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This study presents a numerical investigation into the sensitivity of a reinforced
concrete (RC) high-rise moment-resisting frame building to key ground-motion
characteristics, namely frequency content and the presence of forward-directivity
pulse-like ground motions. A nonlinear finite-element model of a 15-story RC
building incorporating soil-structure interaction (SSI) effects is subjected to five
different earthquake ground-motion records, each characterized by distinct
frequency content, peak ground acceleration, and waveform characteristics. The
selected records are scaled to a consistent intensity level to isolate the effects of
different wave shapes. Engineering demand parameters (EDPs), including lateral
displacements, base shear, and base moments, are evaluated. The results
demonstrate that variations in wave shape and frequency content significantly
influence the structural response, leading to amplified lateral displacements, base
shear, and base moments. Pulse-like ground motions can produce higher response
demands than ordinary ground motions and result in notable lateral drift
demands, highlighting the importance of explicitly considering pulse-like ground
motions in seismic performance assessment. Moreover, low-frequency ground
motions consistently lead to amplified responses in the upper stories. These
findings underscore the necessity of explicitly considering pulse-like ground
motions in the performance-based seismic assessment of high-rise buildings
located in near-fault regions.

© 2026 MIM Research Group. All rights reserved.

1. Introduction

Earthquake ground motions affect high-rise buildings (HRBs) primarily through long-period, low-
frequency (slow-shaking) motions, which induce significant swaying and lateral displacements,
leading to increased interstory drifts and potentially severe or catastrophic structural damage. In
contrast, short-duration, high-frequency waves cause stronger shaking in low-rise buildings. HRBs
are particularly vulnerable to prolonged low-frequency ground motions, which can cause
skyscrapers—especially super high-rise buildings—to exceed their design capacity. The extent of
damage is further influenced by factors such as building height, foundation conditions, and soil-
structure and structure-structure interactions. Overall, taller buildings are more affected by long-
period ground motions, whereas shorter buildings experience greater effects from high-frequency
earthquake waves. Conventional seismic design is largely based on elastic response spectra, which
reduce complex earthquake ground motions to peak amplitude-frequency representations.
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Although efficient for design applications, this simplification masks essential time-domain effects,
including the concentration of seismic energy into a small number of large-amplitude cycles
(pulses) and the cumulative impact of long-duration shaking. These characteristics are critical in
driving structures into the nonlinear response regime, governing damage accumulation, and
ultimately controlling collapse potential.

The influence of ground deposits on bedrock motions depends on seismological factors, geological
conditions, site-specific geotechnical properties, and geometric characteristics of the site.
Comprehensive reviews of local site effects can be found elsewhere (AKki [1]; Somerville [2]). Romo
etal. [3] investigated the factors influencing foundation behavior under seismic loading, addressing
key aspects such as seismic load characterization, dynamic soil properties, field and laboratory
testing techniques, geo-seismic instrumentation of prototype structures, seismic stability of
foundations, and the application of artificial intelligence methods. Their findings underscore the
importance of accurately capturing soil behavior and soil-foundation interaction in evaluating the
seismic response of structures. Mavroeidis and Papageorgiou [4] analyzed a large set of recorded
near-field ground motions and developed a procedure for generating realistic synthetic ground
motions suitable for engineering analysis and design. Their approach was applied to evaluate the
response of structural models subjected to near-source seismic excitations, demonstrating how
structural response varies with model input parameters and, ultimately, with earthquake
magnitude. Their work demonstrated that pulse-like near-fault motions may induce significantly
amplified structural response due to concentrated energy input over a limited number of loading
cycles.

Baker [5] developed a method for quantitatively identifying velocity pulses in near-fault ground
motions and compared it with other predictor variables, indicating that ground motions exhibiting
near-fault directivity effects can be identified fairly consistently, and concluded that the
classifications obtained are useful for determining the probability of observing a pulse as a function
of earthquake magnitude, distance, source-site geometry, etc. Tothong and Cornell [6] investigated
the effects of pulse-like ground motions on structural response and showed that the response
depends strongly on the ratio Tp/T1, where T, is the pulse period and T; is the fundamental
structural period. They also demonstrated that scaling records using advanced intensity measures
provides an efficient and robust approach for analyzing structures subjected to pulse-like ground
motions. Over a wide range of fundamental periods (T1), the top-floor displacement varies only
slightly and is largely insensitive to changes in the beam-to-column stiffness ratio. For very long-
period systems, the top-floor displacement approaches the ground displacement, as the floor
masses of such systems remain nearly stationary while the ground motion occurs beneath them
(Chopra [7]).

Wang and Zhang [8] studied a 3D high-rise building with a pile-raft foundation and found that soil-
structure-structure interaction (SSSI) effects are significant under harmonic excitation at
frequencies of 1.0-5.0 Hz, with influence coefficients reaching several tens of percent. Under
seismic excitation, SSSI effects are generally limited to within +10%, although foundation sway may
increase by up to 26%. The interaction effects are maximized when the excitation direction is
perpendicular to the structural layout. Jia et al. [9] investigated the seismic performance of high-
rise buildings with podium structures and found that horizontal displacements under moderate
earthquakes are small. However, with increasing seismic intensity, the applicability of the
structural scheme must be reassessed, and structural details require strengthening and
enhancement. Kato and Wang [10] reported that amplification effects associated with site-city
interaction (SCI) can reach up to 150-200% within the short-period range of approximately 0.01-
0.3 s in the acceleration response spectra. These amplification effects are also reflected in peak
ground acceleration (PGA) patterns and structural response characteristics. Since SCI primarily
influences short-period structural responses, while the behavior of tall buildings is generally
governed by long-period motions, the overall flexural response of high-rise structures is not
significantly altered by SCI. However, the amplification of short-period waves due to SCI can
significantly increase the maximum relative story accelerations (MSA). Nearly all floors may
experience an additional 1-2 m/s® of MSA in the y direction, while several floors may experience
approximately 1 m/s? additional acceleration in the x direction. Moreover, increased kinetic energy
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bands may appear at vertical intervals of approximately 30 m, typically affecting groups of 3-6
floors. Within these regions, the buildings may experience a 10-20% increase in destructive energy
demand. This repeating pattern is attributed to higher-mode structural responses induced by
increased high-frequency spectral accelerations associated with SCI effects.

Alothman et al. [11] investigated the effect of different earthquake characteristics on the seismic
response of high-rise buildings (HRBs). Their findings showed that taller buildings are more
sensitive to variations in earthquake parameters. Long-duration earthquakes increased the seismic
demands on the structures, while near-fault ground motions produced significant responses even
when the earthquake duration was short. Wei et al. [12] applied shaking table tests on an HRB
model and investigated the impact of ground fissure sites on the deformation laws of connected
structures and concluded that the uneven settlement results in mutual influence between
connected structures, leading to an overall tilting effect, with a greater amplitude observed in the
hanging wall. When the site is situated farther from ground fissures, the dynamic amplification
effect on the structure is significantly reduced, and the influence of ground fissures can cause a
more obvious phenomenon of translational-torsional coupling in structures. Salem [13] concluded
that low-frequency earthquakes have a greater impact on tall structures; when the natural
frequency of a building matches the frequency of ground motion, the building will experience the
largest possible displacement and may suffer significant structural damage.

Several studies have demonstrated that SSI significantly affects the seismic performance of RC high-
rise buildings and may alter structural response when combined with mitigation techniques such
as base isolation, tuned mass dampers, bracings, shear walls, and piled-raft foundation systems
(e.g., Kontoni and Farghaly [14]; Farghaly and Kontoni [15]; Kontoni and Farghaly [16]; Farghaly
and Kontoni [17]; Kontoni and Farghaly [18]; Kontoni et al. [19]). However, the combined influence
of seismic frequency content and pulse-like ground motions on RC high-rise buildings considering
SSI effects has not been sufficiently explored.

Although previous studies investigated pulse-like ground motions or soil-structure interaction
separately, limited research has examined their combined influence on the nonlinear response of
reinforced concrete high-rise buildings under different earthquake records with varying frequency
content. Therefore, this study aims to address this gap by analyzing a 15-story RC building
subjected to earthquake records with different frequency characteristics while explicitly
considering SSI effects, with particular emphasis on the impact of seismic frequency content and
pulse-like ground motions on the nonlinear seismic response of the structure. The three-
dimensional 15-story RC building was analyzed under five different earthquake records to
investigate the influence of variations in earthquake characteristics on the seismic response of the
high-rise building (HRB), considering soil-structure interaction (SSI) effects. Lateral displacements
in the x and y directions, base shear forces, base bending moments, and base axial force ratios
obtained from unmodified (natural) and modified (scaled) earthquake records were used to
evaluate the structural performance of the building.

2. Prototype Structure

A 15-story building with a 15 m x 15 m footprint and a 3 m story height was studied. The 3D 15-
story building with raft foundation was subjected to vertical live load (200 kg/m?) in addition to
dead loads (weight of the structural elements and brick walls).

Table 1. Mechanical properties of concrete and reinforcing steel used in the 15-story building

Material property Value
Compressive strength (f) (MPa) 38.1
Splitting tensile strength (f.;) (MPa) 3.4
Concrete Modulus of rupture (f;) (MPa) 3.75
Modulus of elasticity (E.) (MPa) 22938.5
. . Yield stress (f;) (MPa) 578.18
Reinforcing steel Ultimate stress (f,) (MPa) 655.74
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Fig. 1 illustrates the structural floor plan, foundation plan, and frame section details. The column
cross-sections vary along the building height, with dimensions of 550 mm x 550 mm at the base,
gradually reducing to 300 mm x 300 mm at the top. The material properties adopted for the
prototype 15-story building are summarized in Table 1. The structure is a representative RC high-
rise model based on typical design practices, with realistic dimensions and detailing for nonlinear
seismic analysis. The material properties are selected from experimentally validated values and
established ranges reported in the literature.
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Fig. 1. Structural layout and reinforcement details of the 15-story building model

3. Soil-Structure Interaction (SSI)

Supporting soil properties significantly influence structural seismic response through soil-
structure interaction (SSI) effects by modifying foundation flexibility, damping, and the effective
dynamic characteristics of the soil-structure system. Softer soils generally increase structural
periods and displacement demands, whereas stiffer soils reduce foundation flexibility and may
result in greater force transfer into the superstructure.

Medium soil properties (Table 2) support the raft foundation for all earthquakes and the 3D soil
element model used in SAP2000 [20] to model the soil under the raft as stiffness (spring) and
damping (damper) elements of the soil for vertical and horizontal directions with gaps in x, y and
z directions to show the separation between the soil and the raft foundation when subjected to
earthquakes, as shown in Fig. 2. Table 3 shows the stiffness (spring) and damping (damper)
equations used under raft foundation as Newmark and Rosenblueth [21].
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Table 2. Medium Soil properties

Specific Liquid Plastic Plasticity ., . .. Coefficient Dry
. . . o ) Uniformity g G
Material gravity limit limit index coefficient of density (N/mm?) \Y (N/mm?)
(Gs) (%) (%) (%) curvature (g/cm3)

Soil 2.65 415 22.6 18.9 1.46 1.09 1.75 20 04 7.14

Fig. 2. 3D soil element

Table 3. Stiffness, damping and mass equations for soil model

Direction Stiffness Damping Mass
Vertical (z direction) 4Gr 1.79,/kpr? 1.50p713
1—v
Hori 1 . . 1—v . 3
orizontal (X, y direction) 18.26Gr EZ - v; 1.08\/kpr3 0.28pr

Note: G = shear modulus, p = mass density, v = Poisson’s ratio, r = equivalent foundation radius (Newmark and
Rosenblueth [21])

The adopted spring-damper SSI model was selected because it provides a computationally efficient
and widely validated simplified approach for representing foundation flexibility and radiation
damping in nonlinear time-history analysis. Compared with full continuum finite-element soil
modeling, the adopted method significantly reduces computational demand while adequately
capturing the primary soil-foundation interaction mechanisms relevant to the present
comparative parametric study.

The adopted SSI model represents the global stiffness and damping contribution of the soil-
foundation system through equivalent spring-dashpot elements. Therefore, local nonlinear soil
behavior, detailed wave propagation, and complex three-dimensional soil continuum effects are
not explicitly modeled. The approach is most suitable for evaluating global structural response
trends in nonlinear time-history analyses rather than detailed local soil failure mechanisms.

4. Analytical FEM Modeling

The 3D 15-story building with raft foundation was modeled using force-based nonlinear beam-
column elements with the cross-sections shown in Fig. 1. The soil properties are summarized in
Table 2. A 5% Rayleigh damping model, proportional to the mass and initial stiffness, was adopted.
As illustrated in Fig. 3, the three-dimensional 15-story HRB was modeled in SAP2000 [20], with
beams and columns represented by frame elements, and slabs and foundations represented by
shell elements.
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Fig. 3. 3D SAP2000 model of the 15-story building

5. Earthquake Specification

The fundamental period of the 3D 15-story building was estimated as T1 = 2.35 s using empirical
formulas and as T; = 2.073 s using SAP2000 [20]. The dynamic load was applied in the form of
earthquake ground motion records obtained from five significant seismic events: the El Centro
earthquake with magnitude of 6.9 (M), Loma Prieta earthquake with magnitude of 6.9 (M.),
Northridge earthquake with magnitude 6.7 (M), Kobe earthquake with magnitude 6.9 (M,,), and
the Tirkiye (Kahramanmaras) earthquake with magnitude 7.8 (My). Figure 4 presents the
acceleration time histories of the earthquakes used in this study: (i) El Centro (1940) with a PGA of
0.36 g, (ii) Northridge (1994) with a PGA of 0.56 g, (iii) Loma Prieta (1989) with a PGA of 0.364 g,
(iv) Kobe (1995) with a PGA of 0.34 g, and (v) Tiirkiye (Kahramanmaras, 2023) with a PGA of 1.94
g. Note that different vertical acceleration scales and record durations are used to reflect the actual
characteristics and peak ground accelerations of each earthquake. The selected earthquakes
include well-established historical records as well as a recent major seismic event in Tiirkiye.

Earthquake ground motion does not have a single fixed amplitude or force; rather, the intensity of
shaking at a given location depends on factors such as earthquake magnitude, source-to-site
distance, rupture mechanism, and local site conditions. The seismic input data used in structural
analyses are typically obtained from instrumental recordings at specific stations, which capture the
actual ground motion during an event. Furthermore, the seismic force acting on a structure is not
an inherent property of the earthquake itself; rather, it is computed based on the ground
acceleration, the mass of the structure, and its dynamic characteristics. Consequently, this study
adopts Peak Ground Acceleration (PGA) as a primary intensity measure, as it represents the
maximum recorded ground acceleration at a given site and is widely used in engineering practice
to estimate seismic forces.

The pulse-like characteristics of the selected near-fault ground motions were identified through
inspection of the acceleration time histories, supplemented by comparison with established
classification criteria in the literature (e.g., Mavroeidis and Papageorgiou [4]; Baker [5]), which
relate large-amplitude velocity pulses to forward-directivity effects in near-fault earthquakes. The
selected earthquake records exhibit distinct seismic frequency contents and waveform
characteristics. The El Centro (1940) record represents a conventional far-field ground motion
without pronounced pulse-like features and is characterized by relatively rich short- to moderate-
period components. In contrast, the Northridge (1994), Loma Prieta (1989), Kobe (1995), and
Tiirkiye (2023) records exhibit pulse-like characteristics commonly associated with near-fault
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directivity effects. Among these, the Tiirkiye (2023) record exhibits particularly pronounced pulse-
like features, indicating the presence of strong directivity effects; however, its spectral content is
still primarily dominated by relatively short-period components.
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Fig. 4. Acceleration time-history records of the selected earthquake ground motions used in the
dynamic analysis: (a) El Centro (1940), (b) Northridge (1994), (c) Loma Prieta (1989), (d) Kobe
(1995), and (e) Tiirkiye (Kahramanmaras, 2023)

Although only five earthquake records were considered in this study, the objective is not statistical
probabilistic assessment but rather comparative parametric evaluation of representative ground
motions with different seismic frequency contents, pulse-like characteristics, and intensity levels.
The selected record set intentionally includes a broad range of waveform characteristics to enable

focused investigation of the influence of frequency content and pulse-like behavior on structural
response.
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Spectral analysis of the El Centro (1940) acceleration record indicates a dominant frequency of
approximately 2.38 Hz, corresponding to a dominant period of about 0.42 s. The Fourier amplitude
spectrum of the El Centro (1940) earthquake shows dominant frequency peaks corresponding to
periods between approximately 0.4 s and 0.5 s, indicating that the ground motion is characterized
by relatively high-frequency seismic content, typical of far-field earthquake records. Since the
dominant ground-motion period is significantly smaller than the fundamental period of the
analyzed 15-story building (T; = 2.073 s), the El Centro earthquake is expected to generate lower
displacement demands compared with long-period pulse-type ground motions that are closer to
the structural period. Nevertheless, the presence of spectral energy extending up to about 1.5-2.0
s suggests that the record still contains components capable of influencing low- to mid-rise
buildings.

Spectral analysis of the Northridge (1994) earthquake record indicates a dominant frequency of
approximately 1.23 Hz, corresponding to a dominant period of about 0.81 s. The Fourier amplitude
spectrum of the Northridge (1994) earthquake shows dominant frequency peaks corresponding
to periods between approximately 0.7 s and 0.9 s. This indicates a moderate-frequency ground
motion. Since the dominant period of the ground motion is shorter than the fundamental period of
the analyzed 15-story building (T1 = 2.073 s), resonance effects are not expected to occur. However,
the Northridge earthquake is characterized by near-fault pulse-like features, which may still
produce significant structural responses and increased lateral displacement demands compared
with typical far-field earthquakes.

Spectral analysis of the Loma Prieta (1989) earthquake record indicates a dominant frequency of
approximately 0.63 Hz, corresponding to a dominant period of about 1.60 s. The Fourier amplitude
spectrum of the Loma Prieta (1989) earthquake shows dominant frequency peaks corresponding
to periods between approximately 1.2 s and 2.0 s, indicating the presence of low-frequency (long-
period) ground-motion components, which can significantly influence flexible high-rise structures.
This relatively long period further confirms that the ground motion contains low-frequency seismic
components, which strongly influence flexible structures such as high-rise buildings. Since the
dominant period of the ground motion is relatively close to the fundamental period of the analyzed
15-story building (T1 = 2.073 s), this earthquake record is expected to generate considerable lateral
displacement and drift demands compared with higher-frequency ground motions.

Spectral analysis of the Kobe (1995) earthquake record indicates a dominant frequency of
approximately 0.59 Hz, corresponding to a dominant period of about 1.71 s. The Fourier amplitude
spectrum of the Kobe (1995) earthquake shows dominant frequency peaks corresponding to
periods between approximately 1.6 s and 1.8 s, indicating strong long-period seismic content often
associated with near-fault pulse-like ground motions. In the Kobe record, this relatively long period
also indicates that the ground motion contains low-frequency seismic components, which are
particularly important for flexible structures such as high-rise buildings. Because the dominant
ground-motion period is close to the fundamental period of the analyzed 15-story building (T =
2.073 s), the Kobe earthquake is expected to produce significant lateral displacement and drift
demands. In addition, the Kobe record exhibits pulse-like characteristics associated with near-fault
ground motions, which may further amplify the structural response.

Spectral analysis of the Tiirkiye (Kahramanmaras, 2023) earthquake record indicates a dominant
frequency of approximately 6.91 Hz, corresponding to a dominant period of about 0.145 s, which
reflects the presence of strong high-frequency ground-motion components. This short dominant
period indicates that the ground motion is characterized by high-frequency seismic components.
Because the dominant ground-motion period is significantly smaller than the fundamental period
of the analyzed 15-story building (T:1 = 2.073 s), resonance effects are unlikely to occur.
Consequently, this earthquake record is expected to produce lower lateral displacement demand
compared with long-period ground motions, although higher acceleration responses may occur in
the structure.

The frequency characteristics of the selected earthquake records were evaluated using spectral
analysis of the acceleration time histories. The Loma Prieta (1989) and Kobe (1995) earthquakes
exhibit dominant frequencies of approximately 0.63 Hz and 0.59 Hz, corresponding to dominant
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periods of about 1.60 s and 1.71 s, respectively, indicating strong low-frequency (long-period)
ground-motion content. The Northridge (1994) earthquake shows a dominant frequency of
approximately 1.23 Hz (dominant period = 0.81 s), representing moderate-frequency ground
motion. In contrast, the El Centro (1940) earthquake is characterized by a higher dominant
frequency of approximately 2.38 Hz, corresponding to a shorter dominant period of about 0.42 s,
which represents high-frequency seismic waves typically associated with far-field ground motions.
Finally, the Tiirkive (Kahramanmaras, 2023) record exhibits dominant high-frequency
components with a dominant frequency of approximately 6.9 Hz (dominant period = 0.15 s).
Although the Tiirkiye (2023) record is dominated by high-frequency content, it exhibits a short-
duration velocity pulse and is therefore classified as pulse-like. Considering that the fundamental
period of the analyzed 15-story building is approximately T; = 2.073 s, earthquake records with
longer dominant periods, such as Loma Prieta and Kobe, are expected to produce larger lateral
displacement and drift demands, whereas higher-frequency motions such as Tiirkiye are less likely
to resonate with the flexible high-rise structure.

In addition to frequency content, several of the selected earthquakes exhibit pulse-like ground-
motion characteristics, which are commonly associated with near-fault directivity effects. Pulse-
like ground motions are characterized by a large-amplitude velocity pulse occurring within a short
time interval, resulting from the forward rupture propagation toward the recording station. These
pulses concentrate a large portion of seismic energy into a small number of cycles, which can
significantly increase structural response, particularly in flexible structures such as high-rise
buildings. Previous studies have shown that the severity of structural response under pulse-like
ground motions depends strongly on the ratio between the pulse period T}, and the fundamental
structural period T;. When the pulse period approaches the structural period (Tp/T1 = 1),
resonance-like conditions may occur, resulting in significant amplification of lateral displacements,
interstory drifts, and internal forces. Because the fundamental period of the analyzed 15-story
building is approximately T1 = 2.073 s, earthquake records containing long-period pulse-like
components may generate substantially higher seismic demands compared with high-frequency
ground motions.

Table 4. Summary of selected earthquake ground-motion characteristics, including dominant
period, frequency classification, and pulse-like features

Earthquake Year PGA (g) Dominant Period (s) Frequency Type Pulse-like
El Centro 1940 0.36 =0.42 High-frequency No
Loma Prieta 1989 0.364 =x1.60 Low-frequency Yes
Kobe 1995 0.34 =1.71 Low-frequency Yes
Northridge 1994 0.56 =0.81 Moderate-frequency Yes
Tiirkiye 2023 1.94 =0.15 High-frequency Yes

The pulse period T, is not an intrinsic constant of an earthquake event, but depends on the selected
station, component, and pulse-extraction procedure. Therefore, comparisons between structural
period T; and pulse period T}, should be made using the specific ground-motion record adopted in
the analysis, rather than assigning a single T, value to the entire earthquake. The fundamental
period of the analyzed 15-story building is approximately T; = 2.073 s. Comparison with the
estimated pulse periods of the selected earthquake records shows that the El Centro record
represents a non-pulse far-field motion, while the Northridge (7T,~1.1-1.3 s) ground motion
exhibits a pulse period smaller than the building period. In contrast, the Loma Prieta (T,~1.4-1.8
s) and Kobe (T,>1.4-1.8 s) earthquakes exhibit pulse periods closer to the fundamental period of
the structure. The Tiirkiye (Kahramanmaras, 2023) earthquake record is dominated by high-
frequency components, with an estimated dominant pulse period of approximately T~ 1.3-1.5 s,
which is shorter than the structural period. (Although the Tiirkiye record contains high-frequency
components, the time history also shows a short-duration velocity pulse associated with near-fault
directivity). When the pulse period approaches the structural period (T, /T, = 1), resonance-like
dynamic amplification may occur, leading to increased lateral displacements and drift demands in
flexible high-rise structures. Table 4 summarizes the key characteristics of the selected earthquake
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ground-motion records, including peak ground acceleration (PGA), dominant period, frequency
classification, and the presence of pulse-like features.

Figure 5 illustrates the key ground motion parameters adopted in the numerical analysis, providing
an overview of the characteristics and specifications of each earthquake record used in this
research. As shown in Figure 5, the Tiirkiye (2023) earthquake exhibits significantly higher
acceleration demands compared to the other records, which justifies the higher scaling factors and
equivalent acceleration values adopted in the dynamic analysis. To ensure a consistent amplitude
level and isolate the influence of wave shape and frequency content, all records were scaled to a
common peak ground acceleration (PGA), defined as the mean PGA of the record set. Although peak
ground acceleration (PGA) is not the most efficient intensity measure for flexible high-rise
structures, it was adopted in this study to provide a consistent amplitude normalization across the
selected records, allowing the influence of waveform characteristics and frequency content to be
isolated and evaluated independently of overall motion intensity.

To enable a direct comparison of structural response under different seismic frequency contents
and pulse characteristics, all selected ground motion records were normalized to a common
intensity level. Specifically, each record was linearly scaled so that its peak ground acceleration
(PGA) equaled 0.7128 g, which corresponds to the mean PGA of the unscaled ground motion set.
By enforcing a uniform PGA level across all records, the influence of overall amplitude is minimized,
allowing observed differences in structural response to be primarily attributed to variations in
frequency content and pulse-type characteristics rather than differences in record strength. It is
acknowledged that PGA is not the most efficient intensity measure for mid- to high-rise structures;
however, its use here is limited to comparative evaluation of ground motion characteristics under
a fixed amplitude level.
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Fig. 5. Comparison of key seismic parameters for the selected earthquake ground motions,
including peak ground acceleration, scaling factors, and equivalent acceleration values used in
the dynamic analysis

Scaling of the earthquake records to a common PGA level was performed to isolate the influence of
waveform characteristics and frequency content from differences in overall motion amplitude. By
normalizing the peak acceleration of all records, the observed variations in structural response may
be attributed primarily to differences in spectral content, pulse characteristics, and temporal
energy distribution rather than differences in absolute seismic intensity. The selected set of
earthquake records represents a range of frequency contents, pulse-like characteristics, and
intensity levels, enabling a focused investigation of how these parameters influence the nonlinear
response of high-rise buildings. The objective of the study is not statistical ground-motion
prediction but rather comparative evaluation of structural response under representative
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earthquake scenarios. Therefore, the selected records are not intended for statistical
representation but rather for controlled comparison of key ground-motion characteristics. By
combining records with different frequency characteristics, waveform shapes, and near-fault pulse
effects, the analysis provides insight into how ground-motion properties influence the nonlinear
response of high-rise structures when soil-structure interaction is considered.

6. Results and Discussion

The 3D 15-story RC building was analyzed using five earthquake records with different
specifications and parameters to show the effect of these parameters on the seismic response of
the HRB. The results were first evaluated for the original earthquake records and then for modified
records in which each ground acceleration was scaled to the same average peak ground
acceleration (PGA). Table 5 presents the definitions of all symbols used in the subsequent figures.

Table 5. Definition of symbols

Symbol Definition
Q Base shear.
M Base moment.
X x direction.
y y direction.

No modification of peak ground acceleration:

n Analysis using original (not modified) peak ground acceleration.
m Modification of peak ground acceleration to equal peak ground acceleration:
Analysis using modified (scaled) PGA, scaled to match the target PGA.
t Top building point: Response at the top of the building.
f Foundation building point: Response at the foundation of the building.
N ratio = Nm/Nn
N ratio Ratio of base axial force obtained from modified PGA analysis (Nm) to that from

unmodified PGA analysis (Nn).

Key response quantities, including lateral displacements, base shear forces, base moments, and
axial force ratios, were examined to highlight the differing effects of the selected earthquake
records. Figure 6 presents the lateral displacement responses at the foundation level under
different earthquake records. Figure 6(a) shows the lateral displacements at the foundation level
in the x direction. In the unmodified earthquake records, the maximum displacement is observed
for the Tiirkiye earthquake, while the minimum displacement occurs for the Kobe earthquake. In
the modified earthquake cases, in which all records are scaled to the same average PGA, the
maximum lateral displacement occurs under the El Centro earthquake, whereas the minimum
displacement is obtained for the Tiirkiye earthquake. Figure 6(b) shows the lateral displacements
at the foundation level in the y direction, following the same response trends as those in the x
direction.

Figure 7 presents the lateral displacement responses at the top-story level of the building under
different earthquake records. Figure 7(a) presents the lateral displacements at the top-story level
in the x direction. In the unmodified (natural) earthquake records, the maximum displacement is
observed for the Loma Prieta earthquake, while the minimum displacement occurs for the Kobe
and El Centro earthquakes. In the modified earthquake cases, in which all records are scaled to the
same average PGA, the maximum lateral displacements are obtained for the El Centro and Loma
Prieta earthquakes, whereas the minimum displacement occurs for the Tiirkiye earthquake. Figure
7(b) shows the top-story lateral displacements in the y direction, following the same response
trends as those in the x direction.

Although both the Loma Prieta (1989) and Kobe (1995) earthquake records exhibit dominant
periods (x1.60 s and =1.71 s, respectively) relatively close to the fundamental period of the
analyzed structure (T1 = 2.073 s), the resulting displacement demands differ significantly,
indicating that structural response is not governed solely by period proximity, but also by
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waveform shape, pulse amplitude, duration, spectral energy distribution, and temporal
concentration of seismic energy. In particular, the Loma Prieta record produces larger
displacements due to a broader and more sustained concentration of low-frequency energy, which
enhances energy transfer to the flexible high-rise structure.
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m El Centro ®m Northridge = Loma Prieta mTiirkiye = Kobe

(a) Lateral displacements at foundation in the x direction.
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yfn yfm
Foundation displacement in the y direction
for unmodified (n) and modified (m) PGA cases

mEl Centro = Northridge = Loma Prieta ® Tiirkiye = Kobe
(b) Lateral displacements at foundation in the y direction.
Fig. 6. Lateral displacements at foundation under different earthquake records

In contrast, the Kobe record, despite having a similar dominant period, exhibits different waveform
characteristics and energy distribution, resulting in comparatively lower displacement response.
Furthermore, the Tirkiye (2023) earthquake, although characterized by high peak ground
acceleration, is dominated by high-frequency content with a much shorter period, limiting
resonance interaction with the structure and leading to smaller global displacements. When the
records are scaled to a common peak ground acceleration (PGA = 0.7128 g), differences in
amplitude are removed, and the response becomes more sensitive to frequency content, pulse
characteristics, and waveform shape. Consequently, the relative ranking of displacement responses
among the earthquake records changes, highlighting that seismic demand is governed not only by
intensity measures such as PGA but also by the compatibility between ground-motion
characteristics and the dynamic properties of the structure.
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Itis further observed that, in some cases, scaling the earthquake records to a common peak ground
acceleration (PGA) does not significantly alter the overall structural response. This can be
explained by the fact that PGA alone is not sufficient to fully characterize the damaging potential of
ground motions, particularly for flexible high-rise structures. The response is strongly governed by
the frequency content, spectral energy distribution, duration of strong shaking, and the presence
of pulse-like features. Since these characteristics remain unchanged during linear amplitude
scaling, the dynamic interaction between the ground motion and the structure is preserved. In
particular, the degree of compatibility between the dominant ground-motion period or pulse
period and the fundamental structural period continues to control the response. As a result, ground
motions with similar spectral characteristics relative to the structural period may produce
comparable response levels even after scaling, whereas records with different frequency content
may still lead to significantly different structural demands despite having identical PGA values.
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(a) Lateral displacements at the top of the building in the x direction
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(b) Lateral displacements at the top of the building in the y direction
Fig. 7. Lateral displacements at the top of the building under different earthquake records

Figure 8 illustrates the straining actions of the building subjected to different earthquake records.
Figure 8(a) presents the base shear responses in the x and y directions for both unmodified
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(natural) and modified earthquake records. For the modified earthquake cases, the base shear
values in the two directions are nearly identical. This behavior can be attributed to the symmetry
of the building’s structural plan and the square cross-sections of its columns. For the unmodified
earthquake records (Qxn and Qyn), the maximum base shear occurs under the Loma Prieta
earthquake, while the minimum base shear is observed for the El Centro earthquake. Similarly, for
the modified earthquake records (Qxm, Qym), the maximum base shear is again associated with
the Loma Prieta earthquake, whereas the minimum base shear occurs for the Tiirkiye earthquake.

Figure 8(b) presents the base bending moments in the x and y directions for the building subjected
to five different earthquake records. For the unmodified (natural) earthquake records (Mxn, Myn),
the maximum base moments are observed for the Northridge earthquake, while the minimum base
moments occur for the Kobe earthquake. In the case of the modified earthquake records (Mxm,
Mym), the maximum base moments occur under the Loma Prieta earthquake, whereas the
minimum values are obtained for the Tiirkiye earthquake.

Figure 8(c) illustrates the ratio of base axial forces (N = N,/N,,) between modified and unmodified
earthquake records for the five considered earthquakes. The highest axial force ratio corresponds
to the El Centro earthquake, whereas the lowest ratio is associated with the Tiirkiye earthquake.
These results also demonstrate that normalization based solely on peak ground acceleration does
not lead to uniform structural response, and that frequency content, waveform characteristics, and
pulse-like effects play a dominant role in governing the nonlinear behavior of flexible high-rise
structures. The earthquake characteristics are consistent with the structural response results
presented in Figures 6, 7 and 8, where earthquake records with long-period or pulse-like ground-
motion components produce greater lateral displacements and increased base shear and bending
moments, while records dominated by higher-frequency content result in comparatively smaller
global responses in the flexible high-rise structure.

The larger lateral displacements observed under the Loma Prieta earthquake can be attributed to
its long-period frequency content, which is relatively close to the fundamental period of the
analyzed high-rise building. Spectral analysis indicates that the Loma Prieta record has a dominant
period of approximately 1.60 s, which approaches the fundamental structural period (T; = 2.073
s). The Fourier amplitude spectrum of the Loma Prieta (1989) earthquake shows dominant
frequency peaks corresponding to periods between approximately 1.2 s and 2.0 s, indicating the
presence of low-frequency (long-period) ground-motion components, which can significantly
influence flexible high-rise structures. When the dominant period of the ground motion approaches
the structural period, the structure experiences resonance-like dynamic amplification, resulting in
increased lateral displacement and drift demands. In addition, the Loma Prieta ground motion
contains pulse-like characteristics associated with near-fault effects, which concentrate a large
portion of seismic energy into a small number of cycles. This concentration of energy further
amplifies the structural response, particularly in flexible structures such as high-rise buildings,
leading to the larger displacement values observed in the numerical results.

The El Centro (1940) record, characterized by a relatively short dominant period (x0.42 s) and
broad frequency content, represents a typical far-field motion without a clear pulse-like feature.
The relatively large structural response observed under the El Centro (1940) earthquake can be
attributed to the long duration and broad frequency content of the ground motion. Although the
dominant period of the El Centro record (= 0.42 s) is shorter than the fundamental period of the
analyzed 15-story structure (T; = 2.073 s ), the ground motion contains a wide range of frequency
components and multiple strong acceleration peaks distributed over time. The presence of spectral
energy extending up to approximately 1.5-2.0 s indicates that the record still includes components
capable of influencing more flexible structural systems. Moreover, the repeated loading cycles
allow seismic energy to accumulate in the structure, which may increase lateral displacements and
internal forces. Consequently, even ground motions dominated by relatively high-frequency
components can produce significant structural response when the duration of strong shaking is
sufficiently long.
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Fig. 8. Straining actions under different earthquake records
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The relatively smaller lateral displacements observed for the Tiirkiye (Kahramanmaras, 2023)
earthquake after scaling can be attributed to its high-frequency seismic content, which is
significantly different from the fundamental period of the analyzed high-rise structure. Spectral
analysis indicates that the Tiirkiye record has a dominant period of approximately 0.15 s,
corresponding to high-frequency ground motion. Since this period is much smaller than the
fundamental structural period (T1 = 2.073 s), the dynamic interaction between the ground motion
and the structure is limited, reducing the potential for resonance-like amplification. As a result,
despite the relatively large peak ground acceleration of the Tiirkiye earthquake, the structure
experiences smaller global displacement response compared with earthquakes containing longer-
period components. This observation highlights that ground-motion frequency content can be
more influential than peak ground acceleration alone in determining the seismic response of
flexible high-rise buildings.

Overall, the numerical results demonstrate that the seismic response of the analyzed high-rise
building is strongly influenced by the frequency characteristics of the earthquake records. Ground
motions with longer dominant periods, such as the Loma Prieta (1989) and Kobe (1995)
earthquakes, produce larger lateral displacement and drift demands, since their dominant periods
are relatively close to the fundamental structural period (T: = 2.073 s ). In contrast, earthquakes
characterized by higher-frequency content, such as Tirkiye (2023) records, generate
comparatively smaller global displacement responses, because their dominant periods are much
shorter than the structural period and therefore do not produce resonance-like amplification. The
Northridge (1994) record exhibits moderate frequency characteristics, resulting in an
intermediate structural response. These observations highlight that ground-motion frequency
content and waveform characteristics can significantly influence structural behavior, even when
earthquake records are scaled to the same peak ground acceleration level. Consequently, relying
solely on PGA as an intensity measure may not adequately represent the seismic demand on flexible
high-rise buildings, emphasizing the importance of considering frequency content and pulse-like
ground-motion characteristics in nonlinear seismic performance assessments.

Pulse-like ground motions are characterized by the presence of a distinct large-amplitude velocity
pulse occurring within a short duration, typically associated with forward-directivity effects in
near-fault regions. These pulses concentrate a significant portion of the seismic energy into a
limited number of loading cycles, which can lead to increased structural response, particularly in
flexible systems. The identification of pulse-like characteristics in the selected earthquake records
was performed based on inspection of acceleration time histories and is consistent with established
approaches in the literature. In particular, Mavroeidis and Papageorgiou [4] proposed analytical
representations of near-fault pulse-type motions, while Baker [5] introduced quantitative
classification methods based on wavelet analysis for identifying velocity pulses. Based on these
criteria, the Northridge (1994), Loma Prieta (1989), Kobe (1995), and Tiirkiye (2023) earthquake
records were identified as exhibiting pulse-like characteristics, whereas the El Centro (1940)
record represents a typical non-pulse far-field ground motion. The observed response trends
further confirm that the seismic demand is critically controlled by the ratio between the pulse
period (T,) and the fundamental structural period (T1), as maximum amplification occurs when T,
~ Ty, resulting in resonance-like dynamic effects that significantly increase lateral displacements
and drift demands, particularly in flexible high-rise structures. In the present study, this
mechanism is evident in the response to the Loma Prieta and Kobe earthquake records, where
pulse periods approaching the fundamental structural period (T: = 2.073 s) result in increased
displacement demands; however, the differences observed between these cases indicate that the
Tp/T1 ratio alone does not fully govern the response, as factors such as spectral energy distribution,
pulse amplitude, and duration of strong motion also play a critical role.

Figure 9 illustrates a representative structural deformed configuration and plastic hinge
distribution under the Loma Prieta earthquake, which produced the maximum lateral
displacement among the considered records.
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Fig. 9. Representative nonlinear structural response under Loma Prieta earthquake excitation:
(a) Deformed configuration of the 15-story building at peak lateral displacement (scale factor =
20), illustrating the global lateral sway pattern; and (b) Corresponding plastic hinge
distribution overlaid on the deformed configuration at peak response, where the color-coded
hinges represent different performance levels according to SAP2000 conventions: purple
indicates yielding (B), blue corresponds to Immediate Occupancy (10), cyan represents Life
Safety (LS), green denotes Collapse Prevention (CP), yellow indicates the onset of post-collapse-
prevention degradation (C), orange indicates advanced strength degradation (D), red
represents failure (E)

Figure 9(a) shows that the largest lateral deformation occurs in the upper stories, consistent with
the flexible response of high-rise moment-resisting frame systems under long-period seismic
excitation. Figure 9(b) presents the plastic hinge distribution at peak response. The nonlinear
response is mainly concentrated in beam and column elements in the lower and intermediate
stories, where seismic demands and internal force concentrations are typically highest. This
pattern reflects the progressive development of inelastic action in RC frame structures subjected
to severe ground motion. The observed hinge formation confirms that the selected earthquake
record induces significant nonlinear structural behavior, supporting the use of nonlinear time-
history analysis in this study.

The adopted medium soil condition influences the obtained response through foundation flexibility
and radiation damping represented by the spring-dashpot SSI model. This flexibility increases the
effective deformability of the soil-foundation-structure system and may contribute to larger
lateral displacement demands, particularly under long-period and pulse-like ground motions. At
the same time, the damping component of the soil model contributes to energy dissipation and can
modify the transmitted base shear and bending moments. Therefore, the response trends shown
in Figs. 6-8 are not governed only by the earthquake records, but also by the assumed medium soil
properties and their influence on the dynamic characteristics of the coupled system.

7. Conclusions

A three-dimensional 15-story building was analyzed under five different earthquake records to
investigate the influence of variations in earthquake characteristics on the seismic response of the
high-rise building (HRB), considering soil-structure interaction (SSI) effects. Lateral displacements
in the x and y directions, base shear forces, base bending moments, and base axial force ratios
obtained from modified and unmodified earthquake records were used to evaluate the structural
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performance of the building. Based on the observed displacement and force responses, the
following conclusions are drawn:

e Soil-structure interaction (SSI) has a significant influence on the seismic response of high-
rise buildings (HRBs) and should be explicitly considered in time-history analyses.

¢ Finite element modeling (FEM) is essential for reliably capturing the dynamic behavior of
HRBs subjected to earthquake loading.

e Reliable seismic performance assessment of HRBs requires evaluation using multiple
earthquake records prior to final structural design.

e Long-period earthquake records can result in higher lateral displacements in HRBs
compared with short-period earthquake records.

e Nevertheless, high peak ground acceleration (PGA) associated with certain earthquake
frequency contents does not necessarily lead to the most severe straining actions in HRBs.

e Variations in the frequency content and waveform characteristics of the earthquake records
result in noticeable differences in the base shear response, with variations of up to
approximately 20% among the considered earthquakes.

e Similarly, the base bending moments exhibit noticeable variations among the considered
earthquake records, with differences reaching up to approximately 25% due to variations in
the frequency content and waveform characteristics of the ground motions. However, in
some cases, scaling the ground motions to a common PGA does not significantly alter the
overall structural response.

e Overall, the results indicate that ground motions with dominant or pulse periods
approaching the fundamental period of the structure produce the largest lateral
displacement and drift demands, highlighting the critical role of frequency content and pulse
characteristics in the seismic response of flexible high-rise buildings.

Future studies may extend the present work by investigating a broader range of building
configurations, varying soil conditions, and a larger suite of near-fault earthquake records for
statistical evaluation. Further research could also incorporate a detailed assessment of plastic
hinge formation and hysteretic response. The adopted numerical modeling methodology is based
on validated finite-element procedures and soil-structure interaction (SSI) formulations widely
accepted in previous literature for the nonlinear seismic assessment of reinforced concrete high-
rise buildings.
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