COMPDYN 2015

5" ECCOMAS Thematic Conference on

Computational Methods in Structural Dynamics and Earthquake Engineering
M. Papadrakakis, V. Papadopoulos, V. Plevris (eds.)

Crete Island, Greece, 25-27 May 2015

THE DYNAMIC AND EARTHQUAKE RESPONSE OF BASILICA
CHURCHES IN KEFALONIA, GREECE INCLUDING SOIL-
FOUNDATION DEFORMABILITY AND WALL DETACHMENT.

G.C. Manos', E. Kozikopoulos®

' Professor and Director of the Lab. of Strength of Materials and Structures, Aristotle University
e-mail: {gcmanos@civil.auth.gr}

* Postgraduate student, Lab. of Strength of Materials and Structures, Aristotle University
e-mail: {vago_kozi@outlook.com.gr}

Keywords: Christian churches, Numerical simulation, Dynamic and seismic response, Soil-
foundation deformability, detachment of walls, push-over non-linear analyses

Abstract. The dynamic and earthquake behaviour of structural systems representing Post-
Byzantine Christian churches located in Kefalonia-Greece is examined. All these churches
are made of stone masonry. They developed damage to their masonry elements due to the am-
plitude of the gravitational forces acting together with the seismic forces that were generated
by the recent 2014earthquake activity, combined with the deformability of the foundation. The
numerical results together with assumed strength values are utilized to predict the behaviour
of the various masonry parts of these churches in in-plane, shear, and normal stress as well
as out-of-plane flexure. Use is made in the numerical simulation of the deformability of the
foundation of the results obtained from a specific investigation that dealt in measuring the
dynamic characteristics of a bell tower located in Lixouri-Kefalonia-Greece. It is shown that
the foundation deformability partly explains the appearance of structural damage. When
comparing the numerically predicted regions that reach limit state conditions with actual
damage patterns a reasonably good agreement in a qualitative sense can be observed. In ad-
dition, the numerical simulation focused in reproducing numerically certain non-linear
mechanisms that are typical for this type of structural systems. The numerically predicted
non-linear response mechanisms at the corners of the masonry walls as well as at the roof to
masonry wall level seem to reproduce in a realistic way the observed damage patterns in the-
se regions.
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1 INTRODUCTION

The objective of this paper is to study the dynamic and earthquake behavior of Christian
churches of the Basilica typology in the island of Kefalonia, Greece (figure 1). The recent
devastating earthquake activity in the island during the period from 26" of J anuary till the 31
of February 2014 caused extensive damage to the masonry walls of many of these structures.
The worst hit region lies at the West part of the island of Kefalonia with the peninsula of
Paliki claiming the biggest share of damaged churches. This region is marked in figure 1 with
the dotted circle. The most damaging seismic event for this region was the ground motion
during the major aftershock of this earthquake sequence that occurred during the 3™ of Febru-
ary, 2014 [1, 2, 3, 4]. This is depicted in figures 2 and 3. Figure 2 shows the location of the
epicenters of the aftershocks of the earthquake sequence of January-February 2015 for the is-
land of Kefalonia, including the epicenter of the strongest aftershock of 31 February, 2015 [2].
Figure 3 marks the location of some of the various churches in the Paliki peninsula that were
shaken by this strongest aftershock, leading to considerable damage and to certain cases to
spectacular partial collapse (figures 4 and 5).

Figure 1. View of the island of Kefalonia, Greece together with the peninsula of Paliki

The main event of this earthquake sequence occurred on the Sunday, 26" of J anuary
2015, 13:55 local time [1]. Fortunately, this event was not so damaging for the churches and
despite the fact that it occurred Sunday the Christian services were already completed by that
time. The damaging aftershock occurred on the Monday of 3™ February 2015, local time
05:09. The fact that at this time the churches were empty companied with the warning of the
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preceded main event are factors that helped to have no loss of life from the structural damage
and partial collapse that was observed in certain churches as well as to a number of other

structures and facilities ([1, 2, 3]).

of

Figure 2. View of the epicenters of the aftershocks together with that of the strongest aftershock of 3™
February, 2015 (blue star) as they were recorded by the Institute of Geodynamics of the National Obser-
vatory of Athens, Greece.
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Figure 3. View of peninsula of Pahkl together w1th the locatlon of some of the churches that developed
structural damage during the strongest aftershock of 3" February, 2015.
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Figure 5. St. Marina Soullaroi

During the Frankish and Venetian periods in Kefalonia many churches of this typol-
ogy were rebuilt in Kefalonia. Indicatively, around the late 18th century there were 350-400
churches in this beautiful island of the Ionian sea with the very active geological seismic
background. Numerous churches in this island have the structural form the single aisle basil-
ica (Ionian) with an elongated rectangular shape. The value of the ratio of their longitudinal
length over the transverse length varies from 1: 1.5 for relatively small churches to 1: 5 for
the largest structures. This relatively simple structural system for these churches is formed by
load-bearing stone-masonry peripheral walls that are connected with well built corners as well
as by the presence of a soft system of trusses that form the lightweight roof. Table 1 lists a
number of churches that were affected by this earthquake sequence together with the century
of their construction as well as the century of their damage repair due to a previous earth-
quake activity [3]. The island of Kefalonia belongs to a high seismic hazard region, as this is
depicted by the map of seismic zones of Greece in figure 6. This seismic zonation is included
in the current seismic code of Greece[26]; it can be seen in this figure that the island of Kefa-
lonia belongs to the seismic zone having seismic design ground acceleration value equal to
0.36g (g the acceleration of gravity equal to 9.8 1m/sec. However, it must be pointed out that
this is a relatively recent regulation that does not apply to the construction methods of the 17"
century.
Table 1. The name of the studied churches and the century of construction and repair.

A/A name of church Century of Construction / Repair
1 Kechrionos Monastery 17" /20"
2 Virgin Mary Kontogennada 18" /20"
3 St. Thekla 17" /20"
4 Virgin Mary Damoulianouta 19" /20"
5 Virgin Mary of Roggoi 17"

6 Virgin Mary Dematora 19" /20"
7 St. Blaise Dematora 18"
8 St. Dimitrios Kalata 18" /20"
9 Birth of the Virgin Mary Kalata 18"
10 12 Apostles -Chavdata 19"
11 Birth of the Virgin Mary Havriata 17" /20"
12 St. Marina in Soullaroi 17"

* The repair for the 20" century refers to interventions introduced after the damaging 1953
earthquake sequence
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Figure 6. The location of the six most damaged urban areas of Greece form the earthquake activity during the last
thirty years together with the seismic zoning map (see also Tables 1 and 5).

Damage to Christian churches from earthquake activity in Greece is quite frequent [6
to 21]. This must be attributed to the intense earthquake activity and the accumulation of
damage as well as to the fact that such structures made of weak masonry are quite vulnerable
as their heavy walls and heavy elements in their superstructure results in large amplitude
earthquake demands that cannot be met by the resistance offered by relatively weak stone ma-
sonry structural elements [6]. This is also the case in the damaged churches of Kefalonia that
will be investigated in the folowing sections.
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Figure 7. Peninsula of Paliki with the location of the two churches being examined here '

It should be underlined here that neither the long history of intense seismic activity in the
island nor the attempted damage repair from previous earthquake activity (see table 1) were
able to create effective interventions that would protect these structures from future seismic
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events. As can be seen in table 1 most of the repair efforts are dated on the 18th century. The
objective of this paper is to present currently available scientific tools that can help under-
stand the earthquake behaviour of this type of structures and therefore serve the objective of
their protection in a possible more effective way than the experience of the current earthquake
damage indicates. As indicated in table, the 20" century repair effort refers to interventions
introduced to these churches after the damaging 1953 earthquake sequence. In general, typical
interventions in these churches included the construction of a reinforced concrete beam at the
top of the masonry wall to connect the wooden roof at this level. However, as the full details
of these interventions were not available their effectiveness in the observed performance is so
far non-conclusive.

This investigation presents the evaluation of two Christian Basilica churches that are in-
dicated with relatively large letters in Table 1. The first is the church of Virgin Mary of Rog-
goi (No 5 in Table 1) and the second is church of St. Marina in Soullaroi (No 12 in Table 1
and figure 4). Both these churches are structure that did not experienced any interventions af-
ter the 1953 earthquake sequence. The first church of Virgin Mary of Roggoi has dimensions
in plan 7.5m by 15.8m and a height of 9.3m (No 5 in Table 1) and the second church of St.
Marina in Soullaroi has dimensions in plan 9.5m by 22.3m and a height of 9.6m, a somewhat
larger structure. The investigation being conducted here includes the effects of foundation de-
formability [21]. It has been demonstrated in the past [17, 19, 22, 23] as well as in two com-
panion works that are presented in this conference [22, 23], that the foundation deformability
is a significant parameter in the effort to understanding the earthquake behaviour of these
structures. The location of these two churches in the Paliki peninsula is shown in figure 7 to-
gether with the location of the accelerographs that recorded the seismic ground motion during
the strongest aftershock of 3" of February, 2015. Use of this recorded ground motion will be
made in the framework of the current investigation.

Figure 8. Numerical model of the foundation slab and the underlying soil.

2 SOIL - FOUNDATION DEFORMABILITY
The foundation of both churches is considered to be formed by a peripheral masonry strip

that is an extension of the masonry walls in the sub-soil at a depth of 0.5 m. In-situ studies
that were performed with the Agios Gerasimos bell tower have demonstrated that certain in-
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fluences can arise on the dynamic and earthquake response from soil-foundation deform-
ability [22, 23] that should be investigated. In order to study numerically the soil-foundation
deformability of these two churches the following process was utilized.

First, a numerical model of the structure and the masonry foundation strip was formed as
shown in figure 8. Together with the foundation masonry strip, which was modeled with shell
elements having linear elastic properties based on the Young’s modulus of masonry, the soil
layers underneath were also modeled being in full contact with the masonry foundation. These
soil layers were formed with solid “brick™ type finite elements with linear elastic properties
that extended to a depth of 4m below the foundation — soil interface.

Because it was not possible to find reliable geotechnical data in the vicinity of the studied
structures the investigation of the soil-foundation deformability was attempted in a parametric
way as will be explained below in order to define the elastic properties of the soil elements.

1* case. A shear wave velocity equal to 419m/sec was assumed for these underlying soil
layers. This value, together with a soil density equal to 20KN/m3 leads to a shear modulus
equal to 354MPa. This value together with a Poisson’s ratio value equal to 0.2 leads to a
Young’s modulus value for the soil equal to 1000MPa. This represents a rather hard soil.

2" case. Following the same rational but this time assuming a shear wave velocity value
equal to 200m/sec leads for the same value of soil density as in the 1* case to a the Young’s
modulus value for the soil equal to 230MPa. This represents a medium stiffness soil and is
comparable with the corresponding value found from the Agios Gerasimos in-situ measure-
ments [22].

[1° case Vs=419m/sec
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Figure 9. Vertical deflections of the soil-foundation simulation, for 1st case Vs=419m/sec

Next, this numerical simulation that included the superstructure, the foundation masonry
strip and the soil layers, as described before, was subjected to the dead weight. The bottom
surface of the bottom layer of the soil volume was constrained to have zero displacements in
all three directions. The side boundaries of the soil volume were constrained only in the two
horizontal directions. In this way the foundation was displaced almost uniformly downwards
in the vertical direction being compressed in this way. Figures 9 and 10 depict the resulting
vertical deformation patterns of the foundation-soil interface for the 1% (Vs=419m/sec) and
2" (Vs=200m/sec ) case of soil deformability, respectively.
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Figure 10. Vertical deflections of the soil-foundation simulation, for 2nd case Vs=200m/sec

In order to simplify the final numerical model of the examined churches including the soil-
foundation deformability the following approximation was made. An alternative numerical
model of the foundation masonry strip — soil interface was formed. This model retained all the
aspects of the superstructure and the foundation masonry strip. However, this time the soil
layers being simulated before with solid brick elements were replaced with two-node 3-D link
elements having one node fully restrained in the all three directions as the support to the earth
and the other node in full contact with each node of the shell elements which simulate the bot-
tom surface of foundation masonry strip. Moreover, these two-node links were given such an
axial stiffness that when the same load was applied as before (Dead load) the resulting vertical
deflection of the bottom surface of the foundation — soil interface was as close as possible to
the values indicated before in figures 8 and 10. Moreover, for certain types of numerical anal-
yses a non-linearity was introduced in the axial direction of these two-node link elements re-
sulting in their inability to sustain any tension. Following this rational the axial stiffness of
these two-node link elements, utilized for case 1 and 2 of soil-foundation deformability, is
listed in the following table 2.

Table 2. Axial stiffness of the equivalent two-node links

Soil deformability 1™ case Vs=419m/sec | 2" case Vs=200m/sec
Axial Stiffness of the vertical 109 24.5
two-node links (KN/mm)

3 THE LINEAR DYNAMIC RESPONSE OF THE CHURCHES

The eigen-modes and eigen-periods of the two temples are investigated next in a paramet-
ric way, assuming linear elastic behaviour of all the elements of the superstructure as well as
the foundation links [21]. The following parameters are varied:
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al) The church of the Panagia (Virgin Mary) of Roggoi. It is one of the oldest -along with
Ag. Marina in Soullaroi- Christian churches that developed severe damage during the recent
earthquake. It is a relatively small church with heavy structural damage in the facade (West
side) and wide shear cracks in the longitudinal North (figure 12) and South walls.

_ \d

Figure 11: West side - Figure 12 North side
a2) The church of Agia Marina is located in Soullaroi and was built in the 17th century,
without being repaired in 1953. It has old type double stone masonry walls, which sustained
heavy damage. There is almost partial collapse of the East (figure 5) and West side (figure 13)
and a wide detachment of the longitudinal and transverse walls (figure 14). very crosswise
shear cracks in columns. There is also global failure of the east pediment and intense horizon-
tal cracks appear at the base of the west.

Figlire 13:  West side - Figur 14 South-East corner

In all these linear elastic simulations of the dynamic response the soil-foundation deform-
ability was approximated in the way described in section 2. That is a 1* case is examined
having vertical two-node links at the soil-foundation slab interface with axial stiffness equal
to 109KN/mm, representing relatively hard soil conditions. Then, a 2™ case is examined hav-
ing vertical two-node links at the soil-foundation slab interface with axial stiffness equal to
24.5KN/mm, representing a soil of medium deformability. Moreover, in all cases the vertical
walls were connected at the corners with two-node 3-D links in an effort to control the rigidity
of these connections as well as to approximate the structural behaviour when the examined
structures exhibited heavy damage in these locations.
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The results of this dynamic analyses in terms of eigen-modes, eigen-period values and val-
ues of the corresponding mass participation ratios are included in figures 15 and 16 for the
church of Panagia of Roggoi and Agia Marina of Soularroi, respectively ([7 to 21]).

The following remarks can be made on the basis of the results presented in these figures.

1) The first dominant eigen-mode for both churches and for both cases of foundation-soil
flexibility is the translational mode in the North-South direction (y-y). The eigen-period for
this mode varies from approximately 0.18sec (hard soil) to 0.20sec. (medium soil) for both
churches. This eigen-mode mobilizes in all cases approximately 75% to 80% of the total mass.

2) The second dominant mode in the case of hard soil conditions is a torsional mode. The
eigen-period for this mode is approximately 0.11sec for both churches. However, this mode
mobilizes very little mass.

3) The third dominant mode in the case of hard soil is the translational mode in the East-
West direction (x-x). The eigen-period for this mode is approximately 0.10sec. for both
churches. This eigen-mode mobilizes for both churches approximately 70% of the total mass.

4) The second dominant mode in the case of medium soil conditions is the translational
mode in the East-West direction (x-x). The eigen-period for this mode is approximately
0.12sec. for both churches. This eigen-mode mobilizes for both churches approximately 60%
of the total mass. In the case of medium soil the third dominant mode is a torsional mode. The
eigen-period for this mode is approximately 0.11sec for both churches. However, this mode
mobilizes again very little mass.

From the above remarks it can be concluded that the assumed variation of the soil-
foundation deformability results, as expected, in a modest increase in the fundamental eigen-
period values. Moreover, the increased soil-foundation deformability results in the two trans-
lational North-South (x-x) and East-West (y-y) eigen modes becoming the dominant eigen-
modes of the structural response for these churches mobilizing 75% and 60% of the total mass,
respectively.

4 PREDICTIONS OF THE EARTHQUAKE RESPONSE FOR THE POST-
BYZANTINE CHRISTIAN CHURCHES

Next, numerical simulations of the earthquake response of these two churches are pre-
sented. The numerical analyses that were performed towards obtaining earthquake response
predictions of such Christian Basilica churches fall in the following two main categories.

4.1 Static numerical analyses with linear mechanisms for the two-node links at the
foundation-soil interface as well as at the corner of masonry wall interconnections.

In these dynamic numerical analysis use will be made of the ground acceleration that was
recorded at two stations during the 3" of February strongest aftershock [1, 3]. As can be seen
in figure 7, the location of one station is the center of the town of Lixouri (City Hall building)
whereas the location of the 2™ station in the old school of the village of Chavriata. As could
be observed in figure 7 the church of Agia Marina at Sullaroi is at a distance of approximately
2km from either the Lixouri or the Chavriata station located between these two locations. The
church of Panagia of Roggoi is at a distance of approximately Skm North from Chavriata and
North-West from Lixouri. In order to obtain an estimate of the horizontal seismic forces that
these two churches were subjected to during the damaging aftershock of 3" of February 2015
the constant ductility (u=1.5) response spectra in the East-West and North-South direction
were derived from those recordings of the ground motion. The corresponding response spec-
tral curves are depicted in figures 17 and 18 for the Lixouri recording and in figures 19 and 20
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for the Chavriata recording in the East-West and North-South horizontal directions, respec-
tively.

Strongest Aftershock 3rd February 2014
Lixouri East-West component
Constant ductility (u) Response spectra
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Figure 17. Definition of East-West (y-y) seismic loads through the recorded ground motion at Lixouri during
the 3" of February strongest aftershock

Strongest Aftershock 3rd February 2014
Lixouri North-South component
Constant ductility (u) Response spectra
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Figure 18. Definition of North-South (x-x) seismic loads through the recorded ground motion at Lixouri dur-
ing the 3" of February strongest aftershock
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Aceleration response (cm/sec2)

Strongest Aftershock 3rd February 2014
Chavriata East-West component
Constant ductility (u) Response spectra
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Figure 19. Definition of East-West (y-y) seismic loads through the recorded ground motion at Chavriata dur-
ing the 3" of February strongest aftershock

Aceleration response (cm/sec2)

Strongest Aftershock 3rd February 2014
Chavriata North-South component
Constant ductility (1) Response spectra
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Figure 20. Definition of North-South (x-x) seismic loads through the recorded ground motion at Lixouri dur-
ing the 3" of February strongest aftershock

The ductility factor value p=1.5 is presumed to be a good approximation for these type of
relatively brittle unreinforced masonry construction. In the same figures the design spectral
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acceleration curves are also plotted for type 1 and type 2 earthquake, as these design spectral
values are defined by EuroCode part 8 [24] assuming again a response modification factor
value g=1.5 Soil category D (flexible soil) importance factor 1 and design peak ground accel-
eration equal to 0.36g (g the acceleration of gravity) as defined by the current Greek seismic
code for Kefalonia [25]. In comparison, the “Old Greek Seismic Code” level of seismic forces
that were introduced in 1959 are also indicated in this figure as “Old Greek Seismic Code”
[5 ]. Moreover, the values of the eigen-periods found from the dynamic analyses of these two
churches, as they were presented in figures 15 and 16 are also plotted in figures 17 to 20. The-
se values are designated as Longit. L.P.V or U.P.V., which correspond to the eigen-periods in
the longitudinal East-West (x-x) direction for either the hard soil (Lower Period Value) or the
medium soil (Upper Period Value). The same hold for the transverse North-South (y-y) direc-
tion which are designated as Trans. L.P.V or U.P.V., for the hard soil (Lower Period Value)
or the medium soil (Upper Period Value), respectively. The following remarks can be made
on the basis of figures 17 to 20.

1) For the period range from 0.1sec. to 0.4sec the Chavriata spectral acceleration curve
would result in more demanding seismic forces for the corresponding structures, like
the studied churches, than the Lixouri spectral acceleration curve for both the North-
South and the East-West directions.

2) Structural systems that would be more flexible than the ones examined here, either be-
cause of more flexible soil-foundation conditions than the medium soil of this study or
for more flexible structures themselves than the structures considered here, they would
have been subjected to larger horizontal seismic forces than the ones to be considered
for the studied here churches. This remark is valid for the Chavriata record for both the
North-South and East-West direction and for the East-West direction for the Lixouri
record.

3) The Chavriata spectral acceleration curves (for u=1.5 either E-W or N-S) for the period
range from 0.1sec. to 0.4sec would result in more demanding seismic forces for the
corresponding structures, like the churches studied here, than the EuroCode 8 design
spectral curves for g=1.5.

4) The Lixouri spectral acceleration curve (for pu=1.5 either N-S or E-W) for the period
range from 0.1sec. to 0.4sec would result in less demanding seismic forces for the cor-
responding structures, like the churches studied here, than the Type 1 EuroCode 8 de-
sign spectral curves for q=1.5. The difference is not very significant for the type 2
EuroCode 8 design spectral curves for q=1.5. The

5) Seismic force levels for the period range from 0.1sec. to 0.4sec according to the old
Greek seismic code are approximately 3 to 4 times smaller than the corresponding lev-
els obtained on the basis of the Lixouri spectral curves (for u=1.5 either E-W or N-S)
or the type 2 EuroCode 8 design spectral curves for q=1.5.

6) Seismic force levels for the period range from 0.1sec. to 0.4sec according to the old
Greek seismic code are approximately 5 to 6 times smaller than the corresponding lev-
els obtained on the basis of the Chavriata spectral curves (for p=1.5 either E-W or N-S)
or the type 2 EuroCode 8 design spectral curves for q=1.5.

7) All the previous points underline the severity of seismic forces levels the examined
churches had to withstand. One favourable parameter for the structural performance
was the short duration of this intense shaking. However, the preceding discussion on
the severity of the seismic forces ignored the unfavourable effect of the vertical com-
ponent of the ground motion, which is usually present in localities close to the epicen-
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ter like the ones examined here. This unfavourable influence of the vertical component

of the ground motion is ignored throughout this study.

The seismic forces that are used in this type of numerical analyses are obtained in the fol-

lowing way.

a) First, employing either the Lixouri or the Chavriata spectral curves for u=1.5 and the

linear elastic numerical simulation of the examined structural system the base shear
values in the North-South or the East-West direction are obtained. This is done
through a dynamic spectral analysis utilizing the first four (4) eigen-modes and the
relevant North-South or East-West spectral curves, respectively. Alternatively, a re-
sponse spectrum can be used resulting from the elastic response spectral curve for
5% damping divided by a response modification factor equal to 1.5 for unreinforced
masonry. In the subsequent analysis the later process was adopted.

b) An amplification factor is also utilized to compensate for the fact that these first four

(4) eigen-modes, which correspond to realistic structural responses for this type of
structures, do not sum up to 90% of the total mass of the structure.

c) The horizontal seismic forces are finally applied either in the x-x East-West longitudi-

nal direction (Ex) or the y-y North-South transverse direction (Ey) as static forces re-
sulting from constant acceleration along the height of the examined structures as
shown in figure 21. This constant acceleration has such a value that results in the
same base shear value found from the dynamic spectral analysis of steps a and b de-
scribed before. These equivalent seismic forces Ex or Ey are combined with the
permanent loads (D) to form the load combinations 0.9D + Ex or 0.9D + Ey.

d) This is done because it is much easier to obtain in this way the demands of the various

masonry structural elements from the seismic forces described in step c. Thus, the
evaluation of the seismic performance of these structural elements can be done.

Figure 21: Equivalent static loads.

Table 3 Base shear Values (KN) based on the Chavriata response spectra
Virgin Mary of | Virgin Mary of Ag. Marina Ag. Marina
Roggoi Roggoi Soullaroi Soullaroi
Hard Soil Soft Soil Hard Soil Soft Soil
North-South 2465 2498 5229 5803
(x-x) direction
East-West 2367 2874 8397 8828
(y-y) direction
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Table 3 lists the base shear values, as they resulted from the linear elastic dynamic spectral
analyses utilizing the East-West or North-South acceleration response spectral curves for 5%
damping and gq=1.5 derived from the recorded ground acceleration (figures 17 to 20). As ex-
plained above, these values coincide with the equivalent seismic forces Ex or Ey.

4.2  Push-over numerical analyses with non-linear mechanisms for the two-node links
at the foundation-soil interface and the link elements which connect the vertical walls
in the corners and the top face of the wall with the roof.

In the 2™ category of numerical seismic analyses the non-linear behaviour of the examined
structures is considered by introducing the following non-linear mechanisms.

al) First, the two-node 3-D links at the soil-foundation interface introduced to account for
the soil-foundation deformability are provided with tension a cut-off limit so they can sustain
only compression in their axial direction and no tension.

bl) Similarly, two-node 3-D non-linear link elements are also utilized in connecting the
vertical walls at their corners with a tension cut-off limit in a way to transfer compression be-
tween the intersecting walls at the corner but limit transfer of tension.

cl) A similar connection is used between the wooden elements of the roof and the tym-
pana of the masonry walls at the East and West sides or at the top of the North or South longi-
tudinal masonry walls.

Thus, through the proper use of these non-linear 3-D two-node link elements these non-
linear mechanisms are introduced in an effort to simulate numerically the capability of the
uplifting of the structure at the soil-foundation interface, the possibility of detachment be-
tween the wooden elements of the roof and the masonry walls or between the vertical walls
themselves at the corners.

These numerical analyses were a push-over step-by-step type of analyses [6] with the first
step being the application of the permanent vertical loads (D). Next, the horizontal seismic
loads are introduced at each shell element (each mass) as a gravity load at direction either in
the North-South (y-y) or East-West (x-x) directions. This is done gradually by increasing the
level of the applied seismic forces by a small amount at each subsequent step. The seismic
horizontal displacement attained at each step is checked certainly at the top point of East wall
for the East-West (x-x) push-over analyses or at the top of the middle of the North wall for the
push-over analyses direction in the North-South (y-y) direction.

S ASSUMED FAILURE CRITERIA USED IN THE VALUATION OF THE
OBSERVED PERFORMANCE

Table 4 lists the assumed mechanical characteristics for the stone masonry elements of
both churches [5]. Moreover, a Mohr-Coulomb failure envelope was adopted for the in-plane
shear limit state of the stone masonry, when a on normal stress is acting simultaneously, that
is defined through the relationship (1) ([6], [21], [26]).

fvk = fvko + 0.4 &, (1)
where: fvko is the shear strength of the stone masonry when the normal stress is zero; fvko

was assumed to be equal to 0.160 N/mm?2. ¢, is the compressive axial stress acting on the
bed joint .
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Table 4 lists the assumed mechanical characteristics for the stone masonry in terms of
Young’s modulus and Poisson’s ratio as well as compressive and tensile strength values. The
values listed in table 4 were assumed to be valid for both churches based on relevant strength
values employed in similar studies [6 to 21]. However, the necessity to quantify such limit
value through tests based on in-situ samples must once more be underlined.

Table 4. Assumed Mechanical Characteristics of the Stone Masonry

Young’s | Poisson’s | Compressive | Tensile Strength normal | shear strength
Modulus Ratio Strength /parallel foko (N/mmz)
(N/mm?) (N/mm?) bed-joint (N/mm?)

Limit

values 1000 0.2 3.50 0.15/0.60 0.16

The above strength values will be used to evaluate the seismic performance of the various
masonry structural elements in the most critical locations that the demands, obtained through
the numerical analyses results, have maximum values. This will be done in comparing the
various demands Sgq with the corresponding strengths Sgq through the following inequality

2):
Sea < Sra  indicates safe structural performance. 2)
The above inequality can also have the form of a Sgq / Sgg in inequality (3).
Sra / Sga > 1 indicates safe structural performance. 3)

This inequality in ratio terms is further detailed through the following ratios. For the in-
plane or the out of plane demands the following demands are checked (inequalities 4 to 6):

a2) The in-plane shear demand in terms of shear stress for various bed-joint locations
where shear and normal stresses are acting. This is done through the value of the following
ratio R,

R, = shear strength / shear stress demand. < 1 signifies shear failure (in-plane) 4)

b2) The in-plane compression stress demand for various bed-joint locations where com-
pressive stresses are acting normal to bed-joints. This is done through the value of the follow-

ing ratio {8

Rc = compressive strength / compressive stress demand < 1 signifies compression failure]
(in-plane) (5)

c2) The in-plane tensile stress demand for various bed-joint locations where tensile stress-
es are acting normal to bed-joints. This is done through the value of the following ratio Ro

Ro = tensile strength (fxk1) / tensile stress demand < 1 signifies tensile failure normal to
bed joint (in-plane) (6)
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d2) The out-of-plane tensile stress demand for various bed-joint locations where tensile
stresses are acting normal to bed-joints. This is done through the value of the following ratio
RNI

Ry= tensile strength / tensile stress demand from out-of-plane flexure < 1 signifies out-of-
plane tensile failure normal to bed joint at the extreme fiber (out of plane) (7)

All the masonry parts of the studied structures were examined in terms of in-plane and out-
of-plane stress demands posed by the considered load combinations against the corresponding
capacities, as these capacities were obtained by applying the Mohr-Coulomb criterion of
equation 1 or the stone masonry compressive and tensile strength limits listed in Table 4. Ra-
tio values smaller than one (Rt, Rg, Ro, Ry <1) predict a corresponding limit state condition.
As can be seen, the followed methodology is based on combining numerical stress demands
resulting from elastic analyses with limit-state strength values. A different approach is to in-
corporate these limit-state strength values in a non-linear push-over type of analysis (see
Manos et al. [1]). It was shown that the methodology applied here correlates quite well with
the non-linear approach in predicting regions of structural damage.
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Figure 22. Predicted performance of the West side wall of the church of Panagia of Roggoi
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6 THE RESULTS OF THE NUMERICAL ANALYSES

Next, selected results from the numerical simulations of the earthquake response of these
two churches are presented. The numerical analyses results obtained following the linear stat-
ic approach, described in sub-section 4.1, are presented first in sub-section 6.1. This is done
by showing the predicted performance of the various masonry elements utilizing the obtained
demands with the corresponding strength values through the process outlined in section 5. Se-
lected results obtained through the push-over type of numerical analyses, described in subsec-
tion 4.2, are next presented in a summary form in sub-section 6.2.

6.1 Static numerical analyses with linear mechanisms for the two-node links at the
foundation-soil interface as well as at the corner of masonry wall interconnections.

Figures 22a and 22b depict Rt, Ro, Ry ratio values for the in-plane and out-of-plane per-
formance of the West side of the Panagia of Roggoi church for either hard or medium soil,
respectively. As can be seen in these figures the demands exceed by far the corresponding
strengths either in shear or tension (in-plane) at the lower part of this masonry wall or the out-
of-plane tension at its upper part. The presence of medium soil signifies that these ratio values
become in general even smaller. Thus, it is demonstrated that the presence of medium soil
conditions increases the possibility of damage in this case. Good agreement can be seen by
comparing the predicted (figures 22) with the observed (figure 23) performance for this wall.

~ VIRGIN MARY OF ROGGOI - HARD SOIL

| ’
Rv=D]50 i w- f Ri=0,50
——Ry=Dl41 | '
|

sHaa!

Figure 24a. Predicted out-of-plane performance, South wall, hard soil, church Panagia of Roggoi

~ VIRGIN MARY OF ROGGO! - SOFTSOIL

R7,1=0,48 | N

Rv=0/38 L Rw=038
Ru=0,39 " 'Ry=0/39 -

Figure 24b. Predicted out-of-plane performance, South wall, medium soil, church Panagia of Roggoi

Figures 24a and 24b depict Ry ratio values for out-of-plane predicted performance of the
South side of the Panagia of Roggoi church for either hard or medium soil, respectively. As
can be seen in these figures the demands exceed by far the corresponding strengths in tension
(out-of-plane) at the upper part of this masonry wall between the door and window openings.
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Again, the presence of medium soil signifies that these ratio values become in general even
smaller. Thus, it is demonstrated that the presence of medium soil conditions increases the
possibility of damage in this case. Good agreement can be seen again by comparing the pre-
dicted (figures 24) with the observed (figure 25) performance for this wall.

Figure 25. Observed out-of-plane performance, South wall, church Panagia of Roggoi
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Figure 26. Predicted performance of the West side wall of the church of Agia Marina
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Figure 27. Observed damage of the West side of the church of Agia Marina
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Figures 26a and 26b depict Rt, Ro, Ry ratio values for the in-plane and out-of-plane per-
formance of the West side of the Agia Marina church for either hard or medium soil, respec-
tively. As can be seen in these figures the demands exceed by far the corresponding strengths
either in shear or tension (in-plane) at the lower part of this masonry wall or the out-of-plane
tension at its upper part. The presence of medium soil signifies that these ratio values become
in general even smaller. Thus, it is demonstrated that the presence of medium soil conditions
increases the possibility of damage in this case. Good agreement can be seen by comparing
the predicted (figures 26) with the observed (figure 27) performance for this wall.
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Figure 28a. Predicted out-of-plane performance, South wall, hard soil, church Agia Marina
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Figure 29. Observed out-of-plane performance, South wall, church Agia Marina
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Figures 28a and 28b depict Ry ratio values for out-of-plane predicted performance of the
South side of the Agia Marina church for either hard or medium soil, respectively. As can be
seen in these figures the demands exceed by far the corresponding strengths in tension (out-
of-plane) at the upper part of this masonry wall between the door and window openings.
Again, the presence of medium soil signifies that these ratio values become in general even
smaller. Thus, it is demonstrated that the presence of medium soil conditions increases the
possibility of damage in this case. Good agreement can be seen again by comparing the pre-
dicted (figures 28) with the observed (figure 29) performance for this wall.

7 RESULTS FROM THE PUSH-OVER NUMERICAL ANALYSES

Next, selected results from the push-over numerical simulations of the earthquake response
of this type of churches are presented.

7.1  The uplifting of the foundation.

Figures 30a and 30b depict the push-over displacement response as predicted from the nu-
merical simulations that included the 1% non-linear mechanism, that of the ability of the foun-
dation to uplift from the foundation-soil interface, when the loads combinations 0.9D + Ex or
0.9D + Ey, with the seismic forces Ex (East-West) or Ey (North-South), are applied in a push-
over way.
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a. East-West (x-x) direction b. North-South (y-y) direction
Figure 30. Push-over type of analysis with the ability of the foundation to uplift
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Figure 31. Base-shear versus top horizontal displacement Push-over response with foundation uplift

481



G.C. Manos, E. Kozikopoulos

The obtained base shear — horizontal displacement response from these push-over numeri-
cal analyses are depicted in figures 31a (0.9D + Ex) and 31b (0.9D + Ey) for the East-West
and North-South directions, respectively.

As can be seen in figures 31a and 31b the uplifting of the foundation limits the base shear
levels in the East-West direction to approximately 12000KN and in the North-South direction
approximately 9000KN. If the above values are compared with the corresponding values,
listed in Table 3, which were obtained from the dynamic spectral analyses that employed the
recorded ground motion response spectra (Chavriata record), it can be concluded that for the-
se force levels the uplifting of the foundation is unlikely.

7.2 The detachment of the walls at the corners.

Figures 32a and 32b depict the push-over displacement response as predicted from the nu-
merical simulations that included the 2" non-linear mechanism, that of the ability of the walls
to be detached at the corners where these vertical walls are interconnected. This is simulated
when the load combinations 0.9D + Ex or 0.9D + Ey, with the seismic forces Ex (East-West)
or Ey (North-South) are applied in a push-over way.

e

a. East-West (x-x) direction — detachment of East wall from  b. North-South (y-y) direction — detachment of
the North wall North wall from West wall
Figure 32. Push-over type of analysis with the ability of the foundation to uplift
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Figure 33. Base-shear versus top horizontal displacement Push-over response with the ability of the vertical
walls to be detached at the corners

a. East-West (x-x) direction — detachment of the
East wall from the North wall

The obtained base shear — horizontal displacement response from these push-over numeri-
cal analyses are depicted in figures 33a (0.9D + Ex) and 33b (0.9D + Ey) for the East-West
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and North-South directions, respectively. As can be seen in figures 32a and 33a the detach-
ment of the East wall from the North wall, when the seismic forces act in the East-West direc-
tion, limits the base shear levels in the East-West direction to approximately 4000KN.
Similarly, the detachment of the North wall from the West wall (figures 32b and 33b), when
the seismic forces act in the North-South direction, limits the base shear at the level of ap-
proximately 3500KN. If the above values are compared with the corresponding values, listed
in Table 3, which were obtained from the dynamic spectral analyses that employed the re-
corded ground motion response spectra (Chavriata record), it can be concluded that for these
force levels the detachment of these walls at the corners is very likely.

7.3 The detachment of the walls at the corners as well as at the roof level.

Figures 34a and 34b depict the push-over displacement response as predicted from the nu-
merical simulations that included the 2" and the 3™ non-linear mechanisms; that is the ability
of the walls to be detached at the corners where these vertical walls are interconnected as well
as at the roof level. This is simulated when the load combinations 0.9D + Ex or 0.9D + Ey,
with the seismic forces Ex (East-West) or Ey (North-South) are applied in a push-over way.

WL L

. East-West (x-x) direction- detachment of West wall
. East-West (x-x) direction- detachment of West wa b. North-South (y-y) direction-detachment of North wall

Figure 34. Push-over type of analysis with the ability of the walls to be detached at the corners

a. East-West (x-x) direction — detachment of the West b. North-South (y-y) direction — detachment of the
wall North wall
Figure 35. Base-shear versus top horizontal displacement Push-over response with foundation uplift
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The obtained base shear — horizontal displacement response from these push-over numeri-
cal analyses are depicted in figures 35a (0.9D + Ex) and 35b (0.9D + Ey) for the East-West
and North-South directions, respectively. As can be seen in figures 33a and 33b the detach-
ment of the West wall limits the base shear levels in the East-West direction to approximately
6000KN and in the North-South direction approximately SOOOKN. If the above values are
compared with the corresponding values, listed in Table 3, which were obtained from the dy-
namic spectral analyses that employed the recorded ground motion response spectra (Chavri-
ata record), it can be concluded that for these force levels the detachment of these walls at the

corners is very likely. These are in agreement with the observed performance (see figures 13
and 14).

8 CONCLUSIONS

e Through the systematic study of the characteristics of the ground motion records and the
dynamic properties of the structural systems, representing the examined Christian
churches damaged in Kefalonia by the 3 of February 2015 strongest aftershock, the lev-
els of the seismic forces land their severity that these churches had to withstand was es-
tablished. One favourable parameter for the structural performance was the short duration
of this intense shaking. However, this study ignored the unfavourable effect of the verti-
cal component of the ground motion, which is usually present in localities close to the
epicenter like the ones examined here.

e The predicted performance of the examined Christian churches, employing demands
from a linear analysis that utilizes these horizontal seismic force levels and assumed
strength values for stone masonry, yield good agreement with the observed performance.

e The predicted performance is approximated through a detailed process that makes use of
strength / demand ratio values (Rt, Rg, Ro, Ry ) in order to approximate the ability of
the masonry structural elements to withstand or not the posed demands in in-plane shear,
in-plane compression/tension and out-of-plane tension.

e The push-over non-linear numerical analyses that were next performed including the
ability of foundation uplift and the ability of the walls to be detached from their intercon-
nections at the corners or at their connection with the roof seems to yield realistic esti-
mates of the observed performance.
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