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Abstract: Many factors affect the earthquake vulnerability of reinforced concrete (RC) structures, consti-
tuting a large part of the existing building stock. Short column in RC structures is one of the reasons for
earthquake damage. Significant damages may occur due to brittle fractures in structural elements when
the shear resistances are exceeded under the effect of high shear stress in short columns formed due to
architectural and topographic reasons. This study created structural models for three situations: the hill
slope effect, band-type window and mezzanine floor, which may cause short column formation. The
structural analyses by SAP2000 were compared with the reference building model with no short columns.
Structural analyses were performed separately according to strength-based and deformation-based
design approaches in the updated Tiirkiye Building Earthquake Code (TBEC-2018). Short column
formation; the effects on soft-storey irregularity, the relative storey drifts, column shear force, plastic
rotation in columns, roof displacement, base shear force and column damage levels were investigated.
As a result of the analysis, it was determined that the relative drifts from the first floor of the building
decreased significantly due to the band-type window and slope effect, which caused the second storey
to fall into the soft-storey status. In addition, short-column formation caused a significant increase in
both plastic rotation demand and shear force in short columns.

Keywords: short column; seismic behaviour; reinforced-concrete; design principles

1. Introduction

The first step in protecting a settlement from an earthquake disaster is to form and
possess a theoretical prediction of the consequences: structural damage and socio-economic
losses that may happen after the earthquake. In fact, it is crucial to assess the effects of any
potential earthquake to prepare for management during a catastrophic situation. As well
as anticipating and taking appropriate measures to reduce the vulnerability and expected
losses on the part of guaranteeing urban resilience [1-3].

In order to reduce the impact of an earthquake in settlement areas, existing design
codes must be applied strictly. The robustness of earthquake defence mechanisms of build-
ings is in inverse proportion to the presence of negative parameters in the buildings. The
more negative parameters mean a weaker defence mechanism for the building. Therefore,
it is essential to avoid negative parameters as much as possible. These parameters that
cause building damage and total collapse are usually included in seismic design codes.
The factors that would reduce buildings” performances under the impact of earthquakes
are also available in rapid visual safety evaluation and damage classification of present
structures. These negative criteria include short columns, the hill-slope effect, the year of
construction, a weak/soft storey, a lateral or vertical discontinuity and a visible building’s
quality. Filling RC frames with half-height infill walls, creating band windows and using
inter-mediate beams on stairwells are the primary causes of short-column formation. If
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the building is clearly on a hill or a slope with a high slope (more than 30°), it increases
the effects of earthquakes to a certain extent. The differences in stiffness and strength
between stories and the variation in storey height within a building are considered in
the soft storey /weak storey parameter. Vertical irregularity can be considered as the case
of a substantial change in the stiffness, mass and dimensions or interruption of vertical
structural elements, such as columns or lateral resisting systems. The performance of
workmanship and material quality during and after the construction process reveals the
quality of the building. These parameters are included in the Turkish Rapid Assessment
Method, the Canadian Seismic Screening Method, the Japanese Seismic Index Method
and similar rapid assessment methods [4-10]. This study investigated the short-column
effect in detail according to two different design principles in the updated Tiirkiye Building
Earthquake Code.

Short column damage is one of the common types of damage observed after earth-
quakes [11,12]. In particular, the decrease in the effective height of the column due to many
effects, especially architectural reasons, causes the shear force on the column to increase
too much, and the column reaches its bending capacity [13]. Suppose no prediction was
made for this decrease in the free height of the column during the design phase. In that
case, sudden and brittle shear damage occurs, especially in the column with insufficient
reserve shear capacity. Particularly in the case of brittle damage to the short columns in
the basement and lowest floor, they may cause a total collapse of the structure [14,15].
Therefore, in cases where it is not possible to eliminate the factors causing the short column,
the effect of these columns on the structural performance should be evaluated in detail,
and precautions should be taken if necessary.

In order to determine the structural performance, member-based damage conditions
must be evaluated first. The earthquake performance of a building can be defined as “the
building safety condition determined in connection with the level and distribution of the
damages that may occur in that building under earthquake effect”. In recent earthquakes,
it has been reported that structures with columns that suffered shear force damage could
not dissipate enough energy during the earthquake and collapsed altogether [16-18]. The
number, distribution and location of columns likely to exhibit brittle behaviour in buildings
are also very important for global performance.

Experimental and analytical studies in the literature emphasised that short columns
are a very important parameter for structural performance. Meral [19] determined the
effects of short column behaviour on reinforced concrete structures with non-linear inelastic
time history analysis, and the base shear force demands were higher in short column mod-
els compared to the reference buildings, while the displacement demands were calculated
as low. Seker and Bedirhanoglu [20] investigated the behaviour of short columns with
insufficient shear strength with representative samples produced in the laboratory. As
expected, the samples produced brittle collapse with shear damage, and the experiments
explained the behaviour of such short columns under lateral loads. Balik and Bahadir [21]
investigated the effects of window spacing on short-column behaviour using different
reinforcement methods. They discussed the results of producing seven reinforced concrete
frames with two floors, 1/5 scale and single span. Isik et al. [22] examined the formation
of short columns in reinforced concrete structures built on sloping soils and revealed that
plastic hinges formed earlier in short columns. Haji et al. [23] conducted experimental
studies using three different methods for reinforcing the reinforced concrete circular short
columns. They observed a good correlation between analytical values and experimental re-
sults. Chen et al. [24] investigated the behaviour of reinforced concrete short columns under
constant compression loading experimentally and theoretically. Moretti and Tassios [25]
presented experimental results on eight full-scale reinforced concrete short columns. The
relative performance of the tested samples was evaluated according to various ductility cri-
teria. As a result of these studies, it was observed that the stiffness of the columns increased
with decreasing effective length. Therefore, the initial stiffness and load-carrying capacity
of the structure increased slightly in the global behaviour of the structure. However, it
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has been reported that the structure could not achieve the desired ductile behaviour due
to shear damage in the columns. In addition, short-column damages come to the fore in
studies on damage caused by destructive earthquakes in different parts of the world [26-29].
Moreover, short-column effects are clearly identified in studies using rapid assessment
methods used for reinforced concrete structures [30-32].

Within the scope of this study, first of all, short column formation is explained with
theoretical details. In other words, the effects of short column formation, which negatively
affects the earthquake performance of the building, are examined in detail. Then, in addition
to three different structural models that may cause short column formation, including the
hill slope effect, the band-type window, and the mezzanine floor, a total of four different
models were created, including a structural model without any short columns, in order
to make comparisons. Structural analyses were performed using SAP2000 software v20.
The band-type window is placed on the outer axes in the x calculation direction in the
SAP2000 model, the hill slope effect is placed on the two adjacent axes in the x direction,
and the mezzanine floor is placed on three storeys. The band-type window, slope effect
and mezzanine floor are modelled as bar members in SAP2000 models with short column
lengths of 0.7 m, 1.5 and 2 m, respectively, to be closest to the actual formation. In the
structural model, only the short-column effect is considered a variable. The results were
compared among themselves and those obtained for the reference building model without
short columns. In the study, most possible scenarios that may cause the formation of
short columns are remarked on. Depending on these scenarios, changes in storey drifts
(especially in soft-storey formation) and column shear force distributions in the structural
model, changes in plastic rotation demands and capacities in columns, damage distribution
and global changes in building performance were examined, different structural parameter
results that were not included in previous studies were taken into account. The main novelty
of the study is that the short column effect is revealed according to both strength-based
and deformation-based design approaches specified in the Turkish Building Earthquake
Code (TBEC-2018), which is currently in place in Tiirkiye.

2. Short Column in RC Structures

The two main components of the works performed to estimate the effect of earthquakes
are detecting earthquake hazards and determining buildings’ vulnerability. Determining
the vulnerability of building systems is generally possible by examining and classifying
the current building stock and other structures and obtaining the damage potential curves.
These potential damage curves are used in the preparation of earthquake scenarios [33].
While obtaining these curves, it is necessary to consider the aspects of the building stock
that are peculiar to the region.

Knowing buildings’ characteristics that may negatively affect their earthquake be-
haviour in areas where strong seismic motions can be expected will enable setting forth
more serious approaches to mitigate hazard risk levels. Being aware of the negative param-
eters both in terms of the designs of new buildings to be constructed and of examining the
current building stock constitutes a significant part of reducing vulnerability.

Vertical load-bearing elements in framed system structures consist of columns. Columns
have two essential roles in such systems. The first is safely transferring all the vertical
and lateral loads that act on the structure to the foundation system. The second role is to
keep the relative storey drifts caused by lateral loads within the allowed limits [34]. In
brief, while designing columns that serve as vertical load-bearing elements in building
systems, it has to be taken care that the set forth limits are not exceeded in terms of load
and deformation [35].

Columns as vertical load-bearing elements may involve some negative parameters
that would weaken the defence mechanism of the building. One of these parameters is
short columns that may form in time. Short columns have formed in different ways. Short
columns may occur either because the original column length-to-depth ratio is small or
due to an obstacle along a certain height of the column (e.g., low brick masonry wall), in
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which case the effective length of the column is reduced. The sudden and explosive nature
of shear failure in a short column was first pointed out by Yamada and Furui in 1968 [36].
Although considerable experimental and theoretical research has been conducted on this
subject, especially in the 1970s and '80s, neither a generally accepted way of predicting the
behaviour of short columns exists nor special provisions concerning the design of such
elements are included in the majority of codes [37].

The term short column refers to columns shorter than the other columns in the same
storey and expected to be subjected to brittle shear fractures [38]. Short column effects
appear during earthquakes, particularly on the exterior walls of buildings where the walls
do not extend up to the top floor and on the parts of the columns that are not covered
by the wall. Typically, in industrial buildings, some gaps are left on the outer walls of
the buildings, and some are left on the outer walls to leave space for windows and take
light in. If these walls do not extend along the column height, particularly if they are not
separated from the frame, the columns may suffer heavy damage during the earthquake.
These effects, known as short-column behaviour, can also be seen in Tiirkiye as they occur
worldwide. Many parameters have a role in the formation of a short column. Some of
these are wall height, the gaps left on the frame wall and inadequate shear reinforcements.
However, one of the primary parameters that cause this behaviour is the vertical gaps left
on the frame wall. The shear force generated on the short column is inversely proportional
to the short column height [39,40]. Due to the ribbon windows placed on both sides of the
columns without any extra measures taken, the calculated height of the column shortens,
and the shear force is received at a much higher level than the calculated strength.

Having both long and short columns in the same storey of the building causes these
columns to be subjected to different shear forces during the earthquake due to the height
difference. Earthquake loads primarily affect long and flexible columns and then affect
short columns, where they cause energy accumulation. Due to this accumulation, X-shaped
shear cracks occur at both the lower and upper ends of the column. Long and short columns
with the same cross-sectional area suffer the same displacement (A) under earthquake load
(Figure 1). However, short columns are more rigid than long ones, so they are subjected to
more earthquake load. This is referred to as the short-column effect and is a point that needs
to be considered in the early phases of architectural design [41]. Short column formations
in the buildings are given in Figure 2.
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Figure 2. Short column formations.
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One of the most significant causes of damage observed as a consequence of earth-
quakes is short-column formation. Short columns are subjected to high shear stress, and
when the shear resistance is exceeded, brittle collapses take place on these elements. The
early strength loss that takes place in these elements also limits the displacement capacity
of the building. In turn, brittle collapses become inevitable in buildings with short columns
that cannot meet the displacements forced by the earthquake. In addition, since the lateral
load capacities of these elements are limited by shear capacities, their bending capacities
also cannot be utilized fully [43,44]. Different levels of damage occur due to short columns
in earthquakes occurring in different countries of the world [45-47]. Figure 3 presents some
short-column damages observed in earthquakes.
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Figure 3. Short column damages: (a)-24 January 2020 Elaz1g earthquake [48], (b)-25 January 1999
Armenia Colombia earthquake [49], (c)-26 January 2001 (Bhuj) India earthquake [50].

3. Performance-Based Assessment and Design Principles

Following numerous destructive earthquakes worldwide, the significance of research,
studies and earthquake prevention has recently increased. Due to the vulnerability of both
rural and urban building stock, earthquake damages grow. The magnitude of the earth-
quakes and the poor structural characteristics increase the size of the damage. Knowing
the characteristics of buildings that will be adversely affected by their behaviour under
earthquakes will reduce damage risk after earthquakes. Determining how well structures
perform is the first step in minimizing earthquake damage. After earthquakes in Ttirkiye,
particularly in the past 30 years, protecting existing buildings has become increasingly im-
portant. For RC structures already in existence, performance-based assessment procedures
are frequently applied. A building’s susceptibility to earthquake damage is known as its
seismic vulnerability. Seismic vulnerability relationships make an effort to forecast, for a
variety of building classes, the severity and scope of damage at specific seismic demand
levels [51].

Using the performance-based design and evaluation technique, it is feasible to calculate
the quantities of damage levels caused by design ground motion inside the structural
system elements. It is examined whether this damage remains below the permitted damage
thresholds for each pertinent element. Reasonable damage limits are established in a
way that is consistent with the anticipated performance goals at different earthquake
levels [52,53]. The evaluation process aims to calculate the required earthquake force at
which the building would meet its performance goals. The highest reaction that a building
gives against seismic action during an earthquake is displayed on the demand spectrum
used to assess the system performance of the building [54].

Two essential performance-based design and assessment parameters are earthquake
demand and capacity [55,56]. Static pushover and capacity curve serve as representations
of structural capacity. This capacity curve is created by plotting the relationship between
the base shear force and the displacement of the building’s roof. The building system is
calculated with gravity loads and lateral forces that increase proportionately up to the
target point where structural capacity ends. The non-linear static method’s actual goal is to
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calculate a building’s target displacement, which is then used to do a final pushover analysis
by increasing lateral loads until the target displacement is reached. In conclusion, demand
values such as strains, displacements, internal forces and rotations are calculated, and
the behaviour of the analysed section is measured for different cross-section performance
levels by comparing the strains obtained from the total curvature of the section with the
determined upper bound strains [57-59].

In this paper, structural analysis was performed by using static pushover analy-
sis while determining the earthquake performance of the reference RC structure model.
Pushover analysis is a typical method for determining seismic demand in building designs
and evaluations [60]. The pushover curve is calculated using the static multiplier that
was produced by applying the theorem of virtual works while considering the mechanism
under study’s various kinematic configurations at large displacements [61]. Pushover
analysis is one of the most frequently used methods to estimate the non-linear behaviour
of buildings [62]. In addition to the target displacement, stress-strain relationships for the
material are also important factors in the structural analysis [63].

The building performance of the building model with a short column was determined
separately according to two different methods using static pushover analysis. Design and
evaluation methods were used according to the strength and deformation in the earthquake
code currently used in Ttirkiye [64].

The strength-based design approach is one of the two main approaches for designing
structural systems under the influence of earthquakes: (a) Reduced seismic loads corre-
sponding to the ductility capacity of the structural system defined for a certain predicted
performance target are determined. (b) Linear earthquake calculation of the bearing system
is made under reduced seismic loads. The strength demands are obtained by combining the
reduced internal forces of the element found from this calculation with the internal forces
of other loads, taking the excess strength into account when necessary. (c) Member strength
demands are compared with the internal force capacities (strength capacities) defined
for the anticipated performance target. (d) The relative storey drifts obtained from the
earthquake calculation are compared with the allowable limits. (e) The design is completed
by showing that the strengths are below the strength capacities and, simultaneously, the
relative storey drifts are below the permissible limits. Otherwise, the frame sections are
changed, and the calculation is repeated.

The deformation-based design approach is the other main approach for structural build-
ing systems under the influence of earthquakes: (a) Internal force-deformation relations
compatible with non-linear modelling approaches of existing or previously pre-designed
structural systems are determined. (b) Under the earthquake ground motions selected per the
predicted performance targets, the structural system’s static or time history analysis is calcu-
lated with dynamic incremental methods, and deformation demands of non-linear ductile
behaviour and strength demands of brittle behaviour are attained. (c) Obtained deformation
and internal force demands are compared with defined deformation and strength capacities
by the anticipated performance targets. (d) For existing buildings, the assessment according to
deformation is completed by showing that the deformation and strength demands are below
or exceed the corresponding deformation and strength capacities. (e) If the deformation and
strength demand for new or existing buildings to be strengthened are below the corresponding
deformation and strength capacities, the design is completed according to the deformation-
based design approach. Otherwise, the frame sections are changed, the calculation is repeated
and re-evaluated and the design is finalised according to the deformation.

As in countries with high earthquake risk, earthquake-resistant building design rules
have been developed and updated in Tiirkiye over time. With the current code, design and
evaluation principles have been adopted according to both strength and deformation.

This study compared the strength-based design approach, the changes in relative storey-
drift, soft-storey formation and column shear force. Additionally, with the deformation-based
design approach, roof displacement, capacity curves, and damage to the structural elements
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and plastic rotations were compared. Therefore, this study allowed a very detailed comparison
of the short-column effects.

4. Structural Models and Analysis Results
4.1. Description of the Numerical Model

The chosen RC frame building comprises seven storeys, each of which is 3 m high.
The blueprint of the sample RC building is shown in Figure 4. The sample RC building has
been designed in accordance with TEBC-2018 principles.

Figure 4. The blueprint of the sample RC building (all dimensions are in cm).

The structural features considered for the RC building selected as an example are
shown in Table 1.

Table 1. Sample RC model features.

Number of storeys 7

Storey height 3m
Concrete grade C25
Reinforcement grade B420C
Dead load (g) 4.5 kN/m?
Live load (q) 2 kN /m?

Location of the structure (Latitude-Longitude)

37.73534-30.305906

Infill wall load (g) 4 kN/m
Column stirrup reinforcement * ®8/100 (mm)
Beam stirrup reinforcement * $8/100 (mm)
Local soil class ZD

SDS 1.0721

Sp1 0.4786

Live load reduction coefficient (n) 0.3

* In confinement region.

In this study, since two different design approaches in the current seismic design in
Tturkiye are taken into account, the design spectrum used in this country has been taken
into account. For this purpose, the design spectrum obtained for any geographical location
in Burdur province was used. Along with the earthquake hazard map currently used in
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Tiirkiye, map spectral acceleration coefficients (Sg, S1) have been used for the first time.
By multiplying these coefficients with the local soil effect coefficients (F;, F1), the design
spectral acceleration coefficients are obtained separately for a short period (0.2 s) (Spg) and
a long period (1.0 s) (Spy). These values are directly obtained with the help of the Tiirkiye
Earthquake Hazard Maps Interactive Web Application [65], which has been implemented
with the current earthquake code. This study used this application was used for the location
where the building will be built. The design spectrum used in structural analysis is shown
in Figure 5.

1.2
1.0

0.8

Sae (g)

0.4

0.2

0 1 2 3 4 5 i [ 8
Period (s)

Figure 5. Design spectrum for structural analyses.

The cross-section and dimensions of the beams and columns used in the reinforced
concrete structure chosen as an example are shown in Figure 6. All columns and beams
have the same size and reinforcement in the sample RC building model. In the calculations,
the effect of slabs on the stiffness of the beams is neglected, and slabs are considered
only as loads. As can be seen in Figure 6, a reinforcement selection was made in the
columns according to the minimum longitudinal reinforcement ratio (0.01) allowed for the
columns of TBEC-2018. In addition, by using crossties with stirrups, the maximum spacing
requirement between stirrup arms has been reduced below 25 X Oiransverse- In beam
supports, the tension reinforcement is above the minimum reinforcement ratio (0.8 f.tq/fyq)
and below the maximum reinforcement ratio (o, pmax €tc.) given in TS-500-2000 and
TBEC-2018. In addition, the compressive reinforcement/tensile reinforcement ratio of the
beams in the supports was kept above 0.5and the ductility condition of the beam support
section specified for Spg > 0.75 in TBDY-2018 was also met.

The reference building model and short column formation models considered in the
study are shown in Figure 7. Red-coloured columns are modelled as short columns. Only the
appearance of the first 2 storeys is shown for a better understanding of the structural models.
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Figure 6. Cross-sections of columns and beam support.

Band-type window Mezzanine floor

Figure 7. Four different structural models considered in the study.

Considering the common situations that cause short column formation, a total of
four different structural models, including the reference model where no short column
formation is expected and three different models where potential short column effects may
occur due to the hill slope effect, band-type window and mezzanine floor, were created
using SAP2000 software [66]. In the structural models, the blueprint of the sample RC
building has not been changed; the short column lengths and their axes are given in Table 2.
All other columns not included in this table are considered non-short columns. While
creating the structural models, separate short columns were created for the three cases
that caused the formation of short columns and were considered in the study. Structural
features were kept constant in order to reveal the short-column effect.

The fundamental natural periods of all structural models were obtained by eigenvalue
analysis. The periods are given in Table 3. Since the short column heights will increase the
stiffness values due to the short column formations, the period values have taken lower
values in the short column structural models.
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Table 2. Short columns length and their axes.

Mezzanine Floor

Hill Slope Effect Band-Type Window

Axes with a short column

Short column length
Number of short columns/
total columns (%)

All columns on the 1st and 5th
axes of the 1st storey
0.7 m

5.71% (10/175)

All columns on the 4th and 5th
axes of the 1st storey
15m

5.71% (10/175)

All axes of the 2nd storey
2m

14.29% (25/175)

Table 3. The periods of the structural models.

Mezzanine Floor

0.903

Reference Model
0.989

Model
Period (s)

Band-Type Window
0.868

Hill-Slope Effect
0.928

4.2. Investigation of Short Column Effect by the Strength-Based Design Approach

In order to take into account the possible uncertainties in the stiffness and mass distri-
bution of the structural system of the building under the influence of earthquake ground
motion, the earthquake calculation was made by considering the additional eccentricity of
£5% for each of the X and Y directions. For each storey, X direction +0.05 additional eccen-
tricity (Ex+), x direction —0.05 additional eccentricity (Ex—), Y direction +0.05 additional
eccentricity (Ey.), y direction —0.05 additional eccentricity (Ey-) earthquake calculations
were made using four different earthquake directions/eccentricities, and the findings are
given below.

4.2.1. Investigation of the Change in Relative Storey Drifts

Considering the highest values obtained from four different earthquake loadings
(Ex+, Ex—, Ey+, Ey_) for each storey, the relative drifts in the X direction depending on the
storey are shown in Figure 8.

el
QO
g 4
=
[72]
3
2
1 e==""
0 0.001 0.002 0.003 0.004 0.005 0.006
A;(m)
—@— Reference model = A= Band-type window ... Hill-slope effect ——@ - Mezzanine floor

Figure 8. Comparison of the highest relative storey drifts for each storey.

Short columns formed due to the band-type window formation reduced the relative
drifts of the ground storey by 88% compared to the reference model. The short columns
formed due to the hill-slope effect reduced the relative drifts of the first storey by 31%
compared to the reference model. The short columns formed due to the formation of the
mezzanine floor reduced the relative drifts of the second storey by 43% compared to the
reference model. Considering the maximum relative drifts of all floors, the highest relative
drifts occurred in the band-type window, the hill-slope effect, the reference model and the
mezzanine floor model building, respectively.
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4.2.2. Investigation of Soft-Storey Formation

Whether there is a soft storey irregularity in a building under investigation is deter-
mined by looking at the stiffness irregularity coefficient (#;). The coefficient of stiffness
irregularity (17y;) is obtained by dividing the average storey drift ratio at any i-th storey
by the average relative storey drift ratio at an upper or a lower storey for either of two
perpendicular earthquake directions. The calculation of the stiffness irregularity coefficient
(1) for the calculation direction X is shown in Equation (1).

A%

) /hl
ki, (lower) = X

/hi—q

)
(mean 1)
A

)
—1(mean)

X)
Ai (mean

)/hl
A% /i1

i+1(mean)

2

i, (upper) =

ki in Equation (2) is the stiffness irregularity coefficient obtained by dividing the
average relative storey drift ratio of the i-th storey by the average relative storey drift ratio
of alower ((i — 1) storey; 7y; (upper)) expresses the stiffness irregularity coefficient obtained
by dividing the average relative storey drift ratio of the i-th storey by the average relative
storey drift ratio of the upper ((i + 1) storey).

Stiffness irregularity coefficients were obtained for each storey’s four different earth-
quake types (Ex+, Ex—, Ey+, Ey_). The highest soft-storey irregularity coefficients obtained
from four different earthquake types were determined as the soft-storey irregularity coeffi-
cient of the relevant storey, shown in Figure 9. According to the TBEC-2018, Inter-storey
Stiffness Irregularity (Soft Storey) coefficients (ny;) were obtained for each of the two or-
thogonal earthquake directions and four different earthquake types (Ex+, Ex—, Ey+, By-) of
each storey by considering the effects of 5% additional eccentricities.

—@— Reference model
—i— Band-type window

= Hill-slope effect

—g— Mezzanine floor

= = TBEC limitation

Stiffnes irregularity coefficient (nw)
N
w

Storey

Figure 9. Stiffness irregularity coefficients (ny;) of RC building models.

According to TBEC-2018, if the stiffness irregularity coefficient (ny;) is more than 2
on any storey, it is stated that there is a soft storey irregularity in the building. Since the
stiffness irregularity coefficients in the second storey of the band-type window and the
hill-slope effect models were obtained as 4.6 and 2.3, respectively, soft storey irregularity
occurred on these storeys. Therefore, due to the band-type window and the hill-slope effect,
the storey where the formation of short columns occurs is considerably more rigid than
the upper storey. This causes stiffness irregularity between adjacent storeys. Since the
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height of the second storey of the structural model, including the mezzanine storey, is lower
than that of the reference model, it was a more rigid storey than the second storey of the
reference model, which caused the relative drifts of the mezzanine storey to be lower than
that of the reference model. Therefore, the mezzanine storey model’s soft-storey irregularity
coefficient is less than the reference model’s second storey. Since the stiffness irregularity
coefficient was less than 2 in the reference and mezzanine models, soft storey irregularity
was not observed in these models.

4.2.3. Investigation of Column Shear Force Variation

In order to examine the effect of short column formation on the column shear force, the
shear forces of the columns in the first and second storeys were obtained for four earthquake
types (Ex+, Ex—, Ey+, By_), and these values are shown in Figure 10. When the shear force
of the columns on the first storey is examined, the models with the highest increase in
shear force compared to the reference model are the band-type window and the hill-slope
effect models, respectively. Shear forces in the first storey columns of the mezzanine floor
and reference models were close. When the column shear forces on the second storey are
examined, the model with the highest shear force increase is the mezzanine floor model.
The shear forces on the second-storey columns of the band-type window and the hill-slope
effect models were close to the reference model.
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Figure 10. Column shear forces.

While there was an average increase of 261% in the short columns in the band-type
window model compared to the same columns in the reference model, there was a decrease
of 49% in the regular columns (non-short) in the same storey compared to the same columns
in the reference model. On the other hand, while there was an average of 122% increase
in the short columns in the hill-slope effect building model compared to the reference
model, there was a 71% decrease in the regular columns on the same storey compared to the
reference model. In other words, short columns had to carry the shear- force of non-short
columns on the same storey due to the formation of short columns. In the mezzanine floor
model, some columns increased by 30% compared to the same columns in the reference
model, while a decrease of around 92% occurred in columns S210, S220 and S225.

4.3. Investigation of the Short Column Effect by the Deformation-Based Design Approach

In order to examine the effect of short column formation on section damages, a non-
linear behaviour model of each of the reference models, the hill-slope effect, the band-type
window and the mezzanine floor models were created. Plastic rotation limits were obtained
for the Damage Limitation (DL), the Controlled Damage (CD) and Prevention of Collapse
(PC) performance levels conditions given for the lumped plastic hinge model of columns
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and beams modelled as bar elements in TBEC-2018. After the plastic hinge sections of
each structural element were determined, these hinges were assigned to both ends of the
column and beam elements. M3 plastic hinge is used for beams, and P-M2-M3 plastic
hinge is used for column sections. Moment-curvature analyses obtained plastic hinge
properties of the sections. In these analyses, the unwrapped Mander stress-strain diagram
was used for the shell concrete and the wrapped concrete for the core concrete. In the
moment-curvature analyses, the yield unit strain of reinforcement steel is 0.0021, the tensile
strain of reinforcement steel is 0.1, the yield strength of reinforcement steel is 420 MPa
and the tensile strength is 550 MPa. A P-joint definition for shear power consumption
has not been made, as necessary precautions have been taken regarding shearing in the
elements. Second-order effects are neglected in the structural analyses. Horizontal loads
were applied to the story mass centers of the model buildings according to the values
obtained by multiplying the mode shape amplitude of the X-direction of the floors, and the
masses and static pushover analyses were performed. The capacity curves obtained for the
X direction are given in Figure 11.
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0.08 ~e—-Reference model

=#=Hill-slope effect
0.06 -
—4—Band-type window

0.04 - —+—Mezzanine floor
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Base Shear Force/Building Weight

Figure 11. Comparison of capacity curves.

It is seen that the buildings with the highest ratio of base shear force to building weight
are the band-type window, the hill-slope effect, the mezzanine floor and the reference model,
respectively. The ratio of the highest base shear force to the weight of the building was
obtained in the band-type window with the most rigid behaviour model. So, it can be said
that the building with the most rigid behaviour is the band-type window, and the building
with the least rigid behaviour is the reference building. In order to determine the damage
to the columns and beams, the building should be subjected to a static pushover analysis
until the roof displacement demand. Therefore, obtaining the roof displacement demands for
each model building in the X direction is necessary. In order to obtain the roof displacement
demands of the models, the modal capacity spectrum and the demand spectrum must intersect.
The modal capacity spectrum is obtained by axis conversion of the capacity curve obtained
as a result of the pushover analysis. The purpose of the axis conversion process is to bring
together the capacity curve and the demand spectrum on the same graph. With the axis
conversion process, the y-axis of the capacity curve is converted from shear force (Vi) to
spectral acceleration (Sse), and the x-axis is converted from roof-floor displacement (A) to
spectral displacement (S4.). Obtaining the loft displacement request for the reference modal
building is given in Figure 12.
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Figure 12. Obtaining the roof displacement demand for the reference model building.

The slope of the initial tangent shown in black in Figure 12 is calculated by the square
of the dominant angular frequency of the reference model building (w?). The modal
displacement demand is found by intersecting the initial tangent drawn from the modal
capacity curve with the demand spectrum (S4.(T1)). The solid roof displacement demand
is obtained by multiplying the modal displacement demand with the modal participation
factor. The roof displacement demands obtained for all models are given in Figure 13.

Mezzanine floor

Band-type window

Reference model

Hillstope effect |

120 125 130 135 140 145 150 155

Roof Displacement Demand (mm)

Figure 13. Comparison of roof displacement demands.

Since the structural models with short columns show a more rigid behaviour, the roof
displacement demands are lower than the reference model. The band-type window model
with the most rigid behaviour obtained the lowest roof displacement demand. Each of the
model buildings was subjected to static pushover analysis until the target displacement
demand in order to determine the damage in the structural elements. The blue-colored
plastic hinge formed in the structural elements, the plastic rotation occurred in the section
as a result of the static push-over analysis remains between the limits given for the Damage
Limitation (DL) and the Controlled Damage (CD) in TBEC-2018, so it is in the obvious
damage zone. The turquoise-coloured plastic hinge indicates that the plastic rotation in the
section is between the Controlled Damage (CD) and Prevention of Collapse (PC) plastic
rotation limits, that is, in the advanced damage zone. Section damage limits and specified
zones are given in Figure 14. The results for damage situations are shown in Figure 15.
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In all models, the columns remained in the zone of either obvious damage or damage
limitation zone. The number of columns remaining in the obvious and damage limitation
zone for the first and second floors of each structural model is given in Figure 16.
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Figure 16. Column damage zones of the structural models.

The damage zones where the columns are located in the reference and mezzanine
models are the same. In other words, the short column formed due to the mezzanine
floor did not change the damage zone where the column was located. All the columns,
which became short columns due to the band-type window and slope effect, remained
in the obvious damage zone as in the reference model. However, in the hill-slope effect
and band-type window models, all non-short columns (regular column) are in the damage
limitation zone in these models, while they are in the obvious damage zone in the reference
model with the effect of the short columns on the same storey. As it can be understood
from this, since the roof displacement demands of the short column models are lower than
the reference model, these models were subjected to less thrust up to the roof displacement,
which contributed positively to the damaged zones of the hill-slope effect, the band-type
window and the and non-short columns (regular columns).

As aresult of the pushover analysis, the plastic rotations occurring in the short columns
increased considerably compared to the reference model. However, since these rotations
did not exceed the controlled damage plastic rotation limit in the regulation, the damaged
zone in the columns remained the same. Therefore, in order to better understand the
short-column effect, it would be more appropriate to compare the plastic rotation of the
structural elements instead of the damaged zone where the structural elements are located.
The rotations on the first-floor columns are given in Figure 17.
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Figure 17. Comparison of plastic rotations.

Columns with zero plastic rotation are not included in Figure 17. For example, since

plastic rotation does not occur in any of the non-short columns in the band-type window
model, there is no data on these columns in the figure. The highest plastic rotations were
obtained in band-type window models. The plastic rotations occurring in the columns in
the hill-slope effect model were close to the band-type window. The rotations occurring
in the mezzanine floor model were, on average, 24% higher than in the reference model.
Especially in buildings with band-type windows and buildings under the effect of hill
slope effect, the increase in plastic rotation demands in columns between 5101 and 5110
has increased the damage level.

5. Conclusions

(a)

(b)

Earthquake codes in Tiirkiye have been updated over time, and the last earthquake
code came into force in 2019. In this code, designs can be made according to strength
and deformation. In this study, short column effects were tried to be revealed for four
different structural models using both methods. The structural models were created
for three different situations: the hill slope effect, band-type window and mezzanine
floor, which may cause short column formation. The results obtained from the structural
analyses using SAP2000 were compared with the reference building model with no short
columns. The findings obtained from the study are summarised below;

According to the Strength-based Design Approach:

(1) Short columns formed due to the band-type window formation reduced the
relative drifts of the ground storey by 88% compared to the reference model. The
mentioned ratio decreased to 31% in buildings with a hill-slope effect. However,
the mezzanine floor reduced the second-floor relative drifts by 43% compared
to the reference model. It is clear that these effects are related to the increase in
rigidity with the decrease in column lengths. In addition to these, the maximum
relative drifts of all floors and the highest relative drifts occurred in the band-type
window. The displacements are inversely proportional to the column’s stiffness
(especially the length of the column). However, while the stiffness increases in
short columns, the shear forces obtained by dividing the moments occurring at
the column ends by the column length increase significantly;

(2) Itwas determined that the relative drifts from the first floor of the building decreased
significantly due to the band-type window and slope effect, which caused the
second floor to fall into the soft-storey status. The soft storey phenomenon is
related to the average relative storey drifts of the floors. If the stiffness irregularity
coefficient, which is found by dividing the average storey drift ratio in the floor in
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(0)

®)

the direction of the earthquake direction, by the average relative storey drift ratio of
one upper or lower storey, is greater than 2.0, soft storey irregularity is observed;
According to TBEC-2018, the stiffness irregularity coefficient (ny;) can be more
than 2, especially in buildings with band-type windows. This indicates that
the irregularity referred to as B2 may be critical for these buildings. A similar
situation exists in models with a hill-slope effect, albeit limited. In the case of
this irregularity, some limitations have been introduced for the application of the
Equivalent Seismic Load Method;

When the changes in the shear forces in the columns are examined, it is seen that
the highest increase occurs in the first and fifth axes of the Band-Type buildings
and in the first and second axes of the buildings having the hill-slope effect.
However, these increases were not at a level that could cause shear damage to
the columns. Considering the frequency of stirrups and crossties used, concrete
compressive strength and column sections, it is seen that the shear demand does
not exceed the shear capacity of the columns.

According to the Deformation-based Design Approach;

1)

Changing stiffness has also changed the period of the buildings and the dis-
placement demand. Here, it is seen that the building with the least ductility
requirement is the buildings with Band-Type type short columns. However, it
should not be forgotten that the demand for shear force increases in this model
inversely proportional to the displacement;

Especially in buildings with the hill slope effect, the increase in plastic rotation
demands 4-5 times compared to the reference building has significantly increased
the bending damage of the columns in this building. Similarly, in buildings with
band-type windows, the plastic rotation demands increase 2-3 times in the
relevant axes compared to the reference building. The increase in plastic rotation
demands, especially on critical floors, may cause increased column damage and
insufficient global performance of the building;

Since the period decreases with the increase in stiffness in short-column models,
the roof displacement demands of these models are lower than the reference
model. In this situation, it is incorrect to think that the short column models’
performance is better than the reference model. Because of the short column
formation, the plastic rotation of the short columns increases considerably, even
with low roof demands. In the short-column models created within the scope of
the study, the plastic rotations occurring in the short columns increased signif-
icantly, but since these values did not exceed the controlled damage limit, the
performance status of the models did not change. However, in different buildings
with different storey numbers, blueprints and material properties, the plastic
rotations increasing in this size in short columns can change the performance
status of the buildings.

The Strength-Based Design Approach and Deformation-Based Design Approach
showed that short column formation is an important parameter in structural behaviour.
Although there are many studies on this subject in the literature, it has been shown in this
study that the most critical short column performance is in buildings with band windows,
and the most innocent short columns are in buildings with mezzanine floors. The build-
ings considered in this study are modelled according to the strict design rules given in
TBEC-2018. Therefore, none of the vulnerabilities mentioned in this article caused shear
damage. However, changes in the models related to rotation and displacement demands
have affected the structural performance. The authors plan future and ongoing studies
to include structural defects in the models in question. For example, it is estimated that
the presence of some parameters that reduce the shear capacity, such as the low concrete
strength and the absence of stirrup confinement, will affect the global performance more.
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