimental tests. Finally, the Finite Element Model
Updating Method (FEMU) was applied to calibrate some of the material mechanical properties in modelled
arches. In contrast to the effect of moisture, temperature changes showed a difficulty to interpret effect on the
dynamic properties of the arch. On the other hand, Poisson’s ratio did not affect the dynamic behaviour of the

specimen.

1. Introduction

Preservation of the architectural heritage is necessary because of its
cultural importance to humans. Arches are very frequently met in
architectural heritage structures to be preserved. In Persian architecture,
arches made of bricks and gypsum mortar constitute typical structural
elements. Various geometries are used, the most common being that of
semi-circular arches (Fig. 1).

The dynamic identification method is a non-destructive method used
for identifying the dynamic properties of structures. In studying heritage
structures, dynamic identification as a non-destructive method is helpful
in evaluating the current structural condition and selection of restora-
tion techniques. Dynamic parameters may be affected by factors such as
temperature, moisture content. Identifying and differentiating the effect
of each of the factors mentioned can help to better understand the
structural condition.

Techniques for the dynamic identification of structures have been
used in research and practice since 1980 [1]. Several applications in the
last two decades have repeatedly demonstrated the possibilities offered

* Corresponding author.

by those techniques. Thus, Jaishi et al. [2] determined the dynamic
properties of a three-story temple in Nepal using dynamic vibrations. In
addition to the advantages of the ambient vibration method, they stated
that this method was proven to be sufficient to calculate the main modes
of the structure. De Sortis et al. [3] checked the ability of dynamic
identification procedure, usually applied to engineering buildings, to
estimate the dynamic behaviour of existing masonry buildings. They
concluded that dynamic identification techniques could provide valu-
able information about the dynamic properties of existing masonry
structures. On the other hand, Ramos et al. [4] were the first to establish
a relationship between the damage process and the dynamic response of
a masonry structure. Gentile and Saisi [5] obtained the five primary
modes of a masonry bell-tower by measuring the vibration caused by
wind, using twenty uniaxial sensors. Other researches on towers include
the works of Rebelo et al. [6] who used modal identification based on
Operational Modal Analysis (OMA) to calibrate the FE model of an old
stone masonry tower, and of Ivorra and Pallarés [7] who determined the
bending and torsional natural frequencies and damping ratio of a his-
torical masonry bell tower. Obtained data were used in a numerical
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Fig. 1. A semi-circular arch made of clay brick and gypsum mortar, Choga
Zambil, Susa, 1250 BCE.

model of the tower to assess its dynamics performance before and after
restoration. Makarios [8,9] presented a method that was able to identify
the dynamic properties of tall buildings due to seismic excitation and
wind loading. Foti et al. [10] were able to obtain five main modes of a
historical tower by performing OMA and signal processing using the
Frequency Domain Decomposition (FDD) method. Gentile and Saisi [11]
performed two OMA tests on a bell tower using two different types of
excitation forces.Masciotta et al. [12] studied the dynamic properties,
including natural frequencies and mode shapes, of a historical brick
masonry chimney using the Stochastic Subspace Identification (SSI)
method and studied the effect of occurred damages on it.

Valvona et al. [13] investigated the effect of strengthening a his-
torical vault using cement with glass fibres using dynamic identification.
Mesquita et al. [14] investigated the reliability of retrofitting a masonry
heritage construction using OMA. Cavalagli et al. [15] investigated the
advantages of vibrational health monitoring in detecting small failures
caused by mild earthquakes with a short return period. Vincenzi et al.
[16] investigated the health monitoring of a bell tower. Their goal was
to obtain the tension generated in the tower due to the vibration of the
bell. The calibrated finite element (FE) model of the structure was ob-
tained by performing vibrational monitoring tests on the structure and
model updating. Bianchini et al. [17] studied the seismic performance of
a temple. They used dynamic identification to calibrate the numerical
model and evaluated a strengthening technique with stainless steel ties
to improve the seismic behaviour. Onat [18] developed an empirical
equation to fit the natural frequency of historical masonry bridges. He
used the experimental data obtained from ambient vibration identifi-
cation. Nochebuena-Mora et al. [19] studied the dynamic effects of bell
swinging on a masonry tower using dynamic identification tests and
calibrated the numerical model of the tower. Calayir et al. [20] updated
the finite element model of masonry minarets by using dynamic prop-
erties obtained from OMA tests. They also considered structure-
foundation-soil interaction during the updating. Gonen and Soyoz
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[21] determined the modulus of elasticity of a stone masonry wall using
empirical equations, mechanical tests, ambient vibration tests and
model updating, and highlighted the uncertainties. Lately the probabi-
listic approaches in model updating made it possible to evaluate the
uncertainties in the identified results [22-24]. Increasing the ability of
measurement equipment has made dynamic identification an effective
in situ tool for traditional masonry structures. It has also been shown
that this non-destructive tool has a practical application in monitoring
the changes made in these structures.

This study investigates the effect of the mentioned conditions on the
dynamic properties of semi-circular brick arches. Experimental and
numerical work was undertaken, structured in several stages, described
herein: a) A semi-circular brick masonry arch was constructed in the
laboratory using clay bricks and gypsum mortar. The mechanical
properties of the materials, namely, compressive strength and modulus
of elasticity, were experimentally determined. b) Dynamic properties,
such as natural frequencies, mode shapes and modal damping ratios, of
the intact arch in standard laboratory conditions (i.e., 20 °C temperature
and 11 % moisture content), were measured using the OMA test method.
Subsequently, c) the arch temperature was set either to 14 °C or 38 °C. d)
The moisture content of the intact arch was set to four values (5 % or 11
% or 18 % or 24 %). After changing each of these conditions, dynamic
tests were repeated to measure the dynamic properties. Finally, e) FE
models were constructed for the arch. Using the Finite Element Model
Updating Method (FEMU), calibrated material properties were obtained
and reported for future use in the FE models. These values were also
compared with the initial values determined from mechanical tests to
highlight the differences between the material properties in dynamic
and static conditions.

2. Techniques adopted for dynamic identification and
evaluation of results

The dynamic properties of the structure (such as natural frequencies,
mode shapes and modal damping ratios) was obtained, using OMA
method. Random excitations were used to excite the structure [25]. The
Enhanced Frequency Domain Decomposition (EFDD) method was used
to calculate the dynamic parameters from the experimentally recorded
data [26]. The obtained measurements can be directly evaluated by
comparing the values of each dynamic parameter before and after the
change of one condition (i.e., changes in temperature and moisture
content).

Surveying the change in material properties that govern the dynamic
behaviour of the structure using the updated FE model, contributes to
the interpretation of the results. FEMU is an optimisation process
applied to minimise the difference between the dynamic structure test
results and the response of its FE model. Various approaches about ap-
plications of this method and its relations are presented in [27]. One of
the main issues is selecting the objective function, which is used to check
the minimisation process of the difference between experimental and FE
results. One suitable objective function for simple structures that uses
the values of natural frequencies and mode shapes of experiments and
FE models is presented in [28] as Equation (1).

1 N N m
ﬂ,':E [erj +Z er_,»]
j=1 j=1 =1

where 7 is the objective function, N is the number of modes, m is the
number of DOFs in each mode shapes vector and r,, r,, are the residuals
of frequencies and mode shapes vector, respectively, calculated by
Equation (2).
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where W, and W, are the weighting factors for mode shapes and fre-
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Fig. 2. Specimens under compression: a) brick, b) gypsum mortar, ¢) ma-
sonry prism.
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Fig. 3. Stress-strain diagram of: a) brick, b) gypsum mortar, and ¢) ma-
sonry prism.

Table 1
Properties of used materials.

Material properties Brick Gypsum Masonry prism
Mass density (kg/m3 kg/m®) 1565 1200 1466
Modulus of elasticity (MPa) 4603 1659 2586
Compressive strength (MPa) 12.63 1.78 2.21

quencies, respectively, which are selected based on engineering judg-
ment, w; and wj ., are the jth numerical and experimental frequencies,
respectively.
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Sensors

Fig. 4. Semi-circular arch: a) after construction was completed, b) locations of
the sensors.
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3. Experimental work
3.1. Materials

Materials mass density measurement and compression tests were
performed on material specimens to determine the mechanical proper-
ties of materials used to construct the arch. Since the properties of the
materials can be different in dynamic conditions than in static ones, the
measured properties of materials were used as initial values in the FE
model of the semi-circular brick arch under study.

Compression tests were performed on specimens of clay brick and
gypsum mortar (after 28 days), as well as on masonry prisms. Three
specimens per material were tested in order to measure the modulus of
elasticity and the compressive strength. The axial deformation of the

Fig. 6. Dynamic tests: (1) the tested arch, (2) sensors in-place, (3) data logger,
(4) laptop.

(b)

Fig. 5. Arch OMA tests with two sensor arrangements: a) arrangement 1, b) arrangement 2.



A. Alaei et al.

Structures 50 (2023) 148-160

Singular Value Decomposition No. 1
Singular Value Decomposition No. 2
Singular Value Decomposition No. 3

PSD (dB)

i //\VA \/\\

200

300 400 500

Frequency (Hz)

Fig. 7. Power Spectral Density (PSD) of OMA test and obtained frequencies.

Table 2

Frequencies computed for six tests of the semi-circular arch under normal conditions of laboratory (temperature of 20 °C and moisture content of 11 %).

Mode Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Average Standard deviation (6,,)
Frequency (Hz)
1 66.2 65.4 65.7 65.4 65.4 64.5 65.4 0.56
2 143.3 142.1 144.3 142.1 142.1 139.6 142.3 1.56
3 232.4 232.7 233.4 230.5 229.5 224.1 230.4 3.44
4 295.9 296.0 295.2 293.0 290.5 279.8 291.7 6.21
Table 3

Modal damping ratios computed for six tests of the semi-circular arch under normal conditions of laboratory (temperature of 20 °C and moisture content of 11 %).

Mode Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Average Standard deviation (6,,)
Frequency (Hz)

1 1.2 0.8 0.8 1.1 0.8 0.9 0.9 0.16

2 1.2 1.7 1.7 0.9 1.1 1.1 1.3 0.34

3 1.4 1.5 1.5 1.4 1.5 2.0 1.5 0.22

4 2.1 2.0 2.0 1.1 3.0 1.7 2.0 0.59
tested specimens was recorded using LVDTs, as shown in Fig. 2. The tests 0 I . s
were performed according to BS EN 772-1 [29], BS EN 13279-2 [30] On = =955 x 107 x €, +2.09 x 10" x ¢, — 1.47 x 10" x ¢, +2.71 x 10
and BS EN 1052-1[31] for bricks, mortar and masonry prism X &, +0.002

respectively.

Fig. 3 shows the compressive stress versus vertical strain curves
obtained from testing the conventional specimens. The modulus of
elasticity is the secant modulus at 30 % of the maximum resistance [31].
The obtained stress—strain relationships for brick, gypsum mortar, and
masonry prism are as Equations (3), (4) and (5), respectively, where ¢ is
the stress and ¢ is the strain, and subscripts b, g and m indicate brick,
gypsum mortar and masonry prism, respectively.

o, = —2x10" x & +4 x 10" x & +2.015 x 10° x &, +4.33 x 10’

x €,+0.15 3)

0, = —6.57x 10" x £} +531 x 107 x £ +2.34 x 10° x & + 1.79 x 10’
X 8;,+0.01

C))
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()

The modulus of elasticity is taken as the average of the three experi-
mental values, according to BS EN 1052-1 [31].

The compressive strength of the masonry prism is calculated from the
average compressive strength of the specimens (Table 1). The measured
mass density, modulus of elasticity and compressive strength for tested
materials are also presented in Table 1.

It is well known that the modulus of elasticity of masonry materials
under vibration is different from those related to static tests [32].
Therefore, the obtained values from testing were used as initial values in
the FE model of the semi-circular brick masonry arch. Those initial
values were updated, in the course of the calculations, until the nu-
merical results matched the experimental ones.

3.2. Construction of the arch and instrumentation

A semi-circular arch was constructed in the laboratory using bricks
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Mode 1: 65.4 Hz

Mode 3: 230.4 Hz
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Mode 2: 142.3 Hz

Mode 4: 291.7 Hz

Fig. 8. The arch deformation for each mode, obtained from OMA under normal in-lab conditions (temperature of 20 °C and moisture content of 11 %).

(b)

Fig. 9. Changing the temperature and performing OMA test on the arch: a)
covered arch, b) OMA testing of the arch.

and gypsum mortar, i.e., materials that were frequently used in arch
construction in Persian historical monuments (e.g., Jami mosque of
Isfahan). Traditional hand-made fired clay bricks were used, 100 mm
long, 100 mm wide, and 40 mm thick, and gypsum mortar was used in
trapezoidal joints (with an average thickness of 15 mm). The internal
radius of the arch is equal to 0.65 m, its span 1.40 m, and its height and
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thickness are equal to 0.10 m. The arch is bonded to the gypsum mortar
supports of 100 mm long, 100 mm wide and 20 mm thick, fixed to the
ground floor (Fig. 4(a)). The rigidity of supports is numerically checked,
through FEMU.

Twenty-eight days after its construction, the arch was provided with
sensors, adequate for the dynamic tests. Thus, several accelerometers
were installed on the arch. Cyanoacrylate glue was used to fix them at
the mid-thickness of the arch. The sensors are piezoelectric with a fre-
quency measurement range of 0.15 Hz to 10,000 Hz. Moreover, their
dynamic range and sensitivity are + 3 g and 1000 mV/g, respectively.
These sensors are uniaxial with a weight of 0.110 kg and are connected,
using a coaxial cable, to a data acquisition system with a 16 bit ADC. The
data acquisition system recorded the data with the sample rate of 2000
Hz.

Numerical calculations were performed with the aim to define the
proper number and location of the sensors. To this purpose, ten mode
shapes were considered, indicating the eleven points shown in Fig. 4(b),
as adequate for the installation of accelerometers. Installation points
corresponded to the locations of the maximum magnitudes of the mode
shapes. Considering that seven sensors are available, the decision was to
duplicate all dynamic tests by adopting two sensor arrangements. Fig. 5
shows the sensors in the first and second arrangements.

The type of excitation force is an important factor in dynamic anal-
ysis. In this work, a steel hammer weighing 1.2 kg (4 % of the sample
arch mass [33]) was used to excite the structure randomly (in terms of
time and location). According to the assumptions related to the OMA test
theory, the ideal type of excitation is the white noise or unit impulse.
Although random impact seems to violate this assumption, the suc-
cessful use of this type of excitation and the validity of the obtained
results have been reported by other researchers [34].

3.3. Dynamic test of the arch under normal conditions

The first set of (reference) tests were performed on the arch in normal
temperature (20 °C) and moisture content (11 %) conditions in the
laboratory (at an age of 28 days). Several tests were performed to reduce
testing errors and detect vibration modes with enhanced reliability. The
final result is the average of the obtained measurements. According to
relevant literature, the minimum number of dynamic tests is five [33]. In
contrast, the suitable duration for data collection in each test is equal to
2000 times the first period of the structure [35]. Fig. 6 shows the semi-
circular arch during the dynamic test.

The natural frequencies were obtained from the frequency spectrum
using the EFDD method (Fig. 7). Table 2 and 3 presents the frequencies



A. Alaei et al.

Structures 50 (2023) 148-160

Table 4
The natural frequencies of the arch at different temperatures.
Mode fracc (Hz) fooec (Hz) fasc (Hz) Afiac20c (\% ) Afsgoc200¢ (%) Afsgociaaec (%)
1 64.1 64.5 66.0 -0.5 2.4 2.9
2 139.3 139.6 134.6 -0.3 -3.6 -3.3
3 225.2 224.1 217.1 0.5 -3.1 -3.6
4 286.4 279.8 294.1 2.4 5.1 2.7
Table 4 shows the frequencies obtained for each temperature.
350 Table 4 shows that by increasing the temperature from 14 °C to 38 °C, a
u5% H1l% B18% W2A% slight increase of the frequency at the first, and fourth modes (i.e., 2.9 %
300 and 2.7 %, respectively) was recorded. On the contrary, the frequencies
250 of other modes decreased, ranging from —3.6 % for the third mode to
g —3.3 % for the second mode. Therefore, the change of frequency ranges
7 200 from —3.5 % to 2.9 % for temperatures between 14 °C and 38 °C. No
g significant trend was observed for frequency changes due to changes in
;'-; 150 air temperature within the investigated temperature range. A similar
[

100

50

2

Mode

Fig. 10. Comparison of the arch natural frequencies at different mois-
ture contents.

and the modal damping ratios computed for six tests of the semi-circular
arch. The average and the standard deviation of the results for the first
four vibration modes of the arch are included. Based on the standard
deviation of the obtained frequencies, the most stable mode among the
four computed modes is the first mode with a frequency of 65.4 Hz. The
frequency range for these four modes is from 65.4 Hz to 295.9 Hz
(Fig. 7). The modal damping ratios vary from 0.9 % to 2.0 %. The first
mode has the minimum modal damping ratio of 0.9 %, and the fourth
mode has the maximum modal damping ratio of 2.0 %. The standard
deviation indicates that the modal damping ratio varies widely in
different tests, unlike frequency values. The semi-circular arch defor-
mation for each mode obtained from the test is illustrated in Fig. 8.

3.4. Effect of temperature on the arch

To study the effect of temperature changes on the dynamic properties
of the semi-circular arch, dynamic tests were performed for three values
of temperature, namely, 14 °C, 20 °C and 38 °C. Those temperatures
were selected accounting for the outside temperature at the testing time
and the available heating equipment. To force the temperature to drop
to 14 °C indoors, the heating system was kept off for 24 h. On the
contrary, to keep the air temperature constant at 20 °C, the radiator was
active for a full day. Finally, to raise the air temperature to 38 °C, the
arch and space around it were covered to prevent thermal loss (Fig. 9
(a)), while the radiator and an electric heater were continuously on. The
temperature has been set at the predefined value, and the operational
modal tests were performed. Fig. 9(b) shows the arch after performing
the tests and removing the cover.

Table 5
The natural frequencies of the arch at different moisture contents.

result was reported in [33].

3.5. Effect of moisture content on the arch

To study the effects of material moisture content on the dynamic
properties of the semi-circular arch, dynamic tests were first performed
for moisture contents of 5 %, 18 % and 24 %, and the natural frequencies
and mode shapes of the arch were determined by performing OMA tests
for each moisture content. Then, four equations were fitted to the ob-
tained experimental frequencies. These equations can accurately esti-
mate the natural frequencies of the semi-circular arch at different
material moisture content.

3.5.1. Experimental study for the effect moisture content on the arch

The arch was subjected to moisture contents of 5 %, 18 %, and 24 %
(at 20 °C). They were compared with the results obtained from normal
moisture content conditions, i.e., 11 %. In order to reduce the moisture
content to 5 % (6 % lower than normal condition), the arch was kept in a
thermal chamber (Fig. 9(a)) for 24 h. Then, water was sprayed onto the
arch in several steps to create 18 % and 24 % moisture content (7 % and
13 % higher than normal condition, respectively). The steps were con-
ducted 5 h later to ensure a better moisture uniformity in the entire arch.
A masonry prism was used as a control sample (subjected to the same
conditions as the arch) to measure the moisture content. After the
moisture content was set to the predefined values, OMA tests were
performed, and the natural frequencies and mode shapes for the first
four modes of the arch were calculated. Fig. 10 shows that there is a
trend for the frequencies to decrease with increasing moisture content,
whereas this decrease seems to be more pronounced for moisture con-
tent increasing from 5 % to 11 %. The frequency values calculated for
the examined cases and the difference to the normal moisture content of
11 % are presented in Table 5. It is observed that the natural frequencies
of all modes have continuously decreased by increasing the moisture
content from 5 % to 24 %.

Moreover, the frequency drop is more considerable for low moisture
contents than for high moisture contents. The frequencies have
decreased by about 14 % for moisture content increase from 5 % to 11
%. They have decreased by only about 3 % for moisture increase from

Mode Moisture content Afsos119% (%) Afisw,110 (%) Afoan110 (%)
5% 11 % 18 % 24 %

1 74.4 65.4 59.7 58.4 13.7 -8.8 -10.7

2 157.7 142.3 131.0 128.9 10.9 -7.9 -9.4

3 257.9 230.4 216.1 207.8 11.9 -6.2 -9.8

4 325.7 291.7 273.1 266.5 11.7 —6.4 -8.7
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Fig. 11. Comparison of the normalised mode shapes of the arch at different moisture contents.
Table 6
The used set of data for fitting the equation for estimating the natural frequencies of the arch at different material moisture contents.
Number mo (%) m(%) Mode 1 Mode 2 Mode 3 Mode 4
fo(Hz) f(Hz) fo(Hz) f(Hz) fo(Hz) f(Hz) fo(Hz) f(Hz)
1 5 5 74.4 74.4 157.7 157.7 257.9 257.9 325.7 325.7
2 5 11 74.4 65.4 157.7 142.3 257.9 230.4 325.7 291.7
3 5 18 74.4 59.7 157.7 131 257.9 216.1 325.7 273.1
4 5 24 74.4 58.4 157.7 128.9 257.9 207.8 325.7 266.5
5 11 5 65.4 74.4 142.3 157.7 230.4 257.9 291.7 325.7
6 11 18 65.4 59.7 142.3 131 230.4 216.1 291.7 273.1
7 11 24 65.4 58.4 142.3 128.9 230.4 207.8 291.7 266.5
8 18 5 59.7 74.4 131 157.7 216.1 257.9 273.1 325.7
9 18 11 59.7 65.4 131 142.3 216.1 230.4 273.1 291.7
10 18 24 59.7 58.4 131 128.9 216.1 207.8 273.1 266.5
11 24 5 58.4 74.4 128.9 157.7 207.8 257.9 266.5 325.7
12 24 11 58.4 65.4 128.9 142.3 207.8 230.4 266.5 291.7
13 24 18 58.4 59.7 128.9 131 207.8 216.1 266.5 273.1

18 % to 24 %. The normalised mode shapes corresponding to the four
moisture contents studied have been compared in Fig. 11 for each mode
and sensor location. The normalised mode shapes were produced by
normalising the peak amplitude to a value of 1. The vertical axis shows
the normalised amplitude and the horizontal axis shows the sensor
location denoted by DOF. It is seen that moisture content changes have
insignificant effects on the mode shapes.

3.5.2. Empirical equation for estimating the arch natural frequencies at
different material moisture contents

Natural frequencies are the primary dynamic properties used for
structural behaviour studies. A structure may experience different
moisture conditions during its operation. In the previous section it was
shown that the material moisture content can considerably affect the
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natural frequencies of the brick masonry semi-circular arch. Since the
process of conducting experimental tests for measuring the natural fre-
quencies of a structure at different moisture contents is costly and time-
consuming, providing a formula to estimate natural frequencies at
different moisture contents is useful in structural studies. To generate
such a formula, the obtained experimental data presented in Table 5 for
the moisture contents of 5 %, 11 %, 18 %, and 24 % were used. For each
two performed tests at two different material moisture contents, the
ratio of their natural frequencies (fio) and the ratio of material moisture
contents (mﬂo) were calculated. In this way, 13 sets of data were consid-
ered, as presented in Table 6. Table 6 presents the used experimental
data, including material moisture contents and arch natural frequencies
for fitting the equation. An equation was fitted to these data, as shown in
Fig. 12. This process was done for each of the four modes separately. As a



A. Alaei et al.

Structures 50 (2023) 148-160

Mode 2

I

m/ my

I

m/ my

Fig. 12. Fitted equation for each of four modes.
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Table 7
The coefficient a, corresponding to the nth mode.
Mode 1 2 3 4
on 0.16 0.13 0.14 0.13

result, the empirical Equation (6) is presented for the semi-circualr arch,
which can accurately estimate the natural frequencies at different ma-
terial moisture contents.

7= (), ©

m

In Equation (6), n is the mode number, m and m, are the moisture
contents of material (%) at two conditions, f is the arch natural fre-
quency of the nth mode (Hz) in the situation where the moisture content
of material is equal to m, m, is the moisture content of material (%) at
which the nth natural frequency of the structure (fy) is measured, and f;

—e— Mode 1

Difference (%)

1 2 3 4 5 6

vee@ees. Mode 2

is the arch natural frequency of the nth mode (Hz) in the situation where
the moisture content of material is equal to m,. The coefficient a, is the
coefficient corresponding to the nth mode, which is given in the Table 7.

The difference between natural frequencies obtained from the
experimental tests and estimated frequencies obtained from the empir-
ical Equation (6) for each set of data is depicted in Fig. 13. The number
in the first column of Table 7 indicates the corresponding data between
Table 6 and Fig. 13. According to these results, the difference is less than
2.5 % in all cases. The coefficient of determination (R?) of this equation
for each of the four modes is more than 0.99, which shows the high
accuracy of the proposed equation in estimating the natural frequency at
different material moisture contents.

4. Finite element analysis of the semi-circular arch

The mass density and modulus of elasticity of bricks and gypsum
mortar (presented in Table 1) were implemented in the FE model of the

—--@---Mode 3 — —e- — Mode 4

7 8 9 10 11 12 13
Number

Fig. 13. Difference between experimental data and empirical equation data.
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(b)

Fig. 14. FE model of the arch: a) overview, b) meshing.

Table 8
Comparison between un-updated finite element and experimental frequencies of
the arch.

Mode  Experimental frequencies Un-updated FE frequencies  Difference
(Hz) (Hz) (%)

1 66.4 49.3 35

2 142.5 104.2 37

3 231.3 190.3 22

4 294.1 244.6 20

arch (micro-modelling). The dynamic parameters were obtained during
tests on the semi-circular arch. Then, updating and calibrating the FE
models made it possible to update some of the materials mechanical
properties. In the following, the importance of updating the FE model
will be shown and it will be observed that it can make a considerable
difference in the FE model response. It should be noted that the objective
of FE model updating here is the convergence of the frequencies towards
the experimental frequencies by changing the material mechanical
properties. To do so, it is not necessary to have the mechanical prop-
erties of the materials measured through laboratory tests as the

Mode 1: 49.3 Hz

Mode 3: 190.3 Hz

convergence will always occur with any initial value, but having the
measured values as the initial values shortens the process of
convergence.

For this reason, at normal conditions of the laboratory (temperature
of 20 °C and moisture content of 11 %) FE analysis was performed for
two cases: 1) the arch with material mechanical properties directly ob-
tained from mechanical tests without updating and 2) the arch with
updated material mechanical properties.

The three-dimensional micro-modelling analysis was performed
using the FE ANSYS code [36]. The Solid 65 hexahedral element with
eight nodes and three translational degrees of freedom at each node was
used. The interface between bricks and mortar was modelled by contact
and target elements. The linear modal analysis was used.

4.1. The arch finite element model without model updating

Before updating the FE model of the arch, a mesh study was con-
ducted to find the number of elements sufficient for convergence. A
precision of 1 % was selected for the convergence of frequencies of the
arch using modal analysis, which resulted in 9864 elements (Fig. 14).
The first four frequencies and the mode shapes resulted from FE analysis
are presented in Table 8 and Fig. 15. The first four FE frequencies range

Mode 2: 104.2 Hz

Mode 4: 244.6 Hz

Fig. 15. Un-updated FE natural frequencies and mode shapes of the arch.
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Fig. 16. Variation of the arch natural frequencies versus the variation of
updated parameters: a) the modulus of elasticity of the brick, b) the modulus of
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Table 9

Updated parameters, the initial and final values in FEMU of the arch.
The updated Initial Lower Upper Final Difference
parameters value bound bound value (%)
E, (MPa) 4603 5000 5500 5305 +15.25
E; (MPa) 1658 2000 3000 2180 +31.48
Type of supports  Simple - - Fixed -

from 49.3 Hz to 294.1 Hz. The comparison between experimental and FE
results shows that frequencies from FE analysis are between 20 % and
37 % less than the experimental ones. Therefore, the FE model needs to
be updated to result in dynamics response close to the experiment.

4.2. The arch finite element model updating

The FEMU reduces the difference between the numerical and
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experimental dynamic parameters, such as frequencies and mode
shapes. Parameters considered for updating the FE model of the semi-
circular arch include the modulus of elasticity and Poisson’s ratio of
the brick, the gypsum mortar, and the supports fixity of the arch. The
arch was placed on a concrete floor in the laboratory. Supports were
connected to the floor with gypsum mortar (Fig. 4(a)). Two cases were
considered in the FE model to investigate the effect of the fixity of the
supports of the arch. In the first case, fixed supports were defined by
confining the three displacements of all nodes of the supports. In the
second case, the three displacements of only the centre-lines of the
supports perpendicular to the arch plane were confined to simulate the
condition of simple supports.

To have an initial estimation of the effect of each parameter, one of
the parameters was considered as a variable each time. Meanwhile,
other parameters were assumed to be temporarily constant and equal to
the initial values obtained from the experimental tests, presented in
Section 3. The modulus of elasticity and Poisson’s ratios increased from
zero until the resulting frequencies reached the dynamic test values.
Fig. 16(a) and (b) show the frequency changes and its significant
sensitivity during the changes in the modulus of elasticity of the brick
and the gypsum mortar, respectively. The modulus of elasticity
increased from 1 MPa to 6000 MPa for the brick and from 1 MPa to 3000
MPa for the gypsum mortar. The results show that increasing just one of
the modules of elasticity of brick or mortar cannot increase the fre-
quencies more than a specific value. In other words, the slope of the
frequency versus modulus of elasticity diagram gradually decreases by
increasing the modulus of elasticity.

The objective function (Equation (1)) presented in Section 2 was
used during the trial-and-error process to bring the updated FE results
closer to experimental results. The Trust-Region Gauss-Newton method
was used for optimisation. Fig. 16(a) and (b) indicate that the range of
2000 MPa to 3000 MPa for the mortar modulus of elasticity (E,), and
5000 MPa to 5500 MPa for brick modulus of elasticity (E,) are the ranges
that the rate of change of each modulus of elasticity has dramatically
increased and it approaches to the convergence.

The effect of changing the Poisson’s ratio on dynamic parameters of
the arch is negligible. Changing the Poisson’s ratio from 0.01 to 0.49
affects the natural frequencies, less than 0.8 %.

Fig. 16(c) shows that the assumption of the fixed support considered
for both supports of the arch in the FE model gives natural frequencies
closer to experimental results (with the average difference of —13.4 %)
than the assumption of simple supports (with the average difference of
—35.3 %).

The initial, lower and upper bounds and final values of updated
parameters for the arch during FEMU are presented in Table 9. The final
modulus of elasticity of brick and gypsum mortar are respectively sug-
gested as 5305 MPa and 2180 MPa. Fixed supports create more accurate
results. The final values can be used for more accurate FE modelling and
further analysis of these structures. There is no specific suggestion for
Poisson’s ratio in Table 9 due to its negligible effect on the studied arch
dynamic parameters.

The natural frequencies of updated FE models of the arch are pre-
sented in Table 10. The differences between un-updated and updated
frequencies with the experimental values are also given. The main
reason for these differences in frequencies of the two updated and un-
updated models is related to the difference in the type of supports and
the difference in modulus of elasticity of brick and gypsum mortar in
modelling. The average of the frequency differences between updated
models and experimental values after FEMU are —0.3 %, while they are
—21.8 % for un-updated models. Fig. 17 shows that there is a good
agreement between FE frequencies and experimental frequencies after
updating.

4.3. Future research work

This paper studied the effect of changes in temperature and moisture
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Comparison between experimental, un-updated and updated FE model frequencies of the arch.

Mode  Un-updated model

frequencies (Hz)

Updated model
frequencies (Hz)

Experimental
frequencies (Hz)

Frequency difference of un-updated
model and experiment (%)

Frequency difference of updated model
and experiment (%)

49.3
104.2
190.3
244.6

62.8
132.9
242.5
312.6

66.4
142.5
231.3
294.1
Average

AW

—25.8
—26.9
-17.7
-16.8
—21.8

-5.4
-6.7
4.8
6.3
-0.3
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Fig. 17. Comparative frequencies diagram of un-updated and updated arches
versus experimental values.

content on the dynamic properties of semi-circular brick masonry
arches. The obtained results can be developed by performing further
studies, which may include investigating other affecting parameters
such as the temperature and moisture during arch construction process,
material and arch curing conditions, the ratio of mortar thickness to
brick thickness, arches with a variable thickness, and arches with other
types of construction materials. The presence of damage in the arch is
another aspect of research.

It is also recommended to survey other types of traditional arches of
different geometrical dimensions in order to develop equations to esti-
mate the natural frequencies of these arches based on their geometric
characteristics. Integrating the equations developed in future with the
equations related to the natural frequency estimation presented in this
study can reduce the need for laboratory tests of the arches in different
conditions. It should also be noted that the provided equation in this
study for different material moisture contents is limited to the semi-
circular arch and the obtained results in this study. Therefore, there is
a need for more examination of this equation for different arch types in
different conditions.

Results for the relationship between the static and dynamic moduli of
elasticity obtained from FEMU in this study is limited to the materials,
clay brick and gypsum mortar, used in the arch studied. Other types of
materials with different ranges of mechanical properties should be
tested and then numerically simulated to obtain holistic results.

The geometrical shape of the arch studied is semi-circular. Arches
with other geometrical shapes should be tested and simulated for un-
derstanding the effect of the geometry of the arch on its dynamic
parameters.
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5. Conclusions

In this paper, the effect of changes in temperature and moisture
content on the dynamic behaviour of semi-circular brick masonry arches
was studied. A brick masonry arch with gypsum mortar was built in the
laboratory for this purpose. Mechanical properties of constituent ma-
terials, including brick, gypsum mortar, and their assemblage, were
measured first in the laboratory. The compressive strength, modulus of
elasticity, and stress-strain relationships were obtained for them. Then,
the dynamic parameters of the arch, including natural frequencies,
modal damping ratios and mode shapes, were calculated by dynamic
identification through the OMA after changing each intended condition.

The study showed that the dynamic properties of semi-circular clay
brick masonry arches is very sensitive to the test conditions. The effect of
conditions must be considered on the obtained results from the dynamic
identification process.

The temperature changes had somewhat unpredictable effects on
dynamic parameters in different modes. However, the difference is in
specific ranges, as reported.

The moisture content had regular effects on dynamic behaviour. For
this reason, its effect can be predicted by measuring it during dynamic
tests. An increase in the moisture content caused a reduction in the
natural frequencies, but moisture content changes did not considerably
affect the mode shapes. The ratios of material moisture contents and the
ratios of their corresponding arch natural frequencies obtained from the
experiment were considered. Thereafter, an empirical equation was
fitted to these ratios to be used for estimating the natural frequencies of
the semi-circular arch at different material moisture contents. The
comparison of the results of the proposed empirical equation with the
results from the test approved the satisfactory accuracy of the equation
for the examined arch.

The FEMU was used to calibrate the FE model and find the appro-
priate values for the brick and mortar modulus of elasticity in the dy-
namic condition. It was shown that using the modulus of elasticity from
static (non-dynamic) tests can cause more than a 10 % difference in the
natural frequency of the FE model. This is a significant difference that
can make numerical modelling unreliable. To prevent this, first, it is
better to do FEMU before the use of each FE model for dynamic uses. If
this is not possible, it is better to correct the modulus of elasticity values
with correction coefficients. For the materials and the arch used in this
research, the static modulus of elasticity of clay brick and gypsum
mortar must be multiplied by 1.15 and 1.31, respectively, to be used in
the FE model for dynamic analysis.

It was concluded that the Poisson’s ratio has negligible effects on the
dynamic parameters of the arch.

The results showed that when there is an adequate connection be-
tween the arch and its supports, the assumption of fixed support is
acceptable in FE analysis in the absence of accurate information about
the supports conditions.

Obtained results for the effect of temperature in this study are valid
only for the range of temperature from 14 °C or 38 °C, due to laboratory
equipment limitations for changing the temperature. In real cases, the
temperature may range between about —10 °C in the winter and more
than 50 °C in the summer, for which additional investigation is needed.
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