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This study investigates the seismic response of steel moment-resisting frames 
(MRFs) using linear time-history analysis (LTHA) to evaluate the influence of real 
and artificial spectrum-matched ground-motion records under multiple soil 
conditions. Three archetype buildings—3-, 9-, and 20-story—were modeled 
according to the SAC Steel Project (FEMA 355-C Appendix B) and analyzed using 
SAP2000® to assess their comparative performance under different spectral inputs. 
The analysis employed three types of seismic spectra: The Elastic Spectrum (ES), 
Reduced Turkish Earthquake Code (TEC-2018) Spectrum, and Reduced ASCE 
Spectrum across four local soil classes (ZA–ZD). A total of 252 earthquake ground 
motions, including real and artificial records, were used. The results revealed that 
artificial records achieved smoother spectral compatibility and more stable base 
shear predictions, whereas real records induced higher variability owing to their 
natural frequency content and phase characteristics. This divergence was most 
significant in softer soils (ZC and ZD), with base shear variations of up to ±35%. 
The findings highlight the need to integrate both record types into seismic 
assessments and contribute to the advancement of performance-based earthquake 
engineering approaches. 
 

 
1. Introduction 
 
Inadequate building safety remains a major 
concern, often leading to significant structural 
damage and casualties during earthquakes [1]. 
Türkiye, situated in a seismically active region, 
has undergone substantial advancements in 
building design, structural analysis, and seismic 
regulations, particularly after the 1999 
Izmit/Kocaeli/Gölcük (Mw 7.4) and Düzce (Mw 
7.1) earthquakes. These catastrophic events 
underscore the necessity for stricter seismic 
design standards and the adoption of more 
sophisticated engineering methodologies to 
improve earthquake resilience [1].  
 

The Turkish Earthquake Code (TEC-2007) [2] 
was implemented in 2007 to establish seismic 
design specifications for buildings in earthquake-
prone regions. However, challenges in 
interpreting and applying the TEC-2007 
highlight the need for regulatory revisions to 
align it with international standards. 
Consequently, the Turkish Building Earthquake 
Code (TEC-2018) [3] was introduced on January 
1, 2019, incorporating significant modifications 
in linear and nonlinear seismic analysis 
methodologies, including updates on earthquake 
ground motion levels, building-use 
classifications, soil classification systems, and 
design spectral acceleration coefficients.  
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A key distinction between TEC-2007 and TEC-
2018 is the number and selection of earthquake 
ground motion records required for time-history 
analysis. Under TEC-2007, time-history analyses 
can be conducted using either a maximum of 
three ground motions or the average response of 
at least seven ground-motion records. However, 
TEC-2018 mandates a minimum of 11 ground 
motion records for nonlinear time-history 
analysis (NTHA) to ensure statistical reliability 
in seismic performance assessments. This 
requirement significantly enhances the accuracy 
of seismic demand estimation but also increases 
computational complexity, posing challenges for 
practical engineering applications.  
 
Time-history analysis (THA) is one of the most 
reliable methods for evaluating the dynamic 
response of structures to earthquake loading. 
They are broadly categorized into linear time 
history analysis (LTHA) and nonlinear time 
history analysis (NTHA). 
 
• The LTHA assumes linear elastic behavior, 

making it computationally efficient for 
evaluating the structural performance under 
different seismic input motions. Although it 
neglects material and geometric 
nonlinearities, LTHA provides a reliable first-
order approximation of the seismic demand 
and serves as an effective tool for comparative 
analyses using real and artificial spectrum-
matched ground-motion records. In the 
context of this study, the term “spectrum-
matching methodologies” specifically refers 
to the generation and application of both real 
recorded and artificially synthesized 
earthquake motions that are matched to a 
target response spectrum, rather than general 
spectrum-scaling or modification procedures. 

 
• In contrast, the NTHA incorporates inelastic 

deformations, plastic hinge formations, and 
progressive structural damage mechanisms, 
offering a more realistic representation of 
seismic behavior. However, NTHA requires 
significantly more computational resources 
owing to its iterative nature, the complexity of 
modeling nonlinear material properties, and 
the large deformation effects. 

 

Although NTHA is essential for performance-
based seismic design, it remains a widely used 
tool for preliminary evaluations, particularly in 
the context of spectrum-matching 
methodologies. The selection and transformation 
of earthquake ground motion records 
significantly influence both the LTHA and 
NTHA outcomes, particularly in base shear force 
estimation, structural response predictions, and 
displacement demands.  
 
Accurately determining spectrum-matched 
earthquake ground-motion records is essential 
for structural analysis and performance-based 
design. In structural elements where plastic 
hinges are expected to form, the spectrum-
matching process must account for the sectional 
properties at these hinge locations. If plastic 
hinges occur exclusively in the bending mode, 
the equilibrium equations must be reformulated 
after each hinge formation, thereby introducing 
additional unknowns and constraints that require 
an iterative approach. Linearization techniques 
offer an approximate solution methodology when 
nonlinear relationships exist between the internal 
forces and deformations [4–12].  
 
Given these complexities, LTHA remains a 
practical approach for code-based seismic 
assessments, whereas NTHA is indispensable for 
capturing realistic nonlinear structural behavior. 
Future research should integrate advanced 
simulation platforms (e.g., OpenSees and 
Abaqus) to enhance spectrum-matching 
methodologies and improve the reliability of 
seismic demand estimation in performance-
based earthquake engineering.  
 
Recent studies on LTHA in structural 
engineering are relatively limited, particularly 
regarding their application to reinforced concrete 
(RC) structures. Most existing studies have been 
conducted within the framework of national 
standards, such as TEC-1975 [13], TEC-1998 
[14], TEC-2007 [2], TEC-2018 [3], and the 
Istanbul Seismic Design Code for Tall Buildings 
[15], as well as international standards, such as 
the Uniform Building Code (UBC) [16, 17], 
Eurocode 8 (EC 8) [18], and various Federal 
Emergency Management Agency (FEMA) 
guidelines, including FEMA 222A [19], 223A 
[20], 302 [21], and 303 [22]. Furthermore, the 
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American Society of Civil Engineers (ASCE) has 
developed seismic provisions through ASCE/SEI 
7-98 [23], 7-02 [24], 7-05 [25], 7-10 [26], and 7-
16 [27], which have been widely adopted in the 
structural engineering field. Similarly, the 
International Building Code (IBC) [28] and 
alternative seismic analysis procedures, such as 
the Los Angeles Tall Buildings Structural Design 
Council (LATBSDC) guidelines [29], have 
influenced the development of seismic design 
methodologies. Despite these advancements, 
gaps remain in the comprehensive understanding 
of spectrum-matching methodologies and 
ground-motion selection strategies and their 
impact on seismic performance assessments. 
Therefore, further research is essential to address 
these limitations and refine seismic design 
methodologies to improve the accuracy and 
reliability of earthquake-resistant structures.  
 
Recent comparative studies on steel and 
composite moment-resisting frames have 
highlighted the critical influence of spectrum 
selection, ground-motion scaling, and soil 
classification on the structural response and 
performance-based design. For instance, Etli and 
Güneyisi [30] investigated the behavioral factors 
of composite buildings designed under different 
code provisions, whereas Etli and Akgül [31] 
compared the seismic behaviors of steel–
concrete composite buildings designed according 
to the TEC-2018 and international standards. 
Similarly, Etli [32] evaluated the performance of 
composite structures in poorly graded soils, 
emphasizing the role of local soil effects on the 
seismic response variability. These studies 
complement the current research by reinforcing 
the importance of integrating soil–structure 
interactions and spectrum-matching effects into 
seismic design frameworks.  
 
Currently, the Response Spectrum (RS) method 
(RSM) is one of the most widely used approaches 
for evaluating the seismic demands of structures. 
This method enables engineers to assess 
structural performance by analyzing spectral 
acceleration values across different vibration 
periods. In Fig. 1, the horizontal axis represents 
the natural vibration period (𝑇𝑇), which 
characterizes the fundamental period of a 
structure under seismic loading, whereas the 
vertical axis denotes the spectral acceleration 

(𝑆𝑆a), which indicates the maximum acceleration 
response of the structure at a given period. 
According to TEC-2018, the reduced design 
response spectrum (SaR) is obtained by dividing 
the horizontal elastic spectral acceleration (Sae) 
by the seismic load reduction factor (Ra) (Fig. 
1(b), Curve 2-Green). In contrast, ASCE/SEI 7-
16 modifies the design spectrum by applying the 
behavior coefficient (𝑅𝑅) (Fig. 1(c), Curve 3-
Blue).  
 
These different reduction factors resulted in 
variations in the seismic load estimations, as 
represented by the hatched area in Fig. 1. This 
area illustrates the difference between the elastic 
spectrum (ES) and reduced design spectra, 
highlighting the impact of code-specific 
reduction factors on seismic force predictions. 
The engineering significance of these reductions 
is critical for seismic-resistant designs. The 
reduction in the spectral acceleration values 
affects the base shear force calculations, directly 
influencing the structural performance. The ES 
(Sae) (Fig. 1(a), Curve 1-Red) provides a 
conservative estimate of seismic demand, 
whereas the TEC-2018 and ASCE reductions 
(Fig. 1(b) and Fig. 1(c)) allow for more 
economical yet structurally safe designs by 
incorporating ductility and energy dissipation 
effects. However, the extent of reduction differs 
among codes, potentially leading to variations in 
design outcomes.  
 
The primary objective of this study is to quantify 
these differences and assess their implications for 
seismic performance. Three different spectrum 
types (ES, TEC-2018, and ASCE) are evaluated 
across four different soil classes (ZA-ZD) and 
three different structural heights (3-, 9-, and 20-
story buildings).  
 
The analyses employ LTHA using SAP2000® 
v.14.0.0 [33], incorporating seven different 
earthquake ground motion records and multiple 
lateral load combinations. This study primarily 
examines base shear responses to evaluate how 
spectrum-matching methodologies influence 
seismic design; displacement and interstory drift 
metrics are outside the present scope and are 
reserved for future work. To avoid scope creep 
and ensure statistical consistency across the 
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considered spectra and soil classes, only the base 
shear outputs are reported and discussed in detail.  
 

 
Figure 1. (a) Elastic spectrum (Sae) – shown in red, 

(b) TEC-2018 reduced design spectrum derived 
using the reduction factor Ra – shown in green, and 
(c) ASCE/SEI 7-16 reduced spectrum based on the 

response modification factor 𝑅𝑅 – shown in blue 
 
To improve predictive accuracy, future research 
should integrate NTHA and employ advanced 
simulation platforms, such as OpenSees or 
Abaqus, for a more refined evaluation of plastic 
hinge formations, material yielding, and 
progressive damage mechanisms. This study 
provides a quantitative framework for comparing 
seismic responses under different spectrum-
matching conditions, thereby addressing critical 
gaps in performance-based seismic engineering. 
These findings are expected to contribute to 
seismic code development, spectrum-matching 
optimization, and enhanced reliability of 
earthquake-resistant structural design 
methodologies.  
 
The remainder of this paper is organized as 
follows. Section 2 details the methodology, 
including the selection and processing of 
spectrum-matching parameters, seismic ground 
motion records, and the computational modeling 
techniques used. In addition, it provides a 
theoretical framework and governing equations 
for analysis. Section 3 outlines the structural 
modeling process, including the design 
parameters for the MRFs, SAP2000® software 
implementation, and optimization of structural 
sections. Section 4 focuses on the selection, 
scaling, and transformation of earthquake 
records, with an emphasis on spectrum 
compatibility and the challenges associated with 

artificial versus natural ground motions. Section 
5 presents a comprehensive evaluation of the 
analysis results, including base shear force 
comparisons, structural response variations 
across different soil conditions, and the influence 
of spectrum-matching techniques.  
 
Finally, Section 6 summarizes the key findings, 
discusses their practical implications for seismic 
design, and provides recommendations for future 
studies. This study contributes to the 
advancement of seismic-resistant design 
methodologies by systematically assessing the 
impact of spectrum-matching parameters derived 
from real and artificial earthquake ground 
motions, thereby offering valuable insights to 
engineers and researchers in earthquake-prone 
areas. 
 
2. Seismic Analysis Methodology Using 
Spectrum Matching Techniques  
 
The design response spectrum prescribed by 
regulations is commonly used in the design of 
traditional structures. However, for more 
complex structures, an appropriate spectrum 
should be selected based on the seismic hazard 
levels, soil conditions, and structural 
characteristics. The acceleration response 
spectrum curve was obtained by summing the 
absolute values of the maximum acceleration of 
the earthquake ground motion applied to a single-
degree-of-freedom (SDOF) system. To estimate 
the structural response, the behavior of a multi-
degree-of-freedom (MDOF) system at any 
vibration period is compared with that of an 
SDOF system with the same vibration period [6].  
 
A constant damping ratio (𝜁𝜁 = 5%) was applied 
to ensure consistency and focus on the effects of 
the spectrum-matching parameters. However, 
varying the damping ratio can provide deeper 
insights into dynamic behavior, particularly for 
structures with distinct energy dissipation 
mechanisms. The motion equation of a nonlinear 
SDOF system subjected to an earthquake ground 
motion is expressed as follows: (1): 
 

mü + cu̇ + fs(u) = p(t) = −müg(t)  (1) 
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where: 
• m denotes the mass of the structure, 
• c denotes the damping coefficient 

(representing energy dissipation), 
• fs(u) represents the internal restoring 

force, 
• p(t) is the external applied force, which 

in this case is due to earthquake ground 
acceleration 𝑢̈𝑢𝑔𝑔(𝑡𝑡), 

• 𝑢𝑢, 𝑢̇𝑢, and 𝑢̈𝑢 are the displacement, 
velocity, and acceleration of the structure, 
respectively 
 

2.1. Time-integration approach using 
Newmark’s method 
 
The equation of motion in an LTHA is often 
solved using time-step numerical integration. 
Among these, Newmark’s method is widely used 
for dynamic loading scenarios such as 
earthquake ground motion, vibration, and impact 
loading [34]. Newmark’s method allows for 
numerical integration of SDOF and MDOF 
systems, and is typically applied in two variants 
(see step 4 in Fig. 2): 
 

• Average constant acceleration method 
(middle-point rule) 

• Linear acceleration method 
 
For structural analysis, the average constant 
acceleration method is commonly used because 
of its stability. The numerical formulation of the 
Newmark integration scheme is given by Eqs. (2) 
and (3), respectively. 
 

U̇I+1 = u̇I + [(1 − γ)∆t]üI + (γ∆t)u̇̈I+1 (2) 

uI+1 = uI + (∆t)u̇I
+ [(0.5 − β)(∆t)2]üI
+ [β(∆t)2]üI+1 

(3) 

 
where, uI, u̇I, and üI represent the displacement, 
velocity, and acceleration at time I, respectively, 
and uI+1, u̇I+1, and üI+1 represent the 
displacement, velocity, and acceleration at 
time I + 1, respectively. ∆t is the time step [7]. γ 
and β determine the stability and accuracy of the 
integration scheme. For unconditional stability, 
the standard Newmark coefficients are taken as 
𝛾𝛾 = 1

2�  and 𝛽𝛽 = 1
4�  which ensures that 

numerical integration remains stable under 
seismic excitations. 
 
2.2. Assumption of constant acceleration and 
motion equations 
 
Newmark’s method assumes that acceleration 
remains constant within each time step (Δ𝑡𝑡), 
leading to the following numerical 
approximations, given in Eqs. (4) through (8) 
[34]: 
 

𝑢̈𝑢(𝜏𝜏) =
1
2

(𝑢̈𝑢𝑖𝑖+1 + 𝑢̈𝑢𝑖𝑖) (4) 

𝑢̇𝑢(𝜏𝜏) = 𝑢̇𝑢𝑖𝑖 +
𝜏𝜏
2

(𝑢̈𝑢𝑖𝑖+1 + 𝑢̈𝑢𝑖𝑖) (5) 

𝑢̇𝑢𝑖𝑖+1 = 𝑢̇𝑢𝑖𝑖 +
∆𝑡𝑡
2

(𝑢̈𝑢𝑖𝑖+1 + 𝑢̈𝑢𝑖𝑖) (6) 

𝑢𝑢(𝜏𝜏) = 𝑢𝑢𝑖𝑖 + 𝑢̇𝑢𝑖𝑖𝜏𝜏 +
𝜏𝜏2

4
(𝑢̈𝑢𝑖𝑖+1 + 𝑢̈𝑢𝑖𝑖) (7) 

𝑢𝑢𝑖𝑖+1 = 𝑢𝑢𝑖𝑖 + 𝑢̇𝑢𝑖𝑖∆𝑡𝑡 +
(∆𝑡𝑡)2

4
(𝑢̈𝑢𝑖𝑖+1 + 𝑢̈𝑢𝑖𝑖) (8) 

 
where τ represents the time interval affected by 
the impulse.  
 
The Newmark average constant acceleration 
method offers a robust and widely accepted time 
integration scheme for the numerical solution of 
dynamic equilibrium equations for SDOF 
systems subjected to seismic loading. This 
method is based on the assumption that 
acceleration remains constant over a discrete 
time interval Δt, providing a stable and 
convergent basis for the time-stepping analysis.  
 
Within this framework, the acceleration at any 
time step is approximated as the average of the 
accelerations at the beginning and end of the 
interval, enabling the quadratic interpolation of 
displacement and linear interpolation of velocity. 
This approach enhances both computational 
stability and accuracy, particularly for structural 
systems that experience significant dynamic 
excitations.  
 
To represent realistic structural behavior under 
seismic conditions, the motion equations were 
formulated using a damping ratio 𝜁𝜁 = 0.05, in 
accordance with ASCE 7-22 [35], which 
recommends this value for ordinary structures. 
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For the Newmark integration parameters, γ=0.5 
and β=0.25. These parameters are known to 
ensure unconditional numerical stability and are 
particularly effective in simulating the seismic 
responses of elastic and moderately inelastic 
systems.  
 
2.3. Numerical integration approach for seismic 
response calculation 
 
In the Newmark linear acceleration method, it is 
assumed that acceleration remains constant 
during the time interval ∆𝑡𝑡, while in the 
Newmark average constant acceleration method, 
acceleration is assumed to vary linearly over the 
same interval. The numerical calculation steps 
for this method are presented in Eqs. (9)-(13): 
 

𝑢̈𝑢(𝜏𝜏) = 𝑢̈𝑢𝑖𝑖 +
𝜏𝜏
∆𝑡𝑡

(𝑢̈𝑢𝑖𝑖+1 − 𝑢̈𝑢𝑖𝑖) (9) 

𝑢̇𝑢(𝜏𝜏) = 𝑢̇𝑢𝑖𝑖 + 𝑢̈𝑢𝑖𝑖𝜏𝜏 +
𝜏𝜏2

2∆𝑡𝑡
(𝑢̈𝑢𝑖𝑖+1 − 𝑢̈𝑢𝑖𝑖) (10) 

𝑢̇𝑢𝑖𝑖+1 = 𝑢̇𝑢𝑖𝑖 +
∆𝑡𝑡
2

(𝑢̈𝑢𝑖𝑖+1 + 𝑢̈𝑢𝑖𝑖) (11) 

𝑢𝑢(𝜏𝜏) = 𝑢𝑢𝑖𝑖 + 𝑢̇𝑢𝑖𝑖𝜏𝜏 + 𝑢̈𝑢𝑖𝑖
𝜏𝜏2

2
+

𝜏𝜏3

6∆𝑡𝑡
(𝑢̈𝑢𝑖𝑖+1

− 𝑢̈𝑢𝑖𝑖) 
(12) 

𝑢𝑢𝑖𝑖+1 = 𝑢𝑢𝑖𝑖 + 𝑢̇𝑢𝑖𝑖∆𝑡𝑡 + (∆𝑡𝑡)2(
1
6
𝑢̈𝑢𝑖𝑖+1

+
1
3
𝑢̈𝑢𝑖𝑖) 

(13) 

 
By setting 𝛾𝛾 = 1 2⁄  and 𝛽𝛽 = 1 6⁄  in Eqs. (2) and 
(3), a linear acceleration change is obtained. The 
complete time-stepping procedure using 
Newmark’s method is shown in Table 1.  
 
Thus, the Newmark method provides a robust 
and widely used integration scheme for THA in 
seismic applications, effectively balancing the 
numerical stability and computational efficiency.  
 
Each step in Table 1 is iteratively solved until the 
full time-history response is obtained, ensuring 
the accuracy of the structural response 
calculations. Owing to its numerical stability, the 
Newmark method is well-suited for both LTHA 
and NTHA, making it the preferred approach in 
seismic engineering applications. This reliable 
numerical approach enables accurate seismic 

response predictions, forming the foundation for 
developing a reduced design acceleration 
spectrum, which is essential for evaluating 
seismic demands in structural analysis. 
 

Table 1. Calculation model developed using 
Newmark’s method for time-stepping [34] 

Special cases 
(1) Average constant acceleration method 

[𝛾𝛾 =
1
2

,𝛽𝛽 =
1
4

] 

(2) Linear acceleration method  

[𝛾𝛾 =
1
2

,𝛽𝛽 =
1
6

] 

1.0 Start 

1.1.  ü̈0 = 𝑝𝑝0−𝑐𝑐𝑢̇𝑢0−𝑘𝑘𝑢𝑢0
𝑚𝑚

 

1.2.  ∆𝑡𝑡 seçilir 

1.3.  𝛼𝛼1 = 1
𝛽𝛽(∆𝑡𝑡)2

𝑚𝑚 + 𝛾𝛾
𝛽𝛽∆𝑡𝑡

𝑐𝑐; 

𝛼𝛼2 =
1
𝛽𝛽∆𝑡𝑡

𝑚𝑚 + (
𝛾𝛾
𝛽𝛽
− 1)𝑐𝑐; 

𝛼𝛼3 = �
1

2𝛽𝛽
− 1�𝑚𝑚 + ∆𝑡𝑡 �

𝛾𝛾
2𝛽𝛽

− 1� 𝑐𝑐 

1.4.  𝑘𝑘� = 𝑘𝑘 + 𝛼𝛼1 
2.0. Calculations at each step [𝒊𝒊 = 𝟎𝟎,𝟏𝟏,𝟐𝟐, … ] 

2.1. 𝑝̂𝑝𝑖𝑖+1 = 𝑝𝑝𝑖𝑖+1 + 𝑎𝑎1𝑢𝑢𝑖𝑖 + 𝑎𝑎2𝑢̇𝑢𝑖𝑖 + 𝑎𝑎3𝑢̈𝑢𝑖𝑖 

2.2. 𝑢𝑢𝑖𝑖+1 = 𝑝𝑝�𝑖𝑖+1
𝑘𝑘

 

2.3. 𝑢̇𝑢𝑖𝑖+1 = 𝛾𝛾
𝛽𝛽∆𝑡𝑡

(𝑢𝑢𝑖𝑖+1 − 𝑢𝑢𝑖𝑖) + �1 − 𝛾𝛾
𝛽𝛽
� 𝑢̇𝑢𝑖𝑖 + ∆𝑡𝑡(1 −

𝛾𝛾
2𝛽𝛽

)𝑢̈𝑢𝑖𝑖 

2.4. 𝑢̇𝑢𝑖𝑖+1 = 1
𝛽𝛽(∆𝑡𝑡)2

(𝑢𝑢𝑖𝑖+1 − 𝑢𝑢𝑖𝑖) −
1
𝛽𝛽∆𝑡𝑡

𝑢̇𝑢𝑖𝑖 − ( 1
2𝛽𝛽
−

1)𝑢̈𝑢𝑖𝑖 

3.0 In the next step, 𝒊𝒊 is replaced with 𝒊𝒊 + 𝟏𝟏, and 
the steps between 2.1 and 2.4 are repeated for 
the next step. 
 
2.4. Development of the reduced design 
acceleration spectrum for structural analysis 
 
Recent updates in ASCE 7-22 [35] introduced a 
Multi-Period Design Response Spectrum, 
providing a more refined approach to seismic 
design by addressing the potential conservatism 
in spectral accelerations, particularly in regions 
with lower seismic activity, such as the Central 
and Eastern United States. The standard also 
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delineates methodologies such as the general 
procedure, ground motion hazard analysis, and 
dynamic situation response analysis, which 
enhance the precision of seismic hazard 
assessments by integrating site-specific effects 
into the design process.  
 
Furthermore, the updated ASCE/SEI 41-23 [36] 
standard revises the analysis procedures for 
evaluating and retrofitting existing buildings to 
withstand seismic impacts, ensuring alignment 
with current seismic hazard models and 
improving performance-based assessment 
methods. Additionally, recent studies have 
emphasized the significance of SSI and site-
specific soil conditions in seismic design, 
highlighting the necessity of incorporating 
accurate local soil effect factors into seismic 
design. These updates provide a comprehensive 
framework for developing reduced design 
spectra, thereby improving the reliability of 
seismic performance assessments and the 
resilience of structures under earthquake loading 
[37]. Recent studies have highlighted the 
importance of functional recovery in modern 
reinforced concrete buildings after earthquakes, 
emphasizing design strategies that enhance their 
structural resilience [38]. Additionally, self-
centering beam systems in steel frame structures 
have demonstrated improved seismic 
performance through shaking table experiments 
and numerical analyses, further supporting the 
integration of advanced design methodologies 
for reducing the design acceleration spectra [39].  
 
This section provides a structured approach for 
developing a reduced design acceleration 
spectrum for structural analysis, incorporating 
the seismic hazard definitions established by 
Türkiye's Disaster and Emergency Management 
Authority (AFAD). The geometric mean of the 
spectral acceleration coefficients in two 
orthogonal directions, represented by 𝑆𝑆𝑠𝑠 (short-
period spectral acceleration) and 𝑆𝑆1 (spectral 
acceleration at 1.0 sec period), forms the basis of 
spectral calculations [40, 41]. These values, 
normalized with respect to gravitational 
acceleration (𝑔𝑔), assume a reference site 
condition of 𝑉𝑉𝑠𝑠 = 760 𝑚𝑚/𝑠𝑠 and a damping ratio 
of 5%. Using Eq. (14), the map spectral 
accelerations are converted into design spectral 
acceleration coefficients (𝑆𝑆𝐷𝐷𝐷𝐷 and 𝑆𝑆𝐷𝐷1) by 

incorporating the local soil effect factors (𝐹𝐹𝑠𝑠 and 
𝐹𝐹1). The horizontal elastic design spectral 
acceleration 𝑆𝑆𝑎𝑎𝑎𝑎(𝑇𝑇), which varies with the 
natural vibration period (𝑇𝑇), is then determined 
using Eq. (15): 
 
𝑆𝑆𝐷𝐷𝐷𝐷 = 𝑆𝑆𝑠𝑠𝐹𝐹𝑠𝑠 

(14) 
𝑆𝑆𝐷𝐷1 = 𝑆𝑆1𝐹𝐹1 

 
𝑆𝑆𝑎𝑎𝑎𝑎(𝑇𝑇)

= (0.4 + 0.6
𝑇𝑇
𝑇𝑇𝐴𝐴

)𝑆𝑆𝐷𝐷𝐷𝐷 (0 ≤ 𝑇𝑇 ≤ 𝑇𝑇𝐴𝐴) 

(15) 
𝑆𝑆𝑎𝑎𝑎𝑎(𝑇𝑇) = 𝑆𝑆𝐷𝐷𝐷𝐷 (𝑇𝑇𝐴𝐴 ≤ 𝑇𝑇 ≤ 𝑇𝑇𝐵𝐵) 

𝑆𝑆𝑎𝑎𝑎𝑎(𝑇𝑇) =
𝑆𝑆𝐷𝐷1
𝑇𝑇

 (𝑇𝑇𝐵𝐵 ≤ 𝑇𝑇 ≤ 𝑇𝑇𝐿𝐿) 

𝑆𝑆𝑎𝑎𝑎𝑎(𝑇𝑇) =
𝑆𝑆𝐷𝐷1𝑇𝑇𝐿𝐿
𝑇𝑇2

 (𝑇𝑇𝐿𝐿 ≤ 𝑇𝑇) 

 
The characteristic periods 𝑇𝑇𝐴𝐴 and 𝑇𝑇𝐵𝐵 of the design 
response spectrum for horizontal ground motion 
are expressed as functions of 𝑆𝑆𝐷𝐷𝐷𝐷 and 𝑆𝑆𝐷𝐷1 in Eq. 
(16): 
 

𝑇𝑇𝐴𝐴 = 0.2
𝑆𝑆𝐷𝐷1
𝑆𝑆𝐷𝐷𝐷𝐷

 
(16) 

𝑇𝑇𝐵𝐵 =
𝑆𝑆𝐷𝐷1
𝑆𝑆𝐷𝐷𝐷𝐷

 

 
To determine reduced earthquake loads, the 
reduced design spectral acceleration 𝑆𝑆𝑎𝑎𝑎𝑎(𝑇𝑇) is 
calculated by dividing the elastic spectral 
acceleration 𝑆𝑆𝑎𝑎𝑎𝑎(𝑇𝑇) by the earthquake load 
reduction factor 𝑅𝑅𝑎𝑎(𝑇𝑇), as given in Eq. (17): 
 

𝑆𝑆𝑎𝑎𝑎𝑎(𝑇𝑇) =
𝑆𝑆𝑎𝑎𝑎𝑎(𝑇𝑇)
𝑅𝑅𝑎𝑎(𝑇𝑇)

 (17) 

TEC-2018 defines 𝑅𝑅𝑎𝑎(𝑇𝑇) based on ductility 
capacity and force-based design principles, 
distinguishing between structures with 𝑇𝑇 ≤ 𝑇𝑇𝐵𝐵 
and 𝑇𝑇 > 𝑇𝑇𝐵𝐵: 
 

𝑅𝑅𝑎𝑎(𝑇𝑇) =
𝑅𝑅
𝐼𝐼

 𝑇𝑇 > 𝑇𝑇𝐵𝐵 

(18) 𝑅𝑅𝑎𝑎(𝑇𝑇) = 𝐷𝐷 + (
𝑅𝑅
𝐼𝐼
− 𝐷𝐷)

𝑇𝑇
𝑇𝑇𝐵𝐵

 
𝑇𝑇 ≤ 𝑇𝑇𝐵𝐵 
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where 𝐼𝐼 represents the importance factor, 𝑅𝑅 is the 
structural system behavior factor, and 𝐷𝐷 denotes 
the ductility factor used in seismic force 
reduction calculations. In this study, values for 𝑆𝑆𝑠𝑠 
and 𝑆𝑆1 were obtained from AFAD's Türkiye 
earthquake hazard maps, and the corresponding 
𝑆𝑆𝐷𝐷𝐷𝐷 and 𝑆𝑆𝐷𝐷1 coefficients were used to compute 
𝑆𝑆𝑎𝑎𝑎𝑎 for different building models. The results 
were implemented using structural analysis 
software, and the elastic and reduced design 
acceleration spectra were compared.  
 
The numerical comparison between the TEC-
2018 and ASCE 7-22 design spectra, presented 
in Table 2, highlights the variations in spectral 
acceleration estimates across different vibration 
periods, emphasizing the influence of site-
specific soil factors and ductility considerations 
on the seismic demand predictions. In the short-
period range (𝑇𝑇 < 0.5𝑠𝑠), TEC-2018 shows 
slightly lower values than ASCE 7-22 (~3 − 8% 
reduction), implying less conservative seismic 
demands for rigid structures. For moderate-
period buildings (0.5𝑠𝑠 < 𝑇𝑇 < 2.0𝑠𝑠), the 
difference is minimal (~3 − 5%), suggesting 
similar force estimations under both codes.  
 
Table 2. Comparison of ASCE 7-22 and TEC-2018 

design spectra 
Period 

(𝑻𝑻) 
[s] 

ASCE 7-
22 𝑺𝑺𝒂𝒂(𝑻𝑻) 

[𝒈𝒈] 

TEC-2018 𝑺𝑺𝒂𝒂(𝑻𝑻) 
[𝒈𝒈] 

Difference 
(%) 

0.2 1.20 1.10 -8.3% 
0.5 0.85 0.82 -3.5% 
1.0 0.60 0.58 -3.3% 
2.0 0.35 0.33 -5.7% 
3.0 0.25 0.22 -12.0% 
4.0 0.18 0.16 -11.1% 

 
However, in the long-period range (𝑇𝑇 > 2.0𝑠𝑠), 
TEC-2018 predicts significantly lower spectral 
accelerations, which may lead to reduced seismic 
demands for flexible structures compared with 
ASCE 7-22 (up to 12% lower). 
 
The alternative spectra in this study were 
generated using Türkiye-based hypothetical 
seismic parameters to ensure a consistent 
comparison between the TEC-2018 and ASCE 7-
16/22 provisions. Although the SAC Steel 
Project buildings (3-, 9-, and 20-story LA models 
defined in FEMA 355-C Appendix B) were 
adopted as benchmark geometries, their original 

site definitions were not used. Instead, the local 
site conditions were re-defined according to 
TEC-2018 soil classes (ZA–ZD) and mapped to 
the equivalent ASCE site classes (A–E) using 
their corresponding (𝑉𝑉𝑠𝑠)30 intervals. This 
adjustment was made to remove regional bias 
and enable an isolated assessment of the 
influence of the code-specific spectral 
formulations. This mapping enabled 
development of Elastic, TEC-2018 Reduced, and 
ASCE Reduced spectra under identical PGA and 
damping assumptions (𝜁𝜁 = 5%), thereby 
allowing a direct and consistent code-to-code 
comparison. The resulting spectra represent 
hypothetical yet harmonized seismic conditions 
designed to isolate the influence of each code’s 
spectral reduction and soil-amplification 
formulations on the predicted base-shear 
demands. For clarity, the end-to-end workflow 
from model definition through record selection, 
spectrum matching, LTHA execution, and 
response extraction is summarized in Fig. 2. 
 

 
Figure 2. End-to-end workflow of the study  

 
These findings reinforce the importance of 
advanced spectrum-matching techniques when 
applying the ASCE 7-22 provisions, particularly 
for tall buildings and performance-based seismic 
evaluations [35, 36]. Furthermore, ASCE/SEI 
41-23’s emphasis on functional recovery and 
damping considerations is supported by these 
results, underscoring the need for enhanced 
damping models and stiffness degradation 
assessments in seismic design. 
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3. Computational Modeling and Structural 
Configuration of Steel Moment-Resisting 
Frames (MFRs) 
 
MRFs are widely adopted in seismic design 
because of their superior ductility and energy 
dissipation capacity. This section details the 
computational modeling approach employed in 
this study, including the adopted structural 
configurations, design parameters, and finite 
element analysis (FEA) methodology. 
 
3.1. SAC steel project building models based on 
FEMA 355-C 
 
The SAC Steel Project was developed in 
response to the structural failures observed 
during the 1994 Northridge earthquake. This 
project provides standardized benchmark models 
for evaluating the seismic performance of steel 
MRFs subjected to extreme loading conditions. 
These models incorporate nonlinear behavior, 
material yielding, and connection performance, 
making them suitable for advanced time-history 
analyses.  
 
RSM is commonly used to assess the nonlinear 
behavior of structures, such as bridges. If the 
design spectrum values for the spectrum-
matching earthquake records created from the 
recorded earthquake data exceed the standard 
values across all periods of the structure, three-
dimensional (3D) time history records can be 
employed as a solution [42].  
 
In this study, the SAC Steel Project model 
described in FEMA 355-C Appendix B [43] was 
utilized, and the sections of three-, nine-, and 20-
story Los Angeles (LA) buildings were 
optimized for analysis using a moment-resisting 
steel-frame system. According to FEMA 355-C, 
the SAC Project developed structural models for 
three major seismically prone cities. 
 
 
 
 

• LA (high seismicity region), 
• Seattle (moderate seismicity region), and 
• Boston (low seismicity region). 

 
These buildings were designed according to the 
UBC [16], considering gravity, static, dynamic, 
and seismic loads. Each model represents a 
standard office building with stiff soil conditions, 
classified as Soil Type D according to ASCE/SEI 
7-16 [27]. In the present study, only the post-
optimization sections of the LA models were 
adopted for the analysis, as they represent the 
final code-conforming configurations of the 
ductile steel MRF systems defined in FEMA 
355-C. The Seattle and Boston models were not 
included because this study aimed to ensure 
consistency under Türkiye-based hypothetical 
seismic conditions. 
 
3.1.1. Structural characteristics of Los Angeles 
(LA) buildings and adopted post-optimization 
sections  
 
LA building models were initially developed in 
the SAC Project to reflect post-Northridge design 
improvements. However, in this study, the final 
post-optimization configurations defined in 
FEMA 355-C were adopted as the analytical 
basis for the study. These optimized sections 
incorporated enhanced beam-column connection 
details and improved energy dissipation capacity, 
representing the most code-conforming and 
realistic configurations of ductile steel MRFs. 
The geometric characteristics of the buildings, 
including their heights and MRF layouts, are 
shown in Figs. 3(a) and 3(b), respectively. The 
optimized cross-sectional properties for each 
building model are presented in Tables 3, 4, and 
5, where the post-Northridge design is compared 
with the post-optimization modifications. The 
20-story LA building underwent extensive 
optimization of its column and beam sections to 
improve its seismic performance. The 
modifications focused on reducing plastic hinge 
formation and enhancing ductility under extreme 
ground motion. 
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Figure 3. (a) Story heights for 3-, 9-, and 20-story LA buildings and (b) MRF layouts for model buildings 

 
Table 3. Adopted post-optimization section properties for the 3-story LA building (FEMA 355-C) 

Story 
Design for post-optimization 

Exterior Column Interior 
Column Plate Beam 

1 W14x159 W14x159 0.0 W18x50, W18x65, W18x76 
2 W14x159 W14x159 0.0 W18x50, W18x65, W18x76 

3/Roof W14x159 W14x159 0.0 W18x50, W18x65, W18x76 
 

Table 4. Adopted post-optimization section properties for the 9-story LA building (FEMA 355-C) 

Story 
Design for post-optimization 

Exterior 
Column 

Interior 
Column Plate Beam 

-1 W14x176 W14x233 0.0 W18x35, W18x65, W18x71 
1 W14x176 W14x233 0.0 W18x35, W18x65, W18x71 
2 W14x176 W14x233 0.0 W18x35, W18x65, W18x71 
3 W14x176 W14x233 0.0 W18x35, W18x65, W18x71 
4 W14x132 W14x159 0.0 W18x35, W18x50, W18x60, W18x65 
5 W14x132 W14x159 0.0 W18x35, W18x50, W18x60, W18x65 
6 W14x132 W14x159 0.1/2 W18x35, W18x50, W18x60, W18x65 
7 W14x132 W14x132 0.0 W18x35, W18x46, W18x55, W18x60 
8 W14x132 W14x132 0.1/2 W18x35, W18x46, W18x55, W18x60 

9/Roof W14x132 W14x132 0.0 W18x35, W18x46, W18x55, W18x60 
 

3.2. Structural design and finite element 
modeling (FEM) in SAP2000® 
 
The structural design of the LA model buildings 
follows the Load and Resistance Factor Design 
(LRFD) method, which ensures that all structural 
components meet the required safety and 
performance criteria. Dynamic analyses were 
conducted using the LTHA under three distinct 
spectral definitions: ES, TEC-2018 Reduced 
Spectrum, and ASCE 7-16 Reduced Spectrum. 
For all the models, seven spectrum-compatible 
ground motions were employed, selected, and 

scaled in accordance with both the TEC-2018 
and ASCE/SEI 7-16 provisions. According to 
LRFD principles, the design strength (𝜙𝜙𝑅𝑅𝑛𝑛) must 
be equal to or greater than the required strength 
(𝑅𝑅𝑢𝑢), as defined in Eq. (19) [44]: 
 
𝑅𝑅𝑢𝑢 ≤ 𝜙𝜙𝑅𝑅𝑛𝑛 (19) 

 
where: 
• 𝑅𝑅𝑢𝑢= required strength due to applied loads, 
• 𝜙𝜙𝑅𝑅𝑛𝑛= design strength considering resistance 

factors. 
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The following key assumptions were considered 
in the numerical analysis of the three-, nine-, and 
20-story buildings in Los Angeles. 
 
• Material Properties: 
o The steel members conformed to ASTM A992 

(𝐹𝐹𝑦𝑦 = 345𝑀𝑀𝑀𝑀𝑀𝑀, 𝐹𝐹𝑢𝑢 = 450𝑀𝑀𝑀𝑀𝑀𝑀). 
 
o The beam-to-column connections were 

modeled as fully restrained (FR) moment 
connections. 

 
• Gravity and seismic loading 
o Dead and live loads were applied according to 

seismic load provisions [27]. 
 
o Seismic demands were computed using site-

specific ground motion records and response 
spectrum analysis (RSA). 

 
• Structural Behavior and Boundary Conditions 
o The column bases were assumed to be fully 

fixed to prevent rotational and translational 
movements. 

 
o The P–Δ effects were incorporated to account 

for the geometric nonlinearity. 
 
o Floor diaphragms are modeled as rigid 

diaphragms to maintain the in-plane stiffness 
and load redistribution capacity. 

 
The finite element model was constructed using 
3D frame elements with six degrees of freedom 
per node, enabling an accurate representation of 
axial, shear, and flexural deformations. A mesh 
discretization strategy was adopted, segmenting 
the beam and column elements into 0.5𝑚𝑚−
1.0𝑚𝑚 divisions to optimize computational 
efficiency and numerical stability. Although both 
ASCE 7-16 and TEC-2018 prescribe a minimum 
of 11 ground-motion records for nonlinear time-
history analysis (NTHA), this requirement does 
not apply to linear time-history analysis (LTHA). 
In this study, seven spectrum-compatible records 
were adopted, which were consistent with the 
SAC Project benchmark framework and 
sufficient for elastic-range response evaluation.  
 
 
 

The following seismic loading scenarios were 
considered: 

• Site-specific response spectra for various 
soil conditions. 

• Conducted using a scaled acceleration 
time series from PEER [45]. 

• Self-weight plus additional ASCE-
prescribed dead and live loads. 

 
To model the energy dissipation mechanisms, 
Rayleigh damping with a damping ratio of 5% 
was assigned to the fundamental mode of 
vibration. To assess the seismic performance, 
SAP2000® steel design checks were conducted 
to compute the following:  
 

• Axial Demand-to-Capacity Ratio 
(𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅): The ratio of applied axial force 
to the member’s axial load capacity. 

• Major Bending Moment Demand-to-
Capacity Ratio (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀): The ratio of 
applied major-axis bending moment to 
the flexural capacity of the member. 

 
The critical demand/capacity (D/C) ratios, 
including the axial force-bending moment 
interaction (PMM) ratios, were analyzed to 
identify potential overstressed members. The 
results for the three-, nine-, and 20-story LA 
buildings are shown in Figs. 4(a)–(c). The beam 
and column sections were not modified or re-
optimized in this study. All numerical 
evaluations were performed on the final SAC-
optimized geometries to ensure consistency 
across code-based spectral inputs. A PMM ratio 
greater than 1.0 indicates that a structural member 
has exceeded its design capacity, signifying an 
overstressed condition that may compromise the 
integrity of the building structure. The critical 
members that surpassed the allowable limits were 
identified and documented to validate the model 
reliability. The finite element model was validated 
to ensure its accuracy and numerical stability as 
follows. 
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Table 5. Adopted post-optimization section properties for the 20-story LA building (FEMA 355-C) 

Story Design for post-optimization 
Exterior Column Interior Column Plate Beam 

-2 W14x193 W14x211 0.0 W16x40, W16x45 
-1 W14x193 W14x211 0.0 W16x40, W16x45 
1 W14x193 W14x211 0.0 W16x40, W16x45 
2 W14x193 W14x211 0.0 W16x40, W16x45 
3 W14x193 W14x211 0.0 W16x40, W16x45 
4 W14x193 W14x211 0.0 W16x40, W16x45 
5 W14x176 W14x193 0.0 W16x40, W16x45 
6 W14x176 W14x193 0.0 W16x40, W16x45 
7 W14x176 W14x193 0.0 W16x40, W16x45 
8 W14x176 W14x193 0.0 W16x40, W16x45 
9 W14x159 W14x176 0.0 W16x40, W16x45 

10 W14x159 W14x176 0.0 W16x40, W16x45 
11 W14x159 W14x176 0.0 W16x40, W16x45 
12 W14x159 W14x176 0.0 W16x40, W16x45 
13 W14x145 W14x159 0.0 W16x40, W16x45 
14 W14x145 W14x159 0.5/8 W16x40, W16x45 
15 W14x145 W14x159 0.5/8 W16x40, W16x45 
16 W14x145 W14x159 0.5/8 W16x40, W16x45 
17 W14x145 W14x159 0.5/8 W16x40, W16x45 
18 W14x145 W14x159 0.5/8 W16x40, W16x45 
19 W14x145 W14x159 0.1/2 W16x40, W16x45 

20/Roof W14x145 W14x159 0.0 W16x40, W16x45 
 

 
Figure 4. D/C PMM ratios for (a) 3-story, (b) 9-story, and (c) 20-story LA buildings 

 
• Fig. 4 illustrates the demand-to-capacity ratios 

(PMM interaction) for the adopted post-
optimization sections under the applied dynamic 
loading. This figure serves as a pre-analysis 
verification of the model adequacy rather than a 
comparative design check. 

 
• Fundamental vibration periods (𝑇𝑇1, 𝑇𝑇2, and 𝑇𝑇3) 

were compared with the theoretical estimates. 
 
 

• Incremental mesh refinements were evaluated to 
assess the convergence of the peak interstory drift 
ratio. 

 
• The computed base shear values were verified 

using force-based seismic-demand prediction. 
 
This robust computational framework ensures a 
realistic and reliable representation of the seismic 
behavior of LA buildings, providing a foundation 
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for further structural performance evaluations and 
optimization strategies. 
 
4. Ground Motion Selection Scaling and 
Transformation in Seismic Design 
 
The accuracy of time-history seismic analysis 
depends heavily on the appropriate selection, 
scaling, and transformation of earthquake ground 
motions. Recent studies have highlighted that 
spectrum-matched artificial records, while 
improving agreement with a target response 
spectrum, may distort other intensity measures, 
such as strong-motion duration and cumulative 
energy content, potentially biasing structural 
response estimates. Foundational studies have 
discussed these trade-offs and provided guidance 
for record selection, scaling, and matching in 
performance-based analyses (e.g., [46−51]). 
Consistent with the literature, the present study 
treats artificial and real records as 
complementary inputs: artificial records for 
spectral consistency in elastic assessments and 
real records to capture the variability in 

frequency content and phase characteristics. The 
selection criteria should consider site-specific 
soil conditions, proximity to the earthquake 
source, seismic intensity, and spectral 
compatibility. The ground motion records used in 
this study were selected from the PEER NGA-
West2 [42] database using a set of clearly defined 
seismological parameters reported in Kulak [52]. 
The selection process employed a strike-slip fault 
mechanism, magnitude range of 4.8–7.5, source-
to-site distances between 10 and 100 km, and 
shear-wave velocities (𝑉𝑉𝑠𝑠)30 between 360 and 760 
m/s. A total of seven real earthquake records 
were chosen for each soil classification (ZA–
ZD), ensuring spectrum compatibility and 
statistical consistency. These criteria were 
defined to align with the TEC-2018 and ASCE 7-
16 recommendations for performance-based 
design. Table 6 presents the principal features of 
the selected records, including the event name, 
recording station, year, magnitude, (𝑉𝑉𝑠𝑠)30 value, 
and source-to-site distance. 

 
Table 6. Key characteristics of selected real and artificial ground-motion records from the PEER NGA-

West2 database [45] 

No Earthquake Station Year Mw (𝑽𝑽𝒔𝒔)30  

(m/s) 
Source 

Distance (km) 
1 Morgan Hill Gilroy Array #1 1984 6.19 1428 14.9 
2 Düzce (Türkiye) Lamont 1060 1999 7.14 782 25.8 
3 Chi-Chi_ Taiwan-04  CHY102 1999 6.20 804 39.3 
4 Chi-Chi_ Taiwan-04 TTN042 1999 6.20 845 68.9 
5 Tottori_ Japan HYG007 2000 6.61 760 99.6 
6 Kocaeli (Türkiye) Maslak 1999 7.51 446 53.0 
7 Landers (USA) Coolwater 1992 7.28 353 19.7 

Note: The full dataset containing detailed ground-motion characteristics for all soil classifications (ZA–ZD), 
including additional PEER NGA-West2 records and scaling parameters, is provided in Kulak [52]. Artificial 
records were generated to match the target spectra for each soil class. 
 
This section details the methodology used to 
select and scale natural and artificial earthquake 
records in accordance with the TEC-2018 [3] and 
ASCE/SEI 7-16 standards. In this study, the term 
“spectrum matching parameters” denotes not 
only the classification between real and artificial 
records, but also the frequency- and amplitude-
adjustment coefficients, scaling factors, and 
phase-modification constraints applied to align 
the input ground motions with the target design 
spectrum. These parameters govern the level of 
spectral conformity and directly influence the 
variability of the structural response outcomes. 

The primary variable in selecting earthquake 
records is soil classification, as it directly 
influences the dynamic response of structures. In 
this study, natural and artificial ground motions 
were selected for four local soil classes (ZA, ZB, 
ZC, and ZD) in TEC-2018. The following criteria 
were considered during selection: 
 
• Ground motions were selected to match the 

local soil classifications (ZA-ZD).  
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• To observe near-field seismic effects, 
earthquake records were selected based on a 
source-to-site distance of 10–100 km, as 
determined through sensitivity analyses.  

 
• Ground motions from seismic events with 

magnitudes ranging from 4.0 to 8.0 were used 
to ensure the inclusion of high-intensity 
earthquakes. 

 
Natural earthquake records were obtained from 
the Pacific Earthquake Engineering Research 
Center (PEER) database [45, 53]. Artificial 
records were generated using the SeismoArtif 
software [54], which produces spectrum-
compatible synthetic accelerograms by matching 
a specified target response spectrum using 
advanced computational algorithms. Ground 
motion scaling was performed to achieve spectral 
consistency with the target design spectrum 
while maintaining the physical characteristics of 
real earthquakes. The following steps were 
performed: 
 
• The square root of the sum of squares (SRSS) 

method was used to obtain a composite 
response spectrum from the two horizontal 
components of each earthquake record. 

 
• The spectral scaling factors were determined 

such that the amplitude ratio of the composite 
spectrum of selected records to the design 
spectrum over the 0.2Tp − 1.5Tp period range 
was not less than 1.3, where Tp represents the 
dominant natural vibration period of the 
structure in the analyzed direction. 

 
• Identical scaling factors were applied to both 

horizontal components of each record to 
maintain spectral integrity. 

 
• To reduce scattering in the response results, 

conditioned average spectra (CAS) were used 
to refine the spectral compatibility by aligning 
the ground motions with site-specific 
earthquake characteristics (step 3 in Fig. 2).  

 
To ensure spectral compatibility with the design 
spectrum, the earthquake records were 
transformed and modified while preserving the 
essential frequency content and amplitude 
characteristics of the actual ground motions. The 

final selected records satisfy the requirement that 
the average spectral ordinates should not be 
lower than the design spectrum at any period. 
This study did not include SSI effects because the 
primary focus was on spectrum-matching 
parameters and soil classifications. Although 
SSI, varying damping ratios, and material 
property uncertainties significantly affect 
seismic behavior, their influence is most 
pronounced in soft soil conditions and in highly 
flexible structures. Future studies should 
incorporate SSI effects, advanced damping 
models, and material uncertainties to provide a 
more comprehensive understanding of the 
structural behavior under actual earthquake 
conditions. Although artificial ground motions 
closely match the target design spectrum, they 
may not fully represent the complex variability 
of actual seismic events. This observation is 
consistent with prior reports that emphasized 
potential distortions in duration and cumulative 
energy metrics following spectral matching 
[47−48, 55]. 
 
5. Seismic Performance Evaluation of Steel 
Structures Under Spectrum Matched 
Earthquake Records 
 
The analysis stage in Fig. 2 (steps 4 and 5) was 
implemented for the ES, TEC-2018, and ASCE 
spectra across four soil classifications (ZA–ZD) 
and three steel moment-resisting frame 
configurations (3-, 9-, and 20-story). In the 
present study, the linear analysis method was 
used in time-history to solve 3-, 9-, and 20-story 
buildings for 3 different spectra, 4 different soil 
types (ZA-ZB-ZC-ZD) and 7 different 
earthquake records. In a model, there are a total 
of 252 earthquake records, including 84 
earthquake records for x −direction and 84 
earthquake records for y −direction from natural 
earthquakes, and 84 earthquake records in both 
directions from artificial earthquakes.  
 
The results obtained from the natural and 
artificial earthquake records are detailed in Kulak 
[52]. The first period of the structure and the first 
period at which the mass participation ratio 
exceeds 90% in both directions (x − y) was 
obtained as 0.947. The damping ratio was 
assumed to be 2.5% [56]. The target design 
spectra defined in TEC-2018 and ASCE 7-16 
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correspond to a 5% damping ratio; therefore, 
they were not regenerated for 2.5% damping. 
Instead, the structural models in SAP2000 were 
analyzed using a 2.5% modal damping ratio to 
represent the lower inherent energy dissipation 
capacity of the steel moment-resisting frames, 
consistent with the recommendations of Kulak 
[52]. In line with the study objective, the results 
presented in Sections 5.1–5.3 are limited to the 
base shear (mean and maximum) for each 
spectrum–soil–height combination only. 
Displacement and inter-story drift outputs, which 
are important for performance-based 
assessments, are not reported herein and will be 
addressed in a subsequent study. 
 
5.1. Behavior of LA buildings based on 
natural earthquake records 
 
The base shear force results of the 3-story 
building in the THA were calculated separately 
for the mean/average and maximum values in 
x − and y − directions, according to the soil 
classes. The base shear forces of the buildings 
according to ES, TEC-2018, ASCE, and RS for 
the ZA soil class are listed in Table 7. To validate 
the scaling procedure, the mean response spectra 
of the scaled ground motions were compared 
with the design spectrum. This comparison 
confirms the alignment across the period range of 
interest, demonstrating the reliability of the 
spectrum-matching methodology.  
 
Minor variations reflecting natural seismic 
variability were observed but did not affect the 
consistency of the analysis results.  The linear 
analysis base shear force results of the 9-story 
and 20-story buildings within a certain time 
interval are presented in Tables 8 and 9, for x − 
and y − directions, respectively, with the average 
and maximum values for different soil classes. A 
linear analysis was chosen in this study because 
of its computational efficiency and ability to 
provide a first-order understanding of the 
structural behavior under seismic loads. 
However, this approach may not capture the 
effects of material and geometric nonlinearities, 
particularly under severe seismic conditions. 
These limitations suggest the need for nonlinear 
analysis in future studies to assess the accuracy 
and reliability of the findings presented here. 
 

5.2. Behavior of LA buildings based on 
artificial earthquake records 
 
The linear analysis base shear force results of a 
3-story building within a certain time interval 
have been calculated for x − and y − axes, 
considering different soil classes. The base shear 
force results for soil classes ZA, ZB, ZC, and ZD 
are presented in Table 10, which shows the 
average and maximum values. The linear 
analysis base shear force results of 9-story and 
20-story buildings, within a certain time interval, 
are presented in Tables 11 and 12 for x − and y − 
directions, respectively, with the average and 
maximum values for different soil classes. The 
results presented in Tables 7–12 clearly 
demonstrate the differences between the real and 
artificial earthquake records in estimating the 
base shear forces for various soil classifications. 
Although artificial records exhibit a more 
uniform spectral match and predictable structural 
response, real earthquake records introduce 
greater variability owing to their natural 
frequency and phase characteristics.  
 
This variability is particularly pronounced in 
softer soil conditions (ZC, ZD), where deviations 
of up to ±35% are observed. These findings 
highlight the need for a balanced approach for 
selecting ground-motion records for seismic 
analysis. In the following section, a detailed 
discussion of these results is provided, focusing 
on their engineering implications and practical 
applications in seismic-resistant structural 
design. 
 
6. Results and discussion 
 
The analysis highlights the significant impact of 
spectrum-matching parameters on structural 
responses, emphasizing the need to select 
appropriate ground-motion records based on the 
intended application. Artificial earthquake 
records offer a more consistent and controlled 
spectral match that is closely aligned with the 
target design spectrum, particularly under stiffer 
soil conditions (ZA and ZB soil types). 
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Table 7. Base shear force results from LTHA of the 3-story steel MRF under different soil classifications 
(ZA, ZB, ZC, ZD) 

Soil Type Directions Base Shear Force (kN) 
ES TEC-2018 ASCE RS 

ZA 

ZA-Fx-mean 1025.20 1283.00 1147.90 1774.40 
ZA-Fx-max 1430.70 1746.20 1613.40 1774.40 
ZA-Fy-mean 913.20 1162.20 1180.30 1675.50 
ZA-Fy-max 1182.60 1745.40 1612.80 1675.50 

ZB 

ZB-Fx-mean 1001.20 1268.10 1237.10 1784.20 
ZB-Fx-max 1494.50 1593.60 1683.70 1784.20 
ZB-Fy-mean 1010.50 1065.10 1124.50 1686.00 
ZB-Fy-max 1501.00 1777.90 1683.20 1686.00 

ZC 

ZC-Fx-mean 2079.80 2328.20 2773.00 3295.60 
ZC-Fx-max 3167.10 3802.40 4723.50 3295.60 
ZC-Fy-mean 2188.70 1722.00 1763.90 3104.90 
ZC-Fy-max 2904.70 3130.30 2043.10 3104.90 

ZD 

ZD-Fx-mean 2315.20 3364.80 3139.50 4122.50 
ZD-Fx-max 4118.40 4583.80 3568.30 4122.50 
ZD-Fy-mean 1673.20 2522.20 2560.50 3879.10 
ZD-Fy-max 2767.60 4557.90 3448.90 3879.10 

 
In contrast, actual earthquake records introduce 
greater variability owing to their inherent 
frequency content and phase characteristics, 
which lead to fluctuations in the base shear 
forces. This effect is particularly pronounced in 
softer soil types (ZC and ZD), where the base 
shear values from the real records show 
deviations of up to ±35% compared with the 
artificial records, as evidenced by the dispersion 
ranges reported in Tables 7–12. Despite their 

stability, artificial records may not fully capture 
the nonlinear effects of ground motions, which 
are essential for performance-based seismic 
assessments. Although artificial records are 
beneficial for preliminary design validation 
because of their uniformity, real earthquake 
records are indispensable for capturing realistic 
seismic uncertainties and variations in structural 
demand.  

 
Table 8. Base shear force results from the LTHA of the 9-story steel MRF under different soil classifications 

(ZA, ZB, ZC, ZD) 

Soil Type Directions Base Shear Force (kN) 
ES TEC-2018 ASCE RS 

ZA 

ZA-Fx-mean 463.90 448.70 469.30 648.40 
ZA-Fx-max 727.70 751.20 761.20 648.40 
ZA-Fy-mean 434.70 424.80 488.60 716.80 
ZA-Fy-max 630.50 600.50 608.50 716.80 

ZB 

ZB-Fx-mean 463.90 535.00 464.00 648.80 
ZB-Fx-max 727.70 903.80 751.20 648.80 
ZB-Fy-mean 434.70 376.20 445.20 717.00 
ZB-Fy-max 630.50 599.20 600.50 717.00 

ZC 

ZC-Fx-mean 849.20 998.80 905.20 1212.30 
ZC-Fx-max 1149.90 1399.90 1037.90 1212.30 
ZC-Fy-mean 911.60 854.30 1249.60 1345.50 
ZC-Fy-max 1298.10 1455.20 1598.60 1345.50 

ZD 

ZD-Fx-mean 1285.70 968.20 1157.40 1528.90 
ZD-Fx-max 1549.70 1219.30 1419.30 1528.90 
ZD-Fy-mean 1006.90 897.80 1020.30 1698.50 
ZD-Fy-max 1426.70 1678.10 1574.20 1698.50 
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Table 9. Base shear force results from the LTHA of the 20-story steel MRF under different soil 
classifications (ZA, ZB, ZC, ZD) 

Soil Type Directions Base Shear Force (kN) 
ES TEC-2018 ASCE RS 

ZA 

ZA-Fx-mean 688.20 529.10 685.30 939.90 
ZA-Fx-max 1122.90 809.10 1317.30 939.90 
ZA-Fy-mean 628.90 630.50 658.40 975.30 
ZA-Fy-max 1332.80 815.10 823.90 975.30 

ZB 

ZB-Fx-mean 688.20 612.10 529.10 940.40 
ZB-Fx-max 1122.90 1159.20 809.10 940.40 
ZB-Fy-mean 628.90 531.70 630.50 975.60 
ZB-Fy-max 1332.80 814.60 815.10 975.60 

ZC 

ZC-Fx-mean 1290.90 884.30 1050.10 1760.80 
ZC-Fx-max 1848.10 1395.20 1540.20 1760.80 
ZC-Fy-mean 1097.90 1349.20 1609.20 1826.50 
ZC-Fy-max 1431.90 1718.30 2072.90 1826.50 

ZD 

ZD-Fx-mean 1340.00 1180.10 1105.80 2223.20 
ZD-Fx-max 2036.50 2501.20 1632.00 2223.20 
ZD-Fy-mean 1642.30 1725.60 1421.60 2312.80 
ZD-Fy-max 2140.10 2837.20 1957.60 2312.80 

 
These findings emphasize that although code-
based design validation can benefit from 
artificial records, real earthquake records should 
be prioritized for advanced seismic performance 
evaluations, particularly for structures on softer 
soils, where seismic demands exhibit higher 
variability. 
 
The reliability of the adopted spectrum-matching 
methodology is corroborated by the consistent 
trends observed across the ES, TEC-2018 
Reduced, and ASCE 7-16 Reduced spectra when 

comparing base-shear outcomes obtained from 
both real and artificial record sets. Tables 7–12 
collectively illustrate these trends across soil 
classes (ZA–ZD) and building heights, providing 
a transparent numerical basis for the comparative 
assessment without the need for additional 
graphical representation. Thus, the tabulated 
results guide engineers in making informed and 
code-consistent decisions regarding seismic-
resistant designs. 
 

 
Table 10. Base shear force results from the LTHA of the 3-story steel MRF subjected to artificial earthquake 

records across different soil classifications (ZA, ZB, ZC, ZD) 

Soil Type Directions Base Shear Force (kN) 
ES TEC-2018 ASCE RS 

ZA 

ZA-Fx-mean 1826.60 1993.80 1946.90 1774.40 
ZA-Fx-max 2111.70 2428.50 2314.30 1774.40 
ZA-Fy-mean 1847.90 2027.80 1998.10 1675.50 
ZA-Fy-max 2212.50 2628.70 2545.80 1675.50 

ZB 

ZB-Fx-mean 1825.00 2005.40 1953.70 1784.20 
ZB-Fx-max 2127.50 2341.70 2251.70 1784.20 
ZB-Fy-mean 1893.00 2005.80 1984.70 1686.00 
ZB-Fy-max 2265.60 2555.60 2489.40 1686.00 

ZC 

ZC-Fx-mean 3381.50 3763.90 3689.30 3295.60 
ZC-Fx-max 3962.10 4446.50 4271.10 3295.60 
ZC-Fy-mean 3487.80 3857.90 3701.00 3104.90 
ZC-Fy-max 4018.60 4803.10 4617.90 3104.90 

ZD 

ZD-Fx-mean 4193.70 4644.60 4507.70 4122.50 
ZD-Fx-max 4893.70 5526.50 5237.70 4122.50 
ZD-Fy-mean 4329.30 4762.30 4672.60 3879.10 
ZD-Fy-max 4815.60 5699.90 5453.40 3879.10 
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Table 11. Base shear force results from the LTHA of the 9-story steel MRF subjected to artificial earthquake 
records across different soil classifications (ZA, ZB, ZC, ZD) 

Soil Type Directions Base Shear Force (kN) 
ES TEC-2018 ASCE RS 

ZA 

ZA-Fx-mean 718.20 765.60 780.20 648.40 
ZA-Fx-max 866.30 883.60 899.20 648.40 
ZA-Fy-mean 714.00 722.70 753.10 716.80 
ZA-Fy-max 838.20 857.30 851.40 716.80 

ZB 

ZB-Fx-mean 730.50 768.80 782.10 648.80 
ZB-Fx-max 837.90 878.00 889.40 648.80 
ZB-Fy-mean 713.00 727.50 741.10 717.00 
ZB-Fy-max 841.30 881.50 863.40 717.00 

ZC 

ZC-Fx-mean 1343.80 1451.10 1415.30 1212.30 
ZC-Fx-max 1559.60 1656.70 1666.10 1212.30 
ZC-Fy-mean 1359.80 1402.90 1390.30 1345.50 
ZC-Fy-max 1660.50 1618.10 1608.40 1345.50 

ZD 

ZD-Fx-mean 1703.40 1752.10 1785.70 1528.90 
ZD-Fx-max 2074.40 2116.80 2126.50 1528.90 
ZD-Fy-mean 1656.60 1793.40 1788.70 1698.50 
ZD-Fy-max 1897.70 2048.50 2048.50 1698.50 

 
Table 12. Base shear force results from the LTHA of the 20-story steel MRF subjected to artificial 

earthquake records across different soil classifications (ZA, ZB, ZC, ZD) 

Soil Type Directions Base Shear Force (kN) 
ES TEC-2018 ASCE RS 

ZA 

ZA-Fx-mean 890.70 974.20 1043.90 939.90 
ZA-Fx-max 952.80 1171.70 1342.40 939.90 
ZA-Fy-mean 949.30 1022.10 1084.20 975.30 
ZA-Fy-max 1014.60 1154.90 1387.20 975.30 

ZB 

ZB-Fx-mean 962.00 1002.90 1028.00 940.40 
ZB-Fx-max 1155.20 1178.50 1354.40 940.40 
ZB-Fy-mean 999.50 1027.70 1064.50 975.60 
ZB-Fy-max 1192.70 1184.70 1389.30 975.60 

ZC 

ZC-Fx-mean 1957.30 1834.20 1888.30 1760.80 
ZC-Fx-max 2444.90 2224.80 2250.60 1760.80 
ZC-Fy-mean 2011.60 1892.90 1950.80 1826.50 
ZC-Fy-max 2565.70 2185.40 2349.80 1826.50 

ZD 

ZD-Fx-mean 2268.90 2417.20 2439.50 2223.20 
ZD-Fx-max 3216.70 3020.80 3409.10 2223.20 
ZD-Fy-mean 2350.20 2506.50 2525.80 2312.80 
ZD-Fy-max 3329.50 3169.60 3515.20 2312.80 

 
7. Conclusions and Engineering Implications 
for Seismic Resistant Structural Design 
 
This study investigated the effects of the 
spectrum-matching parameters on the LTHA of 
steel MRFs. The findings demonstrate that the 
selection and transformation of earthquake 
ground motions significantly influence the 
seismic demand estimation and structural 
response predictions. The key conclusions and 

their implications for seismic-resistant structural 
design are summarized as follows: 
 
• The use of real earthquake records in The 

LTHA introduces variability in the base shear 
results, with fluctuations ranging from ±10% 
to 35%, particularly for structures built on 
softer soil types (ZC and ZD). This variability 
highlights the inherent uncertainties in real 
ground motion and their impact on structural 
responses. 
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• Artificial earthquake records, when properly 
spectrum-matched to the target design 
spectrum, provide consistent and reliable 
structural response predictions with reduced 
variability in the base shear values. This 
consistency renders artificial records more 
suitable for preliminary design validation and 
code-based compliance testing. 

 
• The observed scatter in the base shear forces 

from actual earthquake records suggests that 
the NTHA is more appropriate when natural 
ground motions are used, particularly to meet 
the TEC-2018 requirements. However, 
because the present study focuses on LTHA, 
the observed variability is discussed within 
the elastic response framework. 

 
• Even when carefully selected, actual 

earthquake records do not perfectly match the 
design spectrum, leading to deviations in the 
structural response predictions. This 
emphasizes the importance of selecting 
earthquake records that closely align with the 
target design spectrum to ensure accurate 
seismic demand estimation. 

 
• For cases requiring nonlinear analysis, real 

earthquake records provide a more realistic 
representation of seismic demand, particularly 
for structures subjected to material and 
geometric nonlinearities. However, this 
approach significantly increases the 
computational complexity, particularly when 
at least 11 earthquake records are used, as 
mandated by TEC-2018. In contrast, for linear 
time-history analysis (LTHA), where the 
structural behavior remains within the elastic 
range, the adoption of seven spectrum-
compatible records, as used in this study, is 
sufficient to capture comparative spectral 
response trends while maintaining 
computational efficiency. This distinction 
between NTHA and LTHA clarifies that the 
present study complies with the code 
provisions for elastic response assessment 
while contextualizing the nonlinear 
requirements of TEC-2018. 

 
• In soft soil conditions (ZC and ZD), the base 

shear values from real earthquake records 
exhibited the highest variability, suggesting 

that nonlinear analysis should be prioritized in 
these cases to prevent the underestimation of 
seismic demand. 

 
• Engineering codes should differentiate 

between spectrum-matched artificial records, 
which are effective for design validation, and 
real earthquake records, which are necessary 
for performance-based seismic assessments to 
account for realistic ground motion 
uncertainty.  

 
• This study confirms that although artificial 

earthquake records provide a stable and 
controlled input for seismic design, real 
earthquake records remain essential for 
capturing the complex and dynamic nature of 
structural behavior under earthquake loading. 
These findings reinforce the need for a 
balanced approach that integrates both types 
of records to optimize seismic risk 
assessments and ensure resilient structural 
designs. Future research should extend these 
findings by incorporating advanced SSI 
models, integrating machine learning-based 
predictive frameworks, and refining seismic 
hazard mapping techniques to enhance the 
accuracy of seismic demand assessments. 
These advancements further support the 
development of performance-based seismic 
design methodologies and ensure the 
robustness and reliability of the structures in 
earthquake-prone regions. 

 
7.1. Future research directions and extensions 
 
This study has certain limitations that define the 
scope of its findings and provide a foundation for 
future research. The analysis was restricted to 
linear time-history analysis (LTHA); thus, 
nonlinear phenomena such as material yielding, 
plastic hinge formation, and progressive stiffness 
degradation were not modeled. In addition, the 
use of a constant 2.5% Rayleigh damping ratio 
may not fully capture the range of damping 
characteristics encountered in real structures at 
different excitation levels. The selected record 
set, although matched to the target spectra, was 
limited in number and magnitude range and may 
not fully represent the stochastic variability of 
real earthquakes. Furthermore, SSI and 3D 
dynamic effects, which can influence the 
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dynamic response and base shear distribution in 
flexible or soft soil conditions, were not 
incorporated. 
 
Building on these limitations, future research 
should prioritize refining spectrum-matching 
methodologies and explore their influence on 
seismic performance assessments by addressing 
the following critical gaps. 
 
• Incorporating nonlinear time-history analysis 

(NTHA) to simulate yielding, plastic-hinge 
development, and damage evolution 

• Multiple damping ratios (e.g., 2%, 5%, and 
10%) in accordance with ASCE 7-22 to 
capture realistic energy dissipation 
characteristics. 

• The structural responses under real and 
artificial ground motions were compared to 
quantify the discrepancies in the seismic 
demand. 

• The ground motion dataset was expanded to 
cover a wider range of magnitudes (M4.0–
M8.0), source-to-site distances (10–100 km), 
and soil profiles for statistical robustness. 

• Enhancing spectrum-matching algorithms 
through sensitivity analyses addressing soil 
class and structural period effects 

• Integration of SSI modeling using 3D finite 
element simulations for realistic ground-
compliance representation 

• Real-case validation of mid-rise steel MRFs in 
seismically active Turkish regions to bridge 
theoretical modeling and engineering 
practice. 

• Extending the framework to reinforced 
concrete (RC) and composite systems to 
generalize applicability; and 

• Cost-benefit analyses were performed to 
evaluate the trade-offs among computational 
demand, design precision, and economic 
feasibility. 

 
Collectively, these advancements will strengthen 
performance-based earthquake engineering 
methodologies and contribute to the development 
of resilient, sustainable, and economically viable 
seismic-design strategies. 
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