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The present study aims to investigate the effects of the seismic vertical component
on the pathology of Xana monument which is a typical caravanserai, constructed circa
1375-1385 and is located in the archeological site of the municipality of Trainapoulis,
Greece. The monument’s plan is rectangular and the three-leaf masonry circumferential
walls support a hemicylindrical dome constructed by bricks and mortar. The structure
consisted of two consecutive parts: one for the travelers and one for the animals.
Nowadays, the triangular roof, that covered the structure, and the first part of the
monument do not exist. Xana suffers tensile cracks along the interior surface of the
dome, a vertical fracture located on the northern wall and vertical tensile cracks located
at the openings. A three-dimensional finite element model of the initial state of Xana is
constructed. Non-linear material behavior is taken into account as well as soil-structure
interaction effects. An adequate number of near-field earthquake events has been
used, taking into account that they are related to significant vertical components. The
structural seismic analysis is conducted for two cases. The first case refers to the action
of the two horizontal-component of ground motions while the second one takes into
account the three translational seismic components. The pathology estimation reveals
important information concerning the structural effects due to vertical accelerations.

Keywords: historical masonry, nonlinear material behavior, seismic analysis for three-earthquake components,
pathology estimation, soil-structure interaction

INTRODUCTION

The vertical component consists an integral part of the seismic action and is defined by design
codes [EC8]. It is described in the forms of: (i) spectrum, elastic, or design; (ii) time-history,
artificial, or recorded/simulated accelerogram. The effect of the vertical ground motion component
on masonry structures or structures, in general, has been investigated by various researchers.
Papazoglou and Elnashai (1996) studied the effects of the vertical earthquake ground motion
on buildings and bridges, based on field evidence and analytical results. They concluded that
certain failure modes are attributed to the high vertical forces induced during an earthquake
event and stressed the importance of the vertical component during the design phase. Casolo
(1998, 2001) reached the conclusion that the vertical component can induce serious additional
damage and, therefore, must be taken into account during the seismic risk assessment of slender
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masonry towers. Furthermore, Casolo et al. (2017) studied
the influence of soil deformability, taking into account two
different extreme cases of soft (E = 280 MPa) and stiff
(E = 1400 MPa) soil assumptions, in combination with the
vertical ground component. Moosavi et al. (2016) highlighted
the increase in the axial forces observed during the vertical
ground motion action on the dynamic response of Goltzschtal
masonry arch bridge. Bayraktar et al. (2018) investigated the
seismic damage propagation of historical masonry minarets due
to the vertical seismic action. Rinaldin et al. (2019) concluded
that the vertical component is responsible for a general increase
on demand/capacity ratios of masonry buildings, which are
characterized by boxing behavior. Liberatore et al. (2019)
have investigated the effects of the vertical component on the
damage of masonry constructions during the 2016 Amatrice-
Norcia earthquake events. They reached the conclusion that
the vertical component is responsible for extensive failures
regarding structures with small cohesion, while its effects are
limited in structures with medium cohesion. Angelides (2011)
and Breccolotti and Materazzi (2016) verified the crucial effects
of the vertical component on the seismic response of masonry
chimneys. Mosoarca et al. (2020) proposed a seismic vulnerability
assessment methodology of historic masonry buildings located
in near-field areas, also highlighting the vertical ground
motion component.

The vertical ground motion has different characteristics than
the horizontal ground motion (Di Michele et al., 2019). In
particular, it is characterized by higher frequency content than
the horizontal earthquake components. Therefore, its effects
on massive masonry structures, which behave in the high
frequency range, must be thoroughly investigated. Furthermore,
it is usually noticed that the peak vertical acceleration occurs
earlier than the peak horizontal acceleration. Therefore, the
failure mechanism attributed to the vertical ground motion
leads to a more abrupt overall structural failure. However,
the vertical ground motion attenuates more rapidly than the
horizontal one. Therefore, its effects are more intensive in small
source-to-site distances, which can be characterized as near-
field earthquakes (Abrahamson and Litehiser, 1989; Silva, 1997;
Diotallevi and Landi, 2000; Chioccarelli and Iervolino, 2009).
The first signals recorded during an earthquake event are the
volume waves, which consist of the primary, P waves, and
secondary waves, S. The primary waves, which are characterized
by a greater value of velocity of propagation than the secondary
waves, are longitudinal waves that generate an oscillation of
soil particles along the direction of the wave propagation.
The secondary waves generate an oscillation of soil particles
perpendicular to the direction of the wave propagation and
can be divided into two shear wave components, SV and SH.
Therefore, primary and SV waves contribute to the vertical
ground component. As the earthquake phenomenon continues,
the second type of recorded waves are the surface waves, which
consist of Rayleigh waves, R and Love waves, L. Rayleigh
waves are the resultant of P and SV waves, while Love waves
are generated by the SH waves trapped near the surface.
Therefore, Rayleigh waves also contribute to the vertical seismic
component as well.

The present study focuses on a masonry building type that
does not belong to the architectural typologies of the structures
in the aforementioned studies. The historical masonry case study
refers to a khan, which consists of two elongated walls, connected
by three lateral walls and covered by a barrel roof. The main
target is the investigation of the effects of the vertical ground
component on the pathology of the structure. In particular,
the question that arises is the following: Can the present state
of the monument be attributed to the action of the vertical
ground component? For this purpose, two different analyses are
conducted. The first one refers to the action of the two horizontal
ground motion components while the second one refers to the
three ground motion components, that is the vertical component
is applied simultaneously with the horizontal ones. The masonry
material is considered non-linear while the contribution of soil
flexibility is also taken into account.

HISTORICAL STRUCTURE UNDER
STUDY: XANA

The historical structure under study is named Xana, a
caravanserai, constructed by Ghazi Evrenos Bey circa 1375-
1385 (Kiel, 1990). It is situated at an important geographical
point, close to via Egnatia, the Roman city of Traianoupolis,
the thermal springs of Loutra village and is located 13 km
far from the city of Alexandroupolis, prefecture of Evros in
Greece. In 1964 the broader area where Xana belongs was
characterized as an archeological area by the Hellenic Ministry
of Culture and Tourism.

The structures plan is rectangular (Figure 1A). The
circumferential walls consist of three-leaf masonry with a
thickness of 1.4 m and rise up to 4.97 m from the ground surface
Figure 1B. The inner leaf is constructed by rumble stones and
mortar, while the two exteriors by cloisonné masonry. The
monument is covered by a hemicylindrical vault of bricks and
mortar which rises to 7.26 m. The dome was initially protected
by a wooden roof with red tiles (Kalafatzis, 2008), which does not
exist nowadays. An inner wall with a thickness of 1.4 m divides
the structure into two parts (Figure 1A). The first part, which is
completely destroyed nowadays, fulfilled the needs of the lodging
of travelers. It had six fireplaces, F1-F6 (Figure 1C) for cooking
and heating. In the early 1900s, the dome collapsed due to its
heavy self-weight (Kiel, 1990). Furthermore, in 1939, the main
gate and the highest parts of the circumferential walls collapsed
as well, during the construction of a military road passing in
front of the structure (Minopoulos, 2001). A wooden tendon,
WT4 of dimensions 0.15 m x 0.15 m, connected the eastern and
western circumferential walls (Figure 1A). The second part is
divided almost equally by two stone arches (Ar3-Ar4) and was
used as a stable for the animals (Figure 1D). Two additional
stone arches (Arl-Ar2) were constructed in contact with the
inner and northern exterior wall (Figure 1D). Three wooden
tendons, WT1-3, of dimensions 0.15 m x 0.15 m were situated
at a height of 430 m and connected the eastern and western
circumferential walls while two others, WT5-WT6, of the same
dimensions were situated at a height of 2.60 m and connected

Frontiers in Built Environment | www.frontiersin.org

May 2021 | Volume 7 | Article 666840


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org/
https://www.frontiersin.org/journals/built-environment#articles

Terzi and Athanatopoulou

Vertical Component Effects on Historical Structure

Eastern side

(G) Western side.

FIGURE 1 | (A) Monument's plan. (B) Eastern side and inner wall. (C) Fire places. (D) Stone arches. (E) Square holes for wooden tendons. (F) Northen side.

the two sides of stone arches Ar3 and Ar4. The presence of two
square holes (0.15 m x 0.15 m) justifies the existence of wooden
beams (Figure 1E) running along the exterior walls at the height
of 2.60 m. Three windows on the northern wall and three more
on the western wall fulfilled the needs of physical lighting and
ventilation as well (Figures 1EG).

The behavior of an existing structure as well as the selection
of the most suitable restoration methods must be based not
only on the construction scheme but on the identification and
monitoring of its pathology as well [Taliercio and Binda, 2007;
Sanchez-Aparicio et al., 2014].

Two extreme tensile cracks can be detected in the structure:
(i) a vertical fracture on the northern wall, which is possibly
attributed to soil subsidence due to the combination of the
high water level of the nearby thermal baths and the clayey
soil foundation (Figure 1F; Terzi and Ignatakis, 2018; Terzi,
2020); (ii) a horizontal fracture along the key line of the
interior surface of the barrel vault and vertical fractures at the
locations of the windows of the western side, which are possibly
attributed to the combination of the large self-weight of the
roof and the destruction of the wooden tendons (Figure 2A;

Terzi and Ignatakis, 2018; Terzi, 2020). The pathology picture
is also characterized by: blistering and efflorescence due to the
action of marine aerosols since Xana is located only 6 km far
from the Aegena sea (Figure 2B); loss of stone material; hair
cracks; mortar pulverization; biological colonization (Figure 2C);
drainage problems.

In Vavritsas (1968) and Pentazos (1969) restoration works
took place which mainly aimed at the healing of cracks and the
monument’s protection from rain waters. In 1998, the western
side was partly reconstructed (Terzi, 2010). The public is not
allowed to visit the interior of the monument.

FINITE ELEMENT MODELING

Historical masonry buildings are usually irregular, massive,
and complex, so their structural behavior is not easy to
estimate under seismic action (Giordano et al., 2019; Mosoarca
et al., 2020). The finite element method is applied in order
to effectively investigate the structural behavior of masonry
structures. The development of the finite element model of
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FIGURE 2 | (A) Tensile cracks along the roof key line and over the windows.
(B) Efflorescence. (C) Biological colonization.

an existing structure usually consists of the following steps:
geometrical surveying; construction of the 3D geometry in
the numerical code; investigation and selection of the most
appropriate finite element types; discretization of the numerical
model; identification of material properties through in situ or
laboratory investigation; investigation and implementation of the
most appropriate material models; definition and application of
loading conditions; investigation and application of boundary
conditions; analysis performance; thorough interpretation of the
analyses results (Ramirez et al., 2012). The representation of the
overall structural spatial configuration in terms of self-weight;
stiffness; openings; wall thickness; and relevant architectural
elements by the finite element model, defines the outcomes of the
analyses performed (Betti and Vingoli, 2011; Bartoli et al., 2020;
Kita et al., 2020). The finite element model of the case study refers
to the initial configuration of the masonry structure. Therefore,
vital information was derived by a detailed historical survey

referring to bibliography investigation; old time photographs;
existing initial drawings; public records; and extensive in situ
surveys (Terzi and Ignatakis, 2018).

Finite Element Model of Case Study

The finite element model consists of 18,310 finite elements
(Figure 3). In particular, 16,722 3D 8noded solid finite elements
are used for the simulation of the non-linear masonry; 474
Hermitian beam elements are used for the simulation of the
wooden tendons; and 1,114 spring elements attached to the
ground are used for the simulation of the soil flexibility in the
vertical direction. Rotations around the three orthogonal axes
(XYZ) are prohibited to the common nodes of the Hermitian
beam and 3D solid elements.

The wooden roof of the monument is not simulated in
the finite element model but its self-weight and variable
loadings, such as wind and snow, are taken into account as an
individual loading case.

Soil-structure interaction is taken into account by the use
of vertical spring elements. The foundation of the monument
has a depth of 1.3 m. In particular, two rectangular embedded
foundations are considered in the longitudinal direction of
the structure and three in the lateral direction. The values
of the vertical stiffness of each foundation are defined
according to Gazetas (1991) and for each foundation are
distributed at base nodes according to the corresponding
areas of influence. Furthermore, the translations at the
horizontal directions are prohibited in order to simulate
its embedment.

Materials
The analyses results are sensitive to the material properties of
the structural elements. Therefore, experimental data based on

A
Y ‘ X
Cc D E

FIGURE 3 | (A) Eastern side. (B) Western side. (C) Northern side. (D) Typical ston arch. (E) Inner wall. (F) Main gate.
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TABLE 1 | Ground motion records characteristics.

Earthquake name Year M Mechanism Rjb Rrup Vs30 Max acceleration [m/sec?] Predominant frequency [Hz]
[km] [km] [m/sec]
Horizontal Vertical V/Hstrong Horizontal Vertical
Strong Weak Strong  Weak
Oroville-3 1975 4.7 Normal 8.7 11.63 352.22 0.656 0.576 0.387 0.590 7.143 6.250 16.667
Coalinga-02 1983  5.09 Reverse 6.51 124  257.38 2.067 0.968 0.974 0.472 5.000 6.250  6.250
L’ Aquila (aftershock 2009 5.4 Normal 244 2716  357.91 0.623 0.640 0.517 0.829 8.333 6.250  8.333
2)_ltaly
4 Umbria Marche 1997 5.7 Normal 0.58 4.02 317 3.332 2.906 3.485 1.046 5.556 2.941  16.667
(foreschock)_ltaly
5 Whittier Narrows-01 1987  5.99 Reverse 2581 296  269.29 0.573 0.532 0.521 0.908 3.846 3.571  12.500
Oblique
6 Mammoth Lakes-01 1980 6.06 Normal 4.48 4.67  346.82 3.181 2.383 2.449 0.769 7.143 7.143  5.556
Oblique
7 Northwest China-03 1997 6.1 Normal 9.98 17.73  240.09 2.944 2.685 3.766 1.279 5.000 3.333  12.500
8 San Fernando 1971 6.61 Reverse 22.77 2277 316.46 2.205 1.912 1.612 0.731 4167 8.333 16.667
9 Gazli USSR 1976 6.8 Reverse 3.92 546  259.59 6.884 8.475 16.659 2.420 12500 7.143  25.000
10 Loma Prieta 1989  6.93 Reverse 8.656 1523 288.62 5.014 4.303 5.450 1.087 3.571 15156  6.250
Oblique
A B

2065 mm

FIGURE 4 | (A) Maximum displacements. (B) Generated cracks.

in situ or laboratory tests are mandatory. During the investigation
phase, six samples of bricks and four samples of stones were taken
from the debris and submitted to laboratory compression and
density tests (Terzi, 2010). The masonry material is considered
to be isotropic, homogeneous, and non-linear. The characteristic
compressive strength is determined according to EC6 (European
Committee for Standardization En 1996-1, 2005) in parallel to
a homogenization method which is usually applied in masonry
analyses (Genna et al., 1998; Cardoso et al., 2005; Mallardo et al,,
2008; Betti and Vingoli, 2011).

Non-linear analysis is necessary in order to highlight the
collapse mechanisms that are close to reality (Rinaldin et al.,
2019). Therefore, the non-linear nature of masonry sections,
which are three-leaf circumferential masonry, stone masonry,
and roof, is simulated by the use of the concrete material
model. Concrete behavior is characterized by the following
features: tensile failure due to cracking,  ; compression crushing

failure, f; strain softening after crushing until an ultimate
strain, at which the total failure of the material takes place.
The use of the concrete material model in the simulation
of the non-linear behavior of masonry structures has been
extensively applied (Mallardo et al., 2008; Acito et al., 2014;
Moosavi et al., 2016; Bayraktar et al., 2018; Valente and Milani,
2018; Ombres and Verre, 2019). Tensile strength of masonry
is usually not defined by design codes. However, in many
non-linear studies of masonry behavior, the tensile strength is
usually defined as a percentage of shear strength (Tomazevic,
2009) or a percentage of compressive strength (Bayraktar
et al., 2018; Valente and Milani, 2018). In the present study,
the characteristic tensional strength, ;, was considered equal
to 1/20 of the characteristic compressive strength,  of all
masonry materials.

The most important characteristics of the non-linear masonry

material are the following: (i) three-leaf masonry - Erangent
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Accumulative translational mass

Mode f [Hz] T [sec] [%]

X Y z

1 8.658 0.116 0.000 55.846 0.000

2 13.241 0.076 10.556  55.847 19.333

3 14.516 0.069 10.569  63.877 19.359

4 16.410 0.061 10.701 63.877 33.893

5) 17.189 0.058 19.094  63.885 74.635

6 17.423 0.057 19.123  64.103 75.189

7 18.600 0.054 19.443  64.112 99.095
8-14

15 29.939 0.033 65.810  71.143 99.501
16-19

20 33.965 0.029 66.571 75.829 99.624

second part C; 9, western wall+Ar2.

FIGURE 6 | Spatial division into nine basic structural units: 1, main gate; 2, second part; 3, inner wall+Ar1; 4, second part A; 5, Ar3; 6, second part B; 7, Ar4; 8,

7 8 ‘g

= 5531.263 MPa, s = 6.146 MPa, ;, = 0.307 MPa; (ii) stone arch

- Fung = 11756332 MPa, ;, = 13.063 MPa, ; = 0.653 MPx;
(iii) brick roof - g, = 4520.766 MPa, ; = 5023 MPa,
5 =0.251 MPa,

Loading

The loading of the structure refers to its self-weight and
variable functional actions in combination with ground motion.
Firstly, a static non-linear analysis is performed which takes
into account the self-weight of the masonry structure; the self-
weight of the roof; and variable actions such as snow or wind.
Secondly, dynamic non-linear analyses are carried out based on

ground motion acceleration records while the actions of the
first loading are still present. The first step of each dynamic
analysis corresponds to the last step of the static non-linear
analysis. In order to clarify the effects of the vertical seismic
component on the structural behavior, two dynamic analyses
are performed for each ground motion: (i) in the first analysis
case, the two horizontal components (H2) are applied; (ii) in
the second analysis case, the two horizontal components and the
vertical one (H2V) are applied simultaneously.

In total, ten unscaled natural ground motions were selected
from the PEER Ground Motion Database (2015). The selection
of the ground motions was based on the following characteristics:
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FIGURE 7 | (A) Spatial distribution of different crack types, events 1-5. (B) Spatial distribution of different crack types, events 6-10.

(i) shear wave velocity of the upper 30 meters range between
180 m/sec and 360 m/sec; (ii) normal and reverse fault type;
(iii) magnitude greater than 4.5; (iv) Joyner and Boore distance
smaller than 30 km; (v) rupture distance smaller than 30 km.

The first variable corresponds to ground type C according to
EC8 (European Committee for Standardization En 1998-1, 2004)
which is assumed to characterize the location of the monument
under study. In particular, the monument’s area is characterized
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by loose soil deposits (Dimosthenous et al., 2006). Furthermore,
according to drilling results, the stratigraphic column of the
nearby area corresponds to clayey sediments at a depth of 55m
(Karmis et al., 2004). Finally, the value of Joyner and Boore
distance corresponds to near field events, based on the definition
given by Di Sarno et al. (2011).

Table 1 summarizes the characteristics of the ground motion
records. In the strong motion direction which is perpendicular to
the longitudinal axis of the historical structure, the predominant
frequencies range between 3.571 Hz and 12.500 Hz. Furthermore,
in the weak motion direction, which coincides with the
longitudinal axis of the case under study, the predominant
frequencies range between 1.515 Hz and 8.333 Hz. Finally, in the
vertical direction, the predominant frequencies range between
5.556 Hz and 25.000 Hz.

NUMERICAL ANALYSES

Static Non-linear Analysis

Firstly, non-linear static analysis is performed for gravity loads
and snow loads as well. The main outcomes of the non-linear
static analysis refer to the maximum displacements and the
generated cracks. Figure 4A depicts the maximum displacements
of the monument. The most characteristic displacement is the
vertical one, with a value of 0.2973 mm, which is located at the
second part of the structure between the inner wall and Ar3
and is attributed to the heavy roof. The horizontal displacements
at the longitudinal axis follow the vertical displacements. The
deformation at the transverse axis is characterized by the out-
of-plane displacement of the longitudinal walls. Figure 4B
depicts with red color the areas of crack generation. Tensile
open cracks are observed at the key stones of arches Ar3 and
Ar4 (Figure 1A), which are attributed solely to the large self-
weight of the roof.

Modal Analysis

Modal analyses are conducted in order to define a preliminary
insight into the dynamic behavior of the structure (Valente
and Milani, 2018; Salonikios et al, 2020). The analysis in
the frequency domain under the selected ground motions,
corresponds to the tangent stiffness matrix and the mass
matrix of the structure starting from the end of the static
non-linear analysis. The main outcomes refer to the depiction
of the vibration modes; the corresponding frequencies and
periods; and the mass participation ratios. The modal analysis is
performed as a consequent step of the non-linear static analysis.
Figure 5 summarizes the main results for the first 20 natural
modes of vibration.

The first natural mode of vibration is characterized
by translation along Y axis, which is perpendicular to
the longitudinal axis of the monument (Figure 5A). The
accumulative translational mass reaches 55.846% of the total
mass. The vertical natural mode of vibration is activated the
most in the fifth natural mode and corresponds to 40.742%
of the total mass. The sum of activated mass equals 74.635%
of the total (Figure 5B) along Z axis. It can be noticed that

- >1
« <1

(H2V/H2)effcracks
~

15 S 65 |

L s e 53 4
max(V/H)accel 0 45 5 magnitude

FIGURE 8 | Ratio of cracks generated under the H2V analyses and H2
analyses.

five modes activate 74.635% of the total mass for seismic
excitation along Z axis. The corresponding percentages
for excitation along X and Y axis are 19.04% and 63.88%,
respectively. From Figure 5 we can see that 15 modes
activate 65.81, 71.74, and 99.501% of the total mass for
seismic excitation along X, Y, and Z directions, respectively
(Figure 5C). Furthermore, it must be noticed that the mass
which is activated for seismic excitation along the X axis does
not increase significantly if more than 15 modes are taken
into account. In conclusion, the vertical translation of the
monument plays a significant role in the dynamic behavior
of the structure.

According to Figure 5, possible resonance phenomena are
expected in the strong motion direction for the earthquake
events L' Aquila 2009 and Gazli USSR 1976. In particular, the
predominant frequency of the first event is 8.333 Hz and of
the second event is 12.5 Hz, both in the proximity of the first
and second eigenfrequency values (8.658 Hz and 13.241 Hz).
Furthermore, in the vertical direction possible resonance
phenomena are expected for the seismic events of Oroville-
3 1975, Umbria Marche 1997, and San Fernando 1976. In
particular, their predominant frequencies are equal to 16.666 Hz,
which is in the proximity of the fifth eigenfrequency of the
structure (17.189 Hz). The predominant eigenfrequencies
of the earthquake events in the weak motion direction
are less than the fifteenth eigenfrequency (29.939 Hz),
where the 65.810% of the total horizontal translational
mass is effective.

Dynamic Non-linear Analyses

Twenty in total dynamic non-linear analyses were conducted.
The first analysis group corresponds to the action of the
horizontal components of ground motion (H2) while the second
includes the vertical component as well (H2V). The first analysis
outcome refers to the type and spatial distribution of the
generated cracks. Taking into account the concrete material
behavior, the generated cracks can be divided into three category
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FIGURE 9 | (A) Crushed cracks Umbria Marche 1997. (B) Crushed cracks Mammoth Lakes 1980. (C) Crushed cracks San Fernando 1971.

TABLE 2 | Failure mechanism based on crushed locations.

Earthquake event

Failure mechanism based on crushed locations

H2V analyses

H2 analyses

1 Oroville-3 Zero crushed points

2 Coalinga-02 Isolated crushed spots on the connection line of the western
wall and on the external layer of the western wall

3 L’ Aquila (aftershock) Isolated crushed spots on the external leaf of the western and

2_ltaly eastern wall
4 Umbria Marche Concentrated crushed spots on the connection line between
(foreschock)_ltaly the roof and the eastern and western walls; concentrated

crushed spots on the upper part of window between Ar2 and
Ar4; concentrated crushed spots on the entrados of the roof
along the spring line of Ar4

5 Whittier Narrows-01 Isolated crushed spot on the external leaf of the western wall

6 Mammoth Lakes-01 Isolated crushed spot on the external leaf of the eastern wall;
isolated crushed spot on the connection line between the roof
and the western wall; isolated crushed spots on the intrados of
the rood in the proximity of Ar4

7 Northwest China-03 Zero crushed points

8 San Fernando Isolated crushed spots on the connection line between the roof
and both elongated walls; isolated crushed spots on the upper
part of the windows; concentrated crushed spots on the
intrados of the roof along the spring line of Ar4

9 Gazli USSR Isolated crushed spots on the connection line of the roof and
both elongated walls; isolated crushed spots on the upper and
lower windows area; isolated crushed spot on the intrados of
the roof between Ar2 and Ar4

10 Loma Prieta Concentrated crushed spots on the connection line between

the roof and the western wall; concentrated crushed spots on
the intrados of the roof close to Ar4

Zero crushed points

Isolated crushed spots on connection line of the roof and
the western wall; concentrated crushed spots on the
external layer of the eastern wall; and isolated crush spots
at the key stone of Ar3

The same as H2 plus isolated crushed spots on the
connection line between the roof and the eastern wall

Isolated crushed points on the connection of the roof and
the western and eastern wall; concentrated crushed spots
on the external leaf of the western wall; crushed roof area
between Ar3 and Ar4

Concentrated crushed spots on the external leaf of the
eastern wall

Isolated crushed spot on the connection line between the
roof and the eastern wall

Isolated crushed spots on the connection line between the
roof and the eastern wall

Isolated crushed spot on the connection line between the
roof and the eastern wall

Concentrated crushed spots on the connection line
between the roof and both elongated walls

Concentrated crushed points on the upper part of the body
of eastern and western wall; concentrated crushed spots
on the intrados of the roof along the spring line of Ar3 and
between Ar3 and Ar4; concentrated crushed points on the
base of western wall between Ar3 and Ar4

types: open; closed; and crushed. Figure 6 depicts the spatial
division of the monument into nine basic structural units.
Figure 7 depicts the spatial distribution of the different types
of cracks for each earthquake event. The red color corresponds
to H2V analyses while the blue one to H2 analyses. The failure
mechanism is pronounced at the second part of the structure,
while the first part and the main gate do not present any
crushed type cracks even under strong magnitude events. For
the seismic event of Oroville-3 only open cracks are present for
both analysis categories. The aforementioned can be attributed to

the small values of horizontal and vertical accelerations (Table 1).
Furthermore, the generated cracks due to the simultaneous action
of the vertical components are more than the action of two
horizontal components. For all the other seismic events, all types
of cracks are generated. Open and closed cracks are distributed
at all structural units, while crushed cracks are located in the
second part of the monument (units 4 to 9). For the majority
of the seismic events, except Umbria Marche 1997 and San
Fernando 1971, the number of generated open cracks is larger
under the additional action of the vertical seismic component.
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FIGURE 11 | Ratio of maximum roof acceleration between H2V and H2 analysis.

The same also issues for the case of closed cracks except for
the two aforementioned seismic events and the North West
China 1997 event. For the case of crushed cracks the following
observations can be made: (i) for some seismic events and in
particular for Coalinga-2 1983, Umbria Marche 1997, North West
China 1997, and Gazli USSR 1976, the crushed cracks that are
generated under the additional action of the vertical seismic
component are distributed in more structural units than the
ones generated under the action of horizontal components; (ii)
for the seismic events of L Aquila 2009, Mammoth Lakes 1980,
and San Fernando 1971, the number of crushed cracks under
the sole action of horizontal components is larger than under
the action of three components; (iii) for the seismic events of
Whittier Narrows 1987, North West China 1997, and Loma Prieta
1989, the crushed cracks attributed to the additional action of
the vertical component exceed the number of the ones attributed
solely to the horizontal ground motion components.

Figure 8 depicts a 3D plot of the ratio of the sum of effective
cracks under the action of the three seismic components to the
action of the horizontal ones. The definition of the effective
cracks corresponds to the total sum of open and crushed cracks
at the end of each non-linear dynamic analysis. The X-axis

corresponds to the magnitude of the seismic event; the Y-axis
corresponds to the ratio of the maximum vertical acceleration
to the horizontal one. The red dots correspond to a value of
a ratio greater than one. Therefore, only for three earthquake
events, the effective cracks generated under the two horizontal
components action are more than under the action of the three
seismic components. The aforementioned seismic events are
Umbria Marche 1997, Mammoth Lakes 1980, and San Fernando
1971. Furthermore, there seems to be no correlation between the
ratio of cracks and the seismic magnitude. In particular, even
small magnitude events, such as Oroville-3 with M = 4.7 may
correspond to a ratio larger than 1 (2.301). In addition to this,
neither the ratio of maximum vertical to horizontal acceleration
may be characterized as a criterion for the severity of the vertical
component. In particular the Umbria Marche 1997 corresponds
to a ratio of 1.046 maximum accelerations. However, the ratio of
cracks receives the value of 0.642.

The failure mechanism during the simultaneous action of
the three ground motion components for the seismic event of
Umbria Marche 1997 is characterized by the crushing of masonry
material at the roof between the two stone arches Ar3 and Ar4
(Figure 9A). Furthermore, according to Table 1, the predominant
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TABLE 3 | Eigenfrequencies after earthquake [Hz].

Mode number 1 2 3 4 5 6 7 8 9 10
Before earthquake 8.658 13.241 14.516 16.410 17.189 17.423 18.600 20.900 22.662 24134
1 OR-3_H2 8.638 13.234 14.488 16.335 17.181 17.385 18.537 20.856 22.549 24.084
OR-3_H2V 8.62 13.216 14.464 15.976 17.176 17.354 18.272 20.811 22.229 23.964
2 CO-2_H2 8.427 13.126 14.353 15.943 17.149 17.307 18.041 20.108 21.969 23.645
CO-2_H2v 8.344 13.054 14.296 15.616 17.132 17.271 17.848 19.876 21.306 23.425
3 LAQ_H2 8.556 13.189 14.425 16.408 17.166 17.32 18.538 20.542 22.427 23.816
LAQ_H2V 8.511 13.169 14.39 16.249 17.16 17.298 18.304 20.37 22.202 23.685
4 UM_H2 7.66 12.211 13.485 13.847 16.218 16.908 17.224 18.313 18.99 22.468
UM_H2Vv 7.938 11.88 13.39 14.052 16.732 16.935 17.258 18.732 19.558 22.941
5 WN_H2 8.523 13.179 14.41 16.442 17.164 17.352 18.528 20.382 22.521 23.82
WN_H2V 8.386 13.064 14.313 16.757 17127 17.271 17.902 19.961 21.625 23.479
6 ML_H2 7.866 12.81 13.968 14.368 16.73 17.079 17.437 18.94 20.196 22.991
ML_H2V 8.082 12.941 14.127 14.516 16.918 17.112 17.62 19.207 20.834 23.251
7 NWC_H2 8.184 12.982 14197 14.813 17.065 1718 17.593 19.51 21.256 23.461
NWC_H2Vv 8.295 12.921 14.241 14.408 17.081 17.201 17.559 19.818 20.624 23.306
8 SF_H2 7.465 12.636 13.703 14.2 16.139 16.774 17.254 18.128 20.376 22.731
SF_H2v 8.287 12.982 14.23 14.617 17.032 17.166 17.598 19.744 20.991 23.276
9 GA_H2 7.855 12.456 13.931 14.488 16.499 16.796 17.26 18.64 19.912 21.411
GA_H2Vv 7.32 10.696 12.908 13.649 15.809 16.076 16.966 17.218 18.013 21.247
10 LP_H2 7.661 12.896 13.919 15 16.563 16.997 17.425 18.637 20.994 22.888
LP_H2Vv 8.125 13.038 14.124 14.574 16.755 17.033 17.657 19.101 20.982 23.009
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frequency of the vertical seismic component equals 16.667 Hz
which is close to the predominant frequency of the structure at
the vertical direction (17.189 Hz, Figure 5). During the H2V
analysis of the Mammoth Lakes 1980 event, a local crushing
develops between Ar4 and the eastern wall and in particular
on the connection line between the roof and the eastern wall

(Figure 9B). Therefore, the failure mechanism is characterized
as local. Furthermore, during the H2V analysis of the San
Fernando 1971 event, a local crushing develops between Ar3 and
Ar4, on the connection line between the roof and the eastern
wall (Figure 9C). It is worth mentioning that the predominant
frequency of the vertical seismic component equals 16.667 Hz,
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which is close to the predominant frequency of the structure at
the vertical direction (17.189 Hz, Figure 5). The aforementioned
two local mechanisms are probably attributed to the numerical
model itself. In particular, in both cases, the failure is located in
the proximity of wooden tendons WT1 and WT2 (Figure 1A).

The third analysis outcome refers to the failure mechanism
attributed only to the crushed points observed on the masonry
body. Table 2 summarizes the locations of the crushed points.
The key factors that define the severity of the action of the
vertical seismic component are the following: (i) concentration of
crushed points; (ii) areas of the concentration. In particular, the
concentration of crushed points may be observed in the upper
and lower part of the windows during H2 analyses. However,
the concentration of crushed points during the H2V is more
severe for the overall structural behavior. The most vulnerable
areas are the following: connection line between the roof and the
longitudinal walls; extrados and intrados of the roof, external leaf
of the longitudinal walls; and key stone of the arches.

The fourth analysis outcome refers to the energy flux inserted
into the system by the three ground motion components. The
energy flux represents the build-up of the Specific Energy Density
(SED), which is defined by the following equation.

Lo,
SED = | vi()12dt, i=x,y,z2 1)
0

where, 1, , is the total duration of motion and () is the velocity of
each ground component (Seismosoft, 2013). Taking into account
that some analyses are terminated during the phenomenon due
to crushing of concrete material, the energy flux is defined up
to the aforementioned time point. Figure 10A depicts the ratio
of total energy flux between the action of the three components
and the two horizontal components. The energy inserted into the
structural system is always greater in the case of the additional
action of the vertical seismic component than the action of
the two horizontal ones. Figure 10B depicts the ratio between
the energy flux consumption of the two types of analyses. In
particular, the energy flux for the H2V analyses is always smaller
than for the H2 analyses due to the fact that the masonry
failure under the simultaneous action of the three ground motion
components takes place earlier than the failure caused by the
action of the two horizontal components. At the first seismic
event, Oroville-3 1997 (1), the structure receives the total ground
motion energy flux during both types of analyses. However, this
is not the case for the rest of the earthquake events. For the
seismic events of Coalinga-02 1983 (2), L Aquila 2009 (3), and
Whittier Narrows-01 1997 (5), the energy flux is smaller than
the total inserted into the system and the structure is able to
receive a substantial amount of energy flux during both types
of analyses. However, great differences between H2 and H2V
analyses are noticed for the seismic events of Umbria Marche
1997 (4) and Northwest China-03 1997 (7). Furthermore, for the
seismic events of Mammoth Lakes-01 1980 (6), San Fernando
1971 (8), Gazli USSR 1976 (9) and Loma Prieta 1989 (10), the
percentage of energy flux is less than 3.6% for the horizontal
components and less than 2.9% for the additional action of the
vertical component. Therefore, the masonry failure due to the

additional action of the vertical seismic is more abrupt and critical
than the action of the two horizontal components.

The fifth analysis outcome refers to the difference between
the maximum values of accelerations at the superstructure,
and in particular at the roof, due to the contribution of the
vertical ground motion component. Figure 11 depicts the ratio
of the maximum acceleration derived from H2V analysis to the
corresponding one derived from H2 analysis, along Y, X, and Z
axes. The contribution of the vertical ground motion components
enhances the horizontal accelerations in the strong axis for four
seismic events; in the weak axis for three seismic events; while in
the vertical axis for eight seismic events.

The sixth analysis outcome refers to the eigenfrequencies after
the dynamic non-linear analysis has been completed. Table 3
provides the first ten eigenfrequencies for the cases of: static non-
linear analysis (before the earthquake); H2 non-linear analysis;
and H2V non-linear analysis for each earthquake event.

Figure 12 depicts the variation of eigenfrequency according
to the case of static non-linear analysis, which is defined
A8 A= (fao—foe) fre? where ; is the eigenfrequency after the
earthquake event and , is the eigenfrequency before the event.
For all the cases studied, except for the 4th eigenmode of H2
analysis, which corresponds to the earthquake event of Whittier
Narrows-01 1997, the eigenfrequencies receive smaller values
than the before earthquake condition. The aforementioned, is
attributed to the fact that the non-linear behavior of the masonry
material reduces the stiffness of the system, and therefore it
behaves in a more flexible way than the system before the
earthquake event. Furthermore, the variation of eigenfrequencies
is not the same for all modes. In particular, the fifth and the
sixth eigenmode are less affected by the non-linear behavior
than the other modes of natural vibration. For the earthquake
events of Oroville-3 1975, Coalinga-02 1983, L Aquila 2009,
Whittier Narrows 1987, and Gazli USSR 1976, the action of
the vertical ground component leads to a more flexible system,
with eigenfrequency values smaller than the action of the two
horizontal components for all the modes. On the contrary, for
the earthquake events of Umbria March 1997, Mammoth Lakes
1980, Northwest China-03 1997, San Fernando 1971, and Loma
Prieta 1989, the action of the vertical ground components leads
to a stiffer system, with eigenfrequency values greater than the
action of the two horizontal components for all the modes.

CONCLUSIONS

The present study refers to the investigation of the vertical seismic
component effects on the pathology of a historical structure. A 3D
non-linear finite element model of the structure is developed.
Ten near field earthquake records are implemented and two
groups of non-linear dynamic analyses are performed for each
ground motion. The first group of analysis refers to the action
of the two horizontal seismic components while the second one
refers to the action of the three seismic components. The main
conclusions on the effects of the vertical seismic component
on the behavior of the case study structure are the following:
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e In the majority of the implemented earthquake events, the
total number of effective cracks (open-crushed) receives
greater values under the additional action of the vertical
seismic component than the simultaneous action of the two
horizontal components. Therefore, the contribution of the
vertical seismic component on the total number of effective
cracks is significant.

e The total energy flux inserted into the system is always
greater under the action of three seismic components than
the action of two horizontal orthogonal ones. However,
the maximum energy flux inserted during the analyses
receives smaller values under the additional action of the
vertical seismic component than the action of the two
horizontal components. The aforementioned is attributed
to the fact that the failure of the structure under the action
of the three seismic components takes place at an earlier
time step than under the action of the two horizontal
components. Therefore, the system consumes less energy
for the case of the additional action of the vertical
component.

e The difference of the maximum horizontal and vertical
accelerations between the additional action of the vertical
seismic component and the two horizontal components
does not produce a clear picture of the severity of the
vertical seismic component or not.

e The same also issues for the variation of the
eigenfrequencies of the structure after the earthquake event
has taken place and before.
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