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Abstract

The dynamic and earthquake response of a bell towers founded on soft soil layers is examined
here. The dynamic and earthquake response of such a bell towers is numerically simulated
together with a number of layers of the underlying soil. The earthquake response is examined
for a variety of load combination conditions employing design spectra as well as the ground
motion recorded at a small distance from this bell tower during a prototype earthquake motion.
Towards this end, the variation of the recorded ground motion due to the flexibility of these
underlying soil layers is also examined. The earthquake response is examined comparatively
in terms of global response parameters, such as base shear, overturning moment, and top dis-
placements as well as peak stress values at particular parts of the bell tower that stress concen-
tration occurs. These response values are studied in a comparative way in order to validate
these numerical simulations with the observed performance.
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1 INTRODUCTION

Bell towers are structures that are of particular interest regarding their dynamic and earth-
quake response, which has been the subject of research in the past. A large number of bell
towers with dimensions much larger than the ones examined here are located in numerous ci-
ties in Italy and elsewhere. The largest percentage of these bell towers is built by stone or
brick masonry. In many cases earthquake activity constitutes the major cause of serious dam-
age for bell towers that many times leads to partial or total collapse ([1] to [16]). Conse-
quently, there is a major international concern for the stability of numerous bell towers. This
resulted to significant international research effort that includes in-situ monitoring of the re-
sponse of bell towers on a temporary basis, like the one attempted here, or more sophisticated
and on a permanent basis Foundation problems for bell towers are evident in many case the
most celebrated being Pisa’s grand bell tower in Italy, that is quoted as a major medieval en-
gineering error. Therefore, the soil flexibility is also an area of research interest for these
structures especially when their dynamic and earthquake response is under investigation ([19]
to [28].

This investigation was initiated by the observed performance of two relatively new bell
towers. Both these bell towers, built by reinforced concrete (RC) and founded on an RC foun-
dation block did not sustain any structural damage. They were both founded on relatively
flexible soil although they were not any visible signs of soil deformation at the aftermath of
the strong seismic ground motion. For both towers in-situ measurements were performed aim-
ing to investigate their main dynamic characteristics. From these measurements it became ap-
parent that the flexibility of the underlying soil layers could have exerted an influence on the
seismic performance of these bell towers that should not be ignored. This was initially at-
tempted by altering the flexibility of the supports of the RC foundation block utilizing linearly
flexible links between the foundation block and the underlying soil. This was successful, up to
a point, as shown by comparing the numerically predicted in this way fundamental transla-
tional periods of these bell towers to the corresponding values found from the in-situ measur-
ing campaign. However, in this way the adopted approach did not address the influence of the
existing structures to the assumed earthquake ground motion, which was recorded at some
distance from these structures which were of considerable height (23m) with a foundation
block of considerable dimensions (4.5m x 4.5m in plan and more than 1m thick). Moreover, it
was interesting to observe that in the case of one of these bell towers (Havriata) the nearby
church was damaged as well as the South slope of the hill that both the bell tower and the
church were located showed signs of distress (see figures 1). In what follows, an investigation
is performed aimed to study the bell tower dynamic and earthquake response by numerically
simulating the structure of the bell tower and its foundation together with a considerable vo-
lume of the underlying soil. This investigation, for simplicity purposes, is performed in the 2-
D domain and assumes linear behaviour of both the soil and the superstructures. At a later
stage, this study can be extended at a later stage to a more complex numerical simulation in
the 3-D domain which could also include a more realistic behaviour of the soil volume than
that which is assumed at present. In what follows initially the acceleration at the bedrock is
approximated. Next, the response of the soil volume is studied in three different configura-
tions; the first assumes only the given soil volume the second this soil volume with a simple
superstructure numerically simulating the church and the third configuration includes the giv-
en soil volume together with simple numerical simulations of both the church and the bell
tower. The obtained numerical predictions are presented and discussed.
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Fig. 1. The Church and the bell tower of the Panagia Agriliotissa at Havriata, Kefalonia-Greece together with the
interior and exterior damage of the church and the South slope.

2  ESTIMATING THE ROCK ACCELERATION.

In what follows a study is performed using the ground acceleration (figure 2) recorded
during the 3rd of February 2014 earthquake sequence at Havriata village in Kefalonia island
[3]. The two horizontal and the vertical components of this record are used as input together
with a soil volume that is assumed to be 30m deep. For layers deeper than 30m it is assumed
that these layers have mechanical properties close to those of a rocky formation. The soil vo-
lume above this rocky substrate is divided in three layers having a 10m depth each. Three dif-
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ferent soil profiles are studied whereby the properties of the upper layer are only varied whe-
reas the properties of the other two underlying layers remain constant. Two types of analyses
are performed using a 2-D software for this purpose. The first type of analysis assumes linear
behaviour of the soil volume that depends on the given elastic mechanical properties of the
soil layers. The second type of analysis assumes a certain soil non-linear behaviour as it is si-
mulated by given options in this software [17].

2.1 Linear behaviour of the underlying soil layers.

Initially, linear behaviour of the underlying soil layers are assumed with elastic properties
listed in table 1. The following values of the soil properties are listed in this table. Young’s
Modulus E (Mpa), Shear Modulus G (Mpa), Mass density p (KNsec2/m4) , and Shear wave
velocity v (m/sec) given by equation 1.

v=(G/p)™® (1)
Depth Soil Profiles E G p v
(m) (MPa) | (MPa) | (KNsec2/m") | (m/sec)
0to-10 1% Profile 465 194 1.835 325
0to-10 2" Profile 300 125 1.835 261
0to-10 3" Profile 100 41.67 1.835 150
-10 to -20 1%, 2™ and 3™ Profiles | 1000 417 1.835 477
20 to -30 1%, 2" and 3™ Profiles | 2000 833 1.835 674
Deeper than -30m | 1%, 2" and 3" Profiles | 50000 | 20833 1.835 1066

Table 1. Elastic properties of the soil layers
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Figure 2. The recorded at Havriata earthquake ground motion in terms of two horizontal and the vertical accele-
ration components.

In what follows, the software STRATA [17] assuming linear behaviour of all the under ly-
ing soil layers with values of these elastic properties listed in table 1. Based on these values and
using as input information the acceleration components of the recorded ground motion at the sur-
face of the Havriata town the corresponding components are obtained at bedrock, assumed to be at
layers deeper than 30m from the soil surface. The results are obtained in two forms, either as acce-
leration time history or as the relevant acceleration elastic response spectral curve (for 5% damping
ratio). Along these lines a parametric study is performed whereby the 3 three soil profiles listed in
table 1 were analyzed. The obtained results in terms of either acceleration time history components
at bedrock or acceleration elastic response spectral curves (for 5% damping ratio) are depicted in
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figure 2 (soil profile 1) for the two horizontal and the vertical component of the Havriata 3" of Feb-
ruary 2014 record of the earthquake ground motion. For soil profiles 2 and 3 the corresponding re-
sults are depicted in figures 3 and 4, respectively. As it is listed in figures 2, 3 and 4 as well as from
the values listed in Table 1 soil profile 1 corresponds to a relatively stiff soil, soil profile 2 to a
moderately stiff soil whereas soil profile 3 corresponds to a relatively flexible soil.
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Figure 2. The obtained acceleration components at the bedrock for the Havriata earthquake ground motion in
terms of two horizontal and the vertical acceleration components or the corresponding elastic response spectral
curves (for 2% damping ratio). Seil Profile 1 (Linear) Upper layer relatively stiff.
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Figure 3. The obtained acceleration components at the bedrock for the Havriata earthquake ground motion in
terms of two horizontal and the vertical acceleration components or the corresponding elastic response spectral
curves (for 2% damping ratio). Seil Profile 2 (Linear) Upper layer moderately flexible.
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Figure 4. The obtained acceleration components at the bedrock for the Havriata earthquake ground motion in
terms of two horizontal and the vertical acceleration components or the corresponding elastic response spectral
curves (for 2% damping ratio). Seil Profile 3 (Linear) Upper layer relatively flexible.
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Figure 5. Comparison of the acceleration spectral curves obtained from the recorded components of the seismic
ground motion at Havriata and the corresponding acceleration spectral curves from the acceleration components
obtained from STRATA software at the bedrock for the three soil profiles.
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Figure 5 summarizes the results of figures 2, 2 and 4 in terms of acceleration spectral
curves derived from the acceleration components obtained at bedrock by utilizing STRATA
software assuming soil properties for three soil profiles listed in table 1 and assuming linear
behaviour. In the same figures the spectral curves at the surface of the soil volume derived
from the three components of the recorded seismic ground motion at Havriata are also plotted.
Moreover, at the top right of this figure the spectral curve of the East-West component of the
recorded during the seismic event ground motion is compared with the corresponding spectral
curve found by applying the STRATA software in the inverse way. That is, using as bedrock
acceleration the one found for soil profile 3 is used as input to obtain through this software the
acceleration at the surface of the soil-volume. Then, the spectral acceleration curve for 5%
damping ratio is found and potted. As can be seen, these two spectral acceleration curves, the
original one from the actual record and the one employing STRATA software, combining the
direct and the inverse process, are identical. Moreover, from the results depicted in figures 2,
3,4 and 5 it can be seen that that both the acceleration time histories and the corresponding
acceleration spectral curves are deflated when they are compared with the corresponding val-
ues at the soil volume surface of the originally recorded ground acceleration. It can also be
observed, that this deflation, is larger for soil profile 3 than for either soil profile 2 or soil pro-
file 1. Inversely, the more flexible the soil profile the more intense the amplification of the
ground acceleration at the surface either in terms of time history or acceleration spectral val-
ues.

2.2 Non-Linear behaviour of the underlying soil layers

The linear analyses with the STRAT software, previously described, were followed by ad-
ditional analyses assuming non-linear properties for the underlying soil layers. Two additional
soil profiles were used here, as a non-linear variation of the linear 3™ soil profile listed in ta-
ble 1. First, the 4™ soil profile is formed by assuming at the upper soil layer (0 to -10m depth)
the soil properties representative of “Imperial Valley soil”, which is an option included in the
software and represents relatively stiff soil. Next, the 5™ soil profile is formed by assuming at
the upper soil layer (0 to -10m depth) the soil properties representative of the “Idriss weak
clay”, which is another option included in the software and represents relatively flexible soil.
These two soil profiles are listed in table 2. Again, the properties of the layers deeper than -
10m are the same for both the 4™ and the 5™ soil profile as listed in table 2. In reference [18] a
study on the influence of the plasticity index (PI) on the cyclic stress-strain parameters of sa-
turated soils needed for site-response evaluations and seismic microzonation is presented.
Ready-to-use charts are included, showing the effect of PI on the location of the modulus re-
duction curve G/Gmax versus cyclic shear strain yc, and on the material damping ratio A ver-
sus yc curve. The charts are based on experimental data from 16 publications encompassing
normally and overconsolidated clays (OCR=1-15), as well as sands. It is shown that PI is the
main factor controlling G/Gmax and A for a wide variety of soils; if for a given yc PI increases,
G/Gmax rises and A is reduced. Similar evidence is presented showing the influence of PI on
the rate of modulus degradation with the number of cycles in normally consolidated clays. It
is concluded that soils with higher plasticity tend to have a more linear cyclic stress-strain re-
sponse at small strains and to degrade less at larger yc than soils with a lower PI. Possible rea-
sons for this behavior are discussed. A parametric study is presented showing the influence of
the plasticity index on the seismic response of clay sites excited by the accelerations recorded
on rock in Mexico City during the 1985 earthquake”. For the 4™ and 5" soil profiles the non-
linear variation of the assumed shear modulus and damping depending on the strain ampli-
tude is depicted in figures 5 and 6.
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Layer No.
Depth (m)

4™ Non-linear Profile
Relatively stiff soil

5" Non-linear Profile Rela-
tively flexible soil

Layer 1 (0 tol0m)

Imperial Valley (Soils 0-300ft)

Idriss, Weak-Clay

Layer 2 (-10m to -20m)

Vucetic & Dobry PI=100

Vucetic & Dobry PI=100

Layer 3 (-20m to -30m)

Vucetic & Dobry PI=200

Vucetic & Dobry PI=200

Table 2. Non-linear soil profiles 4™ and 5™.
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Figure 6. The assumed non-linear variation of the shear modulus with strain amplitude (left). The assumed non-
linear variation of the damping ratio with strain amplitude (right).
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Havriata 3rd February 2014 Earthquake Soil profile 3
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Figure 7. The obtained acceleration components at the bedrock for the Havriata earthquake ground motion in
terms of two horizontal and the vertical acceleration components or the corresponding elastic response spectral
curves (for 2% damping ratio). Seil Profile 4" (Non-Linear) Upper layer relatively stiff.
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Figure 8. The obtained acceleration components at the bedrock for the Havriata earthquake ground motion in
terms of two horizontal and the vertical acceleration components or the corresponding elastic response spectral
curves (for 2% damping ratio). Seil Profile 5" (Non-Linear) Upper layer relatively flexible.
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The obtained acceleration at bed rock, in terms of either acceleration time histories or
response spectral curves are depicted in figures 7 and 8 for soil profiles 4™ and 5™, respective-
ly. In the spectral curves plots the corresponding spectral curves for soil profile 3 assuming
linear behaviour are also plotted. In the same plots the corresponding seismic ground accele-
ration recorded during the February 2014 earthquake sequence, either in terms of time history
or in terms of the corresponding acceleration spectral curves for 5% damping ratio are also
shown. Moreover, in figure 9 the spectral curve of the East-West component of the recorded
during the seismic event ground motion is compared with the corresponding spectral curve
found by applying the STRATA software in the inverse way. That is, using as bedrock accele-
ration the one found for soil profile 4 (left of figure 9) or soil profile 5 (right of figure 9) is
used as input to obtain through this software the acceleration at the surface of the soil-volume.
Then, the spectral acceleration curve for 5% damping ratio is found and plotted in this figure.
As can be seen, these two spectral acceleration curves, the original one from the actual record
and the one employing STRATA software, combining the direct and the inverse process, are
differing with the best agreement achieved for soil profile 5. As was observed from the results
obtained assuming linear behaviour from the results depicted in figures 7 and 8 it can be seen
that that assuming non-linear behaviour both the acceleration time histories and the corres-
ponding acceleration spectral curves are deflated when they are compared with the corres-
ponding values at the soil volume surface from the originally recorded ground motion. It can
also be observed, that for small eigen-period values (0.1 to 0.4 sec) this deflation, is smaller
when assuming non-linear (soil profiles 4 and 5) than when assuming linear behaviour (soil
profile 3). Inversely, the non-linear soil behaviour the less intense the amplification of the
ground acceleration at the surface either in terms of acceleration spectral values for small ei-
gen-period values (0.1 to 0.4 sec). The opposite is true for relatively large period values (0.4
to 1.0 sec). Following the inverse approach for soil profile 4 and 5 and assuming non-linear
behaviour it can be seen that for soil profile 5 (figure 9, right) the predicted spectral values in
the period range from 0.3sec to 0.4 sec there are amplified when compared with the corres-
ponding values of the original record. The opposite is true for soil profile 4 (figure 9, left).

Havriata 3rd February 2014 Earthquake Soil profile
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ground motion at Havriata and the corresponding acceleration spectral curves from the acceleration components
obtained from STRATA software at the bedrock for the three soil profiles.

3  TWO DIMENSIONAL (2-D) NUMERICAL SIMULATION OF THE SOIL
LAYERS, THE CHURCH AND THE BELL TOWER.

In what follows an 2-D numerical simulation is presented of the soil layers studied in section 2
assuming linear behaviour. Again, three soil layers are numerically simulated with a depth of 10m

each having mechanical properties the ones listed in Table 1 for soil profile 3.
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Fig. 10. 2-D Numerical simulation of the soil layers under the bell tower and the church (up to 30m depth and
120m long)

At the depth of 30mm from the surface the boundary is considered with fixed base condi-
tions. At this boundary, the North-South acceleration time history was applied, obtained for
the bedrock through STRATA software for soil profile 3, as described in section 3. The length
of the soil formation is equal to 120m, with the vertical boundaries being confined with hori-
zontal links having a finite stiffness of 1000KN/mm. An attempt is made to numerical simu-
late the slope of the hill present at the South side of the damaged church at Havriata (see fig 1).
An attempt was also made to have a 2-D numerical representation of the bell tower and the
church respecting their basic dimensions and the relative distance between them. Moreover,
the eigen-period values for the fundamental North-South translational eigen-modes. The dy-
namic characteristics of these simple representations of either the bell tower or the church are
in good agreement with corresponding values found from more detailed 3-D numerical repre-
sentations of these structures being also partially validated with in-situ measurements.

Church +

Only Church
' — Bell Tower

1 FC AT T TV O T COR 0 N S O e O AT O Q[ MO T om0 S O P T I T S

Fig. 11. 2-D Numerical simulation of the soil layers under the bell tower and the church (up to 30m depth) to-
gether with simple numerical models of the church, the bell tower and its foundation.

3.1. Study of eigen-modes and eigen-periods

In figures 10 and 11 the studied 2-D numerical simulations for the three configurations,
namely “only Soil”, “only Church” and “Church+Bell Tower” are shown. In all these confi-
gurations the numerical simulation of the soil volume remains the same. Moreover, in all the
analyses the employed excitation also remains the same, that is bedrock horizontal component
that was derived by applying STRATA software for soil profile 3 (linear behaviour — Table 1)
using as input the North-South horizontal component of the seismic ground motion recorded
in the village of Havriata during the 3rd of February 2014 earthquake sequence (see figure 4).

In what follows first the numerically predicted eigen-modes and eigen-periods are shown
for the previously described three configurations. These are presented in the form of a table
(Tables 3, 4 and 5) listing the first seven (7) eigen-modes in terms of eigen-period values with
the corresponding modal mass participation ratio values. These eigen-modes are with respect
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to one horizontal (x-x) and one vertical (z-z) directions. Figures 13, 14 and 15 depict the cor-
responding mode-shapes.

Only Soil-3  Period(sec) UX% UZ% SumUX% SumUZ %

Mode 1 0,289 32.0 0 32.0 0

Mode 2 0,241 0.1 0 32.0 0

Mode 3 0,202 1.0 1.2 34.0 1.2
Mode 4 0,196 0.3 26.0 34.0 28.0
Mode 5 0,190 0.1 4.3 34.0 32.0
Mode 6 0,182 0 0.9 34.0 33.0
Mode 7 0,177 1.3 0.7 36.0 33.0

Table 3. Eigen-periods and modal mass participation ratio — Only Soil (Soil-3)

Mode 1
Undeformed 0.289sec
Ux=32%
‘THRO ST R TR AT I Y JRITE AT, I YR AT BTSN T .
Mode 2 Mode 3
0.241sec : 0.202sec
. I —1 89, —179,
Ux=0.1% Ux=1.8% Uz=1.2%
T IO T U ST T TN A ' O S T T T T T N T T T T T T
Mode 4 Mode 5
0.196sec , ' 0.190sec
Ux=0.3% Uz=26.0% Ux=0.1% Uz=4.3%
T TV TOAT T T A TH T TR 36Ty T T T RS Y T T T Y o e
Mode 6 Mode 7
0.182sec 0.177sec

Ux=1.3% Uz=0.7%
‘EN 1T S TS LT T TS T T THS, T O ™

Ux=0.0% Uz=0.9%
‘TETL AT WS SRR T T AT RSSO Y RO TICD T £

Figure 12. Eigen-modes, eigen-periods and modal mass participation ratio — Only Soil-3

Only Soil-1 Period (sec) UX % UZ% SumUX% SumUZ %

Mode 1 0,200 55.2 0.1 55.2 0.1

Mode 2 0,158 0.2 0 55.4 01

Mode 3 0,141 0.9 45.8 56.3 45.9
Mode 4 0,133 1.7 5.1 57.9 51.1
Mode 5 0,130 0.7 0 58.6 51.1
Mode 6 0,118 0.7 3.9 59.4 55.0
Mode 7 0,112 10.5 0.1 69.9 55.1

Table 4. Eigen-periods and modal mass participation ratio — Only Soil (Soil-1)
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Figure 13. Eigen-modes, eigen-periods and modal mass participation ratio — Only Soil-1

Soil-3 + Church Period (sec) UX% UZ% SumUX% SumUZ%
Mode 1 0,301 238 0 23.8 0
Mode 2 0,267 8.1 0 31.9 0
Mode 3 0,236 0.2 0 32.1 0
Mode 4 0,203 18 24 33.9 24
Mode 5 0,197 04 299 34.3 32.4
Mode 6 0,193 0 0.8 34.3 33.2
Mode 7 0,183 01 02 34.5 334

Table 5. Eigen-periods and modal mass participation ratio — Only Church (Soil-3)
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Figure 14. Eigen-modes, eigen-periods and modal mass participation ratio — Church Soil-3

Soil-1 + Church Period (sec) UX% UZ% SumUX% SumUZ %
Mode 1 0,232 45 0 45 0
Mode 2 0,198 50.8 0.1 55.3 0.1
Mode 3 0,155 0.3 0 55.7 0.1
Mode 4 0,141 0.7 0 56.4 47.9
Mode 5 0,134 15  47.8 57.8 51.8
Mode 6 0,129 10 04 58.8 51.9
Mode 7 0,116 01 30 59.0 54.9

Table 6. Eigen-periods and modal mass participation ratio — Church (Soil-1)

Figure 15. Eigen-modes, eigen-periods and modal mass participation ratio — Church Soil-1
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Soil-3 + Church + Tower Period (sec) UX% UZ% SumUX % SumUZ %

Mode 1 0,326 9.8 0 9.8 0
Mode 2 0,294 13.2 0 23.0 0
Mode 3 0,261 9.2 0 32.2 0
Mode 4 0,231 0.5 0 32.7 0
Mode 5 0,201 0.3 231 33.0 23.1
Mode 6 0,196 1.6 8.9 34.5 31.9
Mode 7 0,194 0 0.5 34.5 32.5

Table 7. Eigen-periods and modal mass participation ratio — Church + Bell Tower (Soil-3)

»
r "?Q.
Mode 1
Undeformed ! 0.326sec
] Ux=9.8%
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—
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e ST
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{40 IO [OOSR T T TS T T DT TSP TOWONY BT TR oy N R VYT O S N A O P R I B TR e
oy —
Mode 4 Mode 5
0.231sec 0.201sec
Ux=0.5% Uz=0.0% Ux=0.3% Uz=23.1%
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Figure 16. Eigen-modes, eigen-periods and modal mass participation ratio — Church + Bell Tower Soil-3

Soil 1+ Church+Tower Period (sec) UX% UZ% SumUX% SumUZ %

Mode 1 0,232 54 0 5.4 0

Mode 2 0,216 12.9 0 18.3 0

Mode 3 0,193 37.3 0.1 55.6 0.1
Mode 4 0,155 0.4 0 56.0 0.1
Mode 5 0,142 0.5 49.7 56.5 49.8
Mode 6 0,134 1.1 0.9 57.6 50.7
Mode 7 0,128 1.4 0.4 59.0 51.2

Table 8. Eigen-periods and modal mass participation ratio — Church + Bell Tower (Soil-1)
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Fig. 17. Eigen-modes, eigen-periods and modal mass participation ratio—-Church+Bell Tower (Soil-1)

For soil profile 3 it can be seen from tables 3,5 and 7 and from figures 12, 14 and 16 the
main horizontal translational x-x eigen-modes are at 0.3sec period range whereas the corres-
ponding main vertical z-z translational eigen-modes are at the period range of 0.2sec for all
three studied configurations. Both these modes mobilize approximately 30% of the total mass.
For soil profile 1 it can be seen from tables 4,6 and 8 and from figures 13, 15 and 17 the main
horizontal translational x-x eigen-modes are at 0.22sec period range whereas the correspond-
ing main vertical z-z translational eigen-modes are at the period range of 0.14sec for all three
studied configurations. Both these modes mobilize approximately 50% of the total mass.

Only Soil-3 Period (sec) UX% UZ%
Mode 1 0,289 32.0 0
Mode 4 0,196 0.3 26.0

Soil-3 + Church Period (sec) UX% UZ%
Mode 1 0,301 23.8 0
Mode 5 0,197 0.4 29.9
Soil-3 + Church+Tower Period (sec) UX % UzZ %
Mode 1 0,326 9.8 0
Mode 2 0,294 13.2 0
Mode 3 0,261 9.2 0
Mode 5 0,201 0.3 23.1
Mode 6 0,196 1.6 8.9

Only Soil-1 Period (sec) UX% UZ%
Mode 1 0,200 55.2 0.1
Mode 3 0,141 0.9 45.8
Mode 7 0,112 10.5 0.1

Soil-1 + Church Period (sec) UX % UZ %
Mode 1 0,232 45 0
Mode 2 0,198 50.8 0.1

Mode 5 0,134 1.5 47.8

Soil-1 + Church+Tower Period (sec) UX % UZ %
Mode 1 0,232 54 0
Mode 2 0,216 12.9 0
Mode 3 0,193 37.3 0.1

Mode 5 0,142 0.5 49.7

Table 9. Summary of the main eigen-periods and modal mass participation ratio values
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Figure 18. Summary of the main eigen-modes, eigen-periods and modal mass participation ratio — for all
three configurations. (Soil-3)

Figure 19. Summary of the main eigen-modes, eigen-periods and modal mass participation ratio — for all
three configurations. (Soil-1)
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These eigen-mode and eigen-period results are also summarized in table 9 and figure 18
(Soil profile 3) and figure 19 (Soil profile 1). As can be seen from table 9 and from figures 18
and 19 the presence of the bell tower together with the church introduces a larger number of
eigen-modes that participate in a significant way either in the x-x or in the z-z translation. The
values of the eigen-periods of these eigen-modes for the configuration of the “bell tower +
church” are quite close to the corresponding period range of either the configuration of “only
soil” or the “soil and church”. It is also interesting to note that for the configuration of the
“bell tower + church” the first translational x-x eigen mode involves mainly the bell tower
whereas the second and the third translational x-x eigen-modes involve both the bell tower
and the church. As was expected, the eigen-periods of the main eigen-modes or the relatively
stiff soil profile (soil-1) have smaller values (0.22sec) than the corresponding values (0.3sec)
for the relatively flexible soil profile (soil-3). It is interesting to note that for both soil profiles
the most significant horizontal translational eigen-modes involve the bell tower together with
the church. Therefore, from the study of these eigen-modes it can be concluded that the flex-
ibility of the soil results in vibratory modes coupling both the bell tower and the church. The
detrimental effect of the foundation-soil flexibility has been demonstrated in many cases of
Greek Orthodox stone masonry churches damaged from past earthquake activity ([19] to [30]).

4 CONCLUSIONS

- The increased flexibility of the upper soil layers of the studied soil formation results in
the coupling of the dynamic response of the bell tower and the church. This is evident from
the study of the significant mode shapes.

- The increased flexibility of the upper soil layers of the studied soil formations and the
coupling of the dynamic response of the bell tower and the church results in a vertical accele-
ration response at the locality between the bell tower and the church which of comparable
amplitude to that of the vertical acceleration recorded at the soil surface directly from the
seismic event.

- The above conclusions may partly explain the severity of structural damage that was ob-
served at the church of the Panagia Agriliotissa at Havriata, Kefalonia-Greece, as depicted in
figure 1.

- Attention should be given in erecting new bell towers of considerable height at location
close to existing masonry churches. The amplification of the seismic response of the church,
due to such dynamic coupling effects, could be critical especial for old masonry structures
having relatively small resistance to considerable seismic forces, as was the case for the stu-
died church at Havriata.
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