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Abstract. A recent earthquake of M=4.9 occurred on is located in a high seismicity region at southwest Anatolia

29 October 2007 in Cameli, Denizli, which is located in of Turkey. 374 buildings were heavily and very heavily dam-

a seismically active region at southwest Anatolia, Turkey.aged and 333 buildings had from light to moderate damage

It has caused extensive damages at unreinforced masonffpOMPW, 2007) out of a total number of 2559 buildings in

buildings like many other cases observed in Turkey duringthe disaster area, which means almost 28% of the buildings

other previous earthquakes. Most of the damaged strucwere damaged. Fortunately, the earthquake happened at day-

tures were non-engineered, seismically deficient, unreintime and no deaths were reported.

forced masonry buildings. This paper presents a site survey The most interesting point about this earthquake is the ex-

of these damaged buildings. In addition to typical masonrytensive damage to unreinforced masonry buildings. Since

damages, some infrequent, event-specific damages were aldoe magnitude of the event is quite low, no damages or very

observed. Reasons for the relatively wide spread damagédimited cracks were expected before the detailed investiga-

considering the magnitude of the event are discussed in théons. However, the number of damaged buildings was far

paper. beyond the expectations. Characteristics of the earthquake

are explained; and damage patterns and reasons for the ex-

tensive damages on masonry buildings are presented in this

1 Introduction paper. Many of the damaged buildings were unreinforced
stone masonry ones having low construction quality. Among

Masonry structures located on seismically active regionsthe infrequent damage patterns of previous earthquakes, the

of Turkey are mainly non-engineered seismically deficientslope/hill effect was an important cause of the damages. An-

buildings. Many people live in those unreinforced ma- other unusual cause of the damages was the use of regional

sonry structures, which constitute an important percentagenasonry blocks, made from brittle marl deposits.

of the building stock in Turkey. Unfortunately, they showed

poor performance during previous earthquakes and most of

the damages and casualties were resulted from these strug- Seismological and geotechnical issues

tures. However, in view of earthquake engineering, signifi- . o

cant lessons were learned from the surveys of damaged m&1 Seismological issues

sonry buildings after earthquakes (Bayraktar et al., 2007; Ra- . . o
mazi and Jigheh, 2006). Horst and grabens on one of which Cameli Basin is formed

An earthquake of magnitude 4.9 occurred at 09:23 GMT'® identical neotectonic shapes in west Anatolia. The basin

on 29 October 2007 (ERC, 2007) in Cameli/Denizli, which tatis directed in NE-SW direction is about 60 km in length
and 40 km in width. It consists of fluvial-lacustrinal deposits

and alluvial fans and it has roughly 500 m thickness (Fig. 1).

Correspondence tdG. Sen The basement of the graben consists of metamorphic and
BY (gsen@pau.edu.tr) ophiolitic rocks of the Lycian Nappes (Alcicek et al., 2005).
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N Table 1. Peak acceleration values of the event from nearest 5 sta-
tions (ERC, 2007).

Modern talus

‘:I Quaternary deposits
:] Cameli Formation
(U.Miocene-U.Pliocene)

* Recording  Epicentral Peak Ground Acceleration(@n/s

| B‘::f;?: focene ! station distance  N-S E-W Upper
l:l Basoment - (km) component component component
-~ Fault Cameli 2.67 56.58 42.81 28.09
i 4 == . o
* Epicenter (1900-2007) y ¥ Koycagiz  57.01 21.12 10.16 5.37

* Epicenter (Recent)

Mugla 86.59 1.42 1.16 1.24
Fethiye 52.12 13.24 12.07 5.96
Denizli 84.62 1.45 1.64 0.99

Table 2. Official damage statistics (DOMPW, 2007).

Village Total Heavy/ Light/
number of very heavy moderate
buildings  damage damage

Arikaya 300 5 5

Cevizli 250 67 54

Elmali 450 118 127

Emecik 160 7 8

Fig. 1. Geological map of the investigation area, modified from Gursu 150 9 9
(Alcicek et al., 2006), and the recent and past earthquake epicenters. Karabayir 240 0 2
Kirazliyayla 360 18 27
Kolak 260 1 3
The region shows high seismic activity that is caused by Sarikavak 120 0 8
Golhisar-Cameli Fault Zone. The zone includes a number ?:;‘é'igr igg gg 2‘2
of single faults in NE-SW direction, namely Bozdag, Alci Total 2550 374 333

Kelekci, Sarikavak-Kumafsari, Uzunoluk-Cameli and Dirmil
Faults. Figure 1 illustrates the earthquake epicenters, which
occurred between 1900 and 2007. It clearly demonstrates the
tectonic activity of the region.

2.3 Characteristics of the earthquake
2.2 Geotechnical issues
Peak values of the acceleration histories, which were

The soils beneath the building foundations range from siltrecorded by 5 stations within a 100 km range from the epi-
to sand size in the survey area. However, these soils haveenter for Cameli earthquake, are given in Table 1. The near-
“stiff” and “very stiff” consistency (Fig. 2), which means est station to epicenter was Cameli station, having an epi-
they should have small soil amplification factor. Some partscentral distance of 2.67 km. This record is filtered by But-
of the soils have rock-hard view like marl. terworth band-pass filter, and then applied to the frequencies

The settlement is forced to move to the hilly area due tobelow 0.1 Hz and those above 25 Hz. Baseline correction was
the rugged morphology of Cameli. Many of the damagedalso carried out. All filtering and correction works were per-
buildings have been located on the hills rather than plainsformed with Seismosignal (SS, 2007). The corrected com-
Therefore, the topographic amplification may increase theponents of the record are shown in Fig. 4.
level of the damages, like some previously reported cases Spectral accelerations of the records were calculated for
(Capua et al., 2006; Jibson, 1987; Finn, 1991). Some redamping values of 0%, 2%, 5% and 10% (Fig. 5). Damping
searchers reported that ground accelerations increase up tatios between 2% to 10% are proposed by different stud-
2.5x on the hills (Jibson, 1987) (Fig. 3). For some cases inies (Sucuoglu and Erberik, 1997; Freeman, 2004; Tomaze-
the survey area, the slope height where the buildings are convic et al., 2006) indicating that damping in masonry walls
structed reaches up to 140 m. The ratio of the peak grounds achieved by friction forces and may increase significantly
acceleration to peak crest acceleration is 0.36 at the bottorafter crack formation (Gulkan and Langenbach, 2004). How-
of hills and it rises to 0.5 on the hills. These values suggesever, these studies are mostly related with reinforced ma-
that peak crest accelerations on the hills are about 50% morsonry. In the existing literature, nonlinear damping charac-
than the values on plains. teristic of the unreinforced masonry is not well established.
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Fig. 3. Effect of slope height on peak ground acceleration (Jibson,
1987).
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Fig. 2. A typical view of the rugged morphology and soils of the
area.

On the other hand, structural and material details of the
damaged buildings due to Cameli earthquake yielded to a
very brittle mode of failure as the walls were unreinforced.
Construction technique of these buildings causes lower fric-
tion forces in the cracks with respect to reinforced masonry,
which limits the increase in effective nonlinear damping.
Therefore, it can be said that nonlinear effective damping of
the damaged unreinforced masonry structures was even less
than 10% of the critical damping.
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Masonry buildings were usually constructed by using locally
available stone and marl blocks in rural settlement areas of
Cameli. Most of the buildings were one-storey and had a
light roof with a wooden skeleton. Under the skeleton a light
ceiling was usually formed. This type of light roofing sig-
nificantly reduces the seismic demands; however, it cannot
provide any diaphragm effect. These non-engineered unrein-
forced masonry buildings were not earthquake resistant and
were not complied with Turkish seismic codes (MPW, 1975;
MPW, 1998; MPW, 2007).

Masonry construction technique was very similar in all vil-
lages in the disaster area. Walls were formed by two wythes

(inner and outer). Outer wythes were usually constructe dconstructed before the partition walls without achieving any

. . X ; connection in between them. Therefore, detailing of wall
painstakingly to get a good-looking view. It was observed . ) o -
sections and wall connections were seismically deficient.
that these wythes were not connected to each other properly.

Moreover, in traditional construction style, side walls were

Ground Acceleration (gal)

Fig. 4. Corrected and filtered N-S, E-W and U-D components of
acceleration record of Cameli station.
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Fig. 5. Acceleration spectrums of the record for 0%, 2%, 5%, 10%
damping ratios.

Although, the magnitude and spectral acceleration val-
ues of the Cameli Earthquake was quite low, many masonry
buildings were heavily damaged and a considerable amount ] ) )
of buildings in the region had some level of damage due™'9- 7- Typical damage pattern in Cameli earthquake.
to above mentioned construction practice. Local Office of
Ministry of Public Works and Settlement reported that 374
buildings in the region were damaged heavily or very heav-of the extensive damage despite the low magnitude of the
ily by the quake. Total number of damaged buildings wasearthquake. For this purpose, all of the disaster area was sur-
707 (DOMPW, 2007). More detailed official damage statis- yeyed and detailed studies were carried out on the damaged
tics are given in Table 2. buildings. Locations of the investigated buildings and the

Reasons for the damages are worth investigating becausepicenter of the earthquake are shown in Fig. 6.
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Fig. 8. Bad profile of a damaged wall.

Fig. 10. Typical cross sections of earthquake resistant and fragile
stone masonry walls.

Marl blocks have low strength and ductility values. When
the natural stone blocks are used as a wall material, selected
stones usually do not have a proper shape to be used in the
masonry walls; instead they have smooth and oval surfaces.
Walls were formed by varying sizes of stone blocks, from 4—
5cm to 30cm. These variations made it impossible to form
an overlapping wall section. In addition to non-overlapping
wall sections, walls were composed of an inner and an outer
wythes, which were not connected to each other by inter-
locking elements. This bad wall configuration also made the
walls more prone to out-of-plane failure, as the net length
of the outer wythes of walls increased considerably. Some
examples of these types of damages are shown in Figs. 7-9.
Typical wall section observed at the site is compared with an
earthquake resistant section in Fig. 10, where lack of connec-
tion between outer and inner wythes can be seen easily.

Fig. 9. Unconnected outer and inner wythes.

During the investigations, the main reasons for the poorz 2 |nadequate or no connection of Crossing walls
performance of unreinforced masonry buildings were deter-
mined. These may be listed as the use of improper maAlthough, masonry units have to be interlocked to satisfy a
sonry units with inappropriate wall cross sections, the inad-proper connection in crossing sections of walls, they were
equate or no connection of crossing walls, the irregular wallnot connected or their connection was very poor in most of
openings, out-of-plane failures and amplification due to to-the damage cases. Typical cases of such damages are shown
pographical irregularities. All of these deficiencies are dis-in Fig. 11. This is also proven by a building which was dam-
cussed below in detail with the examples of damaged build-aged during its construction (Fig. 12). External walls were
ings. constructed before the partition walls. Due to this bad con-
nection detail of the crossing walls, safety of connections is
3.1 Use of improper wall material and wall cross section relied on tensile strength of the mortar used for connection.
These type of deficiencies were not limited to external
One of the most common mistakes in the construction of thepartition wall connections. At the corners of the buildings,
unreinforced masonry buildings in the region was the use ofwhere two external walls meet, masonry units were not over-
improper masonry units. Stone and marl blocks were thdapped properly to ensure an earthquake-resistant connection
wall materials commonly used in the damaged buildings.(Fig. 11).

www.nat-hazards-earth-syst-sci.net/8/919/2008/ Nat. Hazards Earth Syst. Sci., 8282808
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Fig. 11. Damages observed at connection of crossing walls. Fig. 13. Damage between two wall openings.

Fig. 12. Damaged building during its construction without partition
walls.

3.3 Damages due to wall openings
Fig. 14. Damage concentrated around wall opening near the build-

As the masonry walls are the only load resisting mechanismsng corner.

of the masonry buildings, wall openings should be regular

and minimized as much as possible in order to improve earth-

quake resistance. Seismic design codes give the rules abotle problem is the short distance between the opening and

these openings, restricting distance between the two operthe building corner. Due to this wall formation, damage was

ings, distance between an opening and a corner, etc. (MPWoncentrated around the opening.

1975; MPW, 1998; MPW, 2007). For example, the new seis-

mic code (MPW, 2007) limits the minimum distance between3.4 Qut-of-plane failures

two openings as 1 m for seismic zone 1 and minimum allow-

able distance between an opening and a building corner i®ut-of-plane failure is an important component of the com-

1.5m. plex nonlinear masonry behavior. This type of failures may
Two examples of damages due to wall openings are givenmesult from the combination of several deficiencies. For ex-

in Figs. 13 and 14. The problem in the former is the shortample, long unsupported, slender walls, and improper wall

distance between two adjacent windows. In the latter figuresection formation (like unconnected inner and outer wythes)

Nat. Hazards Earth Syst. Sci., 8, 9926 2008 www.hat-hazards-earth-syst-sci.net/8/919/2008/
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Fig. 16. Out of plane failure due to long unsupported wall length.

are some of those deficiencies. The lack of bonding beams at [,
the top of the walls and having a light roof with insufficient
in-plane rigidity, which does not provide diaphragm effect,
are also important reasons of this type of damage (Fig. 15).
Another example of out-of-plane failure due to unsup-
ported wall length is given in Fig. 16. Unsupported length
of walls in plan is beyond the code limits, as the building
is used as animal shed, which did not have any partitionin
wall. Unsupported wall length is not only due to improper
partition wall configuration but also unconnected wythes. A
typical example of that type is given in Fig. 7. Net length of 4 Results and discussion
slender outer wythe was increased significantly and it failed

gFig. 18. Cracks on the ground at top of hillside.

finally. Cameli located on the highest seismic risk zone (Zone 1) of
o - Turkey, is a south western Anatolian city. Although Cameli
3.5 Damages due to topographical irregularities Earthquake is a relatively small event, it caused extensive

Topographical characteristics of the Cameli Basin played andamages on unreinforced masonry structures. Results of the

important role for extensive damages in the region. Manysurvey on damaged structures are presented in the paper.

of the damaged buildings were located on a hilly and rugged Damages conce_ntrated on rural settlement areas, which
terrain. According to some corroborative studies, local topo-V€"® Mostly comprised of one-storey unreinforced masonry
graphical irregularities on ground surface may affect gl,oundstructures. A considerable ratio of those structures was con-
acceleration significantly (Kramer, 1996). Because of ampli-Structed by masonry blocks made of marl, which can abun-
fied ground accelerations, the number of damaged buildinggantly be found in the region. Materials and construction
increased significantly. Some damages on a building locatelfchniques of these structures did not provide any earthquake
on a hill are shown in Fig. 17. Due to the concentration of "€SIStance.

seismic energy and amplification of the ground acceleration Mostimportant defects of the damaged masonry structures
at the top of the hill, damage level of the building is heavier Were the lack of interlocking units between external and in-
than those located on the foot of the hill. It is also worth not- ternal wythes of the wall sections and lack of connection be-

ing that cracks on the ground and on the top of the hillsidetween crossing walls. Both of them cause an increase in the
are observed at the same place (Fig. 18). possibility of out-of-plane behavior, as their formation in-

creases net length of the walls or wythes.
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