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FIG. 1 TYPICAL MID-RISE RC BUILDINGS ENCOUNTERED WITHIN TURKEY’S URBAN
PATTERN AND THE RESULT OF EARTHQUAKE DAMAGE IN THE FORM OF TOTAL
OR PARTIAL COLLAPSE
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SEISMIC CODE

SEISMIC DESIGN

Seismic codes include strict requirements for the design and con-
struction of mid-rise reinforced concrete residential buildings. These
requirements call for the symmetric and regular arrangement of the
structural system, increased cross-sections for columns, and the
introduction of shear walls to counteract the effects of lateral seismic
loads. It is challenging for architects to reconcile the demands of
these codes with the spatial arrangement and commercial appeal of
their designs.

This study argues that such reconciliation is possible through an
architectural analysis. First, the effectiveness of applying the seismic

design principles required by the codes is demonstrated with the
comparative analysis of two finite element models. Then three pairs
of architectural models, representing the most common floor plan
arrangements for such buildings in Turkey, are architecturally ana-
lyzed before and after the application of seismic design principles in
terms of floor area and access to view. The results demonstrate that
within the context defined by the methodology of this study, consid-
erable seismic achievement can be achieved in mid-rise reinforced
concrete residential buildings by the application of relatively few,
basic design features by the architects.
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INTRODUCTION®

Em the Dinaric Alps to the Taurus Range,
countries like Croatia, Greece and Turkey
face a common threat: the earthquake. The
2020 Zagreb and Petrinja earthquakes, of
magnitude 5.5 and 6.4 respectively, caused
serious damage and loss of life in Croatia.
Tyrnavos in Greece was hit by a 6.3 magni-
tude tremor in 2021. In Turkey, Elazig had a
6.7 magnitude shock and izmir was quite
heavily damaged by a 7.0 magnitude quake
in 2020, which also took 116 lives. These
countries are no stranger to earthquakes and
their effect on the built environment. Euro-
code 8is in effect in Croatia. As part of the EU,
Greece has also adopted Eurocode 8 but has
its seismic design practice rooted in EAK
2000/2003 (Pitilakis, Riga and Roumelioti,
2016: 437). Turkey, on the other hand, has its
own code, the 2018 Turkish Earthquake Code
(TEC 2018).

While these codes are of critical interest to all
stakeholders in the building sector, they are
written and formulated by structural engi-
neers for structural engineers. This is under-
standable because engineers are primarily
responsible for ensuring the structural safety
of buildings under seismic actions. Architects
have a significant and often decisive role in
the design of a building’s structural system
but are often relegated to a secondary role in
seismic codes (Ozmen and Unay, 2011: 919).
This does not prevent the seismic codes from
having a significant impact on various as-
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pects of architectural design ranging from
spatial arrangement to commercial appeal
for potential customers. This study focuses
on problems faced by architects in reconcil-
ing the requirements of the seismic codes
with the spatial arrangements and commer-
cial aspects of their designs.

Turkey is the most populous country in the
Mediterranean section of the Alp-Himalayan
seismic belt. Furthermore, a large percentage
of its urban and industrial centers are on ei-
ther the north Anatolian fault zone or the Ae-
gean horst-graben valleys. This, coupled with
the rapid and uncontrolled urbanization rate,
makes the country especially vulnerable to
earthquakes (Ozmen and Unay, 2007: 1406).
Despite the significant improvements in both
technical and legislative aspects of seismic
design after the devastating 1999 Golciik-
Adapazari and Bolu earthquakes, the state of
the existing building stock is far from being
adequately resistant to possible future seis-
mic events (ilki and Celep, 2012: 366). Mid-
rise reinforced concrete [RC] residential
buildings of three to eight storey's are by far
the most common building type encountered
in the urban and semi-urban areas of the
aforementioned region (Oygug, Oygug¢ and
Tonuk, 2018: 3063). As a result of being the
most common type of building, several RC
residential buildings were either damaged or
collapsed during earthquakes despite the
heavy emphasis on ensuring the safety of
these structures within the seismic codes
(Tapan et al, 2013: 610). The scope of this
study encompasses the earthquake-resistant
architectural design aspects of the mid-rise
reinforced concrete residential buildings in
Turkey.

In the last twenty-five years, Turkey has
brought into force three earthquake codes: in
1997, 2007 and 2018. These regulations in-
corporated the latest scientific knowledge
and technological developments in earth-
quake-resistant design. However, it is not
possible to completely solve the problems in
the field with a seismic code. The shortcom-
ings of seismic codes in solving the seismic
resistance problem are numerous but two
are closely related with the scope of this re-
search. The first is the poor construction
quality and workmanship, especially in rein-
forced concrete residential buildings. Turkey
has vast technical knowledge, engineering
infrastructure and experience in both rein-

1 Thearchival documents and models presented in this
study are partially based on the unpublished thesis, titled
A Comparative Structural and Architectural Analysis of
Earthquake Resistant Design Principles Applied in Rein-
forced Concrete Residential Buildings in Turkey submitted
to the Middle East Technical University by the author. The
subject matter, the methodology and the bibliography are
updated and adapted to the state of current developments
in seismic design in Turkey.
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forced concrete production and seismic de-
sign, but the scale and the clandestine nature
of new building production means that many
of these structures get neither adequate de-
sign services nor access to skilled labor. De-
spite the construction inspection law passed
in 2001, this problem persists to this day
(Yazgan et al, 2016: 595).

The second reason is economic. The resourc-
es required to transform the existing building
stock into an earthquake-resistant one, ei-
ther via retrofitting or by rebuilding, are sim-
ply beyond the budgetary means of the state.
As a result, an urban transformation law was
passed in 2012 to make use of the private
sector’s economic potential and inherent dy-
namism. This law allowed individual entre-
preneurs to cooperate directly with property
owners in the retrofitting and rebuilding of RC
buildings (Daskiran and Ak, 2015: 264). This
process is slow and exacerbates the prob-
lems stemming from the sheer volume of on-
going construction projects. To compensate
for the lack of adequate design services and
ensure the safety of buildings, even when
there are deficiencies in the construction and
material quality, the codes have found no
other remedy but to impose gradual but sig-
nificant increases in the cross-sections of re-
inforced concrete structural elements (AFAD,
2018: 114). This is a problem for architects
who have to ensure the earthquake safety of
the buildings they design but also have to de-
liver the same spatial and commercial value
to their clients within the same amount of
space available to them.

Retrofitting and rebuilding are the two com-
mon choices available in the seismic im-
provement of the urban environment. The
scope of this study is focused on the rebuild-
ing option for two reasons. Firstly, the in-
volvement of architects is much extensive
when the rebuilding option is selected by the
property owners, as this process requires a
complete redesign of the building. Retrofit-
ting option may include the increase of struc-
tural cross-sections, addition of new struc-
tural elements and minor alterations to the
spatial layout of a building however it is
mostly an engineering-intensive process be-
cause it involves seismic assessment pro-
cesses and application of selected strength-
ening methods as described in earthquake
codes. This is done by structural engineers.
Secondly, although retrofitting is the cheaper
solution and preserves the existing building
stock with all inherent architectural and heri-
tage values, rebuilding option is more widely
promoted by the government and the private
stakeholders in Turkey. The reason behind
this tendency is also an economic one. Build-
ing industry is the primary sector driving the
economic growth of the country. From a gov-
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ernmental point of view, removing an old
building and replacing it with a new one stim-
ulates the economy on a larger scale. For the
private industry there is more money to be
made and the property owners get to own a
brand new earthquake proof building with a
considerably higher real estate value. It must
be stated that retrofitting is the more sustain-
able option with a lesser impact on the urban
environment and the preservation of natural
resources however in the case of Turkey eco-
nomic factors are more dominant.

METHODOLOGY

The audience for this paper is architects, not
structural engineers; therefore, the method-
ology of this study is formulated to make
seismic design principles both simple and in-
telligible for architects as well as guide them
in the earthquake-resistant design of mid-
rise RC residential buildings. At first, a litera-
ture survey was conducted to determine the
main reasons for the poor seismic perfor-
mance of RC buildings in Turkey. Among the
many reasons which contribute to the failure
of RC buildings those that are most related
with the architectural design decisions are
selected for this study. These factors are the
asymmetric and irregular arrangement of
structural elements, the presence of torsion,
the lack of shear walls and the exceeding of
column capacities due to insufficient element
cross-sections.

Second step includes the proof of concept. At
this stage, the aim is to demonstrate to the
architectural audience that regular and sym-
metrical arrangement of structural members;
use of shear walls and increase in structural
cross-sections significantly improves the
seismic behavior of mid-rise RC buildings. In
this demonstration a set of two finite element
models representing a typical mid-rise RC
building before and after the implementation
of seismic improvements was analyzed. The
seismically defective finite element model is
simplified and adapted from a RC building
destroyed during the 1999 Bolu-Diizce earth-
quake the structural plans of which are ob-
tained from the local municipality. The origi-
nal building did not survive the earthquake
and no known photographs exists. The build-
ing possessed the general characteristics of
the existing building stock in Turkey (Fig. 1).
In order to make the results clear and simple,
secondary architectural features that do not
directly affect the seismic performance such
as the staircase details are omitted in the
model. The results of the finite element anal-
ysis prove that the architectural design im-
provements in the aforementioned areas
greatly improve the seismic behavior of the
modeled structure. Since this study focuses
on the architectural discussion of seismic de-
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sign principles, once this demonstration is
made, the same architectural design princi-
ples can be applied to other buildings of com-
parable function and size without further
need for structural analysis for each case. In
this way the study can focus | detail on the
architectural characteristics of typical mid-rise
RC residential buildings rather than structur-
al calculations.

In the third step, a comparative architectural
analysis was conducted on three pairs of ar-
chitectural models, representing RC build-
ings with two, three and four residential units
on each floor. These are the most common
type of plan arrangements in Turkey due to
the typical size of building blocks in Turkish
urban zoning. The first architectural model is
intentionally selected as the same one mod-
eled in the finite element analysis to better
relate the structural discussion with the ar-
chitectural one. The second and third ar-
chitectural models are also simplified and
adapted from RC buildings destroyed during
the 1999 Bolu-Diizce earthquake. All of the
models are purposefully selected to have at
least one angled facade that introduces a cer-
tain level of asymmetry to the structure. The
first models in each pair represent the archi-
tectural designs containing seismic design
faults and the second models represent the
same building redesigned according to earth-
quake-resistant design principles. The mod-
els in each pair will be comparatively ana-
lyzed in terms of architectural criteria such as
the floor area of the residential units, the
number of rooms and the orientation of
rooms. These architectural criteria are select-
ed because of the critical role they play in the
purchasing decisions of the average house
owner or new buyer in Turkey.

In each architectural model pair, while the us-
able spaces, the circulation spaces like corri-
dors inside the residential units and build-
ings’ general circulation spaces vary in terms
of area, the total floor area of the buildings
remains unchanged. The outer shape of the
buildings is preserved except small changes
in the locations of balconies and indenta-
tions. This ensures that the new design can
be implemented in the site of the old building
without any change in urban parameters.

The comparative analysis demonstrates that it
is possible to obtain the same number of resi-
dential units with the same number of rooms
and orientations while adhering to earth-
quake-resistant design principles. Based on
the results, it can be argued that it is possible
for architects to reconcile the demands of seis-
mic codes and their clients by adhering to a set
of simple structural design principles. The
ability to fit the same number of residential
units within the same building site may not ap-
pear as a significant achievement at first, how-
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ever the urban transformation law in Turkey
and the resulting rebuilding of mid-rise RC
residential buildings was accompanied by
ample debate and often legal action caused by
property owners’ discontent with the decreas-
ing number of residential units, lesser floor
areas, room numbers and room sizes of their
homes before and after the reconstruction.
This study aims to address this current and
popular problematic in Turkey with a simple
comparative demonstration showing that the
preservation of the spatial quality is possible
through the careful implementation of basic
architectural design principles.

STRUCTURAL PRINCIPLES OF EARTHQUAKE
RESISTANT ARCHITECTURAL DESIGN

The reasons for seismic failures of RC struc-
tures are numerous and cannot be addressed
in their entirety in this paper. The most com-
mon occurrence is a combination of deficien-
cies in strength, ductility and lateral rigidity
caused by poor design and construction or by
poor material quality. These deficiencies re-
sult in the loss of stability and the collapse of
the entire structure (Ozmen, Akan and Unay,
2011: 449). Seismic codes offer several rem-
edies to prevent such a failure mechanism.
These include the selection of much larger
reference earthquakes for design than many
buildings would realistically face during their
lifetime, bringing generous safety coeffi-
cients in the estimation of seismic loads and
establishing stringent rules for the detailing
of reinforcement bars (Ersoy, 2013: 1702).
The responsibility for application of a large
majority of these seismic design rules lies
squarely within the domain of structural engi-
neers. However, many of the precautions that
ensure lateral stability and the prevention of
torsional displacements fall within architects’
design decisions in the form of symmetric
and regular configuration of vertical struc-
tural members (Ozmen and Katipoglu, 2015:
15). This symmetry and regularity require-
ment is highly recommended but not strictly
required by TEC 2018. The seismically im-
proved versions of the finite element and ar-
chitectural models in this study are config-
ured to be as symmetrical and as regular as
possible within the constraints of their site
shapes.

Seismic code requirements often result in a
significant increase in the number and cross-
sections of vertical load-carrying members
such as columns and shear walls as well as a
mandate to design RC frames that are as
symmetrical and as regular in plan as possi-
ble. Such an increase in the cross-sectional
area of vertical members with an emphasis
on symmetry and regularity directly impacts
the architectural design of residential build-
ings (Unay and Ozmen, 2006: 260). The main
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defense of RC buildings against the large
shear forces created by earthquakes is the
use of shear walls in each direction (Ozkul et
al, 2019: 74). An empirical value of shear wall
area equal to 1% of the floor area in each car-
dinal direction, obtained from observations
of RC buildings undamaged in past earth-
quakes is often mentioned in scientific litera-
ture (Burak and Comlekgioglu, 2013: 1928).
This rule of thumb, however, does not exist in
any of the Turkish earthquake codes past or
present (Giinel, 2013: 2). The use of shear
walls is nevertheless a critical seismic design
feature for mid-rise RC buildings because ob-
servations made during past earthquakes in
Turkey demonstrate that columns often fail in
resisting seismic shear forces due to the lack
of ductile behavior even though ductility is a
key requirement in TEC 2018 (Oygug, 2016:
828). Shear wall inadequacy was a key obser-
vation in the case studies that were the basis
of the aseismic versions of finite element and
architectural models and therefore the im-
proved models were designed with a large
number of shear walls placed in both longitu-
dinal and transverse directions.

Torsion is an undesirable effect in the seismic
behavior of RC structures (Gokdemir et al,
2013: 714). Torsional displacements can oc-
cur due to eccentricities in the building’s cen-
ter of rigidity or they can be the result of a
building’s irregular plan shape. Eccentricities
in the building’s center of rigidity can stem
from uneven or asymmetrical distribution of
columns and shear walls. In this case, the di-
rection and location of the shear walls be-
come especially critical. A building can theo-
retically have enough shear walls to satisfy
the “1% of the total floor area in each direc-
tion” rule of thumb but these walls may be
arranged in such a way that the building still
suffers from torsional eccentricity. In urban
areas, irregularities in plan geometry may be
unavoidable due to the shape of the building
site. In this case, the responsibility falls to
the architect to design a structural system
that counteracts the resulting torsion by ar-
ranging the configuration of vertical load-
carrying elements such as columns and shear
walls. In the first finite element model the
building suffers from both of the above-men-
tioned problems. The building sits on a site
with an irregular shape and its columns and
shear walls are arranged in a way that intro-
duces eccentricity to its center of rigidity. In
the improved version of the finite element
model, the torsion problem is solved by the
regular and symmetrical arrangement of ver-
tical structural elements as well as the intro-
duction of additional shear walls. The aseis-
mic versions of the architectural models all
exhibit the same problems in terms of tor-
sional eccentricity. In the seismically im-
proved versions structural configurations are
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arranged to counteract torsion based on the
principles obtained from the finite element
analysis.

In the seismic design of reinforced concrete
buildings, making sure that the structural
system remains stable during and after the
shock is very important (Bik¢e and Celik,
2016: 71). In TEC 2018, RC buildings are al-
lowed to have plastic deformations during
large earthquakes. This is a precaution that
ensures a high level of ductility in the entire
system. The system is designed so that these
deformations occur in pre-calculated loca-
tions. These locations are the supports of the
RC beams where they are connected to col-
umns. The columns, on the other hand, are
not allowed to have plastic hinges under any
circumstances. This is ensured by the in-
crease in column cross-sections (Oygug, To-
ros and Abdelnaby, 2018: 31). The interaction
diagram between the columns’ axial force
and bending moment capacity is a simple
and clear way of establishing an idea about
their seismic behavior. In mid-rise RC resi-
dential buildings this interaction becomes
critical in the lower supports of the columns
where the vertical system is connected to the
foundations (Korkmaz, Yakut and Bayraktar,
2019: 47). Another critical factor is the pre-
vention of large lateral displacements (Arslan
et al, 2018: 325). As a result, the two finite
element models will be analyzed and evalu-
ated according to the performance of select-
ed columns at the ground floor before and
after seismic design improvements and the
amount of decrease in the maximum dis-
placements on the top floor corners of the
building. Material properties for reinforced
concrete and reinforcement, as well as the
detailing of reinforcements, are assumed to
be in accord with TEC 2018 (Balun, Nemutlu
and Sari, 2020: 175).

COMPARATIVE ANALYSIS
OF THE FINITE ELEMENT MODELS

In this section two architectural models
(Model-A and Model-B) will be comparatively
analyzed to evaluate their structural perfor-
mances before and after seismic improve-
ments. The first finite element model (Model
A) represents a 6-storey RC residential build-
ing. Floor height is taken as 3 meters result-
ing in an 18-meter high mid-rise structure
(Fig. 2). This is a typical building in urban and
semi-urban areas in Turkey and the Balkans.
An irregularity in the form of an angled front
facade is introduced to its geometry due to
the site shape. The structure contains a sin-
gle shear wall located around the elevator
shaft. The remainder of the columns is ar-
ranged in an asymmetric and irregular pat-
tern to accommodate two residential units on
each floor. These residential units consist of
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TABLE | DOMINANT MOVEMENT DIRECTIONS,

PERIODS AND MAXIMUM DISPLACEMENTS

FOR MODEL A
Model A
Mode Movement T(s) d-max (m)
1 Mode Torsion 0.84 =
2" Mode Lateral (x-dir) 0.72 0.092
3" Mode Lateral (y-dir) 0.65 0.081

FIG. 2 THE STRUCTURAL SYSTEM OF MODEL A.

PLAN CONFIGURATION (LEFT), UNDEFORMED SHAPE
(TOP-RIGHT CORNER), DEFORMED SHAPE (LOWER-RIGHT
CORNER). COLUMN CAPACITIES ARE MEASURED FOR THE
COLUMNS MARKED 1 AND 2 RESPECTIVELY.

FIG. 3 AXIAL FORCE DIAGRAMS IN BOTH EARTHQUAKE
DIRECTIONS FOR MODEL A (UPPER LEFT CORNER),
MOMENT DIAGRAMS IN BOTH EARTHQUAKE DIRECTIONS
FOR MODEL A (LOWER LEFT CORNER), COLUMN CAPACITY
DIAGRAMS FOR COLUMN 1 (UPPER RIGHT CORNER),
COLUMN CAPACITY DIAGRAMS FOR COLUMN 2

(LOWER RIGHT CORNER)
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one master living room, three bedrooms, one
kitchen, one bathroom and a guest toilet. The
ground floor is allocated to commercial func-
tions and the building’s entrance. The model
is subjected to seismic loading in both earth-
quake directions as described in TEC 2018.2A
basic analysis is conducted to measure the
structure’s response to the first three oscilla-
tion modes, maximum lateral drifts and col-
umn capacities for axial force and bending
moment.

In Model A, the asymmetric and irregular ar-
rangement of columns results in torsional dis-
placements. There is a single shear wall and
the column cross-sections are small. This re-
sults in a structural system with very low lat-
eral rigidity, which in turn causes relatively
high periods for the first three modes. For a
building of this height, the high periods are
the indication of large and uneven displace-
ments in both earthquake directions (Table I).

The internal force diagrams of Model A indi-
cate that, in accordance with expectations,
axial forces reach their highest levels at the
lower ends of columns located on the outer
periphery of the building. Similarly, bending
moments become critical at the same loca-
tions but near the columns located at the
center of the structure. Two columns, col-
umns 1 and 2, were selected to represent the
behavior of the slender vertical elements un-
der seismic loading. These columns were se-
lected among the outer periphery columns,
which are more prone to failure due to tor-
sional displacements. The analyses indicate
that these two columns would pass into the
failure zone in at least one of the two earth-
quake directions under the applied loads
(Fig. 3).

The second finite element model (Model B)
represents the same 6-storey RC residential
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2 TEC 2018 is a 395 page document that incorporates
seismic design principles inherited from the past Turkish
seismic codes, EUROCODE 8 and ASCE 7-16 as well as
other prominent seismic codes. Because TEC 2018 gener-
ally favors the most structurally demanding methods, it
would be safe to assert that any mid-rise RC residenial
building designed according to TEC 2018 would also be
considered seismically safe according to the requirements
of EUROCODE 8 and ASCE 7-16. TEC 2018 is used in con-
junction with The Interactive Turkish Earthquake Map sys-
tem which can only be accessed by Turkish citizens and
authorized personnel through the “E-Devlet” governmen-
tal e-state web service. As the concept of “earthquake
zones” are abolished by TEC 2018, this service provides
official site-specific parameters to be used in the drawing
of the vertical and horizontal elastic spectrum curves for
each structure. These parameters include the regional
ground acceleration values for the reference earthquake
and the soil type among others. The elastic spectrum
curves used for the finite element models analyzed in this
study are drawn with the assumption that the structures
are in a high-risk area with a reference earthquake oc-
curence period of 475 years, subjected to ground acceler-
ation levels near 0,4g and built on a medium-strength soil
type that does not require special calculation methods.
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building modeled in Model-A, however; the
structure is redesigned with shear walls and
columns with larger cross-sections, arranged
in a regular and symmetrical configuration.
Floor height and total building height re-
mains unchanged (Fig. 4). The residential
units also consist of one master living room,
three bedrooms, one kitchen, one bathroom
and a guest toilet. The ground floor is allo-
cated to commercial functions and the build-
ing’s entrance. The model is subjected to the
same seismic loading as in Model-A in both
earthquake directions as described in TEC
2018. Same basic analysis is conducted to
measure the structure’s response to the first
three oscillation modes, maximum lateral
drifts and column capacities.

In the second finite element model (Model B),
the directionality of vertical structural ele-
ments is distributed equally for the two
earthquake directions. This eliminates tor-
sional displacement in the first mode. Lateral
sway of the building is significantly less than
in the first model, which indicates that verti-
cal elements do not approach structural fail-
ure zones (Table I1).

The internal force diagrams of Model B indi-
cate that, like in to Model A, axial forces reach
their highest levels at the lower ends of col-
umns located on the outer periphery of the
building. Bending moments also reach their
highest values at the same locations but near
the shear walls. Two columns, located at sim-
ilar locations with Model A, were selected to
represent the behavior of columns in the
seismically improved version of the model.
The analyses indicate that these two columns
would remain safe in both earthquake direc-
tions under the applied loads. The safety
margins are quite large for these columns.
This is due to the existence of shear walls,
which carry the major portion of the seismic
effects and alleviate the structural strain on
more slender elements like columns (Fig. 5).

The analyses conducted on the two finite ele-
ment models demonstrate the effectiveness
of the structural design principles in increas-
ing the seismic performance of mid-rise RC
residential buildings. The symmetric and
regular arrangement of the structural system,
larger cross-sections for columns and the ex-
istence of evenly distributed shear walls sig-
nificantly increase the safety of RC buildings.
Additionally, the building represented in the
seismically improved Model B offers an
equivalent architectural value in terms of us-
able floor area and directional orientation of
rooms to Model A. This analytical demonstra-
tion of the increase in earthquake safety cou-
pled with the preservation of architectural
value forms the basis of the comparative ar-
chitectural analysis in the following section.
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FIG. 4 THE STRUCTURAL SYSTEM OF MODEL B.

PLAN CONFIGURATION (LEFT), UNDEFORMED SHAPE
(TOP-RIGHT CORNER), DEFORMED SHAPE (LOWER-RIGHT
CORNER). COLUMN CAPACITIES ARE MEASURED FOR THE
COLUMNS MARKED 1 AND 2 RESPECTIVELY.

FIG. 5 AXIAL FORCE DIAGRAMS IN BOTH EARTHQUAKE
DIRECTIONS FOR MODEL B (UPPER LEFT CORNER),
MOMENT DIAGRAMS IN BOTH EARTHQUAKE DIRECTIONS
FOR MODEL A (LOWER LEFT CORNER), COLUMN CAPACITY
DIAGRAMS FOR COLUMN 1 (UPPER RIGHT CORNER),
COLUMN CAPACITY DIAGRAMS FOR COLUMN 2

(LOWER RIGHT CORNER)

TABLE || DOMINANT MOVEMENT DIRECTIONS,
PERIODS AND MAXIMUM DISPLACEMENTS
FOR MODEL B

Model B
Mode Movement T(s) d-max (m)
1 Mode Lateral (y-dir) 0.46 0.056
2" Mode Lateral (x-dir) 0.45 0.047
3 Mode Torsion 0.33 =

COMVAN ¥ WM CHART cousm | tovNmCuRT
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TABLE |l ARCHITECTURAL EVALUATION OF SET 1A-1B
IN TERMS OF FLOOR AREA AND ACCESS TO FACADE

SCIENTIFIC PAPER

Res-A Set1a Setib
Room m? Fagade |m? Fagade
Living Room 36 Front 36 Front
Room 17 Side 16 Side
Room 13 Side 12.5 Side
Room 13 Side 12 Side
Dress room - - 9 N/A
Kitchen 13.5 Side 13 Side
Bathroom 7 = 7 N/A
we 3 - 3 N/A
Usable Area 102,5 108,5

Res-B Set1a Set1b
Room m? Fagade |m? Facade
Living Room 38 Front 32 Front
Room 18 Side 16 Side
Room 15 Side 1,5 Side
Room 13 Side 12 Side
Dress room = = 9 =
Kitchen 13.5 Side 13 Side
Bathroom 7 Side 7 =
wc 3 - 3 -
Usable Area 107,5 104,5

FIG. 6 ON LEFT: SET 1A, ARCHITECTURAL PLAN (ABOVE)

AND STRUCTURAL SYSTEM (BELOW) WITH SEISMIC DESIGN
FAULTS. ON RIGHT: SET 1B, ARCHITECTURAL PLAN (ABOVE)

AND STRUCTURAL SYSTEM (BELOW) ARE SEISMICALLY

IMPROVED.
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COMPARATIVE ANALYSIS
OF THE ARCHITECTURAL MODELS

In this section three architectural model pairs
(Set 1a-1b, Set 2a-2b, Set 3a-3b) will be com-
paratively analyzed to evaluate their archi-
tectural qualities before and after seismic
improvements. These models represent the
plan configurations of typical RC residential
buildings from Turkey. They have two, three
and four residential units on each floor re-
spectively. It is assumed that all floors except
the ground floor have the same floor plan.

¢ Architectural model pair with two residen-
tial units on each floor (Set 1a-1b) — Set 1a-1b
is based on the previously analyzed finite ele-
ment Models A and B. The two residential
units will be called Res-A and Res-B. These

residences are “three plus ones” as they are
colloquially called in Turkey, meaning there is
a master living room and three smaller rooms.
There is also a kitchen, a bathroom and a
guest toilet in the unit (Fig. 6).

The floor plan of Set 1a represents a typical
approach to residential unit design in Turkey.
The structural system’s configuration is com-
pletely secondary to the spatial needs of the
individual units. The master living rooms are
as large as possible and equal in size to each
other in accordance with the expectations of
future customers. This attempt to have a
large living room in the less spacious Res-B is
the main reason behind the asymmetric and
irregular arrangement of the structural sys-
tem. The second reason is the effort to avoid
visible overhanging beams in the ceilings of



SCIENTIFIC PAPER RECONCILING ARCHITECTURAL DESIGN WITH SEIsmic Copes C. OZMEN  42-55 29[2021] 1[61] PROSTOR 51
TABLE |V ARCHITECTURAL EVALUATION OF SET 2A-2B
IN TERMS OF FLOOR AREA AND ACCESS TO FAGADE
) - . u: Res-A Set 2a Set 2b
= = o 2lx F: e Room m? Facade | m? Facade
{ Living Room 34 Rear 26 Rear
1 — Room 17 Rear 16.5 Rear
=5 : D .. e = S ’ Room 13 Rear 13 Rear
” 1 . Room 16 Side 19 Side
” ” | ‘ L\ e Kitchen 18 Side 16.5 Side
o] f—l Bathroom 7 - 8 -
e P 1‘ 3 R wC 3.5 - 3.5 -
_-5 i Storage = = = =
2 - a "
s 8 - Usable Area 108.5 102.5
| Res-B Set 2a Set 2b
N s . I R oas I comioniy Room m? Facade | m* Facade
o = - o o - Living Room 28 Rear 34 Rear
1 Room 17 Rear 16 Rear
Room 12 Rear 12 Rear
________ Room 14 Side 13 Side
| [ Kitchen 13 Side 15 Side
! Bathroom 5.5 = 6.5 -
I wcC 2 = 3 =
— » Storage 3 - 3.5 -
s . Usable Area 94.5 103
= » r I
Res-C Set 2a Set 2b
b Room m? Facade | m? Fagade
i " Living Room 31 Front 26 Front
Room 16 Rear 16.5 Rear
| i " " Room 18 Rear 22 Rear
Room 11.5 Side 13 Side
- - » Kitchen 11.5 Side 12 Side
Bathroom 7 N/A 7.5 N/A
wcC 3 N/A 2 N/A
Storage 2.5 N/A 3 N/A
Usable Area 100.5 102

rooms and circulation spaces due to aesthet-
ic concerns. The architectural plan of Res-B
suffers further from the large space allocated
for the master living room. The third room of
Res-B is shifted to the rear facade of the
building due to the shorter length of the side
facade. In turn, the bathroom is shifted from
the center of the plan to the side. As a result,
the wet spaces of Res-A and Res-B are posi-
tioned away from each other, making the me-
chanical systems of the building more com-
plicated and inefficient (Fig. 6).

In Set 1b, the main architectural compromise
is having a smaller master living room for
Res-B. This one compromise allows for the
design of a symmetric and regular structural
system. Column cross-sections become larg-
er and shear walls are arranged in both

earthquake directions. Structural axes are
straight and unbroken in every direction. A
shallow beam was added between the col-
umns around the master living room to en-
sure structural connectivity in all frame mem-
bers. The symmetric and regular structural
system allows for similar arrangement of
rooms for Res-A and Res-B and even creates
enough space for a dressing room in the mas-
ter bedrooms of both units. The wet spaces
of Res-A and Res-B are arranged together, al-
lowing them to share the same mechanical
shafts and plumbing systems creating a more
efficient design (Fig. 6).

The two architectural models of Set 1 are
comparatively analyzed in terms of their us-
able floor areas and access to view. There are
no significant changes in the spatial configu-

FIG. 7 ON LEFT: SET 2A, ARCHITECTURAL PLAN (ABOVE)
AND STRUCTURAL SYSTEM (BELOW) WITH SEISMIC DESIGN
FAULTS. ON RIGHT: SET 2B, ARCHITECTURAL PLAN (ABOVE)
AND STRUCTURAL SYSTEM (BELOW) ARE SEISMICALLY

IMPROVED.



52

Table V Architectural evaluation of Set 3a-3b
in terms of floor area and access to fagade
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SCIENTIFIC PAPER

Res-A Set3a Set 3b
Room m? Fagade |m? Facade
Living Room 28 Front 31 Front
Room 12 Front 15 Front
Room 16.5 Front 23.5 Front
Room 13.5 Side 14.5 Side
Kitchen 8.5 Side 9.5 Side
Bathroom 8.5 = 7 =
WC 3 = 2.5 =
Usable Area 90 103
Res-B Set 3a Set 3b
Room m? Facade | m? Facade
Living Room 23 Rear 24 Rear
Room 12.5 Rear 13 Rear
Room 15 Rear 17 Rear
Room 14.5 Side 14.5 Side
Kitchen 8 Side 9.5 Side
Bathroom 8. = 8 = —
WC 3 : - 2.5 - ‘l _
| | e g
Usable Area 84.5 88.5 = ‘
Res-C Set1a Set 1b - Ve e
Room m? Facade | m? Facade N — L ” { | -~
Living Room 30 Rear 26 Rear ) - - |
Room 12 Rear 13 Rear = ﬁ:
Room 16 Rear 16.5 Rear ‘
Room 15 Side 17 Side » IS
Kitchen 11 Rear 10.5 Side !
Bathroom 8 = 8 -
WC 2.5 = 2.5 = |
Usable Area 94.5 93.5 | — — | .
Res-D Set1a Set1b
Room m* Facade | m: Facade ration of Res-A before and after the seismic  The floor plan of Set 2a suffers from the same
iz Rewn 25 |mot |z Front improvements. There are small decreases in  problems with the residential units from Set
Sw— - Front |15 F— the sizes of the rooms due to the incr_ea;ing 1a. The master living rooms are agajn Qe-
Room PR [—— Front sizes of structura_l elements. These variations  signed as large as po§5|ble and equal in size
coom ” see o Siae would not negatively affect the use of these even thoqgh thesg units are separate anr:I will
rooms. Both Res-A and Res-B gained a dress-  be occupied by different users having differ-
Kitchen g Side  |10.5 | Side ing room next to their master bedrooms. Spa-  ent spatial needs. The structural system is
Bathroom 8 - 8 - tial arrangement of Res-B is significantly im- asymmetric and irregular. The cross-sections
wC 2.5 = 2.5 - proved after the redesign, which compen- of columns are small. There are two shear
Usable Area 95.5 92 sates for the loss in the size of the master walls located on both sides of the building’s

FIG. 8 ON LEFT: SET 3A, ARCHITECTURAL PLAN (ABOVE)
AND STRUCTURAL SYSTEM (BELOW) WITH SEISMIC DESIGN
FAULTS. ON RIGHT: SET 3B, ARCHITECTURAL PLAN (ABOVE)
AND STRUCTURAL SYSTEM (BELOW) ARE SEISMICALLY

IMPROVED.

living room (Table I1I).

e Architectural model pair with three resi-
dential units on each floor (Set 2a-2b) — Set
2a-2b has three residential units on each
floor. These three residential units will be
called Res-A, Res-B and Res-C. These resi-
dences are also “three plus ones” with a
master living room and three smaller rooms.
There is also a kitchen, a bathroom and a
guest toilet in each residence. Res-B and Res-
C have small storage rooms (Fig. 7).

main stairwell. These shear walls would have
very little positive contribution to the seismic
behavior of the building. In fact, the eccentric
location of the shear walls would probably
result in torsional displacements creating
large bending moments and shear forces on
the columns located on the opposite side of
the building.

In Set 2b, a symmetric and regular structural
system is designed to the extent that is al-
lowed by the irregular shape of the building
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site. Column cross-sections become larger
and shear walls are arranged in both earth-
quake directions. Shear walls are located
around the outer periphery of the structural
system. This building will be subjected to tor-
sion due to the site shape. This arrangement
of shear walls on the outermost axes will al-
low them to counter the shear forces and
bending moments resulting from the torsion-
al displacements during the earthquakes.
Structural axes are straight and unbroken in
every direction (Fig. 7).

The two architectural models of Set 2 are
comparatively analyzed in terms of their us-
able floor areas and access to view. The only
significant change in the spatial configura-
tions of Res-A and Res-C, before and after the
seismic improvement, is in the floor area of
the master living room. This is a necessary
compromise to have an earthquake-resistant
structural system. The decrease in the size of
these spaces is not significant enough to up-
set their function as the primary living area of
the residential units. In contrast, Res-B now
has a larger master living room. There are
small variations in the sizes of the rooms in
all three units. These variations would not
negatively affect the use of these rooms.
Overall, the building represented in Set 2b of-
fers the same three residential units with
comparable floor areas and access to view
with a much higher level of earthquake safety
(Table IV).

¢ Architectural model pair with four resi-
dential units on each floor (Set 3a-3b) — Set
3a-3b has four residential units on each floor.
These three residential units will be called
Res-A, Res-B, Res-C and Res-D. These resi-
dences are also “three plus ones” with a
master living room and three smaller rooms.
There is also a kitchen, a bathroom and a
guest toilet in each residence (Fig. 8).

The floor plan of Set 3a suffers from the same
problems as the models Set 1a and Set 2a.
The master living rooms are again designed
as large as possible and equal in size. The
structural system is asymmetric and irregu-
lar. A certain amount of asymmetry is pres-
ent, however most of the irregularity arises
from the effort to shape the building struc-
ture according to the spatial configuration.
The continuity of structural axes was not pri-
oritized. The cross-sections of columns are
small and there are only two shear walls, one
located on both sides of the elevator and one
near the building’s main stairwell. The eccen-
tric location of the shear walls would result in
torsional displacements (Fig. 8).

In Set 3b, the structural system is redesigned
according to the seismic design principles.
Symmetry, regularity, and the continuity of
structural axes are provided in both earth-
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qguake directions. Column cross-sections be-
came larger and shear walls are arranged in
both earthquake directions. Shear walls are
located around the outer periphery of the
structural system. Like Set 2b, shear walls
are arranged on the outermost axes to coun-
teract the effects of the torsional displace-
ments on the outermost columns of the
building (Fig. 8).

The two architectural models of Set 3 are
comparatively analyzed in terms of their us-
able floor areas and access to view. Res-A is
the only unit that becomes significantly larg-
er with respect to its original floor area. Res-
B, Res-C and Res-D do not vary in terms of
total floor area. The only significant change in
the spatial configuration of Res-D, before and
after the seismic improvement, is in the floor
area of the master living room. This is an un-
desirable but necessary compromise to have
an earthquake-resistant structural system. In
contrast, Res-B now has a larger master liv-
ing room. There are overall increases in the
sizes of the rooms in all four units, which
would make these residences more valuable
in terms of customer evaluation. The building
represented in Set 3b, while having some-
what more drastic design changes from its
original design compared to the buildings
represented in Set 2b and Set 1b, still offers
an earthquake-resistant architectural solu-
tion containing the four residential units with
commercially acceptable floor areas and ac-
cess to view (Table V).

CONCLUSION

Mid-rise RC residential buildings are a com-
mon typology in Turkey and the wider Bal-
kans region and as such the design of these
buildings constitutes a sizable portion of al-
most every architect’s portfolio. Unfortunate-
ly, the past seismic performance of these
buildings was very poor, especially in Turkey.
Seismic codes have continuously brought
new and stricter requirements for the design
and construction of these buildings. Many of
these requirements such as the calculation
methods, numerical modeling principles, and
detailing of RC members were oriented to-
wards the structural engineering domain,
however these new requirements also result-
ed in some direct and indirect changes in the
way architects design their buildings. This
study has the aim of making the seismic de-
sign principles for mid-rise RC buildings clear
and understandable for architects. In this
context the following points can be stated
about the strengths and limitations of the
methodology and the main outcomes:

e The factors affecting the seismic perfor-
mance of a RC building are numerous. Only a
portion of these factors is directly related

53



54

PROSTOR 1[61] 29[2021] 42-55 C.0OZMEN RECONCILING ARCHITECTURAL DESIGN WITH SEISMIC CODES

with the architects’ design decisions. A fur-
ther prioritization can be made among these
to determine the most influential parameters.
Such an approach is necessary to render the
propositions of the study understandable
and applicable by a wider architectural audi-
ence. This study states that the symmetric
and regular arrangement of structural ele-
ments, the avoidance of torsional irregulari-
ty, the use of shear walls and the increase in
column cross-sections are the most influen-
tial parameters. This decision is soundly
based on the existing seismic codes’ require-
ments, scientific literature and the current
state of the construction industry in Turkey.
Since the topic of seismic design is multi-
faceted and interdisciplinary in nature the
prioritization of the most critical seismic de-
sign factors can be done with other points of
view in different contexts.

e The effectiveness of selected seismic de-
sign criteria is demonstrated via finite ele-
ment modeling on a single building. This
model was simplified and adapted from a
building that did not survive a past earth-
quake. The simplifications included the omis-
sion of minor architectural details such as the
non-structural components and the exclusion
of staircase details from the model. In this re-
gard the model can be considered a semi-
idealized version. This adaptation and simpli-
fication is made to emphasize the effect of
the aforementioned seismic design criteria
on the structural performance of the struc-
ture and avoid the main discussion to be
sidetracked minor details. Such an idealiza-
tion approach may not be suitable for an en-
gineering audience but it is critical to convey
the desired message clearly to architects.

e The finite element analysis is conducted
for a single case while the discussions on the
other two models are kept at architectural
comparison level. The reason for this limita-
tion was to keep the discussion focused on
the architectural design aspect of seismic de-
sign. The application of the selected seismic
design criteria to the finite element model
demonstrated the effectiveness of the pro-
posed improvements. The structure repre-
sented in the finite element models is a typi-
cal example of the mid-rise RC residential
buildings in Turkey. It does not include ex-
ceptional design features and formal charac-
teristics that would introduce case specific
seismic design considerations. Therefore, it
is possible to generalize the results obtained
from the comparative finite element analysis
to other RC buildings of similar function, size
and formal characteristics. This study does
not state that case specific structural analy-
ses are not needed for the design and con-
struction of RC buildings in architectural
practice but it argues that if the seismic de-
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sign principles proposed here are implement-
ed by architects from the beginning of the
architectural design process it is highly prob-
able that seismic analyses done by the engi-
neers will prove that these buildings are
firmly within the seismic safety limits. It must
be stated here that mid-rise RC residential
structures built on sites with specific topo-
graphic features or shapes that impose high-
ly irregular formal characteristics to the
building are excluded from the scope of this
study.

e This study is conducted within the context
of the built environment and the factors driv-
ing the urban policies and the construction in-
dustry in Turkey however the seismic design
principles proposed here are context indepen-
dent and can be implemented by architects
within comparable contexts such as the Bal-
kans and the wider Mediterranean regions.

e The comparison criteria selected for the
architectural models are the floor area of the
residential units, the number of rooms and
the orientation of rooms. This study does not
have a reductionist approach, which bases
the architectural value of buildings on basic
plan features and the amount of usable areas
in residential units. The selection of these cri-
teria is merely based on the decision-making
habits of the property owners in Turkey,
which is echoed by the typologies produced
by the building industry.

e The findings of this study has be deemed
successful in proving that, within the context
defined by the methodology, considerable
seismic improvement can be achieved in mid-
rise RC residential buildings by the applica-
tion of relatively few, basic design features
by the architects. These design features are
the symmetric and regular arrangement of
structural elements, the avoidance of tor-
sional irregularity, the use of shear walls and
the increase in column cross-sections. Fur-
thermore, the study demonstrates that the
application of these features is possible
through architects’ design decisions.

e The findings of this study will contribute to
the ongoing debates about the improvement
of the existing aseismic building stock through
urban transformation processes in the sense
that designing a mid-rise RC residential build-
ing with a more robust structural system with
somewhat restricting features in terms of
plan arrangement is not an insurmountable
obstacle in preserving the architectural ex-
pectations of the property owners from their
new buildings. In short, this study demon-
strates that architects who have an aware-
ness of some basic but fundamental seismic
design principles can design earthquake re-
sistant homes for existing property owners
on the site of their existing buildings without
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any losses in the aforementioned architec-
tural parameters.

As a final word, it must be acknowledged
that, the scope of architects’ involvement in
alternative seismic improvement methods
such as retrofitting can be explored and com-
paratively analyzed with respect to the re-
building method. The economic and urban
impact of more culturally sustainable ap-
proaches to urban transformation is also a
valid direction for further studies, as the con-
cern for the preservation of architectural
heritage is an ever-increasing one in the rap-
idly transforming cities of 21° century.

[Proofread by Stephen Bryant]
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