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Learning from Structural 
Success rather than Failures

Two major earthquakes hit the 
Cephalonia Island of Greece on January 
26th and February 3rd of 2014, with 
magnitudes of M = 6.0 and 6.1. For 

comparison, the recent South Napa earthquake of 
August 24, 2014 had M = 6.0 (EERI, 2014) and 
the Northridge earthquake of 1994, which has 
been used in development of seismic codes, had  
M = 6.7 (NCEER, 1994). An extensive United 
States (U.S.) reconnaissance mission was mobilized 
as a collaborative effort of the Geotechnical Extreme 
Events Reconnaissance (GEER) Association (sup-
ported by the National Science Foundation), the 
Earthquake Engineering Research Institute (EERI) 
and the Applied Technology Council (ATC). The 
U.S. reconnaissance team worked together with 
the Greek earthquake engineering community 
in a multidisciplinary international team. The 
GEER/EERI/ATC issued a report of their findings 
in 2014 and their authors’ input to this article is 
gratefully recognized.
The reconnaissance team documented the post-

earthquake condition of several two and three 
story reinforced concrete (RC) structures that 
were designed according to the local seismic code. 
These structures are located in close proximity, 
some as close as 150 feet (50 m), to strong motion 
accelerometer stations that recorded some of the 
strongest sequences of ground motions known 
in Europe. The documentation includes photo-
graphs, observations, and as-built drawings with 
design calculations. These structures exhibited 
surprisingly good structural behavior for the level 
of shaking they experienced, which changed the 
focus to observations of resilient structural per-
formance instead of failures, as is usually done 
in other earthquake studies. This paved the way 
to a new generation of reconnaissance.
This article attempts to explain the resilient 

behavior of the local type of construction that 

sustained significantly higher accelerations than 
their design accelerations with minimal structural 
damage, some non-structural effects, and no loss 
of life or significant injuries. One of the docu-
mented RC structures was modeled and analyzed 
using actual recorded ground motions. The results 
provide some hypotheses of the factors that may 
have contributed to the observed behavior, which 
will hopefully enhance our understanding of seis-
mic resiliency of short RC buildings.

Seismic Background  
and 2014 Events

Cephalonia is located in the Ionian Sea at western 
Greece, on one of the most tectonically active 
features of Europe: the Hellenic Trench, with 
ongoing subduction of the African Plate beneath 
the Aegean Sea and Eurasian Plates (Figure 1). In 
addition, the island is crisscrossed in different 
directions by various types of faults (normal, 
reverse and strike-slip). 
Due to its tectonic envi-
ronment, Cephalonia 
has a remarkable seismic 
history which can be 
traced back to antiquity, 
with documentation of 
the strongest historical events since the 15th cen-
tury AD available in a book by Papazachos & 
Papazachou (2003).
In recent history, the sequence of destructive 

shocks of 1953 is of significant importance, as it 
led to the development of the first Greek Seismic 
Code in 1959. The largest event had a magni-
tude M = 7.2 and caused serious damage in all 
of the Ionian islands with complete destruction 
of Cephalonia, Zante and Ithaca, including 
collapse of 27,659 out of 33,300 houses and 
455 fatalities.

Figure 1. (a) Location of Cephalonia Island of Greece. Hellenic Trench tectonic feature of the Mediterranean Sea 
(Papaoioannou et al., 2006); (b) Epicenters of 1st M6.0, 1/26/14 event (green star) and 2 nd M6.1, 2/3/14 event 
(red star). Squares show selected EPPO-ITSAK strong motion stations.

continued on next page
(a) (b)
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A similar sequential pattern was repeated in 
2014 with two main events on January 26  
(M = 6.0) and February 3 (M = 6.1). 
Buildings in the epicentral region experi-
enced Peak Ground Accelerations (PGA) 
up to 0.75g and Spectral Accelerations 
(SA) around 2.5g short structural periods 
(T) between 0.2 and 0.3 seconds. Most 
of the structural damage occurred during 
the second event in the Paliki peninsula, 
Figure 1b (page 25), since many structures 
had already suffered damage during the first 
event. Strong motion station locations and 
their recordings were available by the Institute 
of Engineering Seismology & Earthquake 
Engineering (EPPO-ITSAK, 2014) and the 
National Observatory of Athens, Institute 
of Geodynamics (NOA-IG, 2014). Stations 
at the capital, Argostoli (ARG2), and towns 
of Lixouri (LXR1), Chavriata (CHV1), and 
Aghia Thekli (AGT1) by EPPO-ITSAK are 
shown in Figure 1b.

Design Codes and  
Recorded Motions

The first Greek seismic code of 1959 was sup-
plemented in 1985, and a next generation of 
seismic codes took effect in 1995. This code 
was modified in 2000 to include the European 
pre-Standard – ENV provisions (predecessor of 
Eurocode), and was finalized with the name EAK 
(Greek Seismic Code). In 2012, the provisions of 
Eurocode (EC-8) were enforced in conjunction 
with the occasionally more stringent EAK. Based 
on the EC-8 code, Cephalonia falls on the high-
est seismic zone of Europe, with a PGA of 0.36 g 
on rock. Figure 2 presents EC-8 code spectra for 
different site conditions, generally constructed 
in a similar manner to the International Building 
Code (IBC).
A U.S. city with an equivalent seismicity 

to Cephalonia is Portland, Oregon with a 
Maximum Considered Earthquake (MCE) 
PGA = 0.36 g or a short-period Spectral 
Acceleration of Ss = 0.9 g in rock class B (IBC-
2009, based on the American Society of Civil 
Engineers’ ASCE 7-05). For comparison of 
EC-8 and IBC-2009 based code spectra, 
MCE Spectral Acceleration values for rock, 
stiff soils, and soft soils are shown in Figure 2 
for the two cities. Generally, the SA values are 
similar between the two codes except for soft 
soils where the EC-8 code is significantly more 
conservative than the IBC equivalent around 
structural periods shorter than 0.8 seconds.

Ground Motion Recordings
The second event produced the highest 
ground motions, shown as acceleration 
response spectra compared to EC-8 code’s 

elastic spectra in Figure 3. The high ground 
motion amplitudes can be partially attributed 
to local site effects, directivity of shaking, 
and the pronounced irregular topography 
throughout the island.
Recorded SA values generally far exceeded 

code-based values, especially between periods 
ranging from 0.2 to 0.3 seconds, which cor-
respond to the empirically expected period 
range of the majority of the building stock 
for two and three story RC buildings. These 
recorded SA values peaked at 3 g in the town 
of Chavriata and 1.5 g in the town of Lixouri, 
exceeding the maximum elastic code values 
by a factor of 1.25 to 2.5. Depending on the 
design Response Modification Factor (R), the 
recorded SAs could have resulted in actual 
seismic loads higher than the design values 
by an astounding factor of 2.5 to up to 8.5 
(for R between 2 and 3.5).

Structural Observations
Overall, the building stock of Cephalonia is 
relatively new since most of the island was 
rebuilt after the 1953 events to meet the 1959 
and later seismic codes. The close-knit family 
social structure of Cephalonia has created a 
tradition of building and expanding homes 
over the span of many decades. Several genera-
tions of a single family typically live together 
in the same house, which they expand ver-
tically and laterally as their families grow. 
This results in buildings that have portions 
built decades apart under different codes and 
structural systems.
The predominant (residential and com-

mercial) building type is well constructed, 
up to three stories in height, with a mix of 

Figure 2. Comparison of response spectra for rock, stiff, and soft soil conditions 
for: Cephalonia Island, Greece based on EC-8 (black lines) and Portland, 
Oregon based on MCE of IBC-2009 (blue lines). Both cities have equivalent 
rock short period acceleration Ss = 0.9 g (or PGA = 0.36 g).

Figure 3. Comparison of elastic code (EC-8 and EAK) response spectra for 
various ground types with spectra of recorded motions from the 2 nd event.
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reinforced concrete, masonry infill, and wood 
roofs. The infill masonry has concrete beams 
around openings, dowelled into the concrete 
structure. Hollow clay bricks in one or two 
vertical rows, with insulation material in 
between, are used for infill. A typical con-
struction example and properties of a typical 
hollow brick are given in Figure 4.
This practice is different from typical con-

fined masonry (Meli, 2011) or regular infill 
masonry construction, as it is lighter due 
to the holes in the infill bricks and stiffer 
due to the thick RC structural frame. These 
low rise buildings behaved well during the 
2014 earthquakes, at the most, suffering 
minor damage at the brick infill walls, which, 
in some cases, were separated from the RC 
frame. Most of the significant structural 
damage occurred in older masonry buildings 
that did not have this type of construction 
(GEER/EERI/ATC, 2014).

Case Study of Reinforced 
Concrete Havdata Building

A two (to three) story RC structure in the 
town of Havdata next to an old masonry 
structure that completely collapsed was 
selected as the case study. The building was 
built in 1995 in accordance with the EAK 
code. It is located about 1.2 miles (2 km) 
north of the strong motion station CHV1 in 

the town of Chavriata, which recorded very 
high accelerations (Figure 3). Shown in Figure 
5, the ground floor of the structure is a coffee 
shop and the rest has residential occupancy. 
This structure was chosen because:

a)  Its behavior was good despite its 
close proximity to CHV1. No major 
damage was identified other than 
some bottles falling off the shelves 
and some dislocated clay roof tiles, 
which is indicative of minimal or 
non-existent nonlinear behavior.

b)  The reconnaissance information 
included design documentation 
and visual inspections. The owner 
provided us with design drawings and 
calculations that had been submitted 
to the local Department of Buildings, 
as it is a tradition for Greek owners to 
keep copies of these documents.

c)  Acceleration time histories were 
available for analysis.

Modeling

The geometry of the Havdata structure, approxi-
mately 23 feet x 23 feet (7 m x 7 m) in plan, 
was approximated based on available drawings 
and photographs. However, the design docu-
mentation that was provided was found to 
be incomplete. Assumptions were made for 
the thickness of the concrete beams, and the 
strength and composition of the infill. The 
assumed member sizes, floor and roof dead loads 
and seismic weight, calculated per ASCE 7, are 
given in Table 1. The live load was taken as 40 
psf (2 kPa) and 20 psf (1 kPa) for the floors and 
roof, respectively. The seismic weight includes 
dead load and perimeter wall loads. The perim-
eter walls were assumed to be a layer of thick 
hollow bricks with properties indicated in Tables 
1 and 2. The bricks are 2.5 inches x 5 inches x 

Figure 4. Typical confined masonry construction in Greece, with the infill masonry having concrete beams 
around openings, dowelled into the concrete structure (left). Characteristics of typical hollow clay bricks 
used for infill (right), after Xalkis Bricks (2015).

Table 1. Member sizes, loads, and seismic mass parameters used in modeling.

Figure 5. Havdata structure located 1.2 miles (2 km) north of CHV1 station sustained no 
significant structural damage while masonry building next to it collapsed completely. Copies of 
design drawings (right).

Member
Section Dead Load (DL) Seismic Weight

(inch) Floor (psf ) Roof (psf ) Floor (kips)
Concrete Slab 4 Concrete Slab 50 Wood Frame 15 1 86.5
Beam 12 x 16 Beam 35 Clay tile 10 2 82
Column 40 x 12 Column 43 Insulation 8.5 3 18
Hollow brick wall 2.5 x 5 x 7.5 FaÇade 25 Total, Roof DL 33.5

Floor finish 5
Total, Floor DL 158
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7.5 inches (60 mm x 120 mm x 190 mm) with 
a weight of 3 pounds (1.3 kg) for each brick. An 
effective thickness of 1.58 inches (40 mm) was 
assumed and the wall dead load over the façade 
area was taken equal to 20 psf (1 kPa). Based 
on the above information, a linear elastic finite 
element 3-D SAP2000 model was created, as 
shown in Figure 6a. For modeling, the beams 
were connected to the center of the columns and 
a rigid body diaphragm was assigned to nodes 
at each floor. The infill walls were modeled as 
shell elements.

Input Ground Motions

The recorded ground motions from the CHV1 
station during the second event were used for 
the dynamic time history analyses. These 
motions were recorded on reported stiff soil 
conditions and depict spectral accelerations 
that reach 2.4 to 2.7 g in both horizontal direc-
tions for short structural periods (less than 0.4 
s). In addition to the soil-recorded motions 
and considering the overall geology around 
the Havdata house, bedrock ground motions 
were derived to examine the response to direct 
bedrock input. The derivation was made by fil-
tering out the soil effects in the CHV1 records 
using a linear elastic deconvolution, which is an 
analytical procedure that produces a rock out-
crop motion based on recorded ground surface 
motion. For the soil properties, the generalized 
sedimentary profile of interchangeable layers 
of weathered marls, limestone, and sandstone 
were used, presented in the 2014 GEER/EERI/
ATC report for this area.
Specifically, the deconvolution analysis was 

performed for a 230-foot (70-meter) thick soil 
column having a linearly increasing shear wave 
velocity with a mean value of 1,500 ft/s (500 
m/s). The resulting rock motions were found to 

be lower by an approximate factor of 2 in the 
short period range (0.2 and 0.4 seconds). Figure 
7 (page 30) summarizes deconvolution analysis 
and plots the predicted rock motions. Both rock 
and surface motions were rotated to the two 
orthogonal X-X and Y-Y directions of the build-
ing, for use as input in the structural model, 
assuming the X-X structural model axis has an 
angle of 45o with the North-South direction.

Dynamic Analyses

In an effort to simulate the observed behavior, 
the team performed five analyses varying the 
effective element thickness tw and the modulus 
of elasticity Ew of the infill walls. Specifically, 
the five sets of parameters used are:

1)  tw = 1.58 inches (40 mm), 
Ew = 1,000 kips per square inch (ksi) 
(7,000 MPa)

2)  tw = 1.58 inches (40 mm), 
Ew = 3,000 ksi (21,000 MPa)

3)  tw = 3.15 inches (80 mm), 
Ew = 1,000 ksi (7,000 MPa)

4)  tw = 3.15 inches (80 mm), 
Ew = 3,000 ksi (21, MPa)

5) No infill wall in the model
The results are summarized in Table 2, 
where Cases 1 to 5 were analyzed with the 
reduced rock motions and Cases 6 to 10 
were analyzed with the recorded surface 
motions. The first (T1) and second (T2) 
structural modes of the building range 
from 0.08 to 0.14 seconds and 0.05 to 0.1 
seconds, respectively. When the infill wall 
was removed from the model, the periods 
elongated accordingly to 0.31 and 0.26 
seconds. The maxima of roof displacement, 
first story drift, and average shear stresses 

Table 2. Structural dynamic analyses. Varying parameters assumptions and summary of results.

CaSe
Input 

Ground 
Motion

Infill Wall Parameters Structural Period 
(seconds)

Maximum

Roof Displacement 1st Story Drift Sheer Stress

Thickness 
tw (inch)

Elastic 
Modulus 
Ew (ksi)

1st Mode 
T1

2nd Mode 
T2

X-X  
X (inch)

Y-Y  
Y (inch)

X-X  
∆ X (inch)

Y-Y  
∆Y (inch)

1st story walls, 
average τ (psi)

1

Rock
from 

deconvolution

1.58
1,000 0.14 0.10 -0.20 -0.09 0.10 0.04 200

2 3,000 0.10 0.07 -0.08 0.03 0.04 0.01 190
3

3.15
1,000 0.11 0.08 -0.11 0.04 0.06 0.02 100

4 3,000 0.08 0.05 -0.04 0.02 0.02 0.01 100
5 No Wall 0.31 0.26 -1.48 1.16 0.56 0.51 –
6

Surface
recorded at 

CHV1

1.58
1,000 0.14 0.10 -0.33 -0.14 0.16 0.06 310

7 3,000 0.10 0.07 -0.12 0.05 0.06 0.02 290
8

3.15
1,000 0.11 0.08 -0.19 0.06 0.10 0.03 160

9 3,000 0.08 0.05 -0.06 0.04 0.03 0.01 160
10 No Wall 0.31 0.26 -2.58 2.06 0.98 0.90 –

Figure 6. (a) Finite element linear elastic model of Havdata structure. (b) Distribution of maximum shear 
stress in infill walls (psi).

(a) (b)
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along the first story walls are also shown 
on Table 2, with plots of shear stresses in 
the model plotted on Figure 6b (page 29). 
Analyses considering thicker, heavier walls 
did not produce results significantly differ-
ent than those in Table 2.
These preliminary results show that the 

building is stiff with short periods, and 
therefore, it shakes like a rigid body with 
small drift, which agree with the observa-
tions. While the results are reduced when 
the rock motions are applied instead of the 
soil motions, the stresses in the brick walls 
with clay units still exceeded the allow-
able levels, which are between 50 psi and 
100 psi (International Masonry Institute, 
1998) under both applied motions. Since no 
damage in the infill was observed, additional 
investigations on the infill material, the 
concrete construction, and a better under-
standing of the in-situ subsurface conditions 
and topography are needed to successfully 
replicate the observed behavior.

Conclusions
– A sequence of strong earthquakes during 
January and February of 2014 in Cephalonia, 
Greece produced some of the highest ground 
motions ever recorded in Europe, reaching 
2.5 g in the short period range between 0.2 
and 0.3 seconds. Details are presented in 
GEER/EERI/ATC (2014).
– The typical modern local construction 
method is a modified confined lightweight 
masonry system with reinforced concrete 
moment frames, brick infill walls with 
hollow clay tiles, and roofs with wood 
frames. These short (two and three story) 
structures behaved essentially elastic with no 
serious visible structural damage and reacted 
more like rigid bodies with very short peri-
ods. The stiffening effect made the structures 

experience the peak ground acceleration, 
which was 70% smaller than the spectral 
accelerations in short periods.
– A case of a non-damaged structure in 
close proximity to a strong motion station 
was selected for analysis. Since no damage 
was observed, a linear dynamic time history 
analysis method was selected. Modeling was 
feasible since the team had visually inspected 
the structure, and obtained partial design 
and drawing documentation. To simulate 
local site conditions, the available recorded 
time histories were deconvoluted from the 
ground surface to the structure’s bedrock 
using a generalized soil profile.
– The analyses were varied parametrically 
to account for the uncertainty in the elastic 
modulus and the effective thickness of the 
infill wall. Results demonstrated very low 
periods of about 0.1 second and confirmed 
the observations that inferred small drifts and 
displacements during the events. The model 
predicted shear stresses in the infill material 
which would have caused damage that was not 
observed. Hence, this type of robust construc-
tion behaved better than expected.
– The Greek method of confined masonry 
is an inexpensive way for building RC 
structures with only 20% of the overall con-
struction cost attributed to the structure. 
The observed and well documented good 
behavior of several structures of Cephalonia 
should be studied further, including per-
tinent testing of the infill material and its 
interaction with the RC frame, and in-situ 
testing to better define the site-specific 
ground motions. This method may be ben-
eficial in other countries of high seismicity 

and similar weather. This design approach 
of shortening the structural period should 
ensure that the structure does not move in 
the inelastic range, which would elongate 
its period and attract significantly higher 
seismic forces.
In closing, the 2014 Cephalonia events 

allowed the reconnaissance team to focus 
on collecting data of resilient performance 
in addition to failures, paving the way to a 
new generation of reconnaissance 
that will hopefully lead to better 
understanding of resiliency after 
strong earthquakes.▪
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Figure 7. Ground motions at: (i) ground surface as recorded in the CHV1 station at the 2nd event (top) 
and (ii) rock at the Havdata building site (bottom), following deconvolution analysis of the generalized 
profile (left).
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