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ABSTRACT ARTICLE INFO

A majority of the present building stock of Turkey is under seismic risk. It is believed
that a significant proportion of the existing structures will either collapse or will get
heavily damaged during a possible strong earthquake. With this respect, as an initial
stage in the betterment of the structurally deficient building stock, assessment of ex-
isting buildings is of vital importance. From this viewpoint, in this study, earthquake
performance of a collapsed school building was investigated through numerical per-
formance analysis based on codified rules. At the end of 2011, numerous ground mo-
tions of various intensities have been registered in city of Van in eastern Turkey start-
ing from 23 October 2011. Two major earthquakes were experienced at the Tabanli
and Edremit district of Van. The moment magnitudes of these earthquakes were an-
nounced as 7.2 and 5.6, respectively. The investigated school building in this study
was located in the city of Van and collapsed after first major earthquake (Mw=7.2).
Structural details of the load-bearing members of the investigated building including
as-built drawings and specified material properties were obtained. Based on ob-
tained data, a numerical model was created to simulate the behavior of the building
under code specified earthquake effects. Earthquake performance assessment of the
structure was carried based on the recommendations given in the related chapter of
the Turkish Seismic Code. Pushover analyses were performed and expected member
by member damage levels and overall structural damage were determined in accord-
ance with Turkish Seismic Code. The results are discussed to enlighten the actual
cause of the collapse.

Article history:

Received 5 September 2018
Revised 12 October 2018
Accepted 30 October 2018

Keywords:

Collapsed school building
Earthquake performance
Nonlinear static analysis
Damage evaluation

1. Introduction

A majority of the present building stock of Turkey is
under seismic risk. With this respect, it is believed that a
significant proportion of the existing structures will ei-
ther collapse or will get heavily damaged during a possi-
ble strong earthquake. This is well supported by the con-
sequences of the previous earthquakes that occurred in
the region (1992 Erzincan, 1995 Dinar, 1998 Adana-
Ceyhan, 1999 Kocaeli and Diizce).

Atthe end of 2011, numerous ground motions of various
intensities have been registered in city of Van in Turkey
starting from 23 October 2011. Two major earthquakes

were experienced at the Tabanli and Edremit district of
Van. The moment magnitudes of these earthquakes were
announced as 7.2 and 5.6, respectively, by United States
Geological Survey (USGS). In these seismic events 604
people lost their life and 1000 buildings were either
heavily damaged or collapsed. More than 600,000 peo-
ple were reported to have been affected by the earth-
quakes in that period (Cosgun et al,, 2013).

A major part of earthquake prone areas in the world
hold sub-standard building stocks. Buildings con-
structed with poor reinforcement details, low strength
concrete (under 10 MPa) and reinforcing bars with plain
surfaces generally suffer from earthquakes due to low
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deformation and lateral load-carrying capacity (Ilki et al,,
2009; Bedirhanoglu et al., 2010; Cosgun et al., 2013;
Turk et al,, 2013). These buildings are urgently needed
to be either reconstructed or strengthened to reduce hu-
man losses in possible future strong seismic events. Dur-
ing the structural renewing of sub-standard buildings,
efficient numerical simulation and assessment method-
ologies will considerably contribute to the reduction of
damages in future earthquakes. On the other hand, the
real cases experienced in past earthquakes are quite im-
portant to evaluate the efficiency of these numerical sim-
ulation approaches and code-specified member perfor-
mance criteria. Isik and Kutanis (2015) have conducted
performance-based assessment for existing residential
buildings to investigate the seismicity of the region, re-
cently.

During the aforementioned seismic events in the city
of Van, unfortunately, some government buildings were
heavily damaged or collapsed. One of these collapsed
buildings is the Gedikbulak school building. This build-
ing is the only school building that collapsed in the re-
gion. Fortunately, at the time of collapse there were no
students or staff nor any visitors inside the building. In
this study, this building was chosen to investigate the
earthquake performance by using numerical simulation
based on present seismic code requirements for the as-
sessment of existing RC buildings. Nonlinear pushover
analyses were carried out for the building for both or-
thogonal lateral directions. During the nonlinear seismic
performance assessment analyses, the design blue prints
were taken into consideration. Therefore, the main pur-
pose of the study is to check the suitability or safety of
the design approach followed during the construction of
the school building. Finally, seismic performance levels
defined in the current code of practice were used to com-
pare with strength and drift estimations from the nu-
merical simulations. Inel and Meral (2016)’s study also
shows the approach of Turkish Seismic Code (TSC, 2007)
on the seismic performance of RC buildings subjected to
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past earthquakes in Turkey and encountered damage
types from the effects of previous earthquakes.

2. Strong Ground Motion Records and Spectral
Characteristics

Local coordinates of the Mw=7.2 Tabanli and Mw=5.6
Edremit earthquakes are reported as 38.689N-43.465E
and 38.447N-43.263E, respectively (AFAD). While the
maximum PGA values recorded during the Tabanli
earthquake at the Muradiye station for NS, EW, and Ver-
tical directions are 0.182g, 0.173g, and 0.081g, respec-
tively, the maximum PGA values recorded during the
Edremit earthquake at the Van Merkez station in the NS,
EW, and Vertical directions, are 0.151g, 0.251g, and
0.153g, respectively. For the Tabanli earthquake, the
processed time histories yield peak ground velocities of
27.3 cm/s, 14.8 cm/s, and 5.9 cm/s for the NS, EW, and
Vertical components, respectively; whereas the maxi-
mum peak ground displacement is obtained as 5.5 cm for
the NS component (Tapan et al., 2013). For the Edremit
earthquake, peak ground velocities of 17.3 cm/s, 32.1
cm/s, and 6.3 cm/s are obtained for the NS, EW, and Ver-
tical components, respectively; whereas the maximum
peak ground displacement is calculated as 6.8 cm for the
EW component (Tapan etal., 2013). The 5% damped ac-
celeration response spectra obtained from the records of
the Tabanli and Edremit earthquakes are compared with
the 2007 Turkish Seismic Code (TSC, 2007) spectrum in
Fig. 1, defined for seismic zone 1 (PGA=0.4g) for Van and
for all soil classes, where Z1 represents the most stiff soil
condition and Z4 the softest. In the TSC (2007), the
shortest period range for a maximum spectral amplifica-
tion value of 2.5 is defined between period values of
TA=0.10s and TB=0.30s for soil class Z1, and the longest
period range is defined between period values of
TA=0.20s and TB=0.90s for soil class Z4. As seen in Fig.
1, none of the records exceed the design spectra.
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Fig. 1. Comparison of (a) first (Muradiye station) and (b) second earthquake (Van Merkez station)
response spectrum with TSC (2007) design spectrum.

3. Outline of Investigated School Building

School buildings in the city center and districts are
generally low-rise reinforced concrete structures with
shear walls. While, owing to presence of sufficient
amount of shear walls in two main orthogonal directions

and the regular structural systems, most of these school
buildings have performed well, without experiencing
considerable damage, few school buildings have experi-
enced widespread damage in partition walls. Considering
the possibility of school buildings to be used as shelters
after earthquakes, this type of non-structural damage
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should also be avoided through proper construction of
the partition walls. Few schools, particularly relatively
older ones without shear walls, experienced slight to
moderate structural damage as well. However, among all
the above-mentioned school buildings, there was one
school building (Gedikbulak school building) that totally
collapsed.

The structure is a 3-storey building which was con-
structed in 1988 having dimensions 14.4 by 21.6 m in
plan. It has four spans in both E-W (X) and N-S (Y) direc-
tions. The story height of all stories is 3.2 m. The typical
architectural and structural floor plans of the building is
shown in Fig. 2. View of the collapsed school building is
also given in Fig. 3.
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Fig. 2. (a) Architectural and (b) Structural floor plans of the collapsed school building.
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Fig. 3. View of the collapsed school building.

Information regarding the structural system plan and
geometric details of the structural members were obtained
by in-situ investigation. As-built drawings of the building
were also available and these were used to cross-check the
in-situ investigation findings. The cross-section details of
the building columns and beams are shown in Figs. 4 and
5. The building was constructed with two-way reinforced
concrete slabs having thickness of 200 mm. Main differ-
ences between the section types are the dimensions and
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longitudinal reinforcement configuration. The building has
2 types of shear walls with two different cross-section ge-
ometries as rectangular and L-shaped. Both types of shear
walls include ¢18 bars as longitudinal reinforcement on
first floor. On upper floors, shear walls have same dimen-
sions but with ¢14 bars. Layout of the geometric cross-sec-
tional details of structural members is given on the floor
plan in Fig. 2. Plain bar type reinforcements were used for
all the structural members of the building
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Fig. 4. The geometry and structural details of column cross sections.
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Fig. 5. The geometry and structural details of beam cross sections.
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4. Damage Outline and Construction Errors

Damage outline of the collapsed building is presented
under this chapter. Fig. 6 presents post-earthquake photo-
graphs of this collapsed building. Also, in Fig. 7, a close-up
photograph of one of the failed shear walls in the building
at first floor level is shown. It is observed that the shear

walls were lacking all necessary conditions that are dic-
tated by the related Turkish Seismic Design Code (TSC,
2007). These include inadequate lap splices, poor rein-
forcement details, insufficient concrete strength and the
use of plain reinforcement bars. Some of these deficiencies
can also be observed from the buildings in Kiitahya region
of Turkey after 2011 Simav earthquake (Yo6n et al,, 2013).

Fig. 6. Photos of the collapsed school building.

As will be demonstrated in the following pages, the
nonlinear static analysis of the building carried out by
assuming the project member sizes and reinforcement
details has revealed that the structural system appears
to be adequate, in terms of stiffness and strength, to
withstand these moderate-level earthquakes without to-
tal collapse. However, the deficiencies in reinforcement
detailing such as insufficient anchorage of the beam lon-
gitudinal bars into the shear walls (see Fig. 6), low stir-
rup spacing and the lack of hooks of lateral reinforce-
ment, and inadequate lap splices of the longitudinal bars
of the shear walls seem to have impaired the efficiency
of the shear walls, remarkably (see Fig. 7). The collapse
mechanisms encountered in this observation can be
compared and discussed with the study on the seismic
behavior of a reinforced concrete building collapsed dur-
ing the 2009 L’Aquila earthquake (Palermo et al. 2014).
In 2009 L’Aquila earthquake, some of the buildings were
totally collapsed building revealed that most of the col-
umns at the ground story level failed in shear with some
evident buckling of the longitudinal bars (no transverse
reinforcement in the joint region).

5. Nonlinear Static Analysis

Seismic assessment of existing structures are compli-
cated work which generally requires more sophisticated
analyses than performing a new design (Ni, 2014). Car-
valho et al. (2013) have compared different modelling
approaches for nonlinear static and dynamic analyses of
reinforced concrete buildings. In this study, three dimen-
sional analyses were conducted using the structural
analysis program SAP2000 (CSI, 2016) for static and dy-
namic analysis of structure. The cross-section properties
like moment-curvature capacities for beam ends and
normal force - moment (P-M) interaction curves for
shear wall ends were calculated by using the XTRACT
software (IMBSEN software systems, 2004). A descrip-
tion of the modelling details is provided as follows. A
three-dimensional model of the structure which is
shown in Fig. 8 was created with the software to carry
out the nonlinear static analysis. Beam and column ele-
ments were modelled as nonlinear frame elements with
lumped plasticity by defining plastic hinges at both ends
of the beams and both ends of the columns. Theoretical
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zero distances were assumed for the plastic hinge loca-
tions. Shear walls are modelled like frame members by
defining the geometric properties of shear walls. The
user defined flexural hinge properties were determined
by the moment-curvature and P-M interaction analyses

of each structural element by means of the section anal-
ysis software. Moment - rotation diagrams of beams and
P-M interaction diagrams of shear-walls are gathered
from the analysis by XTRACT software. And for columns,
SAP2000’s sectional plastic analysis configuration is used.

Fig. 8. 3D model of the structure.

The nonlinear behavior of columns and beams are
taken into consideration through the defined plastic
hinges at the critical locations where moments are max-
imum. The inelastic moment-rotation relationships of
columns and beams are obtained through fiber analysis
using build-in SAP2000 tools and XTRACT software, re-
spectively. The reason of using SAP2000 built-in tool for
determination of moment-rotation relationship of col-
umns is the variation of axial loads on the columns,
which was not possible to take into consideration for
moment-rotation relationships to be obtained using
XTRACT software, which takes into account a constant
axial load for the member. On the other hand, use of
XTRACT software for the moment-rotation relationships
of the beams does not pose any problem since axial loads
on the beams are marginally small. The moment-rotation
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relationships for beams are obtained through XTRACT
software rather than SAP2000 due to more practical
data input interface of XTRACT. It should also be noted
that after determination of P-M relationship for columns,
SAP2000 assumes a bilinear moment-rotation relation-
ship with a horizontal branch after yielding. The material
models for the unconfined concrete (f.=10 MPa), con-
fined concrete and the typical steel stress-strain model
with strain hardening for steel (,=220 MPa) used in the
moment-curvature analyses is given in Figs. 9 and 10.
These material models are specified in related TSC
(2007) code which states to use Mander and Priestley’s
material model for confined concrete (Mander et al,
1988). Live load on the structure is defined as 3.5 kN /m?
and 2.0 kN/m? floor covering load is defined. Dead load
is automatically calculated by the software.
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Fig. 9. (a) Unconfined and (b) Confined concrete material models used in the analysis for C10.
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Fig. 10. Stress-strain model with strain hardening for reinforcing steel (f,=220 MPa).

The cracked section stiffness for RC beams was as-
sumed as 0.4 times of EI (flexural rigidity of cross sec-
tion) according to TSC (2007). As stated in TSC (2007),
live load participation for school buildings is given as
“0.6” and the cracked section stiffness for RC columns
should be calculated after analysis of structure under
“Dead Load + (live load participation factor) x (Live
load)” combination. Cracked section stiffness values for
RC columns are dependent on the axial load of those
members under the combination mentioned above.
Cracked section stiffness of each column and shear wall
is calculated and defined in the software. Related rule in
TSC (2007) is given below:

If Np/(Acfem)<0.10 then (EI).=0.40 (EI)
If Np/ (Acfem)20.40 then (EI).=0.80 (EI)
If 0.10<Np/ (Acfem) <0.40 then Interpolation for (EI).
where: Np = axial force on member; Ac = cross sectional
area of member; fom = compressive strength of concrete;

EI = flexural rigidity of cross section; (EI). = the cracked
section stiffness.

In the nonlinear static (pushover) analysis, the be-
havior of the structure is characterized by the capacity
curve that represents the relationship between the
base shear force and top displacement. This is a very
convenient representation in practice, and can easily be
visualized by structural engineers. It is recognized that
the structure’s roof displacement is used for the capacity
curve because it is widely accepted in practice. The
structure is investigated in both orthogonal horizontal
directions. Analysis case for x direction was named
PushX while PushY was used for y direction. As analysis
results, “pushover curves of both cases are converted to
modal capacity diagrams and superposed with design
earthquake spectrum with bilinear curves. Deflection
demand curves for both cases are given in Figs. 11 and
12.
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Fig. 11. Deflection demand for PushX case.
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Fig. 12. Deflection demand for PushY case.

TSC (2007) specifies that the target displacement (Sa) m for PushY. The structure is re-pushed until target dis-
gathered from the graph should be increased by multiply-  placement values are reached and plastic hinge mecha-
ing the Sqi value with modal participation factor (1) and ~ nisms in last step of both directions (PushX and PushY
mode shape roof displacement (®in1) of related mode.  cases) are investigated. Plastic hinge formation pattern
The target roof displacements calculated for PushX case  for the initial hinges and the hinges at target displace-
was calculated as 0.014 m and it was calculated as 0.040 ment state (PushX and PushY cases) are shown in Fig. 13.

PushX/Roof Displacement = 0,003 m Push¥/Roof Displacement = 0,008 m

PushX/Roof Displacement = 0,014 m (Target) Push¥/Roof Displacement = 0,040 m (Target)

Fig. 13. Plastic hinge formation pattern for PushX and PushY cases.
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As seen in these figures, according to design approach
followed, plastic hinges occur on columns and beams.
Therefore, it is obvious that the current capacity design
principles were not followed properly during the design
phase leading to weak columns and strong beams. Nev-
ertheless, at target drift, the building is still in life safety
performance level. Plastic hinge formation mechanisms
were obtained at displacement points corresponding to
the global yielding and ultimate displacements. The
global yielding point corresponds to the displacement
along the capacity curve in which the system starts to sof-
ten. No shear failure of structural members was detected
in both cases. This was primarily due to the assumed low

compressive strength of concrete and weak joint detail-
ing. Thus, the overall behavior was dominated by the
flexure and joint shear.

After the pushover analysis, plastic rotation of each
hinge mechanism is checked for the rules given in TSC
(2007). In the current Turkish Seismic Code, three dif-
ferent damage limits are defined in terms of plastic
strain of concrete and steel for the evaluation of struc-
tural performance. Details of these damage limits are
given in Table 1.

The code describes four different performance levels:
Light Damage, Moderate Damage, Heavy Damage and
Collapse, as shown in Fig. 14.

Table 1. Section damage limits given in TSC (2007).

Unconfined Concrete

Confined Concrete

Section Damage Limit Strain of Concrete

Strain of Steel

Strain of Concrete Strain of Steel

(Sc) (Ss) (Sc) (SS)
Minimum Damage Limit (MN) 0.0035 0.01 0.0035 0.01
Safety Limit (SL) 0.0035 0.04 0.0135 0.04
Failure Limit (FL) 0.0035 0.06 0.0180 0.06
Internal Force
A
SL FL
__(:lj—— 1 —
f I
I
1
! : L
I I I
| ' I
l ! :
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I ! 1
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i ! i
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1 ! .
Deformation

Fig. 14. Performance levels for structural members given in TSC (2007).

According to TSC (2007), plastic curvature demand of
a structural member is found as;

¢p=99p/l'p: (1)

where; Ly is the plastic hinge length of member which is
depth/2, 6, values are the plastic rotation of hinges in
last step of pushover analysis.

Total curvature demand is calculated by Eq. (2) as;

¢ = ¢p+ ¢y: (2)

where; ¢y is the curvature at first yield, gathered from
cross-section analysis in XTRACT program for each section.

After calculating the total curvature demand ¢, the
compressive strain of concrete (&) and tensile strain of
reinforcement bars (&s) at that total curvature is found
by sectional analysis in XTRACT software.

Storey drift ratio checks for both cases were made. A
story drift ratio of 0.02 is given for Life Safety limit in TSC
(2007). Storey drift ratio checks are given in Table 2 for
both PushX and PushY cases. It is observed that story
drift ratios calculated for both directions meet the Life
Safety performance limits.
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Table 2. Storey drift ratio checks for PushX and PushY cases.

Push X Storey Drift Ratio
Storey h (m) Life Safety Limit Control
Ol max (m) 6i/h
1 3.2 0.0039 0.0012 < 0.02 OK
2 3.2 0.0049 0.0015 < 0.02 OK
3 3.2 0.0050 0.0016 < 0.02 OK
PushY Storey Drift Ratio
Storey h (m) Life Safety Limit Control
Oi max (M) 6i/h
1 3.2 0.0116 0.0036 < 0.02 OK
2 3.2 0.0136 0.0043 < 0.02 OK
3 3.2 0.0136 0.0043 < 0.02 OK

Shear Capacity Control of structural members are car-
ried under the maximum shear demand (Vmax) gathered
from PushX and PushY cases for different sections. Ac-
cording to TSC (2007), following shear calculations are
used for shear failure assessment.

Concrete’s contribution to section’s shear strength is
calculated with Eq. (3) as;

. =08-0.65f.im b, d(1+0.07-N/A,), (3)
where; fom = tensile strength of concrete = 0.35Vfom; bw =

width of section; d = effective depth of tensile reinforce-
ment; N = axial force on member; A. = area of section.

Steel reinforcement bars’ (stirrups) contribution to
section’s shear strength is calculated with Eq. (4) as;

Vs=As'fys'(d/S)' (4)

where; fys = yield strength of stirrups; As = Total area of
stirrups; s = spacing of stirrups.

TSC (2007) states that if total sectional shear
strength of member (V: = V. + Vi) is greater than maxi-
mum shear demand (Vmax) under the last step of Pusho-
ver analysis, the section is safe against shear failure. In
Table 3, shear capacity control of different cross-sec-
tions is presented.

Table 3. Shear capacity control of members.

V: (kN) Vimax (KN)
Structural Member Type Ve (kN) Vs (kN) Control
(Ve+V5) PushX PushY
25/50 Beams 66.96 40.83 107.79 41.14 86.64 OK
30/60 Beams 97.84 49.72 147.56 28.99 38.97 OK
30/70 Beams 114.98 58.43 173.41 130.99 129.17 OK
Type 1 Columns 176.99 72.93 249.92 86.52 137.82 OK
Type 2 Columns 132.14 61.93 194.07 107.36 92.87 OK
Type 3 Columns 118.89 62.04 180.93 31.50 129.58 OK
Type 4 Columns 87.18 51.04 138.22 16.28 64.68 OK
Type 5 Columns 133.80 62.04 195.84 61.87 79.68 OK
Type 6 Columns 111.54 62.04 173.58 45.66 104.51 OK
Type 7 Columns 186.71 72.93 259.64 161.95 139.66 OK

Maximum shear demand (Vmax) values are obtained
for each cross-section type among all structural mem-
bers. In Table 6, shear capacity control of different cross-
sections is presented. From the details in structural de-
sign project, beams and columns have single hoop stir-
rups (8 mm diameter) with 250 mm and 200 mm spac-
ing as shear reinforcements, respectively. The results
show that design shear forces do not exceed the calcu-
lated shear capacity for all the members considered.

The damage levels of beams under PushX and PushY
casesare given in Tables 4 and 5. Abbreviations used are;
“LD” for Light damage level, “MD” for Moderate damage
level, “HD” for Heavy damage level and “CL” for collapse
damage level.

It has been observed that for PushX case, all of the
beams are in “Light Damage Level”. In PushY case, B117,
B217, B222 and B317 beams are in “Moderate Damage
Level”. Other beams are in “Light Damage Level”.
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Table 4. Performance level of beams under Push X case.

Damage Damage
Member B(m) H(m) HingeNo L,(m) 6p (rad) bp by Prot & Es Level Level Result
(Concrete)  (Steel)
357H1 0.3 0.000678 0.002261 0.002250 0.004511 0.000248 0.002315 LD LD
B101 0.30 0.60 LD
357H2 - - - - - - - - -
306H1 0.25 0.000182 0.000726 0.002727 0.003453 0.000207 0.001415 LD LD
B104 0.25 0.50 LD
306H2 - - - - - - - - -
223H1 0.35 = = = = = = = =
B106 030  0.70 LD
223H2 0.35 0.000883  0.002523  0.002185  0.004708  0.000567  0.002347 LD LD
246H1 = = = = = = = = =
B107 0.30 0.70 LD
246H2 0.35 0.001368  0.003909  0.002185  0.006094  0.000902  0.005404 LD LD
352H1 0.35 0.000837  0.002392  0.001859  0.004251  0.000330  0.005379 LD LD
B110 030 070 LD
352H2 = . . . . . . . .
26H1 0.3 0.000857  0.002856  0.002250  0.005106  0.000248  0.002315 LD LD
B201 030  0.60 LD
26H2 = = = = = = = = =
17H1 0.25 0.000208  0.000832  0.002727  0.003559  0.000207 0.001474 LD LD
B204 0.25 0.50 LD
17H2 - - - - - - - - -
4H1 - - - - - - - - -
B206 030 070 LD
4H2 0.35 0.000808  0.002309  0.002185  0.004494  0.000567  0.002347 LD LD
2H1 - - - - - - - - -
B207 030 070 LD
2H2 0.35 0.001232  0.003520  0.002185  0.005705  0.000567  0.002347 LD LD
21H1 0.35 0.001057  0.003020  0.001859  0.004879  0.000330  0.005379 LD LD
B210 030 070 LD
21H2 - - - - - - - - -
58H1 0.3 0.000665  0.002215  0.002250  0.004465  0.000248  0.002315 LD LD
B301 030  0.60 LD
58H2 - - - - - - - - -
49H1 0.25 0.000078  0.000312  0.002727  0.003039  0.000189  0.001231 LD LD
B304 0.25 0.50 LD
49H2 - - - - - - - - -
36H1 - - - - - - - - -
B306 030 070 LD
36H2 0.35 0.000042  0.000120  0.002185  0.002305  0.000380  0.001193 LD LD
53H1 0.35 0.001052  0.003006  0.001859  0.004865  0.000330  0.005379 LD LD
B310 030 070 LD
53H2 - - - - - - - - -
37H1 0.35 0.000107  0.000306  0.001895  0.002201  0.000181  0.001293 LD LD
B315 030 070 LD
37H2 - - - - - - - - -

In order to evaluate the seismic performance of col-
umns, axial force-total curvature diagrams were estab-
lished by indicating the previously mentioned damage
limits. Seismic performance level of columns with axial
force-total curvature diagrams is given in Fig. 15. From
the pushover analysis, there is only one plastic hinge
mechanism observed under PushX case at C307 column

which is in Light Damage level. For PushY case, there are
many plastic hinge mechanisms observed. Note that the
figures represent results for seven different types of col-
umns. The damage levels of columns under PushX and
PushY cases are given in Table 6. As presented in Table
6, damage level for all the columns was determined as
“Light Damage” level.
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Table 5. Performance level of beams under Push Y case.

Damage Damage
Member B(m) H(m) HingeNo L,(m) 6p (rad) bp by Prot & Es Level Level Result
(Concrete)  (Steel)

357H1 0.3 0.000248 0.000827 0.002250 0.003077 0.000205 0.001537 LD LD

B101 0.30 0.60 LD
357H2 0.3 0.000066 0.000220 0.002424  0.002644 0.000284  0.001247 LD LD
358H1 - - - - - - - - -

B102 0.30 0.60 LD
358H2 0.3 0.000164 0.000547 0.002250 0.002797 0.000195 0.001394 LD LD
306H1 0.25 0.000904 0.003616 0.002992 0.006608 0.000437 0.002379 LD LD

B104 0.25 0.50 LD
306H2 0.25 0.001407  0.005628  0.002727  0.008355  0.000365  0.005446 LD LD
307H1 0.25 0.000220  0.000880  0.002727  0.003607  0.000214  0.001510 LD LD

B105 0.25  0.50 LD
307H2 0.25 0.001050 0.004200 0.002992 0.007192 0.000437 0.002379 LD LD
390H1 0.35 0.001875  0.005357  0.001859  0.007216  0.000330  0.005379 LD LD

B113 0.30 0.70 LD
390H2 0.35 0.000850  0.002429  0.002458  0.004887  0.000860  0.002412 LD LD
391H1 0.35 0.001311  0.003746  0.001859  0.005605  0.000330  0.005379 LD LD

B114 0.30 0.70 LD
391H2 - - - - - - - - -
294H1 0.35 0.001937  0.005534  0.001895  0.007429  0.000400  0.005386 LD LD

B115 0.30  0.70 LD
294H2 0.35 0.002883  0.008237  0.002099  0.010336  0.000831  0.006372 LD LD
295H1 0.25 0.002145  0.008580  0.002727  0.011307  0.000365  0.005446 LD LD

B116 0.25  0.50 LD
295H2 0.25 0.001062  0.004248  0.002992  0.007240  0.000437  0.002379 LD LD
296H1 0.25 0.002835  0.011340  0.002727  0.014067  0.000444  0.008643 LD LD

B117 0.25 050 MD
296H2 0.25 0.004958  0.019832  0.002992  0.022824  0.000991  0.011800 LD MD
132H1 0.35 0.002461  0.007031  0.001895  0.008926  0.000400  0.005386 LD LD

B118 030 070 LD
132H2 0.35 0.002320  0.006629  0.002099  0.008728  0.000831  0.006372 LD LD
86H1 0.25 0.000306  0.001224  0.002860  0.004084  0.000462  0.005497 LD LD

B119 0.25 050 LD
86H2 - - - - - - - - -
299H1 0.25 0.001055  0.004220  0.002860  0.007080  0.000462  0.005497 LD LD

B120 0.25  0.50 LD
299H2 0.25 0.001833  0.007332  0.003320  0.010652  0.000930  0.005446 LD LD
300H1 0.25 0.002075  0.008300  0.002727  0.011027  0.000365  0.005446 LD LD

B121 0.25  0.50 LD
300H2 0.25 0.000783  0.003132  0.002992  0.006124  0.000437  0.002379 LD LD
301H1 0.25 0.002403  0.009612  0.002727  0.012339  0.000365  0.005446 LD LD

B122 0.25  0.50 LD
301H2 0.25 0.004586  0.018344  0.002992  0.021336  0.000810  0.008653 LD LD
392H1 0.35 0.002224  0.006354  0.001859  0.008213  0.000330  0.005379 LD LD

B123 030 070 LD
392H2 0.35 0.000586  0.001674  0.002458  0.004132  0.000765  0.002049 LD LD
393H1 0.35 0.001519  0.004340  0.001859  0.006199  0.000330  0.005379 LD LD

B124 030 070 LD
393H2 0.35 0.000501  0.001431  0.002458  0.003889  0.000728  0.001890 LD LD
26H1 0.3 0.000331  0.001103  0.002250  0.003353  0.000215  0.001682 LD LD

B201 0.30  0.60 LD
26H2 0.3 0.000191  0.000637  0.002424  0.003061  0.000299  0.001450 LD LD
27H1 - - - - - - - - -

B202 0.30  0.60 LD
27H2 0.3 0.000300  0.001000  0.002250  0.003250  0.000202  0.001643 LD LD
17H1 0.25 0.000691  0.002764  0.002992  0.005756  0.000422  0.002281 LD LD

B204 0.25 050 LD
17H2 0.25 0.001230  0.004920  0.002727  0.007647  0.000365  0.005446 LD LD
18H1 0.25 0.000121  0.000484  0.002727  0.003211  0.000197  0.001324 LD LD

B205 0.25  0.50 LD
18H2 0.25 0.000887  0.003548  0.002992  0.006540  0.000437  0.002379 LD LD
29H1 0.35 0.001673  0.004780  0.001859  0.006639  0.000330  0.005379 LD LD

B213 030 0.70 LD

29H2
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Table 5 contd. Performance level of beams under Push Y case.

Damage Damage
Member B(m) H(m) HingeNo L,(m) 6p (rad) bp by Prot & Es Level Level Result
(Concrete)  (Steel)
30H1 0.35 0.000085 0.000243 0.001859 0.002102 0.000157 0.001277 LD LD
B214 0.30 0.70 LD
30H2 = . . - . . . - -
5H1 0.35 0.001878 0.005366 0.001895 0.007261 0.000400 0.005386 LD LD
B215 0.30 0.70 LD
5H2 0.35 0.002291 0.006546 0.002099 0.008645 0.000831 0.006372 LD LD
6H1 0.25 0.001841 0.007364 0.002727 0.010091 0.000365 0.005446 LD LD
B216 0.25 0.50 LD
6H2 0.25 0.000691 0.002764 0.002992 0.005756 0.000422 0.002281 LD LD
7H1 0.25 0.002268 0.009072 0.002727 0.011799 0.000365 0.005446 LD LD
B217 0.25  0.50 MD
7H2 0.25 0.005033 0.020132 0.002992 0.023124 0.000991 0.011800 LD MD
1H1 0.35 0.002259  0.006454  0.001895  0.008349  0.000400  0.005386 LD LD
B218 030 070 LD
1H2 0.35 0.001707  0.004877  0.002099  0.006976  0.000831  0.006372 LD LD
3H1 0.25 0.000138  0.000552  0.002860  0.003412  0.000319  0.002364 LD LD
B219 0.25 050 LD
3H2 = . . . . . . . .
10H1 0.25 0.000804 0.003216  0.002860  0.006076  0.000462  0.005497 LD LD LD
B220 0.25 0.50
10H2 0.25 0.001268  0.005072  0.003320  0.008392  0.000930  0.005446 LD LD
11H1 0.25 0.001911  0.007644  0.002727  0.010371  0.000365  0.005446 LD LD
B221 025  0.50 LD
11H2 0.25 0.000648  0.002592  0.002992  0.005584  0.000422  0.002281 LD LD
12H1 0.25 0.002098  0.008392  0.002727  0.011119  0.000365  0.005446 LD LD
B222 0.25 050 MD
12H2 0.25 0.004629  0.018516  0.002992  0.021508  0.000991  0.011800 LD MD
31H1 0.35 0.001752  0.005006  0.001859  0.006865  0.000330  0.005379 LD LD
B223 030 070 LD
31H2 - - - - - - - - -
32H1 0.35 0.000602  0.001720  0.001859  0.003579  0.000215  0.002158 LD LD
B224 030 070 LD
32H2 - - - - - - - - -
58H1 0.3 0.000201  0.000670  0.002250  0.002920  0.000197  0.001495 LD LD
B301 030  0.60 LD
58H2 0.3 0.000068  0.000227  0.002424  0.002651  0.000284  0.001247 LD LD
49H1 0.25 0.000529  0.002116  0.002992  0.005108  0.000413  0.002009 LD LD
B304 0.25 0.50 LD
49H2 0.25 0.001223  0.004892  0.002727  0.007619  0.000365  0.005446 LD LD
50H1 0.25 0.000106  0.000424  0.002727  0.003151  0.000186  0.001284 LD LD LD
B305 0.25 0.50
50H2 0.25 0.000945 0.003780  0.002992  0.006772  0.000437  0.002379 LD LD
61H1 0.35 0.001075  0.003071  0.001859  0.004930  0.000330  0.005379 LD LD LD
B313 030 070
61H2 - - - - - - - - -
37H1 0.35 0.001432  0.004091  0.001895  0.005986  0.000400  0.005386 LD LD
B315 030 070 LD
37H2 0.35 - - - - - - - -
39H1 0.25 0.000839  0.003356  0.002727  0.006083  0.000243  0.002292 LD LD
B317 0.25 050 MD
39H2 0.25 0.004504 0.018016  0.002992  0.021008  0.000991  0.011800 LD MD
33H1 0.35 0.001037  0.002963  0.001895  0.004858  0.000400  0.005386 LD LD
B318 030 070 LD
33H2 0.35 - - - - - - - -
44H1 0.25 0.000867  0.003468  0.002727  0.006195  0.000243  0.002292 LD LD
B322 0.25 050 LD
44H2 0.25 0.004188  0.016752  0.002992  0.019744  0.000810  0.008653 LD LD
63H1 0.35 0.000792  0.002263  0.001859  0.004122  0.000330  0.005379 LD LD
B323 030 070 LD

63H2
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Table 6. Performance level of columns.

Member P (kN) B(m) H(m) HingeNo Lp(m) 6p (rad) bp by Prot Result

270H1 0.25 0.001164  0.004656  0.004277  0.008933

C101 538.93 0.25 0.50 LD
270H2 - - - - -
274H1 0.15 0.000736 0.004907 0.008646 0.013553

C102 595.59 0.30 0.60 LD
274H2 - - - - -
266H1 0.25 0.003177 0.012708 0.002762 0.015470

C103 117.48(T) 0.25 0.50 LD
266H2 0.25 0.002377 0.009508 0.002762 0.012270
250H1 0.20 0.001934  0.009670  0.006110  0.015780

C104 860.18 0.70  0.40 LD
250H2 0.20 0.000015  0.000075  0.006110  0.006185
254H1 0.20 0.002467  0.012335  0.004374  0.016709

€105 55.93 0.60  0.40 LD
254H2 0.20 0.002267  0.011335  0.004374  0.015709
258H1 0.20 0.002563  0.012815  0.004337  0.017152

C106 93.52 0.60  0.40 LD
258H2 0.20 0.002802  0.014010  0.004337  0.018347
262H1 0.20 0.001294  0.006470  0.006159  0.012629

€107 877.94 0.70  0.40 LD
262H2 - - - - -
237H1 0.30 0.002397  0.007990  0.003323  0.011313

€108 825.90 0.30  0.60 LD
237H2 = = = = =
241H1 0.30 0.002207  0.007357  0.004013  0.011370

C109 641.76 0.30  0.60 LD
241H2 - - - - -
245H1 0.30 0.002224  0.007413  0.003491  0.010904

C110 770.62 0.30  0.60 LD
245H2 - - - - -
225H1 0.30 0.002553  0.008510  0.002679  0.011189

C111 39.15 0.30  0.60 LD
225H2 - - - - -
229H1 0.15 0.000504  0.003360  0.007244  0.010604

C112 334.01 0.30  0.60 LD
229H2 - - - - -
233H1 0.15 0.000370  0.002467  0.007391  0.009858

C113 326.97 0.30  0.60 LD
233H2 - - - - -
275H1 - - - - -

€202 366.22 0.30  0.60 LD
275H2 0.15 0.000086  0.000573  0.007593  0.008166
267H1 0.25 0.002603  0.010412  0.002942  0.013354

€203 74.62 (T) 025  0.50 LD
267H2 0.25 0.002425  0.009700  0.002942  0.012642
251H1 0.20 0.000504  0.002520  0.005323  0.007843

C204 560.89 0.70  0.40 LD
251H2 0.20 0.001928  0.009640  0.005323  0.014963
255H1 0.20 0.002636  0.013180  0.004354  0.017534

€205 43.53 0.60  0.40 LD
255H2 0.20 0.003489  0.017445  0.004354  0.021799
259H1 0.20 0.003264  0.016320  0.004307  0.020627

€206 76.31 0.60  0.40 LD
259H2 0.20 0.003618  0.018090  0.004307  0.022397
263H1 - - - - -

€207 558.21 0.70  0.40 LD
263H2 0.20 0.000777  0.003885  0.005334  0.009219
238H1 0.15 0.000002  0.000014  0.008392  0.008406

€208 558.36 030  0.60 LD
238H2 0.15 0.000262  0.001747  0.008392  0.010139
242H1 0.30 0.000006  0.000020  0.003497  0.003517

€209 403.17 0.30  0.60 LD
242H2 0.30 0.000732  0.002440  0.003497  0.005937
247H1 - - - - -

€210 509.00 0.30  0.60 LD
247H2 0.15 0.000215  0.001433  0.008138  0.009571
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Table 6 contd. Performance level of columns.

Member P (kN) B(m) H(m) HingeNo Lp(m) 6p (rad) bp by Prot Result

276H1 - - - - -

C302 155.33 0.30 0.60 LD
276H2 0.15 0.001248 0.008320 0.006641 0.014961
268H1 0.25 0.001958 0.007832 0.003053 0.010885

C303 48.62 (T) 0.25 0.50 LD
268H2 0.25 0.002389 0.009556 0.003053 0.012609
252H1 0.20 0.002105 0.010525 0.004728 0.015253

C304 27212 0.70 0.40 LD
252H2 0.20 0.003594  0.017970 0.004728 0.022698
256H1 0.20 0.003827  0.019135  0.004306  0.023441

€305 22.89 0.60  0.40 LD
256H2 0.20 0.005194  0.025970  0.004306  0.030276
260H1 0.20 0.003404  0.017020 0.004181 0.021201

C306 38.52 0.60  0.40 LD
260H2 0.20 0.004685  0.023425  0.004181  0.027606
264H1 0.20 0.001154  0.005770 0.004774  0.010544

€307 28891 0.70  0.40 LD
264H2 0.20 0.002676  0.013380  0.004774  0.018154
239H1 0.30 0.000256  0.000853  0.003225  0.004078

€308 291.96 0.30  0.60 LD
239H2 0.30 0.002950  0.009833  0.003225  0.013058
243H1 0.30 0.000469  0.001563  0.002992  0.004555

€309 179.03 0.30  0.60 LD
243H2 0.30 0.002586  0.008620  0.002992  0.011612
248H1 0.15 0.000088  0.000587  0.006918  0.007505

€310 266.88 0.30  0.60 LD
248H2 0.15 0.000918  0.006120  0.006918  0.013038

6. Conclusions

A school building was totally collapsed during the
2011 Van earthquake. In this paper, a numerical model
was created considering projects and in-situ investiga-
tions made after earthquake. In accordance with Turkish
Seismic Code (TSC, 2007), pushover analyses were per-
formed and expected member by member damage levels
and overall structural damage were determined. Accord-
ing to numerical results, the expected member damage
levels of columns, beam and shear walls are less than or
equal to the moderate damage level given in the code.
Additionally, the expected overall structural earthquake
performance according to Turkish Seismic Code (TSC,
2007) is life safety. These numerical results are com-
pletely different from the actual case. The analyses car-
ried out in this study, clearly showed that the school
building would not have partially collapsed, if it had been
properly constructed as planned during design phase. As
explained in detail above, the violation of reinforcement
detailing rules as well as use of poor quality of concrete
seem to be the main reason of actual damage. It should
be noted that available earthquake performance assess-
ment methodologies do not consider this type of local
deficiencies that can cause partial or total collapse. In or-
der to prevent similar potential future catastrophic con-
sequences, it is strongly recommended that local prob-
lems should be taken into consideration in the seismic
performance assessment procedures. For doing that,
more information is needed on the behavior of substand-
ard existing structural members and their connections

which fail through various mechanisms due to poor re-
inforcement detailing and low-quality concrete. Since
there are only limited studies on this type of behavior,
the inclusion of effects of these local deficiencies on
structural modelling is not taken into the scope of the
current study.
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