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Abstract: This study describes the seismic assessment of the Archangeloi (Bagmelekler) Church
in Kumyaka (Sige), Tiirkiye. The Archangeloi Church is an important religious monument that
has survived to the present day from the eighth century. Through field surveys, the structural
system, damages and masonry texture were determined. Pushover analysis was performed with
OpenSees software, which has an advanced nonlinear analysis capability. The Damage TC3D material
damage model with advanced features was used, allowing a more stable and effective application
of mixed implicit-explicit analyses. Displacement-based pushover analyses were performed with
different control points, and the damage patterns, ultimate strength and strength reductions were
obtained effectively. The pushover analysis reflected the structure’s expected behavior, especially
its post-ultimate strength and failure patterns, owing to the material damage model’s advanced
mixed implicit-explicit capacity. Kinematic analyses were performed to determine the overturning
mechanisms. Due to the analysis assumptions and pre-assigned failure mechanisms, lower failure
multipliers were obtained with the kinematic analysis than with the pushover analysis. Under seismic
loading, the structure did not satisfy the required performance targets. Extensive damage occurred
throughout the structure, even at the lowest performance levels. The selected modeling/analysis
method and material damage model to determine this church’s structural performance reflect the
expected structural behavior.
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1. Introduction

Masonry structures constitute a large part of the structures that have survived from
the past to the present in the world today. An important part of these are monumental
masonry structures (fortresses, towers, temples, mosques, churches, etc.). Determining
monumental masonry structures’ structural safety against adverse external influences such
as earthquakes is essential. Particularly in earthquake-prone zones, this issue grows more
urgent. Thus, the seismic performance of masonry structures should be evaluated using
the most accurate and real-life methods, especially in seismically active regions.

The vulnerability of cultural assets and the crucial necessity of risk reduction from
economic, cultural, and social perspectives have been consistently underlined in the dam-
age assessments of iconic buildings following seismic disasters in several nations. The
monumental building typologies include castles, towers, convents, monasteries, churches
and palaces. After an earthquake, each typology exhibits distinctive responses, behaviors
and recurrent damage mechanisms [1-7].

Evaluating the global behavior of churches can be a challenging task in engineering
practice due to their intricate geometry, which cannot be accurately represented through
straightforward methods. Instead, more advanced models such as the finite element (FE)
approach are needed, but this method requires greater computational resources [8-12].
Some other studies present similar procedures that were successfully applied to complex
masonry buildings [13-15].
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Plastic damage models have gained widespread usage in the analysis of masonry
structures. The effectiveness of these models for assessing the structural behavior of histori-
cal monumental masonry structures is well-established, primarily because they require low
computational resources and can accurately represent intricate geometries [1]. Monumental
structures often feature dense and irregular masonry, making it difficult to characterize
their mechanical properties. This is further complicated by the strict restrictions on de-
structive testing for these building types [16]. Information on the mechanical properties of
materials used in historic masonry structures is usually scarce. These considerations have
led to the adoption of isotropic nonlinear models in the analysis of monumental masonry
structures. Several research studies that have utilized isotropic smeared crack, damage, and
plastic damage models have been conducted successfully on historical masonry structures,
including palaces [17-20], towers [21-26] and churches [27-31].

This study focuses on the seismic performance of the Archangeloi (Basmelekler)
Church in Tiirkiye. Through field surveys, the masonry texture and damages were deter-
mined. The seismic performance of the masonry church was determined via an advanced
material damage model and nonlinear analysis software. It is anticipated that the method-
ology employed in this study will contribute to the literature by providing a more accurate
assessment of the seismic performance of masonry structures.

2. Description of the Structure

The Archangeloi (Basmelekler) Church is located in the Kumyaka region of the Mu-
danya district, Bursa city of Ttuirkiye. Kumyaka is named Sige, Siyi or Syyi in the literature
and is located south of the Marmara Sea. The location of the structure is shown in Figure 1.
The church, with traces of the Byzantine Period, has undergone significant renovations
with the interventions of different periods until today. It is an iconic religious monument
that has taken its place in the literature in various research studies since the beginning of
the 20th century. The main parts of the Archangeloi Church are in ruins at present and
without structural integrity. Severe damages have occurred in the structure over time due
to the removal of the outer narthexes” and woodworks’ roofing and the removal of dome
coatings [32].
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Figure 1. Location of the Archangeloi (Bagmelekler) Church.

2.1. Historical Survey

The Archangeloi (Basmelekler) Church has been studied by many researchers, espe-
cially in the last century. The architectural features and history of the church are presented
in some studies. Hasluck [33] mentioned Kumyaka and the Archangeloi (Basmelekler)
Church in his work by mentioning its location details, architectural properties and some
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inscriptions that are lost today. This church’s first known architectural plan is presented
in his study. Bates [34] stated in his study, wherein he gave information about the Early
Christian, Byzantine and medieval structures, that the Sige Archangeloi Church was built
in 780, only the naos and apsis parts remained original, and the other parts were modern
period additions.

Soykan A.N. [35] conducted extensive architectural and historical studies on the church.
As given in her study, there is no surviving evidence about the construction date of the church,
which is called “Taksiarkhi”, “Archangeloi”, “St. Mikhael” or “Archangels (Basmelekler)”.

Buchwald [36] identified seven periods of the Archangeloi Church based on the
construction techniques and material properties in his book, which is the only monographic
work on the church. According to the study, the main church (see Figure 2) dates between
the first quarter of the 8th century and 780. The north of the narthex’s north wall, the
southeast corner of the narthex, and the southwest wall of Location-A (the exonarthex)
date back to the ninth century. The south of the narthex’s north wall dates after the 14th
century. Two independent columns on the north wall of the narthex, the two columns
on the south wall, and the east and west ends of the south wall date to the mid-15th and
early 19th centuries. The west walls of Location-A (the exonarthex) and Location-B (the
Anargyri/Healing Room); the west, north and east walls of Location-C (St. Haralambos
Chapel); the north and south walls of Location-D; the east and south walls and a part of the
north wall of Location-G (St. Nikolaos Chapel); and a part of the east wall of Location-H
(the entrance) date back to 1818. The northern part of the east wall of Location-H dates to
1862, and the southern wall dates between the 19th and 20th centuries [35].

Soykan A.N. [35] obtained data that support the historical process in the lost tablets
and inscriptions. Cross monograms used after the eighth century were found in the church.
These findings support the information that the first construction date of the church was
780. The Archangeloi Church has taken its present form with additions since the first
construction period in the historical process. The belief that the church had a healing
feature ensured that the structure could survive unharmed until the 1923 Population
Exchange. It has been concluded from the studies that the Archangeloi Church was an
important center for Christians and even Muslims [35]. Soykan and Giir [37] studied the
wall paintings in the church and pointed out that the findings indicate the first half of the
eighth century.

2.2. Geometrical and Structural Description

The plan, section and facade views of the structure are given in Figures 2 and 3. The
church is structurally investigated in two parts as the “Main Structure” and “Perimeter
Walls”. The “Main Structure” consists of two parts called the naos and the narthex. The
“Perimeter Walls”, on the other hand, represent the outer walls around the “Main Struc-
ture”. There are two domes in the naos and narthex. The dome in the naos part has an
inner diameter of approximately 6.40 m, and the dome in the narthex part has an inner
diameter of approximately 3.25~3.40 m. There are pendentives and arches under the domes.
The structure has walls and pedestals with varying thicknesses and marble pillars with
diameters of 30~50 cm.

Since the building consists of many places built in different periods, the masonry
typology also differs. It was observed that rubble stone, rough-cut stone, brick and marble
materials of different sizes and properties were used irregularly throughout the building.
This variability exists even in different parts of the same wall and creates significant diffi-
culties in defining the masonry pattern for the analysis model. Szabo et al. [38] presented
classifications of irregular masonry patterns in historic masonry structures. As given in
this study, different types of masonry patterns were defined by the Italian Ministry of
Infrastructures and Transportation [39]. Considering the predominant masonry patterns
in the church of Archangeloi, the walls/pedestals are Type C (uncut stone masonry with
a good texture); the domes, arches, vaults and pendentives are classified as Type F (solid
brick masonry). Binda [40] grouped masonry sections into four classes according to the
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number of layers and joint filling. Class A, Class B and Class C consist of a single leaf,
two distinct leaves, and two outer leaves divided by an inner rubble core, respectively.
Class D comprises stone masonry structures that use dry joints. According to this work,
the stone walls/pedestals of the Archangeloi church belong to Class A. In Class A, the
walls/pedestals are constituted by regular or irregular stones bonded together with thick

mortar joints. There are marble pillars in the structure.
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(a) Floor Plan view (b) Roof plan view

Figure 2. Floor and roof plan views of the structure [41].

Facade D-D

Facade C-C

Figure 3. Section and facade views of the structure [41].

2.3. Visual Inspection
Some recent exterior views of the structure taken from Genim [32] are given in Figure 4.

In the current state, a temporary steel roof /wall system protects the structure against
external effects. Some views of the “Naos” and “Narthex” parts forming the main structure
are presented in Figures 5 and 6. Significant cross-section losses, cracks and damages were
observed in the brick masonry of the domes, arches and pendentives in these locations. A
loss in the mortar between the bed and head joints of bricks was found. A severe crack
continues across almost the entire height in the quarter-sphere part of the structure at the
north of the plan (the naos). Cracks were observed on the edges of the brickwork in the
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dome at the naos. There are severe cross-section losses and deterioration in the arch and its
stonework located south of the narthex. This part has a high-risk state in terms of structural
stability. Significant damages and cross-section losses were observed on the stone main
walls and pedestals in the naos and narthex parts. There are gaps in the joints of the stone
walls. It is clear that the interventions on the walls were made with dissimilar materials.
Some window openings were filled using different materials (Figures 7 and 8). Vegetation
was observed on the facades and domes of the structure.

Figure 5. Views of domes, arches and pendentives at naos.
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Figure 7. Cracks in the domes and arches.

Views from the St. Nikolaos Chapel, West Narthex, South Narthex, St. Haralambos
Chapel and Healing Room locations are presented in Figure 9. In the current state, only the
walls of these structures are left. The ruins of these walls have stone masonry. Losses in the
cross-section area and joint mortars, severe cracks and excessive deterioration were found
in these walls. It was observed that some of the timber bond beams on window openings
have gone missing in time due to decay, and there is severe damage on those left. In some
parts, the masonry pieces above the windows are also destroyed. Similarly, the wall parts
behind the niches are damaged and opened. Some window and door openings were filled
with dissimilar materials. The wooden beams inside the walls have been damaged due to
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decay, and some of the beams have been lost. Partial interventions were made on some of
the walls using different materials.

Figure 9. Views of West-South Narthex, St. Nikolaos Chapel and Haralambos Chapel.

3. Seismic Assessment Criteria

Various methods are presented for determining masonry structures’ seismic perfor-
mances in the seismic codes. The examined masonry structure’s performance criteria
and target performance level were adopted from the provisions presented in the “Seismic
Risks Management Guide for Historical Structures, SRMGHS17 [42]”. In the SRMGHS17,
different performance levels are defined considering a structure’s importance level and
state of usage. The SRMGHS17 states that the seismic loads on a structure should be
found based on the criteria presented in the “Turkish Building Seismic Code, TBSC18 [43]".
Accordingly, the TBSC18 was used for calculating the seismic loads, and the structure’s
target performance level was determined using the SRMGHS17.
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In the SRMGHS17, the DD-1, DD-2 and DD-3 earthquake levels are defined. The return
periods of these earthquakes are defined as 2475, 475 and 72 years with 2%, 10% and 50%
probabilities of exceedance in 50 years, respectively. Three structural performance levels
are defined for historic masonry structures in the SRMGHS17. The term “Limited Damage,
LD” denotes the extent to which nonlinear behavior is constrained, allowing for only
minor damages. The term “Controlled Damage, CD” signifies the level at which structural
members can sustain repairable damages. The term “Prevention of Collapse, PC” represents
the level of structural damages that are excessive and severe, but the collapse of the structure
is prevented, partially or entirely [42]. The pushover curve and limits are presented in
Figure 10 as adopted from the SRMGHS17. In the SRMGHS17, performance objectives are
established based on a historical structure’s function, significance and current usage state
(Table 1). The soil and seismic parameters are given in Table 2. The TBSC18 was utilized to
determine these parameters by taking into account the location and soil properties.

A

Total Shear

—_————————g

D
cD

1V
e
~0.3% ~0.7% ~1.0%

Drift Ratio

Figure 10. Pushover curve and limit states [42].

Table 1. Earthquake levels and performance targets [42].

Locally Important Nationally Important Internationally Important
Historical Structures Historical Structures Historical Structures
DD-3 — CD DD-3 — LD DD-2 — LD
DD-3 — PC DD-2 — CD DD-1 — LD
DD-2 — PC DD-1 — PC DD-1 — CD

Table 2. The seismic and soil parameters.

Parameter Value/Class
Local soil class zC
Earthquake ground

DD-3, DD-2, DD-1

DD-3, Sg = 0.346, S; = 0.099
DD-2, Sg = 0.884, S; = 0.239
DD-1, S = 1.689, S; = 0.450

motion level

Spectral acceleration
coefficients

4. Numerical Model and Eigenfrequency Analysis
4.1. Finite Element Model

With the developing technology, advanced laser scanning methods are available
with which the geometry of complex structures is obtained in great detail. Terrestrial
laser scanning (TLS) and digital photogrammetry (DP) provide an effective way to acquire
complex shapes [44]. These methods provide the actual geometry of a structure by creating a
point cloud insensitive to the separation between structural and non-structural components.
In the next stage, the structure’s geometry is transformed into an FE model by applying
some methods. In this work, since TLS and DP data were not available, an FE model was
created by modeling the structural elements with the traditional method. The finite element
(FE) model of the church was prepared to reflect the current state based on architectural
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surveys and visual inspections. Crack patterns and local damages are not considered in the
FEM. The FEM is an idealized model that represents the uncracked state.

In this study, different software were chosen to use their powerful features. A CAD
model of the structure was prepared using AutoCAD v2020 [45] software (Figure 11). The
model includes main walls, domes, pendentives, arches, pillars and perimeter walls. The
CAD model was imported into “Ansys SpaceClaim v2021r2 [46]” software. The model was
prepared for meshing by determining the interacting surfaces with the software’s “share
topology” feature. The meshing was carried out with “Ansys Mechanical v2021r2 [47]”
software, and the analysis-ready FE model was formed (Figure 12). The meshed FE
model has 149,000 4-node tetrahedral elements. The model was transferred to “Midas Gen
v2020 [48]” software, and material, section properties, loading and boundary conditions
were defined in the software. Lateral loadings representing the seismic loads were applied
as “Mass Proportional” loads. A uniform horizontal acceleration pattern was assumed.
Some previous works [49,50] propose that this loading method is suitable for obtaining
results in accordance with nonlinear dynamic analyses. Midas Gen data were converted to
“OpenSees” [51] data. Finally, the structure’s FE model was analyzed with the OpenSees
v3.2.2 software by performing nonlinear pushover analyses. The OpenSees software
was chosen because of its advanced nonlinear analysis capacity and allowing the use
of advanced material damage models. After performing the analyses, the results were
post-processed with STKO v2.0.0 software (Scientific Toolkit for OpenSees [52]).

Figure 12. Meshed finite element analysis model of the structure.
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4.2. Material Properties and Damage Model

Table 3 presents the mechanical properties of the masonry. The main walls/pedestals
of the church include regular or irregular stones with good texture. Solid bricks are used
in the domes, arches, vaults and pendentives. Without available results from a specific in
situ test, the mechanical properties were recommended in the codes. In the Archangeloi
Church, the walls/pedestals are Type C; the domes, arches, vaults and pendentives are
classified as Type F based on Table C8A.2.1 of [39]. Table C8A.2.1 of [39] and Table 6.1 of [42]
suggest similar mechanical properties according to the masonry typology. The reduction
coefficients of the mechanical properties were applied to Table C8A.2.2 of [39] and Table 6.2
of [42]. Poor-quality mortar and local material degradation were reflected in the mechanical
properties using these reduction factors. In the literature, many studies have used Table
C8A.2.1 and Table C8A.2.2 of [39] in the absence of in situ tests to determine mechanical
properties [44,53,54]

Table 3. Mechanical material properties.

Definition Symbol Walls Arches/Domes
Masonry element type - Stone Brick
Density, kN/m? - 20 18
Compressive strength, MPa fi 1.60 2.3
Shear strength, MPa fuko 0.05 0.08
Tensile strength, MPa f; 0.075 0.12
Modulus of elasticity, MPa E 1400 2100
Shear modulus, MPa G 240 350
Tensile fracture energy, N/mm Gt 0.03 0.1
Compressive fracture energy, N/mm Ge 7 10

In this study, the Damage TC3D advanced material model, which was developed by
Petracca et al. [55] and Petracca and Camata [56], was used for the nonlinear behavior of
the masonry material. This model takes into account residual plastic strains from damage
during both tensile and compression. The tensile and compressive uniaxial law curves of
the Damage TC3D model are presented in Figure 13 [55]. Moreover, the model implements a
mixed implicit-explicit integration, which is more stable and efficient in masonry structures.
This model is also used in various studies [57,58]. Bianchi et al. [58] performed a nonlinear
incremental dynamic analysis of a masonry structure with the available experimental
results. The Damage TC3D material model was applied with a macro-modeling approach.
The study stated that the Damage TC3D material model is quite stable and allows hysteretic
behavior also during tension. When the numerical results and experimental results were
compared, it was seen that the crack pattern and out-of-plane mechanisms were obtained
quite well with the numerical model.

— — & curve
-—&— control points

T

En

m

Figure 13. Tensile and compressive uniaxial law of Damage TC3D material model [55].
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4.3. Eigenfrequency Analysis

To determine the dynamic characteristics of the church, an eigenfrequency analysis
was conducted using the FE model. The deformed shapes and periods of the primary
vibration modes are depicted in Figure 14. In this figure, Mode 7 (T = 0.123 s) and Mode 8
(T = 0.115 s) have the highest mass participation and represent the dynamic behavior of the
main structure. On the other hand, Mode 1 (T = 0.226 s) and Mode 2 (T = 0.164 s) represent
the perimeter walls” dynamic behavior. Even though their modal participation is low, the
obtained period values are high.

Mod 8 T:0.115 sn Mod 7 T:0.123 sn Mod 6 T:0.131 sn
PMRx=0.01% PMRx=20.48% PMRx=14.46%
PMRy=0.01%

PMRy=36.3% PMRy=0.15%

LS

Mod 18 T:0.063 sn Mod 2 T:0.164 sn Mod 1 T:0.226 sn
PMRx=8.47% PMRx=1.48%
PMRy=0.04% PMRy=6.49%

PMRx=11.27%
PMRy=1.36%

Figure 14. Eigenfrequency analysis results.

5. Nonlinear Safety Analysis

The structure’s performance was determined by performing finite element analyses in
the vertical and orthogonal directions.

5.1. Vertical Loading

The displacements, material damage and max/min principal strains of the structure
under vertical loads are shown in Figure 15. The displacements under vertical loads are
quite low. When the tensile and compressive strains are compared with the allowable values
according to the masonry wall type, it is seen that the limit values are not exceeded. The
principle strains and material damages remain low, as expected. Regarding vertical loads, the
structure possesses adequate strength against both tensile and compressive deformations.

Displacement Material damage
Magnitude, mm d+ Tension
1.50 0.771

1.31 0.675

112 0.578

0.94 < 0.482
0.75 y 0.386
0.56 0.289
0.37 0.193
0.19 0.096
0.00 0.000
Material strain Material strain
Principal max Principal min
536x1073 -6.55x10°7

4.66x10"3 -791x10-%
-1.58x10°*

1.19x10°5 ~471x107
z
491x10°5, 4 -5.50x1074y 4 3
2.04x10-5 **® -6.28x10+ **

Figure 15. Displacements, material damages and max/min principal strains under vertical loads.
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5.2. Horizontal Loading

A horizontal loading analysis (pushover analysis) of the structure was performed
in two stages. In the first stage, only the mass and earthquake loads of the “Naos” and
“Narthex” parts, which are called the “main structure”, were taken into account. Although
the perimeter walls were included in the model to reflect the actual stiffness, but their
masses were not considered. The dynamic characteristics and displacements of the perime-
ter walls and the main structure were quite different. While the perimeter walls had
extremely high displacement values, the values of the main structure were much less.
When the perimeter walls were selected as the analysis control point, the load decreased
before the main structure capacity was reached due to the nonlinear analysis. On the other
hand, when the main structure was selected as the analysis control point, the perimeter
walls were displaced too much in a single step of the following stages, and balancing
problems arose in the iteration. Thus, in the first stage, seismic loads were applied only to
the main structure, and a point in the main structure was selected as the analysis control
point. In the second stage, the strength of the masonry elements was examined by applying
seismic loads to the perimeter walls. The ultimate strength values and the damages on the
structure were compared with the damage definition at the target performance level to
determine if the structure mets the necessary performance criteria.

Nonlinear pushover analyses were performed with a displacement-based control. The
control points were determined by considering the displacements that occurred throughout
the analysis. After the maximum strength was reached, the lateral displacement in a part
of the structure increased rapidly with the decrease in strength. This part exhibited the sep-
aration behavior as a block. The control point was the point where the lateral displacement
was the highest in this block that tended to separate. Although the displacement at the
control point was less than at the other points from the beginning of the analysis until the
maximum strength was reached, the maximum displacement occurred at the control point
at the end of the analysis.

5.2.1. Pushover Analysis of the Main Structure (Naos and Narthex)

Horizontal force—displacement graphs throughout the pushover analysis of the main
structure are given in Figure 16. The horizontal forces are presented by proportioning the
forces to the weight of the structure’s earthquake load (mass) defined part. The vertical
axis in these graphs is named as the seismic coefficient. Displacements at the ultimate
strength and loading control points are shown in Figure 17. As can be seen in this figure,
the maximum values of the seismic coefficients of the structure under the push-xp, push-xn,
push-yp and push-yn loadings are found as 0.44, 0.70, 0.61 and 0.73, respectively. Strength
reduction occurs after reaching the ultimate strengths. Although there are higher displace-
ments than the control point in some parts of the structure at the ultimate strength point, the
displacement values at the selected control points in the following loading steps increase
faster and determine the structural behavior and collapse mechanism. Figures 18 and 19
show the damages at the ultimate strength under the lateral loading. When the damage
distributions are examined, it is seen that the material damage limits are reached and
partially exceeded at many points when the ultimate strength is reached. After this step, the
structure’s load capacity starts to decrease and continues as strength reduces, as expected.

In the DD-3 earthquake, which was one of the target performance earthquakes, a
seismic load of 0.45 of its weight acted on the main structure. In Figure 16, the direction
with the lowest seismic resistance of the structure is seen as xp. The seismic coefficient
of the structure in this direction is 0.44. Since this value is very close to 0.45, it can be
said that the target strength is reached in the DD-3 earthquake. However, the “Limited
Damage” performance target for the DD-3 earthquake cannot be satisfied, because when
the distribution and amount of the damages throughout the main structure are examined
(Figures 18 and 19), it is clear that the occurred damages are beyond the limited damage
level defined by the code. In the limited damage definition of the code, the “nonlinear
damage may occur in the structure but should be limited” statement is present. The
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damages obtained in the structure are higher than those in this definition. The distribution
and amount of the damages show that the structure can only satisfy the “Prevention of
Collapse” performance target in the DD-3 earthquake.
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Figure 16. Pushover analysis graphs of the main structure.
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Figure 17. Displacement contour of the main structure at ultimate strength under lateral loads.
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Figure 18. Material damages in the main structure under push-xp and push-xn loadings.
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Figure 19. Material damages in the main structure under push-yp and push-yn loadings.

5.2.2. Pushover Analysis of the Perimeter Walls

Horizontal force-displacement graphs throughout the pushover analysis of the perime-
ter walls are given in Figure 20. Displacements at the ultimate strength and loading control
points are shown in Figure 21. The maximum values of the seismic coefficients of the
perimeter walls under the push-xp, push-xn, push-yp and push-yn loadings are found as
0.31, 0.28, 0.43 and 0.29, respectively. Figure 22 shows the damages at the ultimate strength
under the pushover loading. When the damage distributions are examined, it is seen that
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the material damage limits are reached and partially exceeded at many points when the ul-
timate strength is reached. The capacities of the perimeter walls vary between 0.28 and 0.43.
The perimeter walls do not reach the performance target for the DD-3 earthquake level.
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Figure 20. Pushover analysis graphs of the perimeter walls.
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Figure 21. Displacement contours of the perimeter walls at ultimate strength under lateral loads.
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Figure 22. Material damages in the perimeter walls under lateral loads.

6. Kinematic Analysis

Kinematic limit analysis is a significant technique for assessing masonry structures’
seismic safety. Heyman presented the assumptions underlying the hypotheses on masonry
behavior, including the absence of tensile strength, infinite compression strength, and the
absence of sliding at failure [59,60]. Kinematic limit analyses have been used to evaluate
the seismic safety of many historical masonry structures [9,17,44,61]. As presented in the
SRMGHS17, kinematic analysis comprises several steps, including identifying probable
failure mechanisms, computing the lateral force required to trigger each failure mechanism
type along with the corresponding seismic acceleration, and determining the horizontal
seismic acceleration necessary for assessing the failure mechanism by comparing the
capacity. As shown in the SRMGHS17, kinematic analysis employs the virtual work
principle expressed in Equation (1):

n m n m
g ) Wi-Oyitag) F-duj—) Wi-dyi—) F-6,;=Ls ©)
=1 j=1 i=1 j=1

where « is the spectral acceleration of the mechanism activation. W and F represent the
weights of each part and single loads, respectively; W and F’s horizontal and vertical virtual
displacement components are denoted by Jx and 4. Ly refers to the total virtual work of
the internal forces. Equation (2) calculates the spectral acceleration of the mechanism of
ap* activation:

m n m 2
W,' 5;(,1' + 2 Fj 5x,j %
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Y Wi+ Y
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This equation incorporates the effective participating mass denoted by M*, gravity
acceleration represented by g, and participating mass factor denoted by e*. If Equation (3)
is satisfied, the design earthquake will not trigger the examined mechanism.

The failure mode occurs at the ground level — : ag* > a.* = O 9DS

¥ ®)
The failure mode occurs above the ground level : ay* > a.* = M

The equation presented in the SRMGHS17 includes several terms: a; X Sps, which
is the spectral acceleration value at Ty; Sps, the coefficients for the acceleration response
spectra at short periods; S(T1), the horizontal elastic spectral acceleration of the first mode
of the structure in the considered direction; ©(z/H), the first mode shape of the kinematic
mechanism normalized according to the peak; and I', a modal contribution factor, and, for
single-story buildings such as churches and mosques, I can be assumed to be 1.1. R, is the
behavior factor taken as two.

Figures 23-25 are presented for the examined kinematic failure mechanisms. The
figures show that these failure mechanisms are determined mainly by considering the dis-
placement and damage distribution. Displacement-controlled nonlinear pushover analyses
using an advanced material damage model enable higher displacements at post-ultimate
strength. The critical failure behavior and the mechanisms to be examined were deter-
mined by evaluating this advanced displacement and damage distribution. Accordingly,
overturning mechanism conditions were checked for the perimeter walls and some parts
of the main structure. Table 4 presents the kinematic limit analysis results for the failure
mechanisms. Each failure mechanism was compared with the accelerations that would
affect the structure at the DD-1, DD-2 and DD-3 earthquake levels, and whether it had
the necessary structural safety was checked. The table shows that the perimeter walls
activate the overturning mechanism at the DD-1 and DD-2 earthquake levels, while the
main structures activate it only in the DD-1 earthquake. In the DD-3 earthquake, which
is one of the performance targets, the examined failure mechanism shows that both the
perimeter walls and main structures have adequate structural safety.
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0.37
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Figure 23. Displacements, damages and failure mechanisms of perimeter walls in push-x directions.
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Figure 24. Displacements, damages and failure mechanisms of perimeter walls in push-y directions.

MSO

Figure 25. Failure mechanisms of main structure.

Table 4. Failure mechanisms and results of the kinematic limit analysis.

Mechanisms o ag () Earthquake dc(g) aclay Check (ac/agp)
DD-1 0.41 3.12 Not OK
PWO1 0.130 0.130 DD-2 0.21 1.63 Not OK
DD-3 0.09 0.69 OK
DD-1 0.41 3.33 Not OK
PWO2 0.122 0.122 DD-2 0.21 1.74 Not OK
DD-3 0.09 0.74 OK
DD-1 0.41 3.13 Not OK
PWO3 0.130 0.130 DD-2 0.21 1.64 Not OK
DD-3 0.09 0.69 OK
DD-1 0.41 3.03 Not OK
PWO4 0.134 0.134 DD-2 0.21 1.59 Not OK
DD-3 0.09 0.67 OK
DD-1 0.41 1.16 Not OK
MSO1 0.348 0.348 DD-2 0.21 0.61 OK
DD-3 0.09 0.26 OK
DD-1 0.41 1.83 Not OK
MSO2 0.221 0.221 DD-2 0.21 0.96 OK

DD-3 0.09 0.41 OK
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Figure 26 presents the failure multiplier obtained as a result of the kinematic and
pushover analysis for failure modes. The lowest value was obtained with the kinematic
analysis due to the assumptions of the analysis (rigid block behavior and no tension
material) and pre-assigned failure mechanisms. Conservative results were obtained with
the kinematic analysis. Historical masonry churches have irregular structural geometries,
unlike buildings. This situation causes the structure’s pre-assigned failure mechanisms to
not adequately reflect the actual behavior. The results of the kinematic analysis deviate from
the actual behavior due to reasons such as having walls perpendicular to the examined part
and the connection details between the vertical walls. Therefore, accelerations may exist
that do not reflect the actual behavior of the structure. Milano and Valente [9] and Olivito
and Porzio [44] similarly evaluated the results of a kinematic analysis in their studies. It
was concluded that displacement-controlled pushover analysis performed with advanced
material damage models better reflects the expected behavior of this structure and more
accurately determines the actual failure patterns and the structure’s capacity.

0.7
Kinematic Analysis
0.6 - i e - = ~
Il Pushover Analysis
0.5+
b 0= EEr RoEsnss IR ER - 2R ibis SERaTE - Shinan: eSS S =
S 03 S e e
0.2+
0.1+
0.0 T
PWO1 PWO2 PWO3 PWO4 MSO1 MSO2

Figure 26. Comparison of the failure multipliers of kinematic and pushover analysis.

7. Conclusions

The present work investigated the seismic assessment of the Archangeloi (Basmelekler)
Church in Kumyaka (Sige). The Archangeloi church is dated to the eighth century and is
an important religious monument known in the literature from the beginning of the 20th
century. The results and conclusions of this study are presented below.

e  Field surveys were conducted, and the structural system, damages and masonry tex-
ture were determined. Since the building consists of many parts built in different
periods, defining the masonry pattern is difficult. The walls and pedestals include regu-
lar or irregular stones with good texture masonry. The domes, arches and pendentives
are made of solid bricks.

e  Significant cross-section losses, cracks and damages were observed in the domes,
arches, pendentives, main walls and pedestals. Some walls and window openings had
interventions with different materials, and some of the wooden bond beams on the
windows disappeared in time due to decay.

e Displacement-based pushover analyses were performed to determine the ultimate
strengths, strength reductions and damage patterns with OpenSees software, which
has an advanced nonlinear analysis capability. Different control points were chosen to
determine failure patterns under seismic loads. The Damage TC3D material damage
model with advanced features was used. This model allows more stable and effective
implementation of mixed implicit-explicit nonlinear analyses, especially in higher
displacements. The nonlinear pushover analysis reflected the expected behavior of
the structure, especially at the post-ultimate strength. The displacement-controlled
nonlinear analysis with sophisticated material damage models effectively determined
the behavior after reaching the ultimate strength and local failures.
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e Kinematic analyses were performed to determine the failure mechanism. Overturning
mechanisms were checked for the perimeter walls and some parts of the main structure.
The failure mechanisms were determined by considering the advanced displacement
and damage distribution resulting from the pushover analysis. When the kinematic
and pushover analysis results were compared, as expected, lower failure multipliers
were obtained from the kinematic analysis due to the analysis assumptions (rigid
block behavior and no tension material) and pre-assigned failure mechanisms. The
irregular geometries of historic masonry churches make it difficult for pre-assigned
failure mechanisms to reflect actual behavior.

e  The church did not satisfy the performance targets when the damages in the pushover
analysis results were examined. Extensive damage occurred in the structure, even at
the lowest seismic performance target. It was concluded that the analysis method and
chosen material damage model to determine the structural performance of this church
reflect the expected behavior of the building.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.

Acknowledgments: The author would like to thank Sinan Genim, Yenilem Project Consultation &
T.A.S. and Cenk Cakil for their support in sharing the technical drawings, inspection report and old
photos of the structure.

Conflicts of Interest: The author declares no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

D’Altri, A.M,; Sarhosis, V.; Milani, G.; Rots, ].; Cattari, S.; Lagomarsino, S.; Sacco, E.; Tralli, A.; Castellazzi, G.; de Miranda, S.
Chapter 1—A review of numerical models for masonry structures. In Numerical Modeling of Masonry and Historical; Woodhead
Publishing: Sawston, UK, 2019.

Lagomarsino, S.; Ottonelli, D.; Cattari, S. Chapter 2—Performance-based assessment of masonry churches: Application to
San Clemente Abbey in Castiglione a Casauria (Italy). In Numerical Modeling of Masonry and Historical Structures; Woodhead
Publishing: Sawston, UK, 2019.

Lagomarsino, S. Damage assessment of churches after L’Aquila earthquake (2009). Bull. Earthq. Eng. 2012, 10, 73-92. [CrossRef]
Cattari, S.; Abbati, D.; Ferretti, S.; Lagomarsino, D.; Ottonelli, S.; Tralli, D. Damage assessment of fortresses after the 2012 Emilia
earthquake (Italy). Bull. Earthq. Eng. 2014, 12, 2333-2365. [CrossRef]

Parisi, F.; Augenti, N. Earthquake damages to cultural heritage constructions and simplified assessment of artworks. Eng. Fail.
Anal. 2013, 34, 735-760. [CrossRef]

Binda, L.; Modena, C.; Casarin, E; Lorenzoni, F.; Cantini, L.; Munda, S. Emergency actions and investigations on cultural heritage
after the L’Aquila earthquake: The case of the Spanish Fortress. Bull. Earthq. Eng. 2011, 9, 105-138. [CrossRef]

Ceroni, F,; Casapulla, C.; Cescatti, E.; Follador, V.; Prota, A.; da Porto, F. Damage assessment in single nave churches and analysis.
Bull. Earthq. Eng. 2022, 20, 8031-8059. [CrossRef]

Braga, A.B.; Lourenco, P.B.; Mendes, N. Seismic Assessment of the Medieval Armenian Church. Ann. Geophys. 2019, 62, SE338.
Milani, G.; Valente, M. Failure analysis of seven masonry churches severely damaged during the 2012 Emilia-Romagna (Italy)
earthquake: Non-linear dynamic analyses vs conventional static approaches. Eng. Fail. Anal. 2015, 54, 13-56. [CrossRef]

Betti, M.; Borghini, A.; Boschi, S.; Ciavattone, A.; Vignoli, A. Comparative Seismic Risk Assessment of Basilica-type Churches.
J. Earthg. Eng. 2017, 22, 62-95. [CrossRef]

Elyamani, A.; Roca, P; Caselles, O.; Clapes, J. Seismic safety assessment of historical structures using updated numerical models:
The case of Mallorca cathedral in Spain. Eng. Fail. Anal. 2017, 74, 54-79. [CrossRef]

Ciocci, M.P,; Sharma, S.; Lourenco, P.B. Engineering simulations of a super-complex cultural heritage building: Ica Cathedral in
Peru. Meccanica 2018, 53, 1931-1958. [CrossRef]

Mendes, N.; Lourengo, P.B. Seismic assessment of masonry “Gaioleiro” buildings in Lisbon, Portuga. J. Earthq. Eng. 2010, 14,
80-101. [CrossRef]

Milani, G.; Valente, M. Damage survey, simplified assessment, and advanced seismic analyses of two masonry churches after the
2012 Emilia. Int. ]. Archit. Herit. 2019, 34, 901-924.

Marques, R.; Pereira, ].M.; Lourenco, P.B.; Parker, W.; Uno, M. Study of the seismic behavior of the “Old Municipal Chambers”
building in Christchurch, New Zealand. J. Earthq. Eng. 2013, 17, 350-377. [CrossRef]

D’Altri, A.M.; Castellazzi, G.; de Miranda, S. Collapse investigation of the Arquata del Tronto medieval fortress after the 2016
Central Italy seismic sequence. J. Build. Eng. 2018, 18, 245-251. [CrossRef]


http://doi.org/10.1007/s10518-011-9307-x
http://doi.org/10.1007/s10518-013-9520-x
http://doi.org/10.1016/j.engfailanal.2013.01.005
http://doi.org/10.1007/s10518-010-9217-3
http://doi.org/10.1007/s10518-022-01507-8
http://doi.org/10.1016/j.engfailanal.2015.03.016
http://doi.org/10.1080/13632469.2017.1309602
http://doi.org/10.1016/j.engfailanal.2016.12.017
http://doi.org/10.1007/s11012-017-0720-3
http://doi.org/10.1080/13632460902977474
http://doi.org/10.1080/13632469.2012.738283
http://doi.org/10.1016/j.jobe.2018.03.021

Buildings 2023, 13, 787 21 of 22

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.
43.

44.
45.

46.
47.

Betti, M.; Galano, L. Seismic Analysis of Historic Masonry Buildings: The Vicarious Palace in Pescia (Italy). Buildings 2012, 2,
63-82. [CrossRef]

Tiberti, S.; Acito, M.; Milani, G. Comprehensive FE numerical insight into Finale Emilia Castle behavior under 2012 Emilia
Romagna seismic sequence: Damage causes and seismic vulnerability mitigation hypothesis. Eng. Struct. 2016, 117, 397—-421.
[CrossRef]

Castellazzi, G.; D’Altri, A.M.; de Miranda, S.; Ubertini, F. An innovative numerical modeling strategy for the structural analysis
of historical monumental buildings. Eng. Struct. 2017, 132, 229-248. [CrossRef]

Degli Abbati, S.; D’Altri, A.M.; Ottonelli, D.; Castellazzi, G.; Catteri, S.; de Miranda, S.; Lagomarsino, S. Seismic assessment of
interacting structural units in complex historic masonry constructions by nonlinear static analysis. Comput. Struct. 2019, 213,
51-71. [CrossRef]

Bartoli, G.; Betti, M.; Vignoli, A. A numerical study on seismic risk assessment of historic masonry towers: A case study in San
Gimignano. Bull. Earthq. Eng. 2016, 14, 1475-1518. [CrossRef]

Valente, M.; Milani, G. Seismic assessment of historical masonry towers by means of simplified approaches and standard FEM.
Constr. Build. Mater. 2016, 108, 74-104. [CrossRef]

Castellazzi, G.; D"Altri, A.M.; de Miranda, S.; Chiozzi, A.; Tralli, A. Numerical insights on the seismic behavior of a non-isolated
historical masonry tower. Bull. Earthq. Eng. 2018, 16, 933-961. [CrossRef]

Geng, A.F; Ergiin, M.; Giinaydin, M.; Altunisik, A.C.; Ates, S.; Okur, FY,; Mosallam, A. Dynamic analyses of experimentally-
updated FE model of historical masonry clock towers using site-specific seismic characteristics and scaling parameters according
to the 2018 Turkey building earthquake code. Eng. Fail. Anal. 2019, 105, 402-426. [CrossRef]

Carpinteri, A.; Invernizzi, S.; Lacidogna, G. In situ damage assessment and nonlinear modelling of a historical masonry tower.
Eng. Struct. 2005, 27, 387-395. [CrossRef]

Micelli, F.; Cascardi, A. Structural assessment and seismic analysis of a 14th masonry tower. Eng. Fail. Anal. 2020, 107, 104198.
[CrossRef]

Betti, M.; Vignoli, A. Numerical assessment of the static and seismic behaviour of the basilica of Santa Maria all'Impruneta (Italy).
Constr. Build. Mater. 2011, 27, 4308-4324. [CrossRef]

Fortunato, G.; Funari, M.E,; Lonetti, P. Survey and seismic vulnerability assessment of the Baptistery of San Giovanni in Tumba
(Italy). J. Cult. Herit. 2017, 26, 64-78. [CrossRef]

Betti, M.; Vignoli, A. Modelling and analysis of a Romanesque church under earthquake loading: Assessment of seismic resistance.
Eng. Struct. 2008, 30, 352-367. [CrossRef]

Saloustros, S.; Pela, L.; Roca, P; Portal, J. Numerical analysis of structural damage in the church of the Poblet Monastery. Eng. Fail.
Anal. 2015, 48, 41-61. [CrossRef]

Clementi, F. Failure Analysis of Apennine Masonry Churches Severely Damaged during the 2016 Central Italy Seismic Sequence.
Buildings 2021, 11, 58. [CrossRef]

Genim. Technical Research and Architectural Survey Report; Yenilem Project Consultation & T.A.S.: Istanbul, Tiirkiye, 2015.
Hasluck, EW. Bithynica. Annu. Br. Sch. Athens 1907, 13, 285-308. [CrossRef]

Bates, W.N. Archaeological Discussions. Am. J. Archaeol. 1909, 13, 187-248. [CrossRef]

Soykan, A.N. Bursa, Kumyaka (Sige); The Church of the Archangels (Archangeloi): Ankara, Tiirkiye, 2018.

Buchwald, H. The Church of the Archangels in Sige near Mudania: Byzantina Vindobonensia 4; Hermann Bohlaus Nachfolger: Wien,
Austria; Koln, Germany; Graz, Austria, 1969; Available online: https://www.academia.edu /44080478 /The_Church_of_the_
Archangels_in_Sige_near_Mudania_Hans_Buchwald (accessed on 10 February 2023).

Soykan, A.N.; Giir, D. Bursa Kumyaka Basmelekler (Archangeloi) Kilisesi Duvar Resimleri. Asya Stud.-Acad. Soc. Stud. Akad. Sos.
Aragtirmalar 2019, 10, 48-76. [CrossRef]

Szabo, S.; Funari, M.F.; Lourenco, P.B. Masonry patterns’ influence on the damage assessment of URM walls: Current and future
trends. Dev. Built Environ. 2023, 13, 100119. [CrossRef]

Ministry of Infrastructures and Transportation (MIT). Circolare 2 febbraio 2009, n. 617, Istruzioni per L’applicazione Delle «Nuove
Norme Tecniche per le Costruzioni» di cui al Decreto Ministeriale 14 Gennaio 2008, (GU n. 47 del 26-2-2009-Suppl. Ordinario
n.2.) Italy. 2009. Available online: https://www.gazzettaufficiale.it/eli/gu/2009/02/26/47/s0/27/sg/pdf (accessed on 10
February 2023).

Binda, L. State of the Art of Research on Historic Structures in Italy Historic Masonry Structures View Project Masonry Materials
Testing View Project. 2001. Available online: https:/ /www.researchgate.net/publication /237440027 (accessed on 1 March 2023).
Genim. Architectural Survey Project Drawings; Yenilem Project Consultation & T.A.S.: Istanbul, Ttirkiye, 2015.

SRMGHS. Seismic Risks Management Guide for Historical Structures; General Directorate of Foundations: Ankara, Tiirkiye, 2017.
TBSC. Turkish Building Seismic Code; The Disaster and Emergency Management Presidency-Ministry of the Interior: Ankara,
Tturkiye, 2018.

Olivito, R.S.; Porzio, S. A new multi-control-point pushover methodology for the seismic assessment of historic masonry buildings.
J. Build. Eng. 2019, 26, 100926. [CrossRef]

Autocad v2020, Computer-Aided Design (CAD) Software; Autocad: San Francisco, CA, USA, 2020.

Ansys SpaceClaim v2021r2, Solid Modeling CAD (Computer-Aided Design) Software; Ansys: Concord, MA, USA, 2021.

Ansys Mechanical v2021r2, Finite Element Analysis (FEA) Software for Structural Engineering; Ansys: Canonsburg, PA, USA, 2021.


http://doi.org/10.3390/buildings2020063
http://doi.org/10.1016/j.engstruct.2016.02.048
http://doi.org/10.1016/j.engstruct.2016.11.032
http://doi.org/10.1016/j.compstruc.2018.12.001
http://doi.org/10.1007/s10518-016-9892-9
http://doi.org/10.1016/j.conbuildmat.2016.01.025
http://doi.org/10.1007/s10518-017-0231-6
http://doi.org/10.1016/j.engfailanal.2019.06.054
http://doi.org/10.1016/j.engstruct.2004.11.001
http://doi.org/10.1016/j.engfailanal.2019.104198
http://doi.org/10.1016/j.conbuildmat.2010.12.028
http://doi.org/10.1016/j.culher.2017.01.010
http://doi.org/10.1016/j.engstruct.2007.03.027
http://doi.org/10.1016/j.engfailanal.2014.10.015
http://doi.org/10.3390/buildings11020058
http://doi.org/10.1017/S006824540000294X
http://doi.org/10.2307/496908
https://www.academia.edu/44080478/The_Church_of_the_Archangels_in_Sige_near_Mudania_Hans_Buchwald
https://www.academia.edu/44080478/The_Church_of_the_Archangels_in_Sige_near_Mudania_Hans_Buchwald
http://doi.org/10.31455/asya.649253
http://doi.org/10.1016/j.dibe.2023.100119
https://www.gazzettaufficiale.it/eli/gu/2009/02/26/47/so/27/sg/pdf
https://www.researchgate.net/publication/237440027
http://doi.org/10.1016/j.jobe.2019.100926

Buildings 2023, 13, 787 22 of 22

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.
61.

Midas Gen v2020, Integrated Solution System for Building and General Structure; Midas Information Technology Co.: Seongnam,
Republic of Korea, 2020.

Endo, Y.; Pela, L.; Roca, P. Review of different pushover analysis methods applied to masonry buildings and comparison with
nonlinear dynamic. J. Earthq. Eng. 2017, 21, 1234-1255. [CrossRef]

Pena, F.; Lourenco, P.B.; Mendes, N.; Oliveira, D.V. Numerical models for the seismic assessment of an old masonry tower. Eng.
Struct. 2010, 32, 1466-1478. [CrossRef]

McKenna, F.; Scott, M.H.; Fenves, G.L. Nonlinear finite-element analysis software architecture using object composition. J. Computi.
Civ. Eng. 2010, 24, 95-107. [CrossRef]

Petracca, M.; Candeloro, F.; Camata, G. STKO v2.0.0 User Manual; ASDEA Software Technology: Pescara, Italy, 2017.

Valente, M.; Milani, G. Chapter 5—Seismic assessment of historical masonry structures through advanced nonlinear dynamic
simulations: Applications to castles, churches, and palaces. In Numerical Modeling of Masonry and Historical Structures from Theory
to Application; Woodhead Publishing Series in Civil and Structural Engineering; Woodhead Publishing: Sawston, UK, 2019.
Coli, M.; Ciuffreda, A.L.; Donigaglia, T. Technical Analysis of the Masonry of the Bargello’ Palace, Florence (Italy). Appl. Sci. 2022,
12,2615. [CrossRef]

Petracca, M.; Pela, L.; Rossi, R.; Zaghi, S.; Camata, G.; Spacone, E. Micro-scale continuous and discrete numerical models for
nonlinear analysis of masonry shear walls. Constr. Build. Mater. 2017, 149, 296-314. [CrossRef]

Petracca, M.; Camata, G. A Mixed Implicit-Explicit Tension-Compression Plastic-Damage Model; ASDEA Software Technology: Pescara,
Italy, 2019.

Cross, T.; De Luca, F,; De Risi, R. An experimental comparison of micro-modelling and meso-modelling for an unreinforced
masonry wall. In Proceedings of the 17th World Conference on Earthquake Engineering, Sendai, Japan, 13-18 September 2020.
No. 2¢-0176.

Bianchini, N.; Ciocci, M.P,; Solarino, F.; Romanazzi, A.; Ramirez, R.; D’Anna, J.; Asikoglu, A. Influence of wall to floor connections
and pounding on pre and post diction simulations of a masonry building aggregate tested on a shaking table. Bull. Earthg. Eng.
2023. [CrossRef]

Heyman, J. The stone skeleton. Int. ]. Solids Struct. 1966, 2, 249-279. [CrossRef]

Heyman, J. The safety of masonry arches. Int. . Mech. Sci. 1969, 11, 363-385. [CrossRef]

Gunes, B.; Cosgun, T.; Sayin, B.; Ceylan, O.; Mangir, A.; Gumusdag, G. Seismic assessment of a reconstructed historic masonry
structure: A case study on the ruins of Bigali castle mosque built in the early 1800s. J. Build. Eng. 2021, 39, 102240. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1080/13632469.2016.1210055
http://doi.org/10.1016/j.engstruct.2010.01.027
http://doi.org/10.1061/(ASCE)CP.1943-5487.0000002
http://doi.org/10.3390/app12052615
http://doi.org/10.1016/j.conbuildmat.2017.05.130
http://doi.org/10.1007/s10518-023-01641-x
http://doi.org/10.1016/0020-7683(66)90018-7
http://doi.org/10.1016/0020-7403(69)90070-8
http://doi.org/10.1016/j.jobe.2021.102240

	Introduction 
	Description of the Structure 
	Historical Survey 
	Geometrical and Structural Description 
	Visual Inspection 

	Seismic Assessment Criteria 
	Numerical Model and Eigenfrequency Analysis 
	Finite Element Model 
	Material Properties and Damage Model 
	Eigenfrequency Analysis 

	Nonlinear Safety Analysis 
	Vertical Loading 
	Horizontal Loading 
	Pushover Analysis of the Main Structure (Naos and Narthex) 
	Pushover Analysis of the Perimeter Walls 


	Kinematic Analysis 
	Conclusions 
	References

