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Abstract
The seismic performance of buildings are of great importance
as casualties during earthquakes are directly associated with
the collapse or damage of building during earthquakes and
secondary disasters. The author presents the characteristics
of the damage and performance of buildings of various kind
with the considerations of their geotechnical environment in
relation to major earthquakes in Turkey and worldwide. The
author point out some unsolved issues and draw some lessons
for the performance of buildings and their implications for
sustainable building design in this paper.
Keywords: Buildings, Liquefaction, Slope failure, Faulting,
Sinkholes.
1. Introduction
The seismic performance of buildings are of great importance
as it is directly related to casualties caused by earthquakes
and associated secondary disasters such as tsunami, slope
failures and sinkhole formations. Countries on the active
seismic belts of the world have suffered many disasterous
incidents in the past and modern times and tried to improve
the performance and seismic resistance of buildings.
Nevertheless, the same issues tend to prolong. The author
participated in the reconnaissances of many earthquakes
since the 1992 Erzincan earthquake including the most
recent earthquakes (Figure 1) such as 1999 Kocaeli, Düzce,
Chichi, 2000 Kutchh, 2005 Kashmir, 2008 Wenchuan, 2009
L’Aquila, 2009-2010 Christchurch, 2011 Great East Japan,
Van and 2014 Nagano-ken Hokubu earthquakes[1-34]. The

2004 and 2005 Off-Sumatra earthquake, 1964 and 2010 Chile
earthquakes, 2011 Great East Japan Earthquake showed
the vulnerability of buildings against tsunami. Furthermore,
2005 Kashmir and 2008 Wenchuan earthquakes caused heavy
damage to buildings in mountainous regions and have certain
implications on earthquake-induced geotechnical issues
on the performance of buildings. The permanent ground
deformations induced by faulting, slope movements and
ground liquefaction during the 1999 Kocaeli, 2000 Kutchh
and 2008 Wenchuan earthquake caused heavy damage to
buildings as well as other structures. Each earthquake has
their own characteristics and the damage and performance
of buildings differed depending upon the geotechnical
evnironment as well as permanent ground deformations
induced by the faulting. The author would describe the
characteristics of the damage and performance of buildings
of various kind with the considerations of their geotechnical
environment in relation to major earthquakes in Turkey and
worldwide and to point out some unsolved issues and to
draw some lessons for the performance of buildings and their
implications for sustainable building design.
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was particularly more apparent on the southern side of the
fault. However, the most devastating effect of liquefaction was
observed in Adapazarı city, which was about 6 km away from
the fault break on the northern block.

Figure 1. Locations of recent earthquakes
2. Performance of Buildings in the Recent Earthquakes
Performance of buildings in the recent earthquakes are explained
in this section according to geotechnical environments, which
involve ground liquefaction and associated lateral spreading,
steep topography, faulting and natural (solution cavities:
limestone, rocksalt, gypsum etc.) and man-made cavities
(abandoned mines, tunnels).

Figure 2. Distribution of liquefaction sites observed in the
earthquake region.

2.1 Liquefaction and Lateral Spreading
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The ground liquefaction can occur in any granular material and
it depends upon entirely on the permeability, shearing strength
and level of ground shaking [17,19,20]. The effects of ground
liquefaction would be settlement, bearing capacity loss and
tilting, lateral spreading.
When ground liquefies it will loose its shear resistance.
This, in turn, results in
1) Loss of bearing capacity and heavy structures will sink,
2) Uplift of light structures,
3) Ground flow laterally if gradient exists and
4) Increase of lateral pressure on structures.
Now, these effects on buildings in some selected earthquakes
are explained in this subsection.
(a) M7.6 1999 Kocaeli Earthquake
Liquefaction was widely distributed and caused severe damage
to structures in the region between Adapazarı and Yalova.
Liquefaction phenomenon was widespread for a length of 120
km almost along the earthquake fault break [19-21]. Some
liquefaction was also observed along the shore of Black Sea
[19]. The general distribution of the ground fissures and sand
boils were surveyed. Liquefaction fissures and sand boils
are evidently observed in Adapazarı City, along the Sakarya
River up to the Black Sea coast, Akyazı, the southern shore
of Sapanca Lake and İzmit Gulf as far as Yalova whenever
saturated quaternary loose deposits exist (Figure 2). The
incidents of sand and silt volcanoes, sand blows were still
clearly visible at various places. The liquefaction phenomenon

Figure 3. Effects of liquefaction and lateral spreading
The most severe damage to structures was observed in
Adapazarı City. Many buildings were settled, tilted or totaly
collapsed as seen in Figure 3. The settlement of buildings
up to 300 cm was observed. The building shown in Figure 3
failed as a result of the loss of bearing capacity of ground. This
type of failure was quite similar to that observed in Niigata
earthquake of 1964. If the super-structure could not topple as
a rigid body, the buildings failed in a pan-cake mode as a result
of beam-column failure due to the significant degree of tilting.
On the contrary, no damage was observed on a few multi-story
buildings erected on pile foundations in Adapazarı.
It is also emphasized that very high maximum ground
acceleration caused by the earthquake in Adapazarı also played
an important role to trigger liquefaction. The other places
where a very dense liquefaction was observed are Sapanca
Vakıf Hotel and its close vicinity located on the southern shore
of the Sapanca Lake (Figure 3). The general trends of the
eruption fissures are systematically parallel to the shoreline
with an orientation of N75W (Figure 3b).
(b) M8.6 2005 Nias Earthquake
The causes (1) and (2) mentioned previously should be
generally regarded as site effects and local ground conditions
which affected residential apartment buildings in the region
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[25]. Although it is not known exactly, the 15-20 percent of
damaged buildings in the Gunung Sitoli either settled up to 1m
or tilted and toppled due to ground liquefaction and associated
lateral spreading (Figure 4).

Figure 5. Effects of lateral spreading on buildings
(c) M7.2 and M6.7 Christchurch Earthquakes
One of the major characteristics of both the 2010 Darfield and
2011 Christchurch earthquakes is widespread liquefaction
and associated ground failures (lateral spreading), which
generally affected the same areas [16-17,32]. The areas most
severely affected by liquefaction were close to rivers, streams,
swamps, the estuary and abandoned riverbeds. The liquefaction
induced settlement, lateral spreading, and large sand boils
were widespread. The characteristics of the liquefaction
and liquefaction-induced lateral spreading, with associated
geotechnical damage to structures, such as settlement, uplift of
buried lifelines and damage to bridges and embankments were
observed in the both earthquakes, and are briefly described in the
following sections. In the 2010 Darfield earthquake, extensive
ground liquefaction with associated lateral spreading was
mainly observed in the eastern suburbs of Christchurch city, such
as Bexley, New Brighton, Brooklands and in the settlements of
Avonside and Dallington located along the meanders of the Avon
River (Figure 6), as well as the town of Kaiapoi, and townships
near the Waimakariri River, such as Pines Beach.

Figure 4. Effects of ground liquefaction and lateral spreading on buildings in Nias Island
Due to high level of underground water table and liquefaction
of the ground, buildings without raft foundations and
continuous tie beams could not resist to ground failures unless
they are built on piles extending into the non-liquefiable
layers. Compared to those of December 26 2004 earthquake,
so many buildings were affected due to the liquefaction in this
earthquake.
The reclaimed area in the coastal region of Gunung Sitoli was
strongly affected by the quake. Along the shore of Gunung
Sitoli, settlement and lateral spreading of ground occurred.
As a result, many buildings in a zone for a distance of about
800m from the shore were partially settled and dilapidated
(Figures 5). At Fofold along the northern shore of Nias Island,
even single story buildings were heavily damaged. The ground
was wavy and sand volcanoes could be observed around the
area. Although the trace of sand boiling could not be seen
on ground at Telukdalam, many RC buildings along the shore
were collapsed or damaged. Similar events were also observed
along riverbanks.

Intense sand volcanoes and open, pull-apart cracks parallel to
the rivers were the main evidences of widespread liquefaction
and lateral spreading. Very thick ejected sand accumulations, in
many cases more than 20-25 cm thick, were observed on streets
and around buildings. Ground failure including liquefaction
and lateral spreading caused extensive damage to residential
houses, and buried lifelines on and in the liquefied ground. The
most commonly observed damage were settlement, tilting and
separation of structural components of the houses, uplifted
buried lifelines and tilting of electric poles as a result of the loss
in strength of the foundation ground due to liquefaction.

Figure 6. Views of ground liquefaction observed at several
localities during the 2010 Darfield earthquake
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Structural separation was evident at several locations
extending along the longitudinal axis of the buildings (Figures 6
and 7). Due to settlement, shear cracking on the walls of brick
houses was also common. Based on the measurements by the
authors, residential houses and commercial establishments
at various locations subjected to liquefaction underwent
settlements in the order of 10-20 cm. Heavy concrete buildings
sunk into the ground. A reinforced concrete building in Kaiapoi,
around which sand boils and ground cracking were evident,
sank and tilted as a result of liquefaction of the foundation
ground. The building underwent non-uniform settlement, with
the southwestern side sinking by as much as 30 cm, while the
northeastern side of the building moved laterally by about 20
cm in the direction of Kaiapoi River.
The lateral spreading of liquefied ground damaged even
reinforced concrete structures such as Canterbury Rowing Club
Building and Sport Facilities next to Porritt Park in Dallington.
The Canterbury Rowing Club Building suffered extensive
settlement of more than about 30-35 cm due to liquefaction
(Figure 7) and it moved towards the Avon River as a result of
lateral spreading.

Figure 8. Views of ground liquefaction observed at several
localities during the 2011 earthquake
Although there was again widespread liquefaction in Kaiapoi
town, the effects of liquefaction and lateral spreading
were much less than those caused by the 2010 earthquake.
Residential buildings and lifelines on liquefied ground again
suffered extensive damage. Settlement due to liquefaction
was also common in this earthquake, similar to that observed
in the 2010 Darfield Earthquake. Uplift of utility manholes and
buried ground structures was also common. The settlement
and lateral movement of ground below the foundations
caused damage to many mid-rise and high-rise buildings in
Christchurch Business District (CBD) (Figure 9).

6

Figure 7. Views of damage to buildings caused by ground
liquefaction during the 2010 earthquake
Although the magnitude of the 2011 Christchurch earthquake
was much less than the 2010 Darfield earthquake, this
earthquake caused much more extensive liquefaction and
associated lateral spreading in Christchurch City central
business district, as well as areas such as Mona Vale, Hagley
Park, Heathcote, Opawa, Woolston, Ferry Mead, McCormacks
Bay and Tai Tapu, in addition to Avonside, Shirley, and in
Kaiapoi, Brooklands and the new suburb of Bexley, which also
liquefied in the 2010 Darfield earthquake. Sand boils were the
most common evidence of liquefaction, and in many locations
sand and silt tens of centimetres thick accumulated in lowerlying areas, filling drains (Figure 8). In particular the Bexley
area was inundated by upwelling groundwater with fine sand,
and about 70cm of settlement occurred.

Figure 9. Views of ground liquefaction observed at several
localities during the 2011 earthquake
The very strong shaking and ground movements resulted in
the total collapse of Canterbury TV building and Pine-Gould
building. In addition, some buildings were tilted and deformed
to the extent that these buildings are now being demolished.
The residential area at Courtenay Drive in Kaiapoi town
was developed by filling about 2 m of gravelly soil over the
existing soil without any treatment of the ground. The ground
movement was large where the gradient of the ground abruptly
changes. Extensional cracks up to 150 cm were observed and
houses were pulled apart. Furthermore, the separation of
garages from the main house buildings was common.
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(d) M9.0 Great East Japan Earthquake
The Great East Japan earthquake was associated with
about 400-450 km long rupture zone and resulted in ground
liquefaction up to 407 km away from the epicenter [10]. The
effects of ground liquefaction was tremendous along the
coastal area and major rivers. Particularly the reclaimed areas
around Tokyo Bay area, particularly, at Urayasu (373 km) were
heavily liquefied.

Figure 12. Variation of amplification as a function of position within a model slope [18]
(b) 2005 M7.6 Kashmir Earthquake

Figure 10. Damage to buildings in Shin-Urayasu

One of the most distinct characteristics of 2005 Kashmir
earthquake is the widespread slope failures all over the
epicentral area [27]. The Kashmir earthquake of October 8,
2005 particularly caused extensive damage to housing and
structures founded on sloping soil deposits (Figure 13).

2.2 Steep Slopes
(a) M6.8 2003 Bingöl Earthquake
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Collapsed and heavily damaged buildings in Bingöl are
concentrated on the cliff sides of the terraces bounded by two
streams. This situation suggests possible ground amplification
at the cliff sides due to topographical effects as illustrated in
Figure 11.

Figure 11. A schematized section illustrating topographical effects on structural damages in Bingöl [23, 33]
It is not known that if the existence of 4-story building
played some roles on the high acceleration at Bingöl station.
Nevertheless, the model experiments by the author on rock
slopes [18,23] clearly showed that accelerations are larger
at the top of the slope and they are amplified near the slope
crest (Figure 12). These effects may be responsible for the
considerably high peak horizontal ground accelerations
recorded at the Bingöl strong motion station, which is close to
the cliff side adjacent to Gayt Stream.

Figure 13. Heavy damage near the crest of slopes in
Muzaffarabad
The largest city influenced by the earthquake was Muzaffarabad,
which is the capital of Pakistani Kashmir region. Balakot town
was the nearest settlement to the epicenter and it was the
most heavily damaged. Valleys were filled by moraine and/or
talus deposits resulted from post-glaciation, and they were cut
through by fast-flowing rivers, resulting in very steep slopes,
on which most of settlements were located. The earthquake
caused extensive damage to housing and structures founded
on these steep soil slopes. Housing and constructions on soil
slopes containing large cobbles as observed in Balakot and
Muzaffarabad should not be allowed. Although these slopes
can be stable for high slope angles under static conditions,
they are prone to failure during earthquakes. Some peculiar soil
slope failures were observed in both Balakot and Muzaffarabad.
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In addition the damage was quite heavy nearby the crest of
slopes due to permanent ground movement as well as ground
amplification at such locations. These slope failures occurred
in conglomeratic soil deposits with rounded large cobbles,
which are products of the past and post glaciation’s periods.
Since the slope angles were quite steep (60-80o), these slopes
failed either by lateral spreading or shearing as illustrated in
Figure 14.

examples of such damage. Their impact may be of a large
scale and the damage induced in residential buildings can be
particularly of great concern. Especially, the question will be
how to identify such blocks, which may be put into motion
during earthquakes.

Figure 14. Illustration of failure or lateral spreading of
steep glacial soil slopes [27]
2.3 Rockfalls and Slope Failures
(a) 2008 M7.8 Wenchuan earthquake
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This earthquake caused many slope failures resulting in largescale slope failures called landslides [28]. Such landslides
were observed particularly in mountainous area and on the
hanging-wall side of the earthquake fault. Among all largescale landslides, the landslides in Beichuan destroyed town
and the landslides came from both mountains adjacent the
town. The NW facing slope caused by mainly the sliding of
limestone formation, while the SE facing slope was caused by
the sliding along bedding plane and shearing of the phyllitelike layers (Figures 15).

Figure 16. Rock fall induced damage on buildings
(b) M7.2 & M6.4 Christchurch earthquakes
Slope instability, particularly the rock falls which occurred in
the 2011 event are far more extensive than those observed in
the 2010 earthquake [16-17, 32]. This is probably due to the
very high vertical ground accelerations produced by the 2011
event as well as topographic amplification effects, which
increased ground motions. In addition, the source of some
rock falls observed in the 2011 event may be rock blocks
loosened in the 2010 earthquake. Comparisons made using
the observations with empirical magnitude and epicentral
limit distance relations for coherent and disrupted slopes, also
show good correlations.
In the 2010 earthquake, a limited number of slope failures, such as
a slope failure at the Rakaia Gorge, which blocked State Highway
77 and small rock falls at Castle Rock, Lyttelton and Summit Road
were observed. In the 2011 Christchurch earthquake, major rock
falls, wedge and toppling failures occurred, particularly in Castle
Rock, Shag Rock, Redcliffs, Sumner, Taylor Mistakes, Scarborough
Hills, Godley Head, Dyers Pass, Ferry Mead, McCormack and
Rapaki-Governor’s Bay, which resulted in a number of fatalities
and damaged structures (Figure 17).

Figure 15. Views of the landslides in Beichuan
Another landslide at Donghekou destroyed the entire village.
These large scale landslides induced damage on buildings of a
town are very rare and deserve further studies.
Rockfalls induced by ground shaking also caused damage in
many places in the mountainous area. Figure 16 shows several

Figure 17. Views of damage to buildings caused by rockfalls
2.4 Permanent Straining induced by Faulting
Many buildings along the earthquake faults of the 1999 Kocaeli,
Düzce, Chi-Chi and 2007 Wenchuan earthquakes behaved in
various manner [2, 5, 18-22, 28-30].
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(a) 1999 M7.6 Kocaeli Earthquake

(b) 1999 M7.6 Chichi Earthquake

During the site investigation of the 1999 Kocaeli earthquake
one could see either totaly collapsed, severly damaged
or intact buildings just on or next to the traces of the fault
breaks. The examples are many and it is quite difficult to quote
all of them. Some of typical examples are given and briefly
discussed. Nevertheless, this topic deserves more thorough
investigations. The first example is a two story reinforced
concrete house with a raft foundation in Tepetarla village. The
fault passed just underneath the foundation of the southern
side of the building (Figure 18a). The relative displacement of
the fault break was about 200cm. Since 70 % of the foundation
of the building was on the stationary northern side of the fault
and the southern side of the fault had a very small amount
normal component, no damage to this building was observed.
In other words, this implies that if the fault just slids beneath
a structure with a raft foundation in the case of strike-slip
faulting, no damage could be caused to the superstructure,
provided that the structure is strong enough against shaking.

Figures 19 and 20 show the state of buildings subjected
faulting movements. The upward displacement of the ground
in the 1999 Chi-Chi earthquake is more than 400cm as seen in
Figure 19 and both buildings behaved as rigid bodies. Although
the building in the front severely inclined it remains intact. As
this example clearly shows that the lives can be saved if the
buildings constructed like a rigid box structures with the use of
reinforced concrete shear walls.

Figure 19. Rigid body rotation of buildings due to thrust
faulting

(a) Tepetarla

(b) Kullar

Figure 18. Damage to building by faulting
A very peculiar behaviour of an apartment complex consisting
of 8 five story apartment blocks was observed in Kullar village
as shown in Figure 18b. Seven apartment blocks failed in
a pancake mode while one apartment block remained selfstanding. One of the failed apartment blocks just crossed by
the fault break which has a relative horizontal displacement
of 240cm and 20-25cm vertical throw (north side down). The
ground surface was sloping to north. One of two apartment
blocks on the southern side was damaged while the other one
collapsed towards east in a pancake mode in accordance with
the movement of its foundation. The 5 blocks on the northern
side were competely collapsed in a pancake mode towards
west in accordance with the direction of shaking. Except the
apartment block over the fault break, the failure of 5 blocks
on the northern side of the fault break may be considered to
be purely due to shaking. Although the intensity of shaking on
the southern side of the fault break should be the same, the
damaged self-standing apartment block should deserve some
special consideration. The most simple explanation may be
just a slight variation of the ground condition if the apartment
blocks are assumed to be structurally identical. Whatever
the reason is, it is of great interest that the most vulnerable
buildings may also survive within a distance of 5 to 6m to the
fault break during the in-land earthquakes.

A RC building deformed in a ductile manner as seen in Figure
20. The use of shear-walls resulted in deformation mode
without any total collapse of the RC building despite very
heavy damage.

Figure 20. Ductile deformation of a RC building against
thrust faulting
(c) 1999 M7.2 Düzce Earthquake
Many buildings along the earthquake fault of the 1999 DüzceBolu earthquake behaved in various manner. During the site
invesigation, one could see either totaly collapsed, severly
damaged or intact buildings just on or next to the traces of the
fault breaks. The examples are many and it is quite difficult to
quote all of them. Some of typical examples are given and briefly
discussed. Nevertheless, this topic deserves more thorough
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investigations. The first example is a one story reinforced
concrete house with a raft foundation in Fındıklı village. The
fault passed just underneath the foundation of the building
(Figure 21). The relative displacement of the fault break was
more than about 250 cm with a vertical normal throw of 90 cm.
Since more than 50 % of the foundation of the building was on
the southern side of the fault, the building tilted and rotated
as seen in the figure. However, no structural damage to this
building was observed. In other words, the building behaved
like a rigid box during the earthquake.
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Figure 23 shows a brick masonry house with a raft foundation
and a continuous concrete slab all around the structure in
Fındıklı village. The fault break just passed beneath the left
corner of this masonry house, and its relative lateral strike slip
was 320 cm at this location. There was no structural damage
to this brick house from a visual inspection. In addition to this
house, no structural damage to a nearby hımış house was
observed at this site at a distance of 3m from the fault break.
Figure 24 shows a totally collapsed 5 story reinforced concrete
building in Kaynaşlı, beneath which the fault break passed. Of
course, one may easily think of the fault break as the primary
cause for the collapse of this building. Considering other totally
collapsed similar type buildings, which were not directly by the
fault, it should be quite plausible to put the blame just directly
onto the fault break. The plastic hinging of RC columns and
slab joints and fragile use of hollow brick walls caused the
pan-cake type total collase of the building seen in Fgure 24.

Figure 21. A tilted and rotated one-story reinforced concrete building in Fındıklı village by the fault break (view
from south to north)
The next example is concerned with the behaviour of an old
hımış(timber) house on the fault with same displacement
characteristics in Çakıribrahim village. Figure 22 shows the state
of the hımış house after the earthquake. As seen from the figure,
the building was severely distorted as a result of the vertical
displacement of the fault rather than the strike-slip faulting.
Nevertheless there is no total collapse of the house. It seems
that pure lateral strike-slip movement of the fault is not of great
concern as long as the building freely rotates and slides during
the faulting motion. The building behind this hımış house is also
a one-story reinforced concrete building which behaved exactly
in the same way as the one shown in Figure 21.

Figure 23. A view of a brick masonry house in Fındıklı village (the fault break just passed beneath its left corner at
back; view from north to south)

Figure 24: A totally collapsed 5 story reinforced concrete
building in Kaynaşlı
(d) 2008 M7.8 Wenchuan earthquake

Figure 22. A tilted and distorted one-story hımış building
in Çakıribrahim village by the fault break (view from south
to north)

The earthquake fault, known as Yingxiu-Beichuan fault started
to rupture in the west of Yingxiu, passed through Beichuan and
extended to Qingchuan County (Aydan et al. 2009b). Yingxiu
and Beichuan counties are just situated above the earthquake
fault. The fault splays into numerous surface ruptures when it
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closes to the ground surface due to vertical stress reduction.
Some surface ruptures measured in Yingxiu, Beichuan and
Qingchuan were more than 2-3m. The permanent ground
displacement as well as individual surface ruptures caused
topographic changes and imposed forced displacements on the
surface and underground structures. Many buildings as well
as other structures were damaged or totally collapsed due to
these forced displacements induced by faulting (Figure 25). Inspite of some damage to structures next to earthquake fault
ruptures, many buildings survived these displacements and
deserves further detailed studies.

Figure 26. Views of sinkholes at Yoshima
Similar type events were also observed in previous
earthquakes such as in the 2003 Miyagi Hokubu earthquake
[11]. In Wakayanagi town of Kurihara City, sinkholes occurred
in residential area (Figure 27). Luckily, these sinkholes did not
cause the collapse of the residential houses on the ground
surface. However, the fracturing of the base concrete occurred
and one corner of the building was overhanging with a slight
tilting. The overburden of the sinkholes ranged between 1 to 3
m at this locality [13-15].
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Figure 25. Response of buildings to fault ruptures in
Yingxiu and Bailu

2.5 Abandoned Mines
The 2011 Great East Japan earthquake caused sinkholes in
Iwaki City in Fukushima Prefecture, in Kurihara City, in Osaki,
in Higashi Matsushima and in Kurogawa in Miyagi Prefecture,
in Ichinoseki City and in Oshu City in Iwate Prefecture and the
total number of sinkholes was 316 [13-15]. The collapses
were associated with inclined shafts. The sloshing of the
underground water in inclined shafts caused the failure of roof
rock resulting in sinkholes as seen in Figure 26. The ground
water spouted from the sinkholes and ejected fragments of
lignite, surrounding rock and sandy material.

Figure 27. Some views of sinkholes in Wakayanagi town
In a large rice field near Ohira Village of Kurihara City, more
than 10 sinkholes with a diameter ranging from 1 to 5 m were
observed. Besides sinkholes in the rice field, some sinkholes
were observed along the roadway and in the parking lot next
to residential buildings as seen in Figure 28. The overburden of
the sinkholes with a diameter of 2-3 m ranged between 1 to 2
m at this locality. The ground shaking caused the collapse, as
there was no trace of ground water spouted from the sinkhole.
Two sinkholes in residential areas and one sinkhole in rice field
occurred in the Tsukidate town of Kurihara City. The 2011 East
Japan Mega Earthquake caused a number of sinkholes in both
residential areas and fields in Ichinoseki. The sinkholes were
enlarged in size after each large aftershock. These observations
are very similar to those observed in Yamoto town during the
2003 Miyagi-Hokubu earthquake [11].

2nd International Sustainable Buildings Symposium

Figure 30. Views of the sinkholes before and after back
filling
2.7 Tsunami
(a) 2004 M9.1 Off-Sumatra (Aceh) Earthquake

Figure 28. Views of sinkholes along a roadway and parking
lot near Ohira Village
Damage to abandoned underground quarries occurred in Oya
Town (Tochigi Prefecture). Oya tuff or Oya stone, has been
quarried in the Oya region, Utsunomiya, Japan. Over 200
underground quarries have been exploited for more than 100
years and some of those are below residential areas. Oya town
is about 295km away from the earthquake epicenter. Total or
partial collapse of semi-underground quarries occurred. The
subsidence of back-filling material of three shafts of abandoned
quarries occurred. The back-filling material of the abandoned
12

shaft settled more than 3 m as seen in Figure 29. There was a
hut on top of this shaft. The hut and the car parked next to the
hut were fallen into the settled shaft.

The building stocks in the region of the earthquake can be
broadly classified as follows [24]: a) Wooden houses, b)
Masonry (brick) houses, c) Reinforced Concrete buildings, and
d) Mosques and Minarets. The causes of damage to buildings
were ground shaking, tsunami or both. While the story number
of buildings in the populated cities such as Banda Aceh and
Meulaboh could be greater than 3, most of the buildings along
the west coast of Sumatra were mainly single story or two
story buildings.
Wooden houses are generally single story or two story
buildings. These buildings were almost non-damaged in the
regions, which were not affected by the tsunami. Therefore
the main cause of the damage was tsunami. The tsunami may
impose at least four types of loading, namely, impact force,
drag force, hydrostatic water loading and buoyancy (uplift)
force on wooden buildings. While impact and drag forces
directly related to the velocity of tsunami, the hydrostatic and
buoyancy forces depend upon the tsunami height and relative
density differences between the building material and tsunami
waves. Figure 31 shows an example of damage to wooden
houses.

Figure 29. The subsidence of back-filling material of the
shaft and the fall of the hut and car into the shaft
2.6 Karstic Caves
The geology of L’Aquila City involves limestone at the
base, lacustrine clay and continental debris in the form of
conglomerate and breccias and Holocene alluvial deposits
from bottom to top. The L’Aquila breccia of Pleistocene age is
known to contain karstic caves. The 2009 L’Aquila earthquake
caused two sinkholes in L’Aquila City [29-30]. One of the
sinkholes was well publicized worldwide as seen ın Fıgure 30.
The width of this sinkhole was about 10 m and its depth is not
well-known. A car was fallen into this sinkhole.

Figure 31. Damage to wooden houses
Masonry (brick) houses are generally single story buildings and
some of them could be 2 story buildings. Solid red clay bricks or
hollow concrete blocks were used for constructing the masonry
(brick) houses. Although concrete column and slabs are utilized
during the construction, they are merely used for achieving
structural integrity. These buildings were not damaged in
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non-tsunami affected area. However, they were completely
destroyed when the tsunami waves hit these structures. It
seems that the impact force of the tsunami waves were quite
high from the state of debris and the fallen tree trunks. The
other force components of the tsunami waves could be drag
forces and hydrostatic water loads. When the masonry (brick)
houses are still standing, their walls were punched out. Figure
32 shows an example of damage to masonry (brick) houses.

(Figure 34). The possible reason for such a good performance
against tsunami may be associated with its columnar structure
without in-fill walls. The only mosque damaged in this
earthquake is in Ulee Lheue district and the central RC column
of the wall facing the sea was fractured by bending at midheight.

Figure 34. Damage to mosques
Figure 32. Damage to masonry (brick) buildings
Most of RC buildings have 2 to 3 stories. Nevertheless, new
buildings for governmental offices and shopping malls have
more than 3 stories. Commonly their story number is 5. Almost
all new buildings in non-tsunami affected area collapsed
or heavily damaged by ground shaking. The RC structures in
tsunami-affected areas have stories ranging between 2 and 3.
Some of columns were broken and in-fill walls were punched
out by the impact forces of tsunami waves and tsunamidragged objects (Figure 33). Nevertheless, they survived
against the ground shaking and also the forces resulting
from tsunami waves. The columns were generally ruptured
or fractured at their mid-height, which implies that they were
subjected to high bending forces. Furthermore, the broken
columns and punched-out walls were facing the flow direction
of the in-coming tsunami waves.

(b) 2011 M9.0 Great East Japan earthquake
As seen in Figure 35, timber buildings were the less-resistant
building type against the tsunami resulted from the 2011 Great
East Japan earthquake among all other types of buildings
[31]. As they are very light, there are easily uplifted and
carried away and crushed. Therefore, such structures should
not be built in tsunami-prone areas. Although stone masonry
buildings are rare in the tsunami affected areas, they are much
more resistant against tsunami waves.

Figure 35 Views of damage to timber buildings

Figure 33. Damage to RC buildings in tsunami-affected
area
Mosques are generally built as single story RC structures
without infill-walls. Mosques survived against the ground
shaking and tsunami waves even in the severely hit areas

Steel-framed structures also performed very poorly (Figure
36). The infill panels of the steel-framed structures were
punctured by impact forces of tsunami and debris, and steel
frames bended or buckled. Reinforced concrete (RC) structures
or steel reinforced concrete (SRC) structures performed much
better among all building types (Figure 37). Except damage
to some of RC or SRC buildings observed in Onagawa town,
almost all of these type buildings were structurally sound and
they were the only remaining structures in all visited towns
and cities.
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Estimations from this equation together and other available
equations are compared with ground liquefaction data of
recent world-wide earthquakes in Figure 39.

Figure 36. Views of damage to steel-framed buildings

Figure 37. Views of damage to RC buildings

Figure 39. Relation between Mw and hypocentral liquefaction distance
Figure 38. Views of damage to RC or SRC buildings
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In Onagawa town, RC or SRC buildings were even damaged
and some of them were toppled and dragged for several ten
meters (Figure 38). It was interesting to note that one building,
which had piles with a diameter of 30cm and length of 4 m,
was uplifted from its piled foundations and dragged for about
70 m. The back-analysis of damage to RC and SRC buildings
in Onagawa where the shore-line tsunami wave was about 15
m and it should be the starting case history for the tsunamiresistant building design in years to come.
3. Recommendations
In this section, some recomendations for sustainable building
design and construction against various effects of earthquakes
and resulting its secondary effects are presented.
3.1 Ground liquefaction and lateral spreading
The most important item is the estimation of liquefaction
susceptibility of ground, which requires some geotechnical
investigations of ground conditions. It is well-known that
Quaternary granular sedimentary deposits are vulnerable to
ground liquefaction. For such ground conditions, there are
several relations to estimate the limiting epicentral/hypocentral
of distances to the site of liquefaction (i.e Kuribayashi-Tatsuoka
[36]; Ambraseys [35]; Wakamatsu [37]; Aydan et al. [31,32]):
For practical purposes, Aydan [5,20] proposed the following
empirical equations for estimation the susceptibility of ground
with the consideration of the earthquake fault:

Rl = 0.08 * (3 + 0.5 sin θ − 1.5 sin 2 θ ) * e 0.9 M w

(1)

If the ground is found to be susceptible to liquefaction, one
of counter-measures illustrated in Figure 40 against ground
liquefaction and lateral spreading should be implemented. The
counter-measures would be specifically as:
1) Ground improvement through densification by using
vibrations techniques, which results in friction angle
increase and permeability reduction,
2) Grouting, in turn, results in the increase of shear resistance
and the decrease of permeability, and.
3) Structural improvement through piling, anchoring etc.
When counter-measures cannot be implemented for some
reasons such as economical reasons, box-like (mat) foundations
should be used for buildings in liquefiable area. Tie beams must
be used in the foundation design of buildings to restrain the
foundation columns to ground failures due to soil liquefaction.
The concept, that is, the previously liquefied area does not
liquefy, is simply FALSE. The same locations can liquefy again
and again as observed in Turkey, New Zealand and Japan and
elsewhere.
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Figure 40. Countermeasures against ground liquefaction
and lateral spreading

1.2 Steep Topography and Slope Failure
It is emphasized that amplification at the cliff sides due
to topographical effects and lateral movements play an
important role on structural damages. When the slope angle
and/or slope height are greater than those required for natural
stability, the slope stabilization measures would be necessary.
Furthermore, slopes of soil and soft-sedimentary rocks may
deteriorate or erode due to exposure to atmosphere, which
may require the surface protection of slope surface. Probably,
slope angle reduction would be the most desirable measure,
and the fundamental concept should be such that the overall
stability of the slope must be attained by the self-resistance
of ground (Figure 41).

Figure 42. Implementation of safety zone concept
The estimation of susceptibility of the failure of slopes as a
function of earthquake magnitude may be done through an
empirical relation proposed by Aydan et al. [32] given below
as:

Ro = A * (3 + 0.5 sin θ − 1.5 sin 2 θ ) * e B⋅M w − C (2)
Where Ro , θ and M w are hypocentral distance, the angle
between the observation point and the strike of the fault and
the moment magnitude. When the values of angle (θ ) are 90
and 270 degrees, they correspond to positions of pure hanging
wall and footwall conditions, respectively.
Constants A, B and C in Eq.(2) for disrupted and coherent slope
failures [38] are given in Table 1. Figure 43 compares it with
observations.

Table 4. Parameters of Eq. (8) for disrupted and coherent
slope failures
Condition

A

B

C

Disrupted

0.3

0.8

25

Coherent

0.2

0.8

30

The empirical relation given by Eq. (2) could be used for the
preliminary assessment of possibility of failure or disturbance
to steep topography and slopes. If it is found that the area is
susceptible to slope failures and disturbances, more detailed
studies should be conducted.
3.3 Counter-measures against Faulting damage

Figure 41. Slope angle reduction
The stabilization measures should be kept to the minimum.
When there are some occasions, that is, it is impossible to
reduce slope angle due to slope-cut height and the construction
next to slopes is allowed, there should be a safety zone
between the slope crest and allowable construction boundary
as illustrated in Figure 42.

As it is very difficult to prevent the damage to buildings by
faulting, buildings should be designed as either rigid box-like
structures with the use of shear walls or ductile so that the
total collapse would not occur as shown in Figures 21-22.
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Figure 44. Comparison of empirical relations between
earthquake magnitude and limiting distance for sinkhole/
subsidence occurrence with observations
(a)

16

(b)

Figure 43. Comparison of empirical relations with observations for slope failures (a) Coherent slopes, (b) Disrupted
slopes.
1.4 Abandoned Underground Mines, Quarries & Caves
The estimation of susceptibility of the failure of abandoned
mines, quarries and caves is of paramount importance
for preliminary assessments as a function of earthquake
magnitude. Aydan and Tano [13-15] developed some formulas
for this purpose and they shown in Figure 44. Figure 44
compares the relations with observations. If abandoned mines,
quarries or caves exist, the backfill of such underground
cavities is urgently needed as an effective countermeasure
with the consideration of the geomechanical properties of the
backfill material (Figure 45). When the filling material of shafts
of abandoned mines is non-cohesive, the filling material would
subside in the shafts due to its flow into adjacent openings
when ground shaking is strong enough to induce the flow of
filling material particles. Therefore, re-grouting such backfills
with cohesive grouting material is necessary.

Figure 45. Backfilling of abandoned mines against sinkhole formation or subsidence beneath residential areas
1.5 Counter-measures against Tsunami
Very strong impact, surge, buoyancy, hydrostatic and drag
forces of the tsunami waves were the primary factors for
the damage to buildings. The most important factor is the
estimation of tsunami heights, for which there are several
equations [6, 39, 40]. Figure 46 illustrates some definitions
and compares estimations with observations. Some possible
counter-measures could be as follow:
1) First of all, the housing must not be allowed in tsunami
prone areas. The re-location of settlements to higher
ground would be the most effective counter-measure as it
is tested in Fudai Village (Iwate Prefecture) during the 2011
Great East Japan earthquake.
2) If tsunami height (shoreline and run-up heights) is
well estimated from empirical relations and hardware
countermeasures are appropriately implemented, the
damage to buildings will be almost none.
3) Timber buildings cannot stand against high tsunami waves
and construction of such structures must be refrained in
tsunami-prone areas.
4) Steel framed structures are also weak against tsunami
waves due to the weakness of the infill panels. Therefore,
the construction of such structures must be refrained in
tsunami-prone areas.
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5) Reinforced concrete buildings performance is best to resist
gigantic tsunami waves provided that they are well built
against ground shaking.
4. Instrumentation
(a) Definition of tsunami heights

Recently, the sensor technology has greatly advanced and
smart low-cost accelerometers become available. The author
tried to develop stand-alone type accelerometers of low
cost initially for the Sumatra Island as developing countries
generally lack of strong motion instrumentation. Figure 47
summarizes some initial trials by the author with the use of 4
different types of accelerometers. The major issues were how
to select the trigger level, the duration of record and energy
source for long-term measurements and synchronization.
Furthermore, the measurable level of accelerations should
not be less than 10 gals due to the size and technique used in
sensors.
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(b) Tsunami height at shore

Figure 47. Early trials by the author for developing smart
low-cost ground motion instrumentation
The author has been successful to develop such an
accelerometer, which can be synchronized and they can be
set to the triggering mode with a capability of recording pretrigger waves for a period of 1.2s. The trigger threshold and the
period of each record can be set to any level and chosen time
as desired. The accelerometer is named QV3-OAM-SYC and it
has a storage capacity of 2 GB and it is stand-alone type. It
can operate for two-days using its own battery and the power
source can be solar-light if appropriate equipments are used.
In other words, it is an eco-friendly acceleration monitoring
system. The author has been utilizing the system for different
purposes besides the instrumentation of buildings.

(c) Tsunami run-up height

Figure 46. Illustration of various tsunami height definitions
and comparisons of empirical relations proposed by Iida
[40], Abe [39] and Aydan [6] with observations

Figure 48 shows several examples of application to buildings in
Japan and Turkey together with the utilization of solar-power
system. Figure 49 show an acceleration record taken by this
system at Nakagusuku during an earthquake with a moment
magnitude of 4.7 occurred on January 15, 2015 near the east
coast of Okinawa Island. The accelerometers are even capable
of measuring the dynamic responses of buildings during strong
winds. Figures 50 and 51 show examples of accelerations
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records measured during Typhoon No.8 on July 8, 2014 and a
strong wind on Oct. 16, 2016 It is even possible to record strong
motions buildings as well as other type structures for very long
durations.

The accelerometers developed by the author can be used
for a dense instrumentation and to determine local shaking
characteristics, which cannot be evaluated present strong
motion networks as they are sparsely installed.

Figure 49. Acceleration response during the earthquake of
January 14, 2015 (Mw 4.6) near the east coast of Okinawa
Island, Japan
(a) QV3-OAM-SYC system with solar power unit
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(b) RC building in Bayındır (Turkey)

Figure 50. Acceleration response of balcony door during
Typhoon No.8 on July 8, 2014

(c) RC building in Ginowan, Okinawa (Japan)

(d) Timber building in Kusanagi, Shizuoka (Japan)

Figure 48. Accelerometers installed at several buildings in
Japan and Turkey

Figure 51. Acceleration response of a timberhouse during
a strongwind on Oct. 16, 2014

The accelerometers can be used to measure responses of
buildings during strong winds such as typhoons and hurricanes.
They may be also used to monitor the responses of buildings,
and structures when nearby excavations of tunnels, open-pit
mines and slopes are carried out using blasting (Geniş et al.
2014; Imazu et al. 2014; Aydan et al. 2014). Furthermore, they
may be also used for non-destructive testing of buildings,
bridges, monorails, poles as well as moving vehicles.
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5. Conclusions
The author described the damage and responses of various
types of buildings under different geotechnical conditons
observed during the recent world-wide great earthquakes and
associated secondary disasters such as tsunami or landslides.
The author also discussed their implications on sustainable
building developments. Some specific conclusions from this
study may be as follow:
1)

2)

3)

5)

6)

7)

Buildings must be designed against ground shaking and
they should show ductile behaviour even under extreme
dynamic loading conditions,
If the ground is found to be susceptible to liquefaction,
counter-measures against ground liquefaction and
lateral spreading should be implemented. When countermeasures cannot be implemented for some reasons such
as economical reasons, box-like (mat) foundations should
be used for buildings in liquefiable area. Tie beams must
be used in the foundation design of buildings to restrain
the foundation columns to ground failures due to soil
liquefaction.
In areas with steep topography and slopes, some countermeasures are necessary particularly against lateral
movements. When the slope angle and/or slope height are
greater than those required for natural stability, the slope
stabilization measures would be necessary. When there
are some occasions, that is, it is impossible to reduce slope
angle due to slope-cut height and the construction next to
slopes is allowed, there should be a safety zone between
the slope crest and allowable construction boundary.
Timber buildings and steel framed structures are
vulnerable against high tsunami waves and construction
of such structures must be refrained in tsunami-prone
areas.
If abandoned mines, quarries or caves exist, the backfill
of such underground cavities is urgently needed as an
effective countermeasure with the consideration of the
geomechanical properties of the backfill material.
Smart and low-cost instrumentation for monitoring
of buildings is desirable for both earthquake resistant
design and to evaluate local site effects in relation to
sustainable building development.
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