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A B S T R A C T 

In this study, we present the effect of various negativity parameters on steel structures that cause post-
earthquake damage based on performance-based assessment. In accordance with this purpose, eigenvalue 

and pushover analysis are carried out for different negativity parameters such as number of story, soft 

story, short column, hill-slope effect and irregularity in plan for a sample steel structure in this study. 

Structural models were created over the reference building to cover each negativity parameter within the 
scope of this study. Natural vibration period, base shear force, target displacements for damage estimation 

and stiffness values are obtained for each structural model separately. The comparisons with the reference 

building model results are made. The effect to behavior of structures is determined and a reduction 

coefficient is proposed, for each negativity parameter, respectively. The proposed coefficients can be used 

to determine the risk priority in steel structures. It was concluded that each negativity parameter considered 

in this study reduces the behavior of the building under the effect of earthquakes. 

 

 

 

© 2020. Turkish Journal Park Academic. All rights reserved.  

 

1. Introduction  

The failure of the structures due to their insufficient 

vulnerability is the one of the main reason of significant loss of 

life and properties after the earthquakes (Hadzima-Nyarko et 

al., 2017; Pavić et al., 2020; Harirchian et al., 2020). 

Vulnerability can be defined simply as sensitivity of exposure 

to earthquake hazard (Coburn and Spence, 2003). Building 

stocks vulnerability can be expressed in terms damage 

potential respect of similar structures subjected to a seismic 

hazard (s) (Işık et al., 2018; Harirchian and Lahmer, 2020). The 

destructive power of seismic hazard reveals some weaknesses 

in urban environments (Inel and Meral, 2016; Işık et al., 2017). 

It is important to anticipate and take appropriate measures to 

reduce vulnerability and expected losses in order to prepare 

for management in the event of a potential earthquake 

(Ademović et al., 2020; Arslan et al., 2015). There are many 

structural parameters that can adversely affect the 

vulnerability of structures under earthquake impact (Işık 

2016; Šipoš and Hadzima-Nyarko, 2017). These negative 

structural parameters are caused by most structural damage 

and increased the damage amount after devastating 

earthquake (Yakut, 2004; Sucuoglu and Yazgan, 2003; Chever, 

2012). The main negative building characteristics that increase 

the amount of damage after earthquakes are included in both 

seismic design codes and rapid seismic assessment methods 

such as number of story, soft story, short column, hill-slope 

effect and irregularity in plan as stated in previous studies. 

(Harirchian, 2020; Sucuoğlu et al., 2007; Yakut et al., 2007; 

Ozmen et al., 2014; Tesfamariam and Liu, 2010; Alam and 

Alam, 2012; Jain et al., 2010; Ozcebe et al., 2003). In these 

studies, include rapid evaluation methods of structures and 

suggested a coefficient for the negativities generally found in 

reinforced-concrete (RC) structures.  

Within the scope of this study, number of stories, soft story, 
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short column, hill-slope effect and irregularity in plan, which 

are among the main parameters that cause vulnerability of 

buildings, are examined in terms of steel structures. Pushover 

and eigenvalue analyses were performed to determine how 

these parameters affect the earthquake behavior of the 

structures considering the structural models created for each 

negativity parameter. Natural vibration periods were obtained 

based on eigenvalue analysis. The base shear force, target 

displacements for damage estimation and stiffness values were 

obtained by using pushover analysis. A reduction coefficient is 

proposed for each negativity parameter considered in this 

study by using the values obtained from these two analyses. 

These reduction coefficients that obtained from this study can 

be used for the rapid assessment method for steel structures.  

Information is given about analysis and main parameters that 

taken into consideration in this study. After giving detailed 

information about the structural characteristics for sample 

steel structure, the analysis results are stated.  

 

2. Analysis Types 

In this study, Seismostruct, one of the software related to 

structures, was used (SeismoSoft, 2018). Two different 

analyses were carried out such as eigenvalue and pushover 

analysis. 

 

2.1. Eigenvalue Analysis  
Eigenvalue analyzes were performed for the building models 

created for each variable used in this study. Mode shapes and 

natural frequency for any structure can be obtained by 

eigenvalue analysis. Material properties always remain 

constant during the calculation (Antoniou and Pinho 2003; 

Kutanis et al., 2017; Aksoylu and Arslan, 2019). Briefly, it can 

be evaluated as pure elastic structural analysis. The cross 

section can be expressed by material cross-sectional 

properties such as torsion constant, moment of inertia, 

modulus of elasticity and stiffness modules (Lou et al., 2017; 

Nikoo et al., 2017; Zuo and Zha, 2018). Structure related modal 

period, frequency, modal participation factors, effective modal 

masses and their percentages can be calculated by eigenvalue 

analysis. 

 

2.2. Pushover Analysis 

Pushover analysis is one of the practical and effective methods 
to determine seismic capacities of structures in the design and 
evaluation process (Hsiao et al., 2015; Estêvão and Oliveira 
2015; Krawinkler and Seneviratna, 1998). This analysis 
method was developed to understand the nonlinear behaviour 
characteristics and performance of structures under 
horizontal loads (Chopra and Goel, 2002; Antoniou and Pinho, 
2004; Elnashai, 2001). Many data can be obtained such as the 
base shear capacity, displacement ductility of the structure, the 
damages in the structural system elements and the distribution 
of forces in the structure after damage by pushover analysis 
(Aydinolglu, 2003; Gupta and Kunnath, 2000; Papanikolaou 

and  Elnashai, 2005; Bracci et al., 1997). The capacity curve 
representing the relationship between the base shear force and 
peak displacement is also obtained from the pushover analysis. 
To obtain this curve, the lateral forces are increased 
monolithically until the displacement of the top of the building 
reaches a predetermined displacement value (Inel and Ozmen, 
2006; Antoniou and Pinho, 2004; Işık and Kutanis, 2015; 
Jalayer et al., 2015). Typical pushover curve was given in 
Figure 1.  

 

Figure 1. Typical pushover and idealized capacity curves 

 

3.Description of Sample Steel Structure and 

Modelling 

In this study, ZA local ground type that given in Eurocode-8 
(Eurocode-8, 2005) was chosen as the local soil class for all 
structural models. The characteristics of this soil type (ZA) are 
given in Table 1. 

 

Table 1. Local ground type ZA (Eurocode-8 2005) 

Ground 
Type 

Description of 
stratigraphic profile 

Parameters 

(VS)30 

[m/s] 

NSPT 

[blows 
/30cm] 

(cu)30 

[kPa] 

ZA 

Rock or other rock-like 
geological like geological 
formation, including at 

most 5 m of weaker 
material at the surface. 

>800 ---- ---- 

 

Material models have an important place in seismic analysis of 
the buildings (Işık and Ozdemir, 2017). Calculations were 
made for steel model selected as Menegetto-Pinto steel model 
(stl_mp) (Menegotto, 1973) in this study. The stress-strain 
relationship of the material model is demonstrated in Figure 2. 
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Figure 2. Material models for concrete and steel considered in the 
study  

The cross-sectional representation and the dimensions of the 
selected profile are shown in Figure 3.  

Figure 3. Cross sections of the steel profiles  

The cross-section dimensions of profiles that used in this study 
are given in Table 2. 

 

Table 2. Cross section dimensions of the profiles  

Profile 

HEB 

360 

HEB 

400 

IPE 

270 

IPE 

360 

IPE 

400 

Bottom Flange 

Width (m) 0.3000 0.3000 0.1350 0.1700 0.1800 

Bottom Flange 

Thickness (m) 0.0225 0.0240 0.0102 0.0127 0.0135 

Top Flange 

Width (m) 0.3000 0.3000 0.1350 0.1700 0.1800 

Top Flange 

Thickness (m) 0.0225 0.0240 0.0102 0.0127 0.0135 

Web height (m) 0.3150 0.3520 0.2496 0.3346 0.3730 

Web Thickness 

(m) 0.0125 0.0135 0.0066 0.008 0.0086 

The floor plan of the steel structure considered in the study is 
shown in Figure 4. 

 

Figure  4. The plan of the sample steel structure 

The 2D model of an exemplary axis of the steel structure 
considered in the study is given in Figure 5. 

 

Figure 5. 2D model of the sample steel structure 

The three-dimensional model obtained in the software for the 
structure and the loads that were applied are given in Figure 6. 
The loading condition is taken as a constant for all building 
models.  

 

Figure 6.  The 3D model and applied loads of the sample steel structure 
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In performance-based Earthquake Engineering, determining 
target displacements is essential for damage estimation when 
definite performance limits of structural elements are reached. 
The limit states are given in Eurocode-8 (Part 3) (Eurocode, 
2005; Pinto et al, 2011) were taken into account for damage 
assessment used universal in the structural analysis. The 
damage assessment of limit states are presented in Table 3, 
along with Eurocode-8. These values were computed for all 
building models. 

 

Table 3. Limit states in Eurocode-8 (Part 3) 

Limit State Description 
Return 
Period 
(year) 

Probability  of 
exceedance  

(in 50 years) 

Limit state 
of damage 
limitation 

(DL) 

Only lightly damaged, 
damage to non-structural 
components economically 

repairable 

225 0.20 

Limit state 
of 

significant 
damage 

(SD) 

Significantly damaged, 
some residual strength 

and stiffness, non-
structural components 

damaged, uneconomic to 
repair 

475 0.10 

Limit state 
of near 

collapse 
(NC) 

Heavily damaged, very 
low residual strength & 

stiffness, large permanent 
drift but still standing 

2475 0.02 

Base shear forces for each structural model were calculated 
separately for both directions. The displacement at the 
moment of yield (dy), elastic stiffness (K_elas) and effective 
stiffness (K_eff) values were also calculated separately for all 
structural models.  

4. Main Negative Structural Parameters and Analysis 
Results 

Some properties of the structures closely affect the earthquake 
damages that occur. In this study, five main vulnerabilities that 
cause earthquake damages have been taken into consideration. 
The number of stories, soft story, short column, hill- slope 
effect and irregularity in the plan were chosen as variables in 
structural analysis in this study. The specified analyzes for each 
variable were made separately. The comparisons are made 
between reference model and building model with negativity. 

4.1. Number of Stories  

One of the factors causing structural damage is the total 
number of stories of the building. It is revealed that there is an 
almost linear relationship between the number of studies and 
building damage in buildings in previous observations and 
studies (Şengezer, 1999) Analyzes were carried out by 
selecting three different numbers of stories for this parameter. 
Story heights are taken as 3m and equal in all stories in all 
structural models. Only the number of stories is taken as 
variable. Two-dimensional building models are shown in 
Figure 7. 

 

Figure 7. 2D models obtained for number of stories 

Three-dimensional models obtained from the software of the 
selected structures, 4-story, 5-story and 6-story, are given in 
Figure 8. 

 

Figure 8. 3D models of the building models 

Comparison of pushover analysis curves obtained for different 
story number in both direction is given in Figure 9. 

 

Figure 9. Comparison of pushover curves obtained for story change 

The comparisons of eigenvalue and pushover analysis results 
are given in Table 4. 
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Table 4. Comparison of the values obtained for story change 
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6 X 0.406 6538 16485 14992 0.436 0.022 0.029 0.045 

5 X 0.326 7052 21586 18224 0.355 0.014 0.017 0.031 

4 X 0.250 7683 33141 27913 0.275 0.00734 0.00942 0.01633 

6 Y 0.40579 6272.83 23248.5 22247.5 0.282 0.01591 0.02041 0.03539 

5 Y 0.32620 6489.65 28545.2 26906.8 0.241 0.01069 0.01371 0.02378 

4 Y 0.24991 6695.2 36451.8 33815.2 0.198 0.00650 0.00834 0.01446 

4.2. Soft Story  

The stiffness and strength of any story in the building is 
significantly less than the other stories, creates the concept of 
soft story. Soft story can be occurring due to different 
characteristics between stories (such as the height of the 
stories), changing of the structural system, using different 
floors system or due to the change in the amount of partition 
walls that are not considered to belong to the structural system 
(Inel et al., 2011; Tezcan et al., 2007; Jara et al., 2020).  Within 
the scope of this study, a soft story was created with the height 
of the ground story being higher than the other stories. The 
ground story height was chosen differently according to other 
story heights and analyzes were carried out according these 
structural models. The heights on the other stories remained 
constant in each model. Apart from this, all parameters that are 
essential for structural analysis are taken as the same in each 
model. In order to examine the ground story height change, 
three different building models have been created by taking 
the ground story height such as 3m, 3.5m and 4.0m. Two-
dimensional models of these structures are given in Figure 10. 

 

 

Figure 10.  2D models of the different ground story height 
 

Comparison of the curves obtained as a result of pushover 
analysis in X and Y directions due to changing of ground story 
height are given in Figure 11. 

 

Figure 11. Comparison of pushover curves obtained for different 
ground story change 

Comparison of analysis results values for changing ground 
story height is given in Table 5. 

 

Table 5. Comparison of the results for ground story height 
change 
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3 X 0.40579 6537.71 16485.2 14992.3 0.4361 0.02235 0.02867 0.04970 

3.5 X 0.42106 6191.32 15366.2 13977.6 0.443 0.02490 0.03190 0.05529 

4 X 0.43730 5870.31 14311.1 12984.5 0.452 0.02770 0.0356 0.06166 

3 Y 0.40579 6272.83 23248.5 22247.5 0.282 0.01591 0.02041 0.03539 

3.5 Y 0.42106 5421.24 21013.9 20222.7 0.268 0.01860 0.02380 0.04127 

4 Y 0.43730 4669.74 20479 18080.3 0.258 0.02190 0.02810 0.04876 

 

4.3. Short Column 

Short columns may formed different ways. A column being 
shorter than the way it was originally designed in the building 
is defined with the concept of short column (Bal et al., 2008). 
Short columns may occur either because the original column 
length-to-depth ratio is small, or due to the presence of an 
obstacle along a certain height of the column (e.g. low brick 
masonry wall) in which case the effective length of the column 
is reduced and equals the column’s unflanked length. (Moretti 
and Tassios, 2013; Chen et al., 2010; Çağatay et al., 2009). 
While creating the short column, the ground and 1st story 
height values in the building were chosen to be lower than the 
other stories. While all story heights are 3m, ground story 
height is 3.5 m and 2nd story height is 2.5m. The total height of 
the building has not been changed. Two-dimensional models of 
these structures are given in Figure 12. 
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Figure 12 . 2D models obtained for short column effect 

Comparison of curves obtained as a result of static pushover 
analysis in X and Y directions due to short column change are 
given in Figure 13. 

 

Figure 13. Pushover curves for short column 

Comparison of analysis results values for short column is given 
in Table 6. 

Table 6. Comparisons of results for short column 
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Reference X 0.405 6537.7 16485.2 14992.3 0.4361 0.0223 0.0287 0.0497 

Short 
Column 

X 0.402 6472.7 16668.3 15239.3 0.425 0.0221 0.0284 0.0493 

Reference Y 0.405 6272.8 23248.5 22247.5 0.282 0.0159 0.0204 0.0354 

Short 
Column 

Y 0.402 5489.5 22978.9 22224.6 0.247 0.0164 0.0210 0.0364 

4.4. Hill-slope Effect  

The fact that the building is prominently on a hill or on a high 
slope will slightly increase the earthquake effects it will be 
exposed to or exposed to. For geological and topographic 
reasons, buildings have to be built under the influence of hill-
slope. As a result, level differences occur on the story where the 
building meets the ground. This situation creates height 
differences in the structural system elements and causes the 
formation of short and long columns (Mohammad et al., 2017; 
Tezcan et al., 2011). The structural models were created by 
reducing the height values of the columns on the ground story 

of the building while considering the hill - slope effect. Two-
dimensional building models obtained while considering the 
hill-slope effect are given in Figure 14. 

 

Figure 14. 2D models for hill-slope effect 

Comparison of curves obtained as a result of pushover analysis 
in X and Y directions due to hill-slope effect are given in Figure 
15. 

 

Figure 15. Comparisons of pushover curves for hill-slope effect 

The comparison of analyses results for hill-slope effect is given 
in Table 7. 

Table 7. Comparison of result values for the hill-slope effect 
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Reference X 0.405 6537.71 16485.2 14992.31 0.436 0.022 0.02867 0.04970 

Hill-slope X 0.384 7258.32 20476.6 17951.33 0.404 0.016 0.0214 0.0371 

Reference Y 0.405 6272.83 23248.5 22247.51 0.282 0.016 0.02041 0.03539 

Hill-slope Y 0.384 7697.63 28578.5 25952.23 0.297 0.012 0.0151 0.0262 

4.5. Irregularity in Plan  

Structures can be built with irregularities in the plan instead of 
simple geometry like a rectangular plan due to various reasons. 
Seismic design codes suggest that the plan should not have as 
large indentations and protrusions as possible (TBEC-2018; 
Herrera and Soberon, 2008). The floor form plan of the 
reference building has been changed for the irregularity of the 
plan. Floor views of regular and irregular in plan were given in 
Figure 16. 
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Figure 16. The plans for regular and irregular building model in plan 

Three-dimensional models of both models were given in Figure 

17.  

 

Figure 17. Three-dimensional models of structures with reference and 
irregular building models 

Comparison of curves obtained as a result of pushover analysis 
in X and Y directions due to irregularity in plan are given in 
Figure 18. 

 

Figure 18. Comparisons of pushover curves for irregularity in plan 

The comparisons of analyses result for irregularity in plan are 
given in Table 8. 

 

 

 

 

 

 

 

 

Table 8. Comparison of result values for irregularity in plan 
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Reference X 0.406 6537.71 16485.21 14992.31 0.436 0.022 0.029 0.049 

Irregularity X 0.405 5024.33 14569.97 13005.89 0.436 0.019 0.025 0.043 

Reference Y 0.406 6272.83 23248.50 22247.51 0.282 0.016 0.021 0.035 

Irregularity Y 0.405 4733.24 23986.10 22437.87 0.282 0.0098 0.013 0.022 

4.6. Local Soil Conditions  

It is a known fact that local ground conditions directly affect 
the seismic behavior of structures. In the analysis results 
obtained, the differentiation of local soil conditions did not 
change the results significantly. Therefore, in order to obtain 
more meaningful results, Turkish Earthquake Hazard Map 
application, which used for Turkish Building Earthquake Code 
(2018), was used to determine the effect of local soil conditions 
(AFAD, 2020). Turkish Earthquake Hazard Map Interactive 
Web Application has become available for the computation of 
earthquake parameters for any geographic location since the 
beginning of 2019. For this purpose, results were obtained 
according to different soil classes for any geographic location 
where the building will be built by using this application. 
Comparison of the values obtained as a result of this 
application is shown in Table 9. 

Table 9. Change of parameters obtained for different soil conditions  

Parameter ZA ZB ZC ZD ZE 

FS 0.800 0.900 1.250 1.301 1.502 

F1 0.800 0.800 1.500 2.246 3.507 

SDS 0.499 0.562 0.780 0.812 0.937 

SD1   0.142 0.142 0.266 0.398 0.621 

TA (s) 0.057 0.050 0.068 0.098 0.132 

TB (s) 0.284 0.252 0.340 0.490 0.662 

TAD (s) 0.019 0.017 0.023 0.033 0.044 

TBD (s) 0.095 0.084 0.113 0.163 0.221 

 

Changes in the values obtained through this application related 
to the soil type given in TBEC-2018 are given in Table 10.  
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Table 10. Change of soil conditions parameters given (%) 

Soil 

Type FS F1 SDS SD1 TA TB TAD TBD 

ZA 0 0 0 0 0 0 0 0 

ZB 12.50 0.00 12.63 0.00 14.00 11.27 11.76 11.58 

ZC 56.25 87.50 56.31 87.32 19.30 19.72 21.05 18.95 

ZD 62.63 180.75 62.73 180.28 71.93 72.54 73.68 71.58 

ZE 87.75 338.38 87.78 337.32 131.58 133.10 131.58 132.63 

Mean 43.83 121.33 43.89 120.98 47.360 47.326 47.614 46.948 

5. Conclusions and Discussions 

The lack of sufficient earthquake vulnerability of the buildings 
is one of the main causes of large-scale loss of life and property. 
Depending on the power of the seismic hazard, the possibility 
of damage to buildings varies depending on the weaknesses of 
the structures during design and construction. Several 
negative parameters in the structures directly affect the 
amount of damage that occurs. In this study, six different 
negative parameters such as number of story, soft story, short 
column, hill-slope effect, local soil conditions and irregularity 
in plan, which are the main causes of earthquake damages, 
have been taken into consideration. The effects of these 
parameters on the earthquake performance of buildings have 
been investigated based on pushover and eigenvalue analysis 
in terms of steel structures. The reduction coefficient for each 
parameter is proposed by evaluating all the obtained analysis 
results together. 

There are many studies in the literature about the effects of 
single or multiple negativity parameters on earthquake 
vulnerabilities in RC structures due to more damage in the 
earthquakes. Therefore, studies on the subject of steel 
structures are limited and only one parameter should be 
considered in general. This study will have an important place 
in determining the earthquake vulnerability of steel structures 
with the same building characteristics but various negative 
parameters. In addition, the reduction coefficients obtained as 
a result of this study can be a source for their usability in rapid 
evaluation methods to be developed for steel structures. 

In the scope of the study, for the total number of stories, which 
is the first parameter considered, three different numbers of 
stories were taken into account such as 4-, 5- and 6-story. As 
the number of stories increased, natural fundamental periods 
increased due to the decrease in stiffness values in both X and 
Y directions. The seismic capacity of steel structure was 
increased due to the decrease in the number of stories. The 
target displacements for damage estimation expected from the 
structure have increased according to the amount of the 
movement of the structures will increased due to higher 
periods. Therefore, as the number of stories increases, the level 
of vulnerability expected from the building will also increase. 
An average effect of 39% was obtained for number stories for 
this study by considering all analysis results.  

The soft story was created by choosing the ground story height 
of the building higher than the other stories. The natural 
fundamental period of the structure increased, accordingly its 
rigidity and seismic capacities decreased for the ground floor 
height increased. With the consideration of all these values and 

the increase in the ground story height, the target 
displacements for damage estimation expected from the 
building have also increased. It showed an average of 51% 
change due to the soft story. The most unfavourable situation 
among all negativity parameters was obtained for soft story.  

The column heights on the 1st story of the building were 
changed while creating the short column. In the case of a short 
column, although the period appears smaller and more rigid, 
the first damages were obtained under lower load conditions. 
The stiffness continuity expected from the building is 
interrupted by the change of column heights between stories. 
It showed an average of 5% change due to the short column. 

The column heights on the ground story have different heights 
according to the selected ground-slope for the hill-slope effect. 
In this case, the structure also has a short column situation. 
While the natural fundamental period value of the structure 
decreased under hill-slope effect, the rigidity and seismic 
capacity increased. The target displacements for damage 
estimation were decreased according to hill-slope effect. 
However, in the columns with the least height, the damage 
occurred at lower load conditions. The damage status of the 
structure showed that the earthquake vulnerability of the 
building was weakened due to the hill-slope effect. The 
exchange value obtained for this parameter is 10%.   

Only one case is taken into account for irregularity in the plan. 
In case of irregularity in the plan, the period of the structure 
increased, the stiffness value decreased and the seismic 
capacity decreased accordingly to these values. The target 
displacements for damage estimation were decreased for 
irregularity in the plan. Considering all the values obtained, the 
average change was calculated as 31% for irregularity in plan. 

Local soil conditions directly affect the seismic behaviour of the 
structures. Close values were obtained for all soil conditions in 
the software. Therefore, the local ground coefficient values 
foreseen in TBEC-2018 were used. 47% value was calculated 
as the change.  

Within the scope of this study, the recommended reduction 
coefficients for six different parameters based on the analysis 
results are shown in Table 11. 

Table 11. Recommended values for each parameter 

Parameter Reduction Coefficient 

Soft story 0.51 

Short column 0.05 

Irregularity in plan 0.31 

Number of story 0.39 

Local soil conditions 0.47 

Hill-slope effect 0.10 

In this study, each main parameter has been examined 
separately. It is useful to investigate how the earthquake 
performance of the structure will be in case of multiple 
parameters at the same time. In addition, only one different 
building model was taken into consideration in this study. 
Considering different types of building models in future studies 
will further support the results to be obtained. 
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In cases where the number of stories is higher than the number 
of stories considered in the study, these values can be 
calculated for high-rise steel buildings, in future studies. Only 
one case for soft story, short column, hill-slope effect and 
irregularity in plan was considered in this study by using one 
software only. Different situations for main parameters and 
software can be considered to examine these main parameters 
in more detail in future studies.  
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