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Abstract

Unreinforced masonry made of stone and low strength mortar has been used for centuries in

forming the structural system of old type buildings. Wooden roofs were also used as part of
such structural systems. The influence of the connections of such wooden roofs with the ver-
tical masonry walls is the objective of this study. A number of old stone-masonry buildings
used as leather factories in the island of Samos-Greece are employed in this investigation.
The wooden roofs of these buildings collapsed either partly or totally during the recent earth-
quake of October 2020. Initially, the dynamic behaviour typical forms of such buildings with
wooden roofs are studied. A variation of the connections of such a wooden roof with the ver-
tical stone masonry walls is studied in a parametric way. Next, the earthquake response of the
same structural formations are also studied using again the variation of these connections as
the main parameter. Towards this end earthquake design spectra are used as well as the ac-
celeration recordings of this earthquake ground motion by an instrument located in the Sa-
mos island. Numerical simulation results are presented and discussed.  Through the
comparison of the obtained numerical predictions with the observed behaviour the validity of
the numerical approach is discussed.

Keywords: Wooden roof, Stone masonry; weak mortar; Gravitational forces, Seismic actions,

ISSN:2623-3347 © 2021 The Authors. Published by Eccomas Proceedia.
Peer-review under responsibility of the organizing committee of COMPDYN 2021.
doi: 10.7712/120121.8689.19524

2965



George C. Manos and Labros Kotoulas

1 INTRODUCTION

An earthquake occurred 16km North from the Greek island of Samos on the 30™
of October 2020 (11:51GMT) with a magnitude of M6.7 (Fig. 1). This island is located at the
East side of the Aegean Sea an area seismically active ([1], to [7]) The main event caused
widespread structural damage mainly at numerous low-rise old unreinforced masonry build-
ings of this island. It all also caused heavy damage and collapse of multi-story reinforced con-
crete (R/C) buildings at the city of Izmir located at the coastline of mainland Turkey towards
the North-East, approximately 60km from the epicenter of this earthquake. This study focuses
on the effects of this seismic strong motion on the Greek island of Samos. The Institute of
Engineering Seismology and Earthquake Engineering (ITSAK) operates a strong motion ac-
celerograph at the city of Vathi, the capital of Samos. The ground accelerations at Vathi due
to the main shock were recorded by this instrument (see preliminary report of ITSAK, [6] and
ETAM [7]) having peak horizontal ground acceleration 227cm/sec2 and peak vertical ground
acceleration 134cm/sec2.The main event was followed by a considerable number of after-
shocks, with the aftershock sequence being still active. (Fig. 2).
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Figure 1. Map indicating the epicenter of the 30™ of October 2020 seismic event

Figure 2. The epicenter of the 30™ of October 2020 main event and the following aftershock sequence

The most spectacular structural damage could be observed at the two main cities in the island,
its capital (Vathi) and Karlovaisi 25km to the West (Fig. 3). Due to the location of the epicen-
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ter, having the same epicentral distance from both Vathi and Karlovasi, and due to the gene-
rating mechanism of this earthquake that followed an almost East-West fault line, as can be
seen from the aftershock sequence, it can be reasonably assumed that the strong motion cha-
racteristics at Karlovasi would be quite similar to those of the recorded strong motion at Vathi.
This assumption will be made use of in the section presenting selected numerical analyses
predictions of the structural response of damaged buildings [8].

Figure 3. Map of the North cost-line of the island of Samos where the two main cities of Vathi and Karlovasi are
located.

1.1 The recorded ground motion

In figure 3 the recordings of the earthquake ground motion, in terms of ground acceleration,
velocity and displacement in the two horizontal directions are shown [6]. Due to the location
of the epicenter, the same epicentral distance of both the city of Vathi and the city of Karlova-
si from the epicenter (see figures 1, 2, 3) and due to the generating mechanism of this earth-
quake that followed the almost East-West fault line, as can be seen from the aftershock
sequence it can be reasonably assumed that the strong motion characteristics at Karlovasi
would be quite similar to those of the recorded strong motion at Vathi.
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Figure 4. Horizontal ground acceleration recorded at 30™ October 2020 at Vathi by an instrument managed by
the Institute of Earthquake Engineering and Engineering Seismology (ITSAK, see reports [6] and [7]).

Figure 5 depicts the inelastic acceleration response spectral curves of the two horizontal
components of the recorded ground motion at Vathi (Fig. 4) for 5% damping ratio and ductili-
ty factor m=1.5. In the same figure the design spectral curves as predicted by Euro-Code 8 are
also shown. These design spectral curves were obtained for ground design acceleration equal
to 0.24g (g= the acceleration of gravity) and for two different soil categories either soil C
(flexible soil) or soil D (very flexible soil). This peak design ground acceleration is in accor-
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dance with the seismic zoning map of Grrece [ ]. It is also assumed that the soil conditions
near the coastline either at Vathi or at Karlovasi will belong to either one of these two soil
conditions. Moreover, these design spectral curves are employing damping ratio equal to 5%
and response modification factor q=1.5 (the same as the ductility factor value for the inelastic
spectral cuves) and importance factor equal to 1 (y=1). Finally, the design spectral curves are
obtained for either type 1 or type 2 earthquake design motion, as specified by Euro-Code 8 [ ].
Type 2 is suppose to represent an earthquake hazard from an event with a magnitude lesser
than M=5.5 on the Richter scale.
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Figure 5. Comparison of inelastic response spectra (based on the horizontal ground acceleration recorded at 30™
October 2020 at Vathi. [ ]) and Euro-code 8 design spectra.

From the comparison between these inelastic response spectra (based on the horizontal
ground acceleration recorded at 30th October 2020 at Vathi and the corresponding Euro-code
8 design spectra (either Type 1 or 2 and either soil category C or D, [9] to [14]) the following
observations can be made. a) Type 1 design spectra agree better with the inelastic response
spectra (based on the recorded ground motion) than type 2 design spectra. b) The type 1 de-
sign spectra for soil category D have spectral acceleration amplitudes that are larger in almost
all the plotted period range than the corresponding inelastic response spectra values (based on
the recorded ground motion). ¢) The type 1 design spectra for soil category C have spectral
acceleration amplitudes that are larger in almost all the plotted period range, apart from the
period range between 0.45sec. and 0.61sec., than the corresponding inelastic response spectra
values (based on the recorded ground motion).
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2 ANALYSED STRUCTURES

In many Greek islands as well as at the old part of city-centers in many Greek cities a consi-
derable number of old buildings still survives despite the destruction due to the military op-
erations or the frequent earthquake activity. A considerable number of such buildings were
demolished to give room to the extended urban development that took place after World War
II and the tourism activity that followed, particularly in the islands. However, during the last
four decades a conservation effort became quite strong endorsing a number of such building
in a conservation register being under special legislative protection. In this category belong
the buildings depicted in figures 6 and 7. These buildings were used as leather processing
factories an activity that was prominent in Samos island from the end of the 9™ century till
World War II when started declining. A number of these buildings were left unoccupied and
without any maintenance, which makes them vulnerable to strong earthquake excitations apart
from the used construction system which unreinforced stone masonry walls covered by a
wooden roof

- P Seaas tlel | AL
Figure 7. Old industrial buildings (Tambakia) at the coastline of Karlovasi

The earthquake performance of this type of structures is dominated by certain re-
sponse mechanisms that can be characterized as “global”. These mechanisms include a) the
connection of the wooden roof to the masonry walls b) the interconnection of the masonry
walls at the corners and c) the foundation deformability including the potential of partial up-
lifting at the foundation due to tensile forces arising from excessive overturning moment re-
sponse and uneven foundation settlements (see [13], [17]). All these mechanisms are non-
linear in nature and it is many times difficult to quantify them in order to include their influ-
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ence in realistic numerical approximations. An additional obstacle in the effort to evaluate in a
realistic way the earthquake performance of these structures arises from the difficulty in as-
sessing the actual strength of the materials and the structural elements built with these mate-
rials.
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Figure 8. Map indicating the location of the damaged old industrial buildings in Karlovasi- Samos

In figure 4 the recordings of the earthquake ground motion, in terms of ground acceleration,
velocity and displacement in the two horizontal directions are shown. Due to the location of
the epicenter, the same epicentral distance of both the city of Vathi and the city of Karlovasi
from the epicenter (see figures 1, 2, 3 and 8) and due to the generating mechanism of this
earthquake that followed the almost East-West fault line, as can be seen from the aftershock
sequence (figure 2) it can be reasonably assumed that the strong motion characteristics at Kar-
lovasi would be quite similar to those of the recorded strong motion at Vathi. In the subse-
quent numerical simulation the inelastic acceleration response spectra values, obtained from
the recorded ground acceleration at Vathi for response modification factor g=1.5, are em-
ployed. Based on the previous stated rational this earthquake excitation is believed to be a rea-
listic approximation for the analysed structures located at the she-shore of Karlovasi, as
indicated in figure 8. In the following a simplified numerical methodology is followed in or-
der to predict the earthquake performance of the studied stone masonry industrial building.
During past research a number of simple or complex numerical approaches have been applied
for such vulnerable stone masonry structures damaged by past earthquakes ([15] to [30]).

2.1 Elastic numerical simulation

The numerical model of this industrial building with its wooden roof is depicted in figure 9.
The wooden roof elements are connected with the masonry peripheral walls without transfer-
ring any bending moments. The stiffness of this connection is a parameter that is varied in this
investigation. Summary results form various numerical dynamic spectral analyses are pre-
sented and discussed here. The numerical model of figure 9 represents a simplification of the
Karlovasi leather processing factory depicted in figure 10, which can be seen being formed by
two identical parts with respect to a longitudinal axis of symmetry parallel to x-x axis. At first,
one of these parts is numerical simulated, as is shown in figure 9. Without verification of the
actual geometry and the exact orientation of this building the length is assumed equal to
22.5m and 10m in the x-x and y-y directions, respectively. The height from ground level to
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the top of the roof is assumed equal to 10m. Eight (8) trusses are assumed to form the wooden
roof equally spaced along the x-x direction, as shown in figure 9. This wooden roof is con-
nected to both the longitudinal walls at certain location though the transverse beams forming
the bottom part of these wooden trusses. Moreover, This wooden roof is also connected by a
series of longitudinal wooden beams with the gables of the two transverse wall (parallel to the
y-y direction). In the subsequent numerical analysis the x-x direction is presumed to coincide
with the N48W component of the recorded ground motion whereas the y-y direction with the
N42E component.
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Figure 9. Simplified numerical model of a typical industrial 10. A two-story twin industrial building of
building unreinforced masonry

As already mentioned, the influence of the connections of the wooden roof with the
peripheral masonry walls is the objective of this parametric simplified numerical simulation.
This is done as follows. Initially, the wooden beams are considered as pinned to the masonry
walls, capable of transferring axial and shear forces (not bending moments) in a way that the
displacements of the wooden end is the same as the point of the masonry wall it is connected
to (rigid connection). Next, this connection is done through flexible 3-D links with limited
stiffness thus allowing a relative displacement between the end of the wooden beam at its
connecting location of the masonry wall. By decreasing the stiffness of these 3-D links the
level of force that can be transferred between these two media can be limited. Moreover, by
decreasing the stiffness of these 3-D links the restrain that is enforced by the interaction be-
tween the wooden roof and the masonry walls is also decreased. These effects will be shown
in the following discussion. It should be recognized that is a simplification of the actual inte-
raction that is a more complex non-linear mechanism than what is described here. Despite this
simplification, the influence of such a flexible connection is being presented and discussed
here.

2.2 Modal analysis.

Initially, the most significant eigen-modes of the simplified numerical model depicted in
figure 9 having three different wooden-beam to masonry-wall connections is studied. As
mentioned, these connections are: 1-Rigid, 2-Moderately flexible and 3-Flexible. The ob-
tained modal shapes, modal periods and modal mass participation ratio values are pre-
sented in what follows.
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1-Rigid connections

T1=0.215sec Ux=0.0% Uy=83.0% T3=0.116sec Ux=57.1% Uy=0.0%

2-Moderately flexible connections

T1=0.279sec Ux=0.0% Uy=61.4% T3=0.201sec Ux=32.6% Uy=0.0%

3-Flexible connections

Defarmad Shass DAGOIL) - Miode 11 1= BA16IE 1= LE0160

T1=0.416sec Ux=0.0% Uy=48.5%

T3=0.327sec Ux=23.7% Uy=0.0%

Figure 11. Eigen-modes for the simplified numerical model of the industrial building for Rigid, Moderately flex-
ible and Flexible connections between the wooden roof beams and the masonry walls.
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The following summarize the influence of the attempted simplified relaxation of the connec-
tions between the wooden roof beams and the masonry walls on the dynamic characteristics
of the studied structural system.

a) As expected, the increase in the flexibility of the connections between the wooden
roof beams and the masonry walls results in an increase of the corresponding eigen-
period values of the studied system from 0.215 sec. to 0.416 sec. for the mainly trans-
lational eigen-mode in the transverse y-y direction and from 0.116sec. to 0.327 sec. for
the mainly translational eigen-mode in the longitudinal x-x direction.

b) The increase in the flexibility of the connections between the wooden roof beams and
the masonry walls results in a decrease in the corresponding modal mass participation
ratio value. This is pronounced for the transverse y-y translational 1% eigen-mode
(from 83% to 48.5%) but even more pronounced for the longitudinal x-x translational
3" eigen-mode (from 57.1% to 23.7%).
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Figure 12. Inelastic acceleration response spectral curves (m=1.5) based on the recorded ground acceleration
together with the variation of the eigen-periods for the main y-y and x-x translational eigen-modes as they re-
sulted from the simplified numerical model of the industrial building for Rigid, Moderately flexible and Flexible
connections between the wooden roof beams and the masonry walls.

In figure 12 the variation of the eigen-periods for the main y-y and x-x translational

eigen-modes, as they resulted from the simplified numerical model of the industrial building
for Rigid, Moderately flexible and Flexible connections between the wooden roof beams and
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the masonry walls, are plotted together with the corresponding inelastic acceleration response
spectral curves (m=1.5). These inelastic acceleration spectral curves are based on the recorded
ground acceleration together for the Samos island earthquake (30th October 2020). As can be
seen from these plots the increased flexibility of the connections between the wooden beam
roofs and the masonry walls will also result in an increase of the corresponding spectral acce-
leration value thus leading to a relevant increase on the seismic force levels for the studied
structure. At the same time these increased inelastic spectral acceleration values are more in
agreement with the corresponding Euro-Code 8 design spectral values, as already discussed
on the basis of figure 5, than those of the rigid connections.

3 NUMERICAL EARTHQUAKE PERFORMANCE

In this section the numerical earthquake performance of the studied structure is presented
in terms of a) maximum displacement values at the top of the masonry walls b) maximum
normal and shear stress values of the masonry walls ¢) maximum axial force values that de-
veloped at the connections between the wooden roof beams and the masonry walls. All these
values were obtained through dynamic spectral elastic analysis using the inelastic spectral
curves depicted in figure 12. The presented results are for two specific load combinations:

1* Load Combination: Dead + ResSp N42E + 0.3 ResSp N48W
2" Load Combination: Dead + ResSp N42E + 0.3 ResSp N48W

Dead= The dead load of the masonry walls and the roof.

ResSp N42E = The earthquake forces resulting from the dynamic spectral analysis in the
y-y (transverse direction).

ResSp N48W = The earthquake forces resulting from the dynamic spectral analysis in the
x-x (longitudinal direction)

As was done for the modal analysis the earthquake performance is examined utilizing the
simplified numerical model depicted in figure 9 having the described before three different
wooden-beam to masonry-wall connections (e..g. 1-Rigid, 2-Moderately flexible and 3-
Flexible). In figure 13 includes the results obtained from the simplified numerical simulation
assuming rigid connections of the wooden roof beams with the masonry walls. In figure 13a
and 13b the displaced masonry walls of the structure are depicted in figures 13a and 13b for
load combinations with the seismic forces applied either mainly in the transverse N42E or
mainly in the longitudinal N48W directions, respectively. Figures 13c depicts the normal
stress (S22) distribution whereas figure 13d the shear stress (S12) distribution for a load com-
bination with the seismic forces applied mainly along the transverse N42E direction. Figure
13e depicts the normal stress (S22) distribution for a load combination with the seismic forces
applied mainly along the longitudinal N48W direction. Figure 13f depicts the distribution of
the axial forces that develop at the roof wooden beams for a load combination with the seis-
mic forces applied mainly along the transverse N42E direction whereas figure 13g depicts the
axial forces that develop at the roof wooden beams for a load combination with the seismic
forces applied mainly along the longitudinal N48W direction. The results for moderately flex-
ible (figures 14) or for flexible connections (figure 15) are also shown.
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Figure 13. Structural response results. Rigid connections of the wooden roof beams with the masonry walls
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Figure 14. Structural response results. Moderately flexible connections of the wooden roof beams with the ma-
sonry walls
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Figure 15. Structural response results. Flexible connections of the wooden roof beams with the masonry walls
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Table 1. Peak values of the response parameters resulting from the simplified numerical analyses

Numerical Out of Out of Normal Normal Shear Axial or Axial or
Model-Roof | plane y-y plane x-x stress stress stress connection connection
Connection displ. of displ. of Longit. Transv. Longit. forces forces Lon-

cases longitudinal | Transverse | Walls S22 | Walls S22 | Walls S12 Transv. git. Beams
walls (mm) | walls (mm) (MPa) (MPa) (MPa) Beams (tn) (tn)
M @ 3) “4) (6) &) ( ®
Rigid

Qy=352tn 7.76 1.94 0.21 0.063 0.42 3.62 2.60
Qx=175tn
Moderately

Flexible 21.36 12.52 0.39 0.15 0.35 6.39/ 5.34/
Qy=306tn 6.39mm* 5.34mm*
Qx=195tn

Flexible

Qy=372tn 75.78 68.18 0.908 0.627 0.48 3.66/ 3.64/

* *

Qx=259tn 36.6mm 36.4mm

* the relative axial displacement between the wooden roof beam and the masonry wall at the location of their
connection

Table 1 summarizes all the peak response values from the results plotted in figures 13, 14
and 15. In the first column of this table each of the three analyzed cases of connection be-
tween the wooden roof beams and the masonry walls is denoted. At the same column the peak
horizontal base shear values are also listed for each case, as they resulted from the dynamic
spectral (see figure 12) analyses along the x-x (N48W perpendicular to the transverse walls)
and y-y (N42E perpendicular to the longitudinal walls) directions (see figure 9). As already
discussed, because of the variation of the amplitudes of the employed inelastic spectral curves
with the eigen periods values (figure 12) the structural system with the flexible roof-to-
masonry connections is subjected to the highest seismic force amplitudes in both x-x and y-y
directions. Consequently, part of the significant amplification of the obtained displacement
and stress response for this case as compared with the cases of either the rigid or the mod-
erately flexible connections is partly due to this fact. However, another large part of this am-
plification must be attributed to the fact that the flexible connections exercise limited restrain
in prohibiting the masonry walls to displace, especially in the out-of-plane direction. This is
evident by comparing the out-of-plane peak displacement values of either at the top of the
longitudinal walls (column 2 of table 1) or at the top of the transverse walls (column 3 of table
1). As can be seen, an increase flexibility in these wooden roof beam to masonry wall connec-
tions result in a large increase in the out-of-plane displacements at the top of either the longi-
tudinal or the transverse masonry walls. This in turn results in a corresponding increase in the
peak (tensile) axial stress values normal to the bed joints (S22) for either the longitudinal ma-
sonry walls (column 4 of table 1) or the transverse masonry walls (column 5 of table 1). In
contrast, the moderate variation in the peak shear stress value of the transverse masonry walls
is in line with the corresponding variation of the base shear value in the y-y direction (Qy,
column 1 of table 1). Finally, the increase in the flexibility of the wooden roof beam to maso-
nry wall connections result in a decrease, as expected, in the axial force value that is transmit-
ted through these connections (columns 7 and 8 table 1). It is also interesting to note that the
rigid connections between the wooden roof beams and the masonry walls, which is an unrea-
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listic ideal case, results in relatively small out-of-plane displacement values, despite the fact
that the resulting axial forces at the connection locations are also relatively small. On the con-
trary, the increase in the flexibility of these connections from moderately flexible to flexible
results in a decrease at the level of axial force which is in agreement with the resulting in-
crease of the out-of-plane displacement at the top of the masonry walls. In columns 7 an 8 of
table 1 the relative axial displacement between the wooden roof beam and the masonry wall at
the location of their connection is also listed. As can be seen, the increase flexibility of this
connection means in a sense a large relative displacement between the wooden roof beam and
the masonry wall. This practically means that there is a possibility of a loss of support of the
wooden roof beam when this relative displacement becomes excessive, as is the case of the
flexible connection assumed in this simplified numerical simulation. This is the case por-
trayed by the collapsed roof in figures 7 and 10. Obviously, this simplified analysis is only
qualitative. In order to obtain realistic numerical predictions it is necessary to include in the
numerical analysis a valid numerical description of the non-linear connection mechanism ([31]
to [36]).

4 CONCLUSIONS

e The recent earthquake sequence in the Greek island of Samos gave the opportunity of as-
sessing the earthquake performance of various types of structure in Greece. It can be
stated that the enforcement in 1995 of the “New Greek Seismic Code” together with the
provisions of the Euro-Codes has substantially increased the safety level of structures
against earthquakes. A significant expansion of the strong motion network of accelero-
graphs that covers the whole of Greece provides very important information on the cha-
racteristics of the earthquake strong ground motion that is very useful in assessing the
consequences of the intense earthquake activity to the built environment. The relevant
data base is enriched with valuable information on the characteristics of the earthquake
strong ground motion that is very useful to designers and contractors.

e A source of seismic risk that can result in human loss was highlighted by this earthquake
event. It is generated by old and weak unreinforced masonry structures which are left un-
occupied and not maintained by their owners due to various social-economic non-
incentives and complications. This category includes numerous old building that belong
to culture heritage being listed in conservation status. The group of old stone- masonry
buildings with wooden roof that were used a leather processing factories at Karlovasi-
Samos belong to this category.

e Numerical tools combined with realistic measurements of the seismic forces generated
by a strong earthquake ground motions can be utilized to explain the observed structural
damage. They can also be utilized in the subsequent retrofitting effort. Towards this ob-
jective, the present numerical study investigated the influence of the flexibility of the
connections between the wooden roof beams and the masonry walls of such old stone
masonry industrial buildings.

e The flexible connections exercise limited restrain in prohibiting the masonry walls to
displace, especially in the out-of-plane direction. Consequently, such increased flexibility
results in relatively large displacement and stress response demand for the masonry walls
that could be detrimental leading to mainly flexural type failures. This is to be expected
for masonry construction with low flexural capacities. At the same time, the increase in
the flexibility of these connections results in a decrease of the level of axial force which
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is in agreement with the resulting increase of the out-of-plane displacement at the top of
the masonry walls.

At the same time, the increased flexibility of wooden roof beams to masonry wall con-
nections also results in large relative displacement between the wooden roof beam and
the masonry walls. This practically means that there is a possibility of a loss of support of
the wooden roof beam when this relative displacement becomes excessive, as is the case
of the flexible connection assumed in this simplified numerical simulation.

The present simplified analysis is only qualitative. In order to obtain realistic numerical
predictions it is necessary to include in the numerical analysis a valid numerical descrip-
tion of the non-linear connection mechanisms. Moreover, there is also need to obtain
measured capacities of such connections through laboratory measurement focusing to
this problem.
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