Development of New Technologies for the Earthquake-Resistant Design
of Churches Threatened by Tsunamis
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Abstract: One of the most important samples of ecclesiastical Byzantine architecture of the Peloponnese is
the Holy Apostles Church in Leontari, Arcadia. The Holy Apostles Church could be the template for a
suggestion regarding a Church construction in coastal areas of Aegean Sea. The main reason why such a
solution could be selected is the high seismicity of the region, combined with the danger of tsunamis, following
some of the earthquakes occurring at the area of the Aegean Sea. The design of the structural system of the
church, except for the conventional earthquake-resistant provisions, followed special provisions, so that the
integrity of the Church after a possible hit by tsunamis is ensured. The structural system consists of
foundation, floor and roof slabs without beams, directly mounted on internal columns, as well as on shear
walls on the perimeter. An external stairway that leads to the roof of the Church has been provided to rescue
people being in the area, since the nearest elevations are at a sufficient distance from the coast.
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Introduction
The Holy Apostles Church belongs to a few‐numbered group of monuments which follow the composite
architectural style, which characterizes the Palaeologean Church Architecture of the 14th century in Mystras
(LOUVI-KIZI 2007). The main characteristics of composite type Churches are: (a) The utilization of the attic
(the above level of the ground floor) introduced by the Despots of Mystras (DELVOYE, 1964),
(HALLENSLEBEN, 1968) and (b) the many‐domes overlapping of the Church. The inner part of the church
has murals of high artistic value.
The Holy Apostles Church could be a template for a project regarding a Church construction in a coastal area
of Aegean Sea. The high seismicity of the specific area, as well as the danger of tsunamis (which follow some
of the earthquakes that take place at the Aegean Sea), impose in the design of these constructions taking
special safety measures. Accordingly, the design of the structure of the Church, except from the conventional
seismic forecasts took into account the risk coming from tsunamis.
Tsunamis are sea waves that originate from areas where strong earthquakes occur. They are waves of high
period, and their velocity is about 200 m/sec. Such waves could cause important damages to coastal areas,
for example to ships or ports. The energy of a Tsunami wave is usually the 10% of the total energy of the
respective earthquake. So far, many scales for the assessment of the intensity of tsunamis have been
proposed. That intensity has usually relation with the height of the wave (PAPAZACHOS & PAPAZACHOU
2003).
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The intensity of Tsunamis in Greece is not as critical as in the Pacific Ocean. However, there have been
reported tsunamis in Greece, which have caused serious damages in coastal areas. The areas of Greece that
are affected by tsunamis are indicated in the literature (PAPAZACHOS & PAPAZACHOU 2003).

Fig. 1 – Lateral view of the proposed structure

Loading of structures due to tsunami waves
The research on the specific phenomenon is in progress. That progress is reflected through the Regulations
for the design of structures worldwide. Generally, structural regulations indicate the necessary loading
situations that have to be taken into consideration for the design of a new structure. Accurate methods in order
to solve any problem are proposed, through the use of the appropriate equations. Usually, such equations
originate from experimental research or even from analytical methods. “FEMA P646” (FEMA 2008)
Regulations of the USA determines the types of loading for the structures, due to the tsunami waves. These
types of loading are called:
•

Hydrostatic Forces

•

Buoyant Forces

•

Hydrodynamic Forces

•

Impulsive Forces

•

Debris Impact Forces

•

Damming of Waterborne Debris

•

Uplift Forces on Elevated Floors

•

Additional Gravity Loads on Elevated Floors

Those types of loading set the values of the loads that could be imposed to the structure. The response of the
whole structure or even the response of individual structural members is calculated. Some of the calculations
are straightforward, while the assessment of the response of some structural elements (e.g. for slabs) due to
some of those loads has to be modeled through the structural software.
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The proposed structure
The proposed structure is a Reinforced Concrete structure. There is one basement floor (elevation -4.44 m),
the floor where the basic operations of the Church take place (elevation -1.20 m) and the attic, which is the
above level of the basic floor (elevation +3.24 m). The structural system consists of foundation, floor and roof
slabs without beams, directly mounted on internal columns, as well as on shear walls on the perimeter. The
structural system of the church has been modeled with “SAP 2000” (C.S.I. 2008) software. Fehler!
Verweisquelle konnte nicht gefunden werden. shows the three dimensional display of the structure, as it
has been modeled. In that process, shell type elements have been used, as it is shown in Fehler!
Verweisquelle konnte nicht gefunden werden. for the modeling of the slabs as well as for the shear walls of
the church. Frame sections have been used for the modeling of the columns of the church.
The finite element method that has been used in the specific model, leads to an accurate calculation of the
internal forces of the structure.
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The accuracy depends on the density of the elements that the engineer uses into the model. In other words,
the use of dense elements increases the accuracy. Such accuracy is necessary in cases of openings at the
slabs (Fig. 2), because of the concentration of stresses in that area. A characteristic slab that special mesh
had to be made is the roof slab. Due to the domes of the church, there are 12 openings at the specific slab.
On the other hand, a dense meshing of the finite elements at the whole structure could cause a “computational
cost”, which means enough time for the completion of the analysis. As a structural model has to be simple in
order to avoid serious mistakes, the engineer should choose a solution which offers the necessary accuracy,
in combination with the less “computational cost”. Even if contemporary hardware offers great advantages for
the modeling of special structures nowadays, the solutions have to be selected sparingly.
The response spectrum analysis, which is a method of high complexity, has been held in order to calculate the
seismic loads of the structure. In that process, the mass of the building has to be computed with high
accuracy. In this study, the mass has been calculated automatically, through the imposed loads of the
structure and it’s self-weight. The data that have to do with the seismic forces are taken in accordance with the
peak ground acceleration of the Aegean Sea. The software that has been used calculates automatically the
response of the structure under seismic loading, with the use of the given data.

Fig. 2 – Slab at the elevation +7.50 m as it has been modeled through SAP 2000

Through the proper load combinations, there have been used the more unfavorable internal forces for the
structural components, in order to calculate the necessary bending reinforcement. There have been taken into
consideration the vertical loads, the seismic loads as well as the tsunami loading of the Church.
Fig. 3 shows the bending moments (internal forces) for the foundation slab, as well as for a slab of the
superstructure of the church. As we can see, the foundation slab accepts significant loads from the
superstructure, while the slab of the superstructure has loads that could be managed easily. The bending
moments at the slabs define the appropriate amount of bending reinforcement, as it has been already
mentioned. The reinforcement consists of circular steel rebars with appropriate diameter. The value of the
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bending moment sets the diameter as well as the distance between the rebars. High values of bending
moments lead to dense layout of rebars of large diameter. There are checked the moments’ values in many
regions of each slab, and the final layout of the reinforcement is selected in a way that it is as uniform as is
done.

(a) – Slab of the superstructure – elevation -1.20 m

(b) – Foundation slab
Fig. 3 – Bending moments (kN·m/m) for the most unfavorable load combination at two of the slabs of the church

Punching shear
One of the characteristics of the structural system is that the slabs are mounted directly on the internal
columns and on the shear walls of the perimeter, which means that the proposed structure belongs to the
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general category of “flat slab buildings”. As one of the main dangers of such structures is punching shear, it
has been calculated the necessary reinforcement for the areas that such a failure could occur, conventionally.
At some of the critical regions, it has been used the innovative solution of the reverse drops (Psarras, 2015),
so that the strength of the slab to get higher, and the increment of the slab thickness at the critical region not
to be visible from the interior of the church (Fig. 4).

Fig. 4 – Reverse drop at critical regions for punching shear

Punching shear is a type of brittle failure, where the slab tends to be expelled from the column. Brittle type of
failure means that there is not any warning before the failure. Such a warning is the appearance of cracks to
the concrete enough time before the total collapse of the structural element. The placement of the stirrups at
the area round of the column prevents the detachment of the slab from the column. The area where the
stirrups have to be placed is determined by Eurocode 2 (CEN 2004).
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In countries with high seismicity like Greece, punching shear is sometimes a critical situation for that type of
structures. In this way, the current study takes into consideration the seismic punching shear force, in addition
with the punching shear forces derived from the vertical loads.
The punching shear force is calculated through the stresses of the slab at the specific area, by the use of the
software SAP 2000 (C.S.I. 2008). The integration of the stresses leads to the accurate calculation of that
critical force. Especially, the nodes and the elements of the area in which the stresses have to be calculated,
are grouped, and the final result is the value of the punching shear load at the selected area.

Vertical deformations
As the basic limit statements that civil engineers exam at the structures, are those of the safety as well as of
the serviceability, there have been checked the vertical deflections of the slabs, so that their value will not
exceed the limit values, which are determined through the Regulations. It is reasonable that an increased
deflection of a slab leads to a feeling of insecurity for the residents of a building. That situation has not to do
with the safety of the structure, but with the serviceability.
While the deformations of reinforced concrete slabs increase through time, due to phenomena such as creep
and shrinkage, there have to be checked those deformations, taking into account such influences. Due to
these effects the deformations is possible to occur for years after the construction. In the specific study there
have been taken into account creep and shrinkage, and there have been calculated the vertical deformations
of the slabs. These deformations were the criterion for the selection of the slab thickness in each case, as it is
indicated to the Regulations. Fig. 5 shows the vertical deformations of a representative slab.

Fig. 5 – Vertical deformations (mm) of the slab at the elevation -1.20 m
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Rapidity of the construction process
The solution for the bending reinforcement of the slabs (Fig. 6) is chosen so that the time for the completion of
one floor to be minimized. The use of mesh reinforcement at the slab increases the rapidity of the construction
process, and in this way, the labor cost gets lower. Other means that could be used in order to reduce the
required time for the completion of one floor is the use of prefabricated formwork for the columns, or the use of
curing accelerators for the concrete. The prefabricated formwork is widely used in cases of circular columns
(like in the current study), while formwork made of paper is easily marketed.
The use of curing accelerators leads to the rapid removal of the formwork and to the beginning of the work for
the next floor very soon, in comparisson with conventional methods that are used.
It also has to be mentioned that such an aim is achieved for flat slab buildings, because of the absence of the
beams at the structure. The configuration of the reinforcement and the formwork of the beams is a time
consuming process.The aim of the reduction of the construction time for one floor is of high importance for
multistory buildings.
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Stairway for
rescue

Fig. 6 - Slab reinforcement at the elevation +3.24 m
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Fig. 7 – An alternative solution for the external rescue stairway

External stairway
The stairway leads to the roof of the Church in order to rescue people being in the area, since the nearest
elevations are at a sufficient distance from the coast.
The selection of the structural system of the stairway has taken into consideration the loads coming from a
possible tsunami.It had to be chosen a system that confronts such a loading and at the same time offers
serviceability and aesthetics. While the resistance to seismic or tsunami loads is offered through the stiffness
of the structural elements, there have to be included shear walls to the structural system, and so with the
stairway.
An alternative solution for the rescue stairway could be the one presented in Fig. 7. Such a solution has an
aesthetic advantage in comparison with the selected one. On the other hand, the selected solution that has
been presented previously is safer, taking into account the position of that stairway, while that stairway is on
the side of the sea.
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Conclusions
The use of Reinforced Concrete is the proper solution for the construction of Churches nowadays, especially
when high seismic requirements occur. Such a selection of a structural system is reasonable because these
structures are public buildings of high historical and artistic significance and their lifetime has to be longer than
that of the ordinary buildings. Furthermore, the danger of Tsunamis leads to a structural system of rare
demanding.
The current study proved that the reinforced concrete structural system selected for that architectural type of
church could confront the loads originating from strong earthquakes or Tsunamis.
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