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ABSTRACT. This paper, presents a simplified analytical modeling approach to determine the structural
behavior of historical buildings. Analytical modeling is a digital tool for determining the behavior of
masonry buildings under the influence of dynamic and static loads. In the analytical modeling process,
different types of elements are involved to represent buildings. Due to the complex geometrical features of
historical buildings, it is significant to the preference for convenient elements. Mardin Great Mosque was
discussed and analyzed for the selection of convenient element preferences. Three different mosque models
were built and analyzed by using three different element types (frame, shell, solid). In the findings of the
paper, the values at the same points on the models were compared. When the first natural vibration period
was examined, the first model is 0.76sec, the second model is 0.76sec, and the third model is 0.71sec. In
addition, considering the base shear under dead load, 98.35% similarity was observed. As a consequence of
the geometrical features of historical buildings, inappropriate definitions and inconvenient element
preferences emerge the results questionable. Therefore, to be able to manage the analytical modeling
process effectively requires accurate and appropriate definitions of the elements to be preferred.
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Introduction

Analytical modeling of the transition zones of large-section masonry walls, vaults, arches and domes
requires careful and precise effort. In the last 20 years, the variety and number of finite element analysis
software have increased and the speed and capacities of numerical analysis have improved considerably. This
advanced software provides well-suited modeling for contemporary architectural and engineering design
projects and construction works. However, numerical modeling of historical masonry buildings, each of which
has its own unique geometrical and constructional features, needs more sensibility and attention. A quick
and simply understandable structural analysis method will enable appropriate decisions to be taken during
the preparation of architectural restoration projects and the planning of repair and strengthening of historical
masonry structures.

Both numerical and experimental studies are conducted to evaluate the structural behavior of historical
masonry structures. Finite element analysis is frequently used as an efficient tool to assess historical
structures (Motsa et al., 2020; Aktas & Turer, 2015; Betti & Vignoli, 2008; Tsutsumoto et al., 2019). Nowadays,
finite elements analysis is an essential structural analysis tool and its use is increasing with the development
of computer technology. It accelerated with partial differential equation solutions by Courant in 1943, and
with the development of computer technology in the 1950s, the finite element model became close to current
use (Wait & Mitchell, 1985). This method enables both 3D static and dynamic building analysis. It is an a
structural analysis method in which linear and non-linear analyzes can be conducted and the results can be
displayed numerically (Bernardeschi et al., 2004; Cordovi et al., 2024; Lucchesi et al., 1994; Alfano et al., 2000;
Sadeghi Movahhed et al., 2023). Linear analysis can be performed to get a quick idea about the structural
behavior. With linear analyzes, similar results can be obtained to real behavior. However, for a more detailed
analysis result, both mechanical experiments and nonlinear analyzes should be applied (Unay, 2002). In
general, it is a numerical computation method for obtaining valuable results for problems in structural
engineering (Hutton, 2003).

Finite element analysis is commonly used to assess the structural behavior of historical buildings. In this
context, various difficulties can be emerged depending on a number of parameters:
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e Lack of knowledge of the complex geometrical properties of buildings (Betti & Vignoli, 2011; Mele et al.,
2003; Pesci et al., 2013; Augusti et al., 2001),

¢ Insufficient knowledge about cross-sections of structural elements (Betti & Vignoli, 2011; Mele et al., 2003),

e The use of many different building materials in the construction, the non-linear elastic behavior of the
material and the difficulty of determining the mechanical properties of these materials (Betti & Galano, 2012).

¢ Inability to detect mechanical and physical changes of the structure over time (Reyes et al., 2008;
Casarin & Modena, 2008) such as these reasons make it difficult to analyze the structural system of historical
buildings. In addition, the fact that some restorations and damages implemented in the building are not
precisely known can also affect the accuracy of the process (Unay, 2002; Pena et al., 2010; Lourencgo, 2001).

Although there have been great developments in the determination of the structural performance of
historical buildings in recent years, the most important and time-consuming stage is still the process of
modeling with finite elements (Betti & Vignoli, 2008; Can et al., 2012; Kutlu & Soyluk, 2024). The complex
geometrical features of historical buildings complicate the uniform model production process. As a result,
each building requires a unique model. In the solution of structural problems, the idealization of the structural
systems is the basis of the finite element method (Pena et al., 2010; Armstrong, 1994; Lourenco, 2002). In the
finite element method, there are many studies that use linear or nonlinear types of analysis. Mele and Duca
(1999), analyzed the seismic behavior of a masonry church building. Elastic analysis results and the final
capacity of 2D elements were compared in the model created using shell and frame elements. Bilgin (2006),
modeled the domes of Mimar Sinan mosques supported by rectangular, hexagonal and octagonal structural
systems with shell elements and analyzed them with a structural analysis program based on the finite element
method. Kiiciikdogan et al. (2010), evaluated the seismic resistance of the Stoudios monastery against future
effects in a study prepared for the structural evaluation of Istanbul's historical buildings. Analyzes were
applied to the models created with shell elements in the Sap2000 program. ilerisoy and Soyluk (2013),
analyzed the structural behavior of a historical masonry clock tower in Dolmabahce Palace with dynamic
analyses. Carhoglu et al. (2014), investigated the behavior of the kumbet in Kars under different earthquake
loads. Shell and solid elements are used together in the model. Korkmaz et al. (2014), examined the behavior
of the Rize Kursunlu Mosque under the influence of earthquakes through the model created with shell
elements. Stavroulaki et al. (2018), a finite element method analysis was carried out using solid elements,
considering the structural behavior of a masonry castle (Frangokastello) in Greece. Tiirer et al. (2012),
conducted a dynamic finite element analysis on the Nemrut monuments to investigate the effects of snow,
wind, vandalism and explosion. Brencich and Sabia (2008), produced a finite element model of the Tanaro
Bridge in Italy. The natural frequencies, mode shapes and damping ratios of the bridge were included in the
study. According to Karaton et al. (2017), a model of the Malabadi bridge was created using solid elements
and the structural behavior of the bridge was determined by performing the analysis. Giincii et al. (2024)
modeled the historical Cadirct Hamam in Erzincan in two different types of 3D models with shell and solid
elements and obtained similar results in the analysis. These studies indicate that numerical modelling is
applicable for different types of structures. Moreover, it can be stated that finite element modelling is also
open to improvement for the analysis of historical buildings since these studies were performed using
different modelling techniques.

In this study, a comparison of the effectiveness of the elements used in the finite element modeling was
implemented the Mardin Great Mosque (MGM) in the city of Mardin, which has an important cultural heritage
in Turkey. The dimensions of the building were determined from the photogrammetric model developed
within the scope of the study. In general, frame, shell and solid elements are used in the models to evaluate
the structural behavior of historical buildings. The difference between these elements is the degrees of
freedom. The number of displacements that can be made by the nodes of the element is defined as the degree
of freedom of the element (Szabé & Babuska, 2021). As the number of nodes increases, the number of
equations the program will solve increases. Solid elements are three-dimensional and have more nodes than
frame and shell elements. Therefore, the analysis process is slower and more time is needed in models using
solid elements. In the finite element model, optimal element selections are required for the correct
representation of historical building elements. The displacement, acceleration and stress values of the
structural system mathematical analyses used with frame, shell and solid elements through the numerical
model of the Great Mosque of Mardin were determined. As a result, similar values emerged in the analysis of
the same model created using 3 different elements (solid, frame and shell). With correct element definitions,
the numerical model showed close behavior. One of the most important situations in the modeling process is
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to assign the correct definitions for the elements. In this context, an important expansion has been realized
in the study that facilitates the structural modeling process.

Material and methods

Measurement, documentation and analytical modeling techniques

Documentation, in its most general sense, is the physical description of the structures (Korumaz et al.,
2011). During the documentation period, the necessary information about the buildings can be obtained from
old photographs, old maps, old drawings and projects, general and private archives, paintings, engravings,
archaeological data and travel notes (Kuban, 2000; Bedate et al., 2004). Documentation is a holistic, inclusive
and lengthy process. Documentation is an extensive set of activities that includes research, examination,
observation, elaboration, definition, terminology and other data acquisition. The geometry of the building or
complex of buildings is not the only parameter to be recorded in the documentation. All the features should
be considered such as social, historical, acoustic, and architectural, which provide the building unique and
special (D’Ayala & Smars, 2003; Bekar et al., 2023). Documentation studies in the process should include the
features that determine the morphology of the building, its current situation and interventions over time
(Halag & Ogililmiis, 2021). In cultural heritage areas, very sensitive documentation can be done by using
traditional terrestrial measurement methods. However, the documentation studies conducted with traditional
terrestrial measurement methods can take a lot of time and require more labor during the work. Considering the
use of tools and equipment, it is generally an expensive process (Westoby et al., 2012). In addition, in studies
conducted with these methods, the possibility of damaging the heritage increases due to the physical contact with
the study areas (Makineci & Karasaka, 2021). For these reasons, with the developing technology, advanced
technology documentation methods come to the fore in the documentation of cultural heritage.

Computer-based methods, and especially digital photogrammetry are recommended as a method that
allows us to detect, measure and monitor the temporal development of some structural problems (Arias et al.,
2005; Zhao et al., 2023). Photogrammetry is the science of obtaining, measuring and interpreting reliable
information about the properties of surfaces and objects without physical contact (Selvaggi et al., 2018). The
analytical modeling process is also related to the measurement and documentation techniques of structures.
Analytical models of structures can be produced with the data obtained during the measurement and
documentation process. Therefore, the practical, reasonable and accurate documentation process will also
contribute significantly to the analytical modeling process. Since masonry buildings have a heterogeneous
feature, various assumptions can be accepted in the analytical modeling process and various strategies are
used according to these assumptions. The structure to be modeled is idealized in different ways from linear
elements, two-dimensional elements (shell), or completely three-dimensional elements (solid).

The great mosque of mardin and its history

The Great Mosque of Mardin (Mardin Ulu Mosque) is located in the Artuklu district of Mardin province,
within the dense historical heritage and in the urban conservation site. It was built on the slopes of Mardin
Mountain towards the south of First Street, which divides Mardin from east to west and is the most important
street in the city. The mosque is located close to the center of the historical city of Mardin. It is one of the
largest and most visited mosques in the region by tourists. According to the written inscription on the base
of the mosque minaret, it was built between 1176-1186 (Caglayan, 2017). There are 12 different inscriptions
in the mosque and it has been determined that the earliest inscription belongs to the Artuqid Period (Altun,
1978; Erdal, 2017).

The mosque, which measures approximately 55 x 40 m in the east-west direction, has a rectangular plan,
a single dome in front of the mihrab, a courtyard and a single minaret (Figure 1; Altun, 1971). The rectangular
planned mosque consists of three main spaces: (1) a sanctuary at the south, (2) a courtyard in the middle and
(3) a portico section at the north.

Mardin Great Mosque was constructed entirely of yellow limestone obtained in the region. These stones
were obtained from the quarries located on the southern slopes of the Mardin urban site (Caglayan, 2018).
The rectangular planned sanctuary of the mosque is covered by the dome in front of the mihrab and barrel
vaults. The fluted dome is the most unique part of the mosque and the most original part of the Artuqid
period. The diameter of the original dome is 8.34 m from the inside and 8.90 m from the outside, and it is
thought to be double-walled.
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Figure 1. Mardin Great Mosque, spatial and section features.

Within the scope of the study, a photogrammetric model was built in order to create digital documentation
of the 2022 data of Mardin Great Mosque and to provide surveys in the analytical modeling process of this
study (Figure 2). Photogrammetry is the technique of measuring objects and the metric interpretation of
image data. The process is conducted with the special modeling algorithm of the software used. Based on
these techniques, 3D models are built from the photographic surface (Yilmaz et al., 2007; Simsek & Isiker,
2024). In addition to the surveys, it was also aimed to document the current state of the mosque in digital
media. During the digital documentation process, 1766 photographs were used. The photographs were added
and aligned to the three-dimensional photogrammetric modeling program (Metashape by Agisoft). These
photos were taken via a smartphone (iPhone 13 Pro Max) and have a size of 3024 x 4032 pixels and a horizontal
and vertical resolution of 72 dpi (dots per inch).

Figure 2. Mardin Great Mosque, 3D dense point cloud obtained from Metashape.

Analytical modelling and simplified structural analysis of the sample structure

Serious problems arise when the large stone masonry columns of the inner arches of the Great Mosque of
Mardin integrated with the vaults are modeled with general shell elements. Since the nodes must be on the
central axis of the shell elements, eccentricities occur at the intersection, which destabilizes the model due
to the irregular geometry of the structure. In such a case, the most accurate modeling option is to use 3D solid
elements instead of general shell elements. However, when the structural elements of historical masonry
buildings are modeled with 3D solid elements, the parts that remain in the interior and are actively bearing,
which cannot be seen and whose cross-section dimensions cannot be determined exactly, cause inaccurate
results. For the analytical modeling of connection regions with complex geometric dimensions and shapes,
the use of frame elements as transition members can be applied as a simplified modeling approach, provided
that they do not contradict the basic modeling and analysis principles of finite element analysis software.

This simplified numerical modeling approach has been tested with the analyzes implemented with three
different partial models considering a specific interior space of the Mardin Great Mosque, which includes the
vaults, arches and arch piers. As shown in Figure 3(A), vault-arch-arch pillar intersections are entirely
modeled with general shell elements. In Figure 3(B), piers of the arches in the same zone are modeled with
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frame elements, taking into account the varying section size. The third numerical model in Figure 3(C),
describes the part of the structure that was then modeled by solid elements to compare with the results
obtained in the first two model approaches. The analysis results performed with these three models are
compared in terms of displacements, base shears, stresses and moments.

(A) ’ (©)

Figure 3. Numerical models, A) MGM-162 with all shell elements, B) MGM-164 with frame and shell elements, C) MGM-166 with 3D
solid elements.

The parts of the historical masonry buildings where the most severe damage can emerge even in a
moderate earthquake are the structural elements of that building such as arches, vaults, columns and wide
facades (Seker & $ahin, 2023). In order to make a realistic prediction for seismic risks on these structural
elements, dynamic and static analyses should be applied. For this realistic prediction, the material properties and
element features specified in Table 1 were assigned for the models built in the study. During the assignment on
Sap2000, ‘other’ was introduced and the material properties listed in Table 1 were directly entered.

Table 1. Material properties and element features of the finite element models (Unay, 2002; Altunigik et al., 2016; Can et al., 2012).

Modulus of Unit weight Poiss
Model Element Type Element Features elasticity kN /m?%] on
E [kN m?] Rate
First Model Masonry walls and vaults (with The north wall was modeled with 200 cm thick
mortar) shell elements, the south wall with 150 cm 450.000,00 24,00 0.2
Second Model Masonry walls and vaults (with  thick shell elements, the arches and columns
mortar) with 115 cm thick shell elements and the vaults 450.000,00 24,00 0.2
Third Model Masonry warlrllso ;:;(i)vaults (with with 70 cm thick shell elements 450.000,00 24,00 0.2

The First Model (MGM-162)

If a typical connection method is used at the intersections of the vaults with the outer walls and arches,
according to the analytical modeling theory based on the nodes the central axes will bond in a very different
way regarding the present state of the structure. In the case of walls with different thicknesses or very thick
walls as in the Great Mosque of Mardin, an eccentricity that cannot be neglected occurs as seen in Figure 4.
The second order moments resulting from this condition raise a critical question about the accuracy of the
results achieved. As shown in Figure 4, a reasonable solution can be applied to overcome this problem.
Assuming that the shear surface at the intersection of the 200 cm-thick wall with the vault is very rigid, 1 cm
thick shell elements with material properties that are weightless and massless but with a very large modulus
of elasticity are placed here. However, there is no specific mathematical theory in determining the stiffness
based on the modulus of elasticity according to the software used to solve the equations and the configuration
of the hardware used. Therefore, in this simplified analysis approach, before the model of the whole structure
is prepared, the modulus of elasticity, which will provide high stiffness, should be tested on a small model
where the analysis results can be compared more easily. As stated above, taking the modulus of elasticity
“E=1.0x109”kN/m2 (“E=1.0x106 MPa) for the definition of a rigid element depending on the software and
hardware will not cause ambiguous results. The applied method is actually introduced in several structural
analysis software in the modeling of contemporary structural systems, with some special elements such as
“LINK” elements or modeling options such as the “rigid end” definition. However, as in the case of the Great
Mosque of Mardin, these options are not used effectively in the analytical modeling of historical buildings
with unusual and complex cross-sectional properties. When frame elements are also used in the simplified
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analytical modeling approach, frame elements defined as having higher stiffness in terms of material
properties can be used to provide a rigid zone in the connections, similar to the rigid shell element. Based on
this assumption, 2 cm diameter circular frame elements were installed to form a rigid grid along the edges of
the shell elements in the connection.

Figure 4. Eccentricity when the analytical model is based on nodal points relative to the central axes of the shell elements and the use
of rigid elements to overcome the eccentricity problem.

The Second Model (MGM-164)

In order to ensure the integrity of the finite element model, it is common practice to use shell elements in
the modeling of pillars in some masonry structures where the arch piers turn into columns. In such cases,
some difficulties arise in the evaluation of analysis results in pillars modeled with shell elements. In many
cases, eccentricity incompatibility occurs in analytical modeling due to the fact that the central axes of the
elements do not coincide when the pillars are joined with structural elements such as vaults, pendentives,
semi-domes and domes. Although the use of frame elements seems to be a practical solution in such cases, it
causes significant modeling problems such as the non-coincidence of axes and inappropriate rigid zone
definition. In the second phase of the analytical model of comparative analyses, the interior arches and arch
piers and abutments of the Great Mosque of Mardin are modeled with frame elements with varying sizes in
10 levels, depending on their cross-sectional dimension. As shown in Figure 5, arches and arch piers are
formed by frame elements with the same mass and weight as the shell elements applied in the first model
(MGM-162), with a thickness of 115 cm, which can be fitted to the thickness of the arch and arch piers, and
with dimensions varying according to the shape of the arch. The "extruded" view, a feature of the Sap2000
program, was confirmed to be applicable to the actual arch dimensions of the frame elements with the features
specified. The part of the frame elements representing the arch and the arch abutments from the axis of the
columns to the apex of the arch is integrated into the vaults with the "rigid grid-frame" and "rigid plate"
elements described in the previous paragraph. Thus, the rigid zone at the connection of arches, vaults and
pillars is defined in accordance with the general formulation of finite element analysis equations.

Figure 5. Frame elements with varying sizes to define the mass and rigidity of the arch piers.
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The third model (MGM-166)

In order to compare the analysis results of the first analytical model formed with shell elements and the
second analytical model assembled with shell elements + frame elements, a third analytical model was
generated for the same part of the structure with 3D Solid elements and analyzed under the same load cases.
The results of this structural analysis, which is assumed to be performed with the most realistic model, were
compared with the results of the analysis carried out with the other two models in terms of the base shear,
periods of modal analysis, displacements and stresses.

The material properties, support conditions and load cases considered in these three modeling approaches
are as follows;

e The modulus of elasticity of the masonry stone wall is assumed to be E=450 MPa, a value widely accepted
for similar structures in the scientific literature.?"%

e The material properties of the rigid elements were accepted as E=1.0x106 MPa as a result of trial-and-error
analyses on various simple models, according to the capability of the software and hardware used, so as not
to create instability in the analyses.

e While the supports of shell elements and frame elements are defined as fixed supports, the supports of 3D
solid elements are defined as hinged supports.

e Although seismic analysis will not be performed, modal analysis was performed to examine the first five
modes to monitor the general geometric shapes of these three numerical models.

The following load cases are applied respectively;

e First, gravity loads in the vertical direction (Dead Loads), in which the self-weight of the structural
elements whose cross-sectional dimensions are defined in a way that fully takes into account the weight of
the structure in the numerical models.

e Then, as the second and the third loads cases, %40 of the mass of all shell and 3D solid elements except
the arches and the arch abutments were applied as horizontal gravity loads in the global X and Y axes.

¢ Since the arch and arch abutments are modeled with frame elements in the MGM-164 model, it is not possible
to load %40 of the weight as horizontal gravity load on the frame elements under the same conditions as in the
shell and 3D solid elements in all analysis software; these elements are exempted from horizontal loading.

When the first natural vibration period was examined, it was observed that the first model is 0.76sec, the
second model is 0.76sec, and the third model is 0.71sec. In all three models, mode 1 was caused participation
proportion in the Y direction, mode 2 was compression and mode 3 caused bending (Table 2). As seen in
Table 3, the periods were calculated almost the same for the first five modes, according to the analyzes
performed with all three models. On the other hand, as a result of vertical load and horizontal loads in x and
y directions, base shear and displacements at randomly selected points were calculated the same in all three
models. When the base shear was evaluated, the same values were determined for MGM-162 and MGM-164,
while there is a 98% similarity for MGM-166. Although the displacements in the MGM-166 model, which is
modeled with 3D solid elements, differ by %10 - %20 at some points compared to the results of the other two
models, it can be said that this is due to the qualities of the numerical model created with 3D solid elements,
which is a completely different modeling feature. In MGM-162 and MGM- 164 models, while the stresses were
calculated in equal values, some small differences were observed in the model prepared with solid elements
due to the element type used. This difference appeared mostly at the intersection of the vaults and the walls.

Table 2. Mode shape 1 of the models - Translation in Y direction.

First Model Second Model Third Model
MGM-162 MGM-164 MGM-166

v e BAGSAL M T2 B3 = Ttonmed e OO st T+ AWK 1 AT

Model Type

e e O et T A 15 T

Mode Shape 1

Translation in Y
direction
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Table 3. Summary of the results structural analysis of the three models.

Analysis Case Units First Model Second Model Third Model
MGM-162 MGM-164 MGM-166
Modal analysis for the T1 second 0.7601 0.7617 0.7112
first five natural periods T2 second 0.4618 0.4623 0.3601
T3 second 0.3349 0.3396 0.3506
T4 second 0.2738 0.2757 0.2492
T5 second 0.2408 0.2416 0.2150
Base Shear DEAD LOAD kN 18289.90 18299.61 17904.91
Fx (HRZTL-X) kN -6437.05 -6437.05 -6283.05
Fy (HRZTL-Y) kN -6437.05 -6437.05 -6283.05
Displacements (At Ax mm 8.61 8.92 5.93
Crown of the vault) Ay mm 59.77 59.69 51.63
Az mm -6.91 -7.02 -7.03
Stresses at uppermost DL S22 kN m -95.65 -95.29 -34
fiber of the vault at DL S11 kN m -2.53 -2.53 -1.58
location A HRZTL-X S22 kN m -35.05 35.67 15.82
HRZTL-X S11 kN m 0.86 0.84 0.21
HRZTL-Y S22 kN m -442.84 -446.67 -382.24
HRZTL-Y S11 kN m -20.52 -20.31 -13.33

Results and discussion

With these comparative analyses, it has been determined that the frame elements, which are relatively
more practical in interpreting the results of analysis, can be used without any problems in spatial structures
that cause some uncertainties when modeled with general shell elements. Historical masonry buildings
usually have unique structural characteristics. Therefore, each case is subject to individual study.

In the case of the Great Mosque of Mardin, the structural assessment of displacements and stresses in the
vaults is more important, while the evaluation of shear stresses and shear forces is significant in stone walls
and arch abutments. Discretization of structural elements such as columns and slender pillars with general
shell elements or 3D solid elements often causes a compatibility problem in the analytical model. Therefore,
this simplified analysis approach proposed for the analytical modeling of historical masonry buildings, which
includes the use of frame elements with shell elements, showed reliable results in the structural analysis
carried out with the partial numerical model of the Great Mosque of Mardin.

The results of the analysis of the numerical model consisting of shell elements (MGM-162) and the results
of the analysis (MGM-164), in which arch abutments and pillars are modeled with frame elements, were
compared at the selected points where the vaults and arch abutments meet. As a result of the structural
analysis carried out with these two numerical modeling approaches, identical results were achieved at almost
the corresponding points in terms of displacements and stresses. In Figure 6(A), Figure 6(B) and Figure 7, the
variation of displacements along the vault curve in the direction of the global Z axis as a result of vertical load
analysis, and in the direction of global X and global Y axes as a result of horizontal load analysis are shown,
respectively. When these figures were examined, it was determined that the displacements in the Z and Y
directions produced the same results, while a 96% similarity was observed due to horizontal loads in the
direction of global X-axis. In Figure 8 and Figure 9, since it is relatively apprehended and simple to evaluate,
as it is due to the geometry of the vault the stresses calculated according to vertical and horizontal loads at
the outermost fiber of the vaults in the direction of the meridians are compared. At the mid-vault corner end
point of the models, MGM-162 had a stress of -106.17 kN while MGM-164 had a stress of -103.63 kN. At the
midpoint of the vault top in the south direction, MGM-162 had a stress of -53.67 kN and MGM-164 had a
stress of -53.91 kN.

The graphs in Figure 10(A) and Figure 10(B) show, more or less the same stress values were calculated at
selected points. Consistent with the results of these comparative analyzes, computations that are more
reliable can be made by appropriately defining the rigid connectors where it is more appropriate to use in
historical masonry buildings with complex geometry and disproportionate member cross-sections.
Considering these figures, it is clear that the stress values are almost 100% similar. At the lower end point of
the vault in the south direction, the vertical load analysis revealed a stress of -6.61 kN in the MGM-162 model
and -6.81 kN in the MGM-164 model.
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Figure 10. The variation of stress in the meridional direction of the vaults — A) Due to vertical and horizontal loadings in the First
Model (MGM-162), B) Due to vertical and horizontal loadings in the Second Model (MGM-162).

Conclusion

Constantly developing analytical modeling and structural analysis methods based on the complex material
properties of masonry are being tested. Usually, in masonry buildings where the load bearing cross-sections
cannot be fully identified by external observations and measurements, modest errors that are ignored due to
the synchronized transfer of numerical data provided by the surface geometry of the building to structural
analysis software may cause much more important errors than predicted. The synchronized transmission of
data about the visible dimensions of the structure provides full assurance about the overall geometry of the
structure. Researchers generally focus on structural analysis methods based on the material model and
mathematical formulation, without questioning the configuration of the invisible main structural system of
the building. Since the analysis results are in terms of displacements, forces and stresses, no matter how
precise the analysis methods are, incomplete and inaccurate data transfer due to geometric dimensions make
the results questionable.

Photogrammetry, which has been integrated into the documentation process of historical buildings in
recent years, can also provide data for the finite element model. Especially, the build of a digital 3D
photogrammetric model reduces the need for field studies. The required measurements can be easily obtained
from the 3D model. In addition to measurements, direct data transfer via photogrammetric models is also
possible. The suitability and idealization of the data transferred to the structural analysis program to
represent the real state of the building must be checked. Otherwise, data transfers will not make the process
easier and may lead to complicated and inaccurate results. Unquestioned confidence in the material model
and analysis methods leads to misinterpretation of the structural behavior and current structural capacity of
the building.
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