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Abstract

In this study, the changing of dynamic characteristics of masonry arches at varying geometric parameters and temperature
histories was investigated through a combination of experimental and numerical methods. First, the dynamic characteristics
of laboratory-built arch models were determined both pre- and post-high-temperature test using ambient vibration testing.
Then, the finite element (FE) models of the arches were developed for both, allowing for dynamic characteristics to be
assessed numerically. To refine the accuracy of numerical models, FE analyses were adjusted based on experimental data.
These updated FE models were used to investigate the dynamic characteristics of arches with different spans, heights, widths,
and thicknesses under different temperature history scenarios. Finally, utilizing the data repository obtained, formulation and
graphs/charts, providing valuable insights into the dynamic response of masonry arches under fire conditions, were developed
and presented for practical application. The experimental study revealed that the natural frequencies of arches decreased by
55% with increasing temperature exposure.

Keywords Ambient vibration test - High temperature - Fire - Masonry arch - Dynamic characteristics - Finite element
analyses

1 Introduction architectural marvels stand as enduring symbols of human

ingenuity. Hence, elucidating the structural behaviour of
Historic structures, pivotal in comprehending and contex-  masonry structures holds paramount significance not only
tualizing distinct epochs of civilization, serve as invaluable  in the field of structural engineering, but also for nations
markers of cultural heritage and identity. Frequently employ-  characterized by the prevalence of such architectural forms.

ing masonry techniques inherited from antiquity, these
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Finite element (FE) analysis is the numerical determina-
tion of the static and dynamic behaviour of structures [1]. FE
model updating holds significant importance in the realm of
historical structures, where accurate representation of struc-
tural behaviour is paramount. Due to the inherent complexi-
ties and uncertainties associated with historical masonry
constructions, including variations in material properties,
boundary conditions, degradation over time, and unknown
construction methods, traditional FE models may lack preci-
sion in capturing the intricacies of their dynamic response.
Consequently, the improving of FE models through updat-
ing procedures becomes imperative to enhance their pre-
dictive capabilities and account for these uncertainties.
By integrating data obtained from non-destructive testing
techniques, FE models can be calibrated to better reflect the
actual behaviour of historic structures, mitigating the effects
of uncertainties and improving the reliability of structural
analyses. The final FE model provide a more accurate depic-
tion, suggesting its potential applications in areas such as
damage detection and structural health monitoring.

The ambient vibration testing (AVT) is a non-destructive
procedure that enables the detailed extraction of dynamic
characteristics, such as natural frequencies, mode shapes,
and damping ratios. AVT is typically implemented by stra-
tegically placing accelerometers on the structure to capture
ambient vibrations. These vibrations are then processed to
extract the dynamic characteristics. Because the method
obtains real-time data from the structure, it is widely used
in damage detection, structural health monitoring and, in
particular, FE model updating. In the literature, this method
was used for different kinds of structures such as histori-
cal arch bridge [2], masonry monuments [3], bell tower [4],
masonry mosque [5], and masonry minaret [6]. Monitoring
changes in dynamic characteristics and structural behaviour
over time offers a practical and dependable method. This
approach proves especially useful in assessing structural
impacts caused by various factors such as fire, damage, or
restoration efforts [7].

Pillars, arches, vaults, and domes are the main load-bear-
ing systems of the historic masonry structures. The masonry
arch element holds significant importance in historical struc-
tures due to its unique structural properties and architectural
versatility. By distributing weight evenly along its curved
shape, arches efficiently bear loads and provide stability,
allowing for the construction of expansive openings without
the need for additional support columns. This architectural
innovation not only enhances structural integrity, but also
facilitates the creation of grand, open interior spaces, char-
acteristic of many historical buildings. Also, the enduring
durability of masonry arches contributes to the longevity of
historical structures. For this reason, the arch elements play
an important role in determining the behaviour of this type
of structures.
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Historic sites face substantial risks from fires, as evi-
denced by incidents such as the blaze at Windsor Castle
in England in 1992, the fire that affected the Haydarpasa
Station in Istanbul, Turkey, in 2010, and the damage to
Ibrahim Tevfik Efendi Beach Palace in Istanbul, Turkey, in
2013. Additionally, the National Museum of Brazil in Rio de
Janeiro experienced a devastating fire in 2018, while Notre
Dame Cathedral in Paris, France, suffered a significant fire
in 2019. Historical structures built before the advent of mod-
ern fire safety standards often do not comply with current
fire safety regulations. As a result, they are susceptible to
partial damage or potential collapse when exposed to fire.
It should be noted that, in addition to fire-resistant design
of historical structures, it is also important to restore the
damaged historical structures due to the fire with as little
intervention as possible [8]. Masonry arches play an impor-
tant role in the load-bearing system of historic structures
and generally remain standing after a fire. Efforts should
prioritize the retention of the current structural elements to
the greatest extent feasible, preserving their authenticity and
integrity. The replacement decision can only be made if the
change in structural behaviour is known. Here the question
arises: to what extent does the structural behaviour/dynamic
characteristics change in masonry structures, especially in
arches which constitute a significant part of the load-bearing
system, when exposed to fire? And how can we catch the
structural change? This study seeks to provide answers to
these questions. To achieve this, the prescribed procedure,
demonstrated in Fig. 1, includes the following steps:

v Identifying the material properties of masonry units and

walls,

Construction of masonry arch models,

Ambient vibration testing to identify the dynamic char-

acteristics of the arch models,

High-temperature test and subsequent ambient vibration

testing of the arch models to identify the dynamic char-

acteristics of the arch models,

Developing an initial FE model for the arch models,

Updating the initial FE model to obtain the final FE

models,

v’ Developing the formulation and creating the graphs/
charts to evaluate the change of the dynamic characteris-
tics with the multiple FE analysis of different parameters
such as arch span, height, width, and thickness.

S SS

S

2 Masonry arch models and material
properties

Two masonry arch models were constructed at the laboratory
using hydraulic lime mortar andesite stone units. The arches
are fixed to a rigid concrete raft foundation with dimensions
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of 180 % 145 %25 cm (length x width x height). Also, the
reinforced arch piers were built to transfer the arch load to
the foundation. The dimensions and construction stages of
the arch models are given in Fig. 2 and Fig. 3, respectively.

The material properties of the masonry units and concrete
were detailed for pre- and post-high-temperature effects. The
compression and density tests were carried out using wall
samples. The tests were repeated for exposure to high tem-
perature (600 °C) and the results were compared with those
obtained under room temperature conditions. The C45/55
class ready mixed concrete was used in the construction of
the foundations. Six cube (15X 15% 15 cm) and four cylin-
drical concrete samples were taken to identify the compres-
sive and splitting tensile strength and density of the concrete.
The specimens were kept in a curing pool at 21 +2 °C for
28 days. Tables 1 and 2 show the test results. As can be seen
from the table, the target strength value was achieved.

The wall samples were fabricated to obtain the average
compressive strength and density of masonry wall units. As
suggested by the ASTM C 1314-02a standard [9], the walls

s00°c ‘ b

A,
Ideal Finite Element
Model

Heat Transfer
Analysis

Dynamic
Characteristics

‘ °¢%

SUESTIVERYTERRR

Developing the Formulation
Creating Charts/Charts

were built with three rows of 5x 5% 10 cm bricks. Also,
five rows of 5XxX5X5 cm and 5X 5% 10 cm were built as
suggested by TS EN 10521 standard [10]. Figure 4 shows
the wall samples built.

The wall samples were covered with a polyethylene
sheet for 3 days to allow them to cure, and at the end of this
period the samples were left unprotected in the laboratory
for 25 days. Some of the wall samples were then exposed to
temperatures of 200 °C, 400 °C, 600 °C, and 800 °C in an
electric furnace, using the temperature—time curve shown in
Fig. 5. The samples that were removed from the temperature
furnace were left to cool down in the laboratory environment
(Fig. 6b).

For the wall samples stored in the laboratory environ-
ment, the average density value was determined. Then, the
wall samples were exposed to the compressive strength test
in accordance with the TS EN 1052-1 and ASTM C 1314-
02a standards, as shown in Fig. 7. Tables 3 and 4 present the
average comprehensive strength values and average density
values of the wall samples, respectively. As can be seen, the
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Fig.2 Geometrical properties

of the arch models

Dimension (cm) Model-1 Model-2
Span (S) 100 100
Height (H) 50 50
Width (W) 20 30
Thickness (T) 5 5

Fig.3 Construction stages of the arch models

Table 1 Cubic sample results

Sample Compressive Fracture load  Density (kg/m)
strength (MPa) (kN)

1 58.22 1310 2434

2 53.74 1209 2402

3 52.12 1172 2448

4 59.26 1333 2369

5 51.40 1156 2406

6 57.78 1300 2388

Table 2 Cylindrical sample results

Sample Fracture load (kN) Splitting tensile

strength (MPa)

1 101 3.21

2 132 4.20

3 133 4.23

4 103 3.28

@ Springer

compressive strength and density values decrease signifi-
cantly with increasing the temperature.

3 Dynamic characteristics for pre-
and post-high-temperature exposure

Ambient vibration testing (AVT) is practised to obtain the
dynamic characteristics of the models. Figure 8§ presents a
flowchart outlining the process for obtaining the dynamic
characteristics of structures using AVT.

The AVT test equipment are: a B&K 3560 data acquisi-
tion system with 17 channels, B&K 4506 triaxial and B&K
4507 uniaxial accelerometers, and PULSE [11] and OMA
[12] software. The frequency span selected was 0-300 Hz.
Vibration signals were obtained by gathering data from nine
accelerometers, which operated at intervals of 10 min. One
accelerometer was (B&K 4507) used as a reference. For the
data-gathering process, three accelerometers were moved
from the external corners of the models to the opposite cor-
ners, as shown in Fig. 9. Figure 10 shows the measurement
of the models.
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Fig.4 Wall samples built according to: a TS EN 10521 and b ASTM C 1314-02a standards
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Fig.5 The temperature—time curve utilized in the high-temperature
tests of the samples

The test procedure was practised to obtain the change in
dynamic characteristics after exposing the model to high
temperatures. The peak temperature in the high-temper-
ature test was selected as 600 °C. This is because higher
temperatures could potentially cause severe damage to the
structure. The rate of temperature increase was selected
as 2.5 °C/min in accordance with the literature. There-
fore, a test duration of 4 h was required to reach 600 °C.

Fig.6 Wall samples (a) exposed
to fire and (b) cooling at the
laboratory

Following a 4-h duration of thermal exposure, the oven
door was cautiously and gradually opened, allowing for
the determination of the outer surface temperatures of the
models subsequent to the test utilizing a pyrometer. Fig-
ure 11 shows the models both pre- and post-high-temper-
ature test. Figure 12 shows the measurement of the model
for the post-high-temperature test.

The enhanced frequency domain decomposition
(EFDD) method was used to obtain the mode shapes and
natural frequencies. The singular values of spectral density
matrices (SVSDM) of the data set obtained by the EFDD
method are given in Fig. 13.

The mode shapes obtained were the same for the pre-
and post-high-temperature test. The first three experimen-
tal mode shapes were longitudinal mode, transverse mode,
and vertical mode (Fig. 14).

Table 5 presents the comparison of natural frequencies
for pre- and post-high-temperature test. As can be seen, a
sharp decrease in natural frequencies occurred after high-
temperature test. The maximum difference was 55% in the
first mode for the first model and 48% in the second mode
for the second model.

1 (b) 20 °C 400 °C 600 °C 800 °C
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Fig.7 Test procedure of wall samples: a TS EN 1052-1 and b ASTM
C 1314-02a standards

Table 3 The tests results obtained from walls samples considering the
TS EN 1052-1 for the different temperature values

Tem- Area Volume Density Fractureload Compressive
perature (cm?) (cm®) (kg/m3 ) (kN) strength (MPa)
O

20 100 2500 2300 285.1 28.51

200 100 2500 2235 281.2 28.12

400 100 2500 2124 208.3 20.83

600 100 2500 2099 103.7 10.37

800 100 2500 2038 80.2 8.02

Table 4 The tests results obtained from walls samples considering the
ASTM C 1314-02a for the different temperature values

Tem- Area Volume Density Fracture load Compressive
perature (cm?) (cm®) (kg/m®)  (kN) strength (MPa)
§©)

20 50 750 2305 160.70 32.14

200 50 750 2246 165.30 33.06

400 50 750 2119 94.20 18.84

600 50 750 2075 59.85 11.97

800 50 750 2031 35.30 7.06

4 Numerical studies

This part presents the FE analysis of models for pre- and
post-high-temperature test. First, the initial FE model was
developed for the case where there is no exposure to ele-
vated temperature. Then the FE models were updated in
accordance with experimental natural frequencies obtained
from AVT to obtain the final FE models. Finally, the FE
model of the post-high-temperature test was developed,

@ Springer

and multiple thermal analyses were carried out taken
into account different parameters of arch models such as
height, span, width, and thickness to obtain the changing
of dynamic characteristics with elevated temperatures.
Based on the results, a repository was created to illustrate
the formulations and graphs, aiming to practically deter-
mine the changes in stiffness due to the elevated tempera-
ture effect.

4.1 Initial FE models

The FE models of the laboratory models were developed
in ABAQUS [13] software using C3D8R element type.
The elasticity modulus of concrete raft foundation and arch
piers was calculated as 35,801 MPa considering the target
compressive strength proposed by TS500 [14]. Masonry
arches were modelled with macro modelling approach.
Various studies and design standards have different empiri-
cal formulae for the calculation of the elasticity modulus of
masonry materials [15]. FEMA356 [16], Masonry Standards
Joint Committee [17], TEC2018 [18], CSA S304 [19] and
Eurocode 6 [20] multiply the masonry compressive strength
by 550, 700, 750, 850, and 1000, respectively, to calculate
the elasticity modulus. Also, researchers have proposed coef-
ficients of 300 [21] and 500-600 [22]. Considering these
coefficients, the elasticity modulus of masonry ranges from
1800 to 6100 MPa. A value of 3000 MPa was taken into
account in the initial FE model. The Poisson ratio was taken
as 0.2 for the masonry and concrete elements. Also, the den-
sity was considered as 2300 kg/m® and 2400 kg/m? for the
masonry and concrete elements, respectively. As a bound-
ary condition, the base was assumed to be fixed. Also, the
mesh size was selected as 15X 15X 15 mm rectangular prism
shaped. 104876 and 120882 solid elements were obtained
for both models (Fig. 15). Figure 15 presents the FE models
of both laboratory models.

Numerical natural frequencies obtained from the ini-
tial FE models were 72.32 Hz, 93.37 Hz and 142 Hz for
Model 1, and 72.50 Hz, 116.6 Hz and 142.2 Hz for Model
2. Mode shapes of the models were obtained as longi-
tudinal, transverse and vertical, respectively (Fig. 16).
Table 6 presents a comparison of the experimental and
numerical dynamic characteristics. This indicates that
there is not good correlation between the experimental
and numerical natural frequencies. The maximum dif-
ference was calculated as 19.62% for the first mode. The
modal assurance criterion (MAC) is computed as a scalar
constant that indicates the level of consistency between
a modal vector and a reference modal vector. The MAC
value ranges between 0.0 and 1.0, where 0 indicates no
correlation and 1 represents complete correlation. The



Archives of Civil and Mechanical Engineering (2025) 25:23 Page70f32 23

Fig.8 Flowchart for the AVT of
the models
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Fig. 10 View of the AVT for
the models

Fig. 11 View of models: a pre-
and b post-high-temperature test
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Fig. 12 View of the AVT of
the model for the post-high-
temperature test
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Fig. 13 SVSDM of the data sets obtained from the EFDD for the pre- and post-high-temperature test

Fig. 14 Mode shapes of the
models

o~

Longitudinal Mode

MAC values calculated between numerical and experi-
mental mode shapes obtained are also given in Table 6.
As can be seen, there is a good correlation between each
mode shape obtained from both models. To minimize the

@ Springer

Transverse Mode Vertical Mode

error and improve the accuracy, the initial FE model of bot
models should be updated according to the experimental
frequencies by changing some parameters included in the
FE model.
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Table 5 Natural frequencies of the models for the pre- and post-high-
temperature test

Mode Frequency (Hz)
Pre-test Post-test Difference (%)

Model 1

1 60.46 33.26 44.99

2 87.40 45.24 48.24

3 127.20 68.10 46.46

Model 2

1 68.40 30.55 55.34

2 100.70 51.42 48.94

3 127.30 67.86 46.69

4.2 Model updating procedure

The primary objective of FE model updating is to refine
computational models by adjusting their parameters to better
match experimental data such as dynamic characteristics,
thereby improving their accuracy and predictive capability.

<

Fig. 15 FE models of both
laboratory models

Fig. 16 First three numerical
mode shapes for the initial FE
models

b

First mode (longitudinal)

<

First mode (longitudinal)

FE model updating is employed to refine uncertain param-
eters, such as material properties, boundary conditions, and
geometrical features, enhancing the accuracy of computa-
tional models. The pivotal stage in the model updating pro-
cedure is the selection of uncertain parameters for the finite
element (FE) model.

It is known that the material properties, in particular the
elasticity modulus of masonry structures, are challenging
tasks due to the non-homogeneous nature of the struc-
tures. As previously mentioned, codes and prior studies
have proposed significantly varied coefficients for calculat-
ing the elastic modulus of masonry. Therefore, the elastic
modulus was selected as an uncertain parameter, and man-
ual model updating procedure was practised by trial and
error to obtain the final elasticity modulus. The acceptable
limit value between the experimental and numerical natu-
ral frequency value was selected as 5-10%. The flowchart
of the FE model updating procedure is given in Fig. 17.
The initial modulus of elasticity was reduced by 23%.
The final value was 2300 MPa. The final material proper-
ties and comparison of the dynamic characteristics of the

Second mode (transverse) Third mode (vertical)

Model 1

Second mode (transverse)
Model 2

Third mode (vertical)
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Table 6 Numerical and experimental dynamic characteristics

Table 7 Final material properties of the models

Mode  Frequency (Hz) Material properties Element
Initial FE model ~ Experimental — Diff. (%) MAC (%) Foundation Arch pillar Masonry arch

Model 1 Elasticity modulus (MPa) 36,000 36,000 2300

1 72.32 60.46 19.62 86 Poisson ratio 0.2 0.2 0.2

2 93.37 87.40 6.83 90 Density (kg/m?) 2400 2400 2300

3 142.00 127.20 11.64 82
Model 2

1 72.50 68.40 5.99 90 Table 8 Comparison of the numerical and experimental dynamic

) 116.60 100.70 15.79 94 characteristics after the model updating procedure

3 142.20 127.30 11.70 86 Mode Frequency (Hz)

Updated FE Experimental Max. Diff. (%) MAC (%)
model
models are illustrated in Tables 7 and 8, respectively. As
can be seen in Table 8, the maximum differences between Model 1
the two was decreased to below acceptable limit value. 1 63.45 60.46 4.95 86
Note that the updated FE model is more representative of 2 82.08 87.40 6.09 96
the current behaviour of the two models. 3 124.60 127.20 2.04 84
Model 2
4.3 FE analyses results for the post-elevated I 63.63 68.40 6.97 92
temperature 2 102.50 100.70 1.79 95
3 124.90 127.30 1.89 88
FE models were constituted to obtain the dynamic char-
acteristics of the models exposed to a high temperature
of 600 °C. The material properties of the models with
Fig.17 Chart for the updating AVT Measurement FE Models

procedure

e_lsg\gf

l

Experimental Dynamic Characteristics

- «

Numerical Dynamic Characteristics

Ideal Finite Yes

Element Model

Dynamic
Behavior
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Table 9 Material properties of the FE models at 600 °C

Material properties Element

Foundation Arch pillar Masonry arch

Elasticity modulus (MPa) 8600 8600 690
Poisson ratio 0.2 0.2 0.2
Density (kg/m®) 2238 2238 2099

Table 10 Comparison of the numerical and experimental dynamic
characteristics after exposure to a high temperature of 600 °C

Mode Frequency (Hz)
Experimental Updated FE  Diff. (%) MAC (%)
model
Model 1
1 33.26 34.50 3.59 91
2 45.24 44.78 1.03 86
3 68.10 67.89 0.31 81
Model 2
1 30.55 32.66 6.46 86
2 51.42 52.96 291 92
3 67.86 64.22 5.67 84

increasing temperature should be identified for thermal
analysis. The boundary conditions for the previous FE mod-
els were also considered. The material characteristics were
adjusted using data collected from material tests. According
to EN 1992-1-2 [23], the density of concrete subjected to
a temperature of 600 °C was determined to be 2238 kg/m>.
Bastami et al. [24] proposed equations to express changes
in the elasticity modulus of concrete under the effects of
elevated temperatures. Based on this information, the elas-
ticity modulus of concrete at 600 °C was computed to be
8600 MPa. The density of the masonry was determined to
be 2099 kg/m? based on the material tests. To determine the
elasticity modulus of masonry samples, various studies and
codes proposed an approach that correlates the compres-
sive strength with the elasticity modulus of masonry. The
standard method involves determining the elasticity modu-
lus by multiplying the masonry's compressive strength by
coefficients varying from 300 to 1000 [25]. The compre-
hensive strength of the masonry decreased by approximately

65-70% after exposure to 600 °C (see Table 3 and Table 4).
Thus, the elasticity modulus of the masonry in the FE mod-
els subjected to elevated temperatures was determined by
decreasing the value obtained for the updated FE models at
room temperature by 70%. Table 9 presents the final material
properties of the FE models at the 600 °C. Table 10 shows
the dynamic characteristics obtained and their comparison
with the experimental ones. As can be seen, the difference
between both methods was acceptable with a value of 3.59%
for Model 1 and 6.46% for Model 2. Also, the MAC values
indicated that the numerical and experimental mode shapes
are similar. Finally, it can be concluded that these models
can be used for the further thermal analysis taking into
account different parameters.

Structural elements exposed to high temperatures may
experience additional stresses due to temperature changes,
thermal expansions, and reductions in material strength,
potentially leading to damage. This raises the question of
how such potential damage might affect the dynamic char-
acteristics of the structure. This issue has been investigated
by incorporating thermal-stress analyses conducted after the
validation process into the study. The research focused on
finite element analyses of Model 1. To precisely capture the
stress effects, a detailed solid finite element model of Model
1 was constructed, accurately reflecting the laboratory setup,
including the arch, support legs, and model foundation. The
analysis process began with a thermal-transient heat transfer
analysis. The nodal temperatures obtained from this analy-
sis were then used to perform a thermal-structural analysis.
The stress values obtained were then used as initial condi-
tions for modal analysis, aimed at assessing the impact of
these stresses on the dynamic characteristics of the model.
When comparing the dynamic characteristics of the model
both with and without stress effects, it became apparent that
the additional stresses had negligible impact on the natural
frequency values. Considering the extensive computational
demands of thermal-stress analyses and the negligible effect
of stress impacts, these were not factored into the parametric
analyses carried out in this study (Table 11).

4.4 Multiple analyses with variable parameters

This section presents the change in numerical dynamic char-
acteristics with different parameters, taking into account fire

Table 11 Comparison of

N N Mode Frequency (Hz)
the numerical dynamic
characteristics of the updated Stresses excluded Diff. (%) Pre-heating Diff. (%) Stresses included
FE model of Model 1 after condition
exposure to 600 °C: with and
without additional stresses 1 34.50 45.63 63.45 43.26 36.00
44.78 45.44 82.08 45.58 44.67
3 67.89 45.51 124.60 43.54 70.35

@ Springer
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Fig. 18 The flowchart taken into
account during developing of
formulation and flowchart

Creating Finite Element
Models

Developing the Formulation
Creating Charts/Charts

Step 5
—

effects. For this aim, numerous multiple heat transfer analy-
ses with modal analyses were carried out to obtain the com-
prehensive data pool. Utilizing this data set, the formulations
and graphical charts were developed. By examining how
variations in these arch dimensions affect the dynamic char-
acteristics of the structure under fire conditions, researchers
can gain insights into optimizing arch design for enhanced
performance and safety in such scenarios. Figure 18 presents
the flowchart of the procedure.

The FE analyses were carried out for the arch with dif-
ferent geometries and fire impact scenarios (temperature
histories). Table 12 shows the characteristics of the arches
considered in the analyses. As can be seen, the arch span,
arch height, arch width, and arch thickness were considered
as an arch dimension. In addition, the temperature history,
which denotes the duration of exposure to fire, was consid-
ered in the analysis. Heat transfer analyses were practised
to determine temperature distributions within arch elements
subjected to elevated temperatures, such as those occurring
during a fire. The ISO 834 [26] standard temperature—time
curve, spanning a 180-min period, was utilized for these
analyses. A total of 13 distinct cases of the temperature his-
tory parameter were examined. These cases corresponded
to exposure times of 0, 15, 30, 45, 60, 75, 90, 105, 120, 135,

Obtaining Temperature
Distributions

Heat Transfer Analysis

l Step 3

Obtaining D i
e . i Modal Analysis

Characteristics

“ Step 4

150, 165, and 180 min. By exploring these varied exposure
durations, researchers aimed to understand how different
time intervals of fire exposure impact the dynamic behaviour
and structural response of the arch elements.

4.5 Heat transfer analysis

It effectively conveys that to understand the dynamic behav-
iour of masonry arches under high temperatures, such as
those experienced during a fire, it is essential to analyse
the temperature distributions across the arch cross sections.
This process involves conducting heat transfer analyses to
determine the temperatures at all nodes on the finite element
models representing the arch. FE models were employed in
the heat transfer analysis of 450 arches, whose dimensions
are detailed in Table 12. These models were generated using
the ABAQUS software. Figure 19 shows a solid model of a
1-0.4-0.5-0.2 arch. The DC3D8 volumetric element with
eight nodes was used for the heat transfer analysis.

In heat transfer analysis, the values of the thermal proper-
ties (thermal conductivity and specific heat) and density of
the masonry material corresponding to certain temperatures
were used. While thermal conductivity (k), one of the prop-
erties used in heat transfer analysis, expresses the ability

Table 12 Arch dimensions

Width (w) Thickness (t)

. . . Group Arch dimensions (m)
considered in multiple analyses
Span (s) Height (h)
1 1-3 s
2
2 4-7
3 8-11
4 12-15

% x0.8 0.5 1.0 1.5 0.2 0.3 04 0.5 0.6

0.4 0.5 0.6 0.7 0.8
0.6 0.7 0.8 0.9 1.0
0.8 0.9 1.0 1.1 1.2

The different arch dimensions to be analysed within the scope of the study are expressed as s—h—w—t (span—
height-width—thickness). For example, the smallest and largest sized arches are expressed as 1-0.4-0.5-0.2

and 15-7.5-1.5-1.2, respectively
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Fig. 19 Arch model for the heat g
transfer analysis

Table 13 Thermal material properties to be used in the FE model for
heat transfer analysis of arch models

Temperature (°C) Thermal material properties

Specific heat coefficient ~ Thermal conductivity

(J/kgK) coefficient (W/mK)
0 900 2.000
20 900 1.951
100 900 1.766
115 1470 1.732
200 1470 1.553
300 1000 1.361
400 1050 1.191
500 1100 1.042
600 1100 0.915
700 1100 0.809
800 1100 0.724
900 1100 0.661
1000 1100 0.619
1100 1100 0.599
1200 1100 0.600

of a material to transmit heat, specific heat (c) represents
the amount of energy required to raise the temperature by
one unit. In the literature, experimental data on the thermal
properties of masonry materials are limited. It is also widely
accepted that masonry and concrete have comparable ther-
mal properties. This is due to the similarities between the
building materials [27]. For this reason, within the scope of
the study, the variation of thermal material properties such
as thermal conductivity and specific heat of masonry arches
built using stone and mortar, depending on temperature, was
calculated using the equation set out in the EN 1992-1-2
standard. Table 13 presents the thermal material properties
used in the FE analysis. The density values obtained from
the wall samples under the different temperature values
(refer to Tables 3 and 4) were considered in the FE analyses.
The meshing size selected was 0.025-0.065 m and the solid

a}ﬁ‘%
SSNiasannRpRY
sttty

AT T U

elements varied between 10,720 and 233,280. Figure 19
shows the FE model of the arches for the 1-0.4-0.5-0.2
cases.

During the heat transfer analyses, the temperature dis-
tributions at the arch models were determined by solving
the heat conduction problem in the transient regime. The
thermal conditions of the surfaces forming the boundaries
of the model have an important influence on the solution
of the problem. Here, the initial temperatures of the arch
models obtained in different size cases were defined as 20 °C
(room temperature) and heat transfer analyses were carried
out for the cases where the fire affected the bottom and side
surfaces of the arch models. In the transient regime, thermal
analyses were conducted on arch models of varying sizes
exposed to fire. These models were subjected to the ISO
834 temperature—time curve. The analyses consisted of a
total of 12 steps, each with 15-min time intervals, covering
the entire 180-min fire duration. Finally, the temperature
values of all the nodal points on the FE model of the arches
and the temperature distributions along the cross sections of
the arch models were determined. Figure 20 also presents
the temperature distributions formed at the end of certain
time intervals (30, 60, 90, and 120 min) on the cross section
of 1-0.4-0.5-0.2 cases. Due to the exposure of the lower
and side surfaces of the arch elements to heat, temperature
differences have occurred at the nodal points in the direc-
tion of these surfaces. However, there was no temperature
difference between the nodes in this direction, as there is no
temperature effect on the top of the elements.

4.6 Modal analyses

After the heat transfer analyses, modal analyses were prac-
tised to fire-exposed models to obtain the dynamic charac-
teristics. This approach ensures that the material properties
are considered based on the temperatures corresponding to
all nodes for the respective times. For this, the mesh size
and geometric properties of the FE models used in both heat
transfer analysis and modal analyses should be same. For
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Fig.20 Temperature distributions on the cross section of 1-0.4-0.5-0.2 cases exposed to elevated temperature

Table 14 Material properties used in the FE model for the modal Table 15 Natural frequency changes with the increasing temperature

analyses histories
Temperature Material properties Temperature Natural frequencies (Hz)
) - - - histories - -
Poisson ratio Den51t3y Modulu.s (min) First mode Second mode Third mode
(-) (kg/m’) of elastic-
ity 0 104.48 122.79 188.90
(MPa) 15 100.07 11778 182.47
0 0.2 2302 2300 30 93.23 109.28 171.51
20 0.2 2302 2300 45 88.55 103.28 163.64
200 0.2 2235 2323 60 85.27 99.71 158.61
400 0.2 2124 1426 75 82.07 96.17 153.45
600 0.2 2099 690 90 79.00 92.90 148.63
800 0.2 2038 460 105 75.93 89.63 143.78
1000 0.2 1976 1 130 72.90 86.21 138.67
145 70.09 82.92 133.83
160 67.49 79.77 129.19
175 65.03 76.79 124.30
the modal analysis using results from heat transfer analysis, 180 62.72 74.14 120.18

element type of C3D8R was used. In the analyses, while the
variation of the elasticity modulus and density of the arches
with temperature was taken into account, the variation of the ~ out in Sect. 2 were used. The elasticity modulus of the arches
Poisson ratio with temperature was ignored (Poisson ratio  used in the FE analyses was determined by updating the
was considered as 0.2 for all cases). For the temperature-  procedure in accordance with the AVT conducted under
dependent density value of masonry arches, the values set  laboratory conditions at temperatures of 20 °C and 600 °C.
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As detailed above, compressive strength tests to wall sam-
ples were performed. As known, a direct relationship can be
established between the compressive strength and elastic-
ity modulus. Hence, elasticity modulus values correspond-
ing to other temperature values (200 °C, 400 °C, 800 °C,
and 1000 °C) were determined by extrapolating from the
observed changes in compressive strength. Table 14 presents
the material properties for the modal analyses with the dif-
ferent temperature values.

The duration of exposure to standard fire was determined
for intervals ranging from 15 to 180 min. Table 15 presents
the changing of natural frequencies with the increasing

Fig.21 Mode shapes for both
pre- (left side) and post- (right
side) fire cases

temperature histories. It is evident that increasing the tem-
perature exposure time of the respective arch element leads
to a decrease in the natural frequency values of the element.
The first three natural frequencies decreased as 39.97%,
39.62%, and 36.38%. Figure 21 shows the mode shapes
obtained. The mode shapes for both cases (pre- and post-
fire) are similar.

4.7 Developing formulation and graphs/charts

Heat transfer analyses were conducted on 450 arches of
varying sizes, followed by 5850 modal analyses based

Third mode (vertical)
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on the outcomes of these analyses. Consequently, a sub-
stantial repository of data was generated from all these
analyses. Utilizing this data repository, the objective is to
promptly ascertain variations in the dynamic characteris-
tics of these arches with a temperature history, formulate
findings, and generate graphs/charts to discern stiffness
alterations and damage. The formulation was developed
by conducting regression analysis to determine the natural
frequency values of the first mode for arches of various
sizes and temperature histories.

The independent variables are interconnected and not
entirely independent of each other. The relationships
between the dependent and independent variables are not
necessarily functional, and the values of the independent
variables may vary among themselves. Such non-functional
relationships between variables are often represented with
mathematical expressions, such as regression equations [28].
Equation 1 presents the function used in the study.

YEp = Wo + exp(wl +wWyx; +waxy + o0+ wn+1xn) (1)

In these equations, w, represents the regression coef-
ficients, x, represents the independent variables, and yg,,
represents the frequencies of the first modes of the arches,
which depend on the temperature histories and dimensions.

Given the challenge of modelling extreme values within
the data set, all data pertaining to both the dependent and
independent variables were normalized using Eq. 2. This
normalization process aims to facilitate modelling, minimize
the impact of varying dimensions, and yield more effective
results [29].

X -X..
X, = — M gt b @)
Xmax_Xmin

Here, X, is the normalized value, X,,;, is the smallest
value, and X, is the largest value. In this study, the a and b
coefficients were chosen as 0.8 and 0.1, respectively. Thus,
all data used in the modelling were normalized between 0.1
and 0.9.

IBM SPSS statistics 25 software was used to obtain the
regression coefficients. The coefficients were used and the
model prediction results (fz,) were calculated for the data
set (fpg)- Equation 3 was derived by substituting the calcu-
lated coefficients from Eq. 1.

f1 =0.0117 + exp(0.779 + 10.277S — 25.684H

+0.823W — 0.949T — 0.001¢) )

In this exponential function with five variables, S, H, W,
and T represent the arch span, height, width, and thickness
(m), respectively. Also, t refers to the exposure time (min).
The scatter plot of the predicted values in the regression
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Fig. 22 The scatter plot of the predicted values in the regression anal-
ysis and the calculated values in the FE analysis

analysis and the calculated values in the FE analysis are
given in Fig. 22.

In addition to the formulation proposed, the presented
graphs depict the reduction rates in the natural frequency
values of the first mode, which vary depending on the
temperature histories of arches with different dimensions
exposed to elevated temperatures. These graphs/charts are
based on the results of 5850 analyses. In the analyses, differ-
ent parameters such as spacing, height, width, and thickness
were considered. The graphs/charts were developed for the
width parameters of 0.5, 1.0, and 1.5 m with different span
parameter varying between 1.0 and 15 m with 1.0 m inter-
vals, and five thickness parameters varying between 0.2 and
1.2 m (Figs. 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34,
35, 36, 37). The decrease rates of the first natural frequency
value, depending on the temperature history, are illustrated
by comparing the conditions of 15 different arches with the
same spacing, but without any temperature histories. As
the height of the arch increases, there is a transition from a
flat arch to a semicircular arch. In this case, during the fire
analyses, it was found that the rate of decrease in frequency
values with increasing temperature was similar. Therefore,
the height parameter was ignored in the process of develop-
ing the graphs/charts.

5 Conclusion

This study aims to present the changes in the dynamic
characteristics of masonry arches exposed to elevated tem-
peratures and to develop formulations and graphs/charts for
practical application. The following conclusions are drawn
from the study:
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The density of the wall samples decreased with the
increasing temperature. Also, the compressive strength
of the samples increased up to 200 °C, and started to
decrease after 400 °C. The compressive strength of the
samples decreased by approximately 72—-78% at 800 °C.
The mode shapes obtained were the same for the pre- and
post-high-temperature test.

The natural frequencies of arch models decreased sharply
with increasing temperature histories.

The modal updating procedure was effectively imple-
mented to minimize the differences between the experi-
mental and numerical results.

During the heat transfer analysis, it was concluded that
the mesh size plays an important role in accurately cap-
turing the temperature distributions within the model.

A formulation was developed to compute the first natu-
ral frequencies of the arch, which includes its geometric
dimensions (span, height, width, and thickness) and the
duration of exposure to temperature as key variables.
Graphs/charts were presented showing reduction rates
in the first natural frequency, which vary depending on
the temperature histories of masonry arches with dif-
ferent dimensions exposed to elevated temperatures.
The 20% decrease at the height parameter, considered
in the analysis, led to an increase in the first natural fre-
quency values of the arches with the same span, width,
and thickness. Additionally, it was observed that the
rate of decrease in the first natural frequencies of the
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Fig. 24 Rate of decrease 45
of natural frequencies with .
increasing temperature histories 42 4
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semicircular and flattened arches exposed to high tem-
perature was similar.

e In arches with the same span, height, and thickness, an
increase in the width parameter generally resulted in an
increase in the natural frequency values corresponding
to the first mode of the arches. However, the increase
in the width parameter of these arches exposed to heat
led to a decrease in the natural frequency reductions
depending on the temperature history of the arches.

e In arches with the same span, height, and width, the
increase in the thickness parameter generally caused a

@ Springer

decrease in the natural frequency values corresponding
to the first mode of the arches. In addition, the increase
in the thickness parameter of these arches exposed to heat
caused a decrease in the frequency of the arches depend-
ing on the temperature history.

Finally, it was observed that the rate of decrease in the
natural frequencies of arches exposed to high temperature
was not significantly affected by changes in the span and
height parameters, whereas increases in the width and
thickness parameters decreased this rate.
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This study has observed that in masonry structures, the
dynamic characteristics of arches, which are significant com-
ponents, can be substantially affected following a potential
fire, and efforts have been made to practically determine the
post-fire usage conditions of these elements. With further
research, the diversity of parameters considered in this study
can be increased, thereby expanding the data pool. Addition-
ally, the data pool can be enriched through similar studies
that consider parameters related to different masonry build-
ing materials, various fire models, and surfaces exposed to
fire. The need for extensive finite element analysis, prompted

by the increase in parameters, can be efficiently managed
without the use of a finite element program interface by
integrating simple software based on prepared coding with
batch processing methods. Moreover, to provide more pre-
cise data on the changes in properties of different masonry
materials at high temperatures required for these analyses,
the number of experimental studies addressing this issue
should be expanded. Consequently, it should be ensured that
the accuracy and reliability of the numerical results obtained
are increased.
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Fig. 28 Rate of decrease

of natural frequencies with
increasing temperature histories
for the 6.0 m span and different
cross sections
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Fig.30 Rate of decrease

of natural frequencies with
increasing temperature histories
for the 8.0 m span and different
cross sections
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Fig.32 Rate of decrease

of natural frequencies with
increasing temperature histories
for the 10 m span and different
cross sections
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Fig. 33 Rate of decrease 45 2
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Fig. 34 Rate of decrease 45 :
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Fig. 35 Rate of decrease 45 -
of natural frequencies with . Arch Cross Section
increasing temperature histories 42 -
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Fig.36 Rate of decrease

of natural frequencies with
increasing temperature histories
for the 14 m span and different
cross sections
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Fig. 37 Rate of decrease 45 o -
of natural frequencies with . Arch Cross Section
increasing temperature histories 42 -
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