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ABSTRACT

Earthquake ground motions are strongly influenced by local site conditions, geological
formations, and bedrock characteristics. Site response analysis is widely used to
evaluate how seismic waves are modified as they propagate through soil deposits toward
the ground surface. Factors such as soil stratigraphy, basin geometry, bedrock depth
and inclination, and local topography can significantly affect ground motion amplification.
Conventional one-dimensional (1D) site response analyses assume horizontally layered
and laterally uniform soil conditions. However, this assumption may not adequately
represent complex alluvial basins, where irregular topography and heterogeneous
subsurface geometry can generate significant two-dimensional (2D) wave propagation
effects. These effects can alter both the amplitude and frequency content of seismic
motions, particularly near basin edges. In this study, both 1D and 2D site response
analyses were performed for the Eskisehir Basin using two recorded earthquake ground
motions scaled to peak ground accelerations (PGAs) of 0.02g, 0.05g, 0.07g, and 0.10g.
The primary objective was to investigate the influence of input motion intensity on basin-
induced amplification and spectral acceleration ratios. Variations in amplification levels
and spectral acceleration ratios were evaluated at different locations across the basin
and analyzed as a function of distance from the basin boundaries. The findings indicate
that basin geometry and topographic irregularities significantly influence seismic site
response. Wave reflection and refraction near basin boundaries lead to localized
increases in spectral accelerations and amplification levels that are not captured by
conventional 1D analyses. Furthermore, both the magnitude and spatial distribution of
these basin effects vary with input ground motion intensity, highlighting the importance
of 2D analyses for seismic hazard assessment in complex geological settings.
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1. INTRODUCTION

Minimizing the damage caused by earthquakes and preventing loss of life are the
significant objectives of geotechnical earthquake engineering. In geotechnical
earthquake engineering, seismic site response analyses are performed by considering
soil and site characterization. Seismic Site Response Analysis (SSRA) is a method of
calculating the hazard acceleration spectrum of the ground surface under the influence
of seismic waves, the risk of liquefaction, the amplification risk of soil layers and the
design spectra of superstructures.

One-dimensional site response analysis assumes that all boundaries of the soil layers
are horizontal and that the layers below the ground surface extend infinitely in the lateral
directions. Nowadays, one-dimensional site response analyses are Nowadays, one-
dimensional site response analyses are more preferred due to their simplicity and
practicality (Arduino and Kramer, 2009; Phillips and Hashash, 2009, Civelekler et al.,
2021). However, one-dimensional site response analyses cannot predict the wave
propagation and amplification of alluvial layers in sedimentary basins where the basin
geometry changes. The impact of seismic motion on the surface of alluvial valleys is
related to the complexity of geotechnical and geological conditions. Since the center of
the valleys has a simple geometry, the second dimension effect is not seen much. Here,
one dimensional effect of seismic motion is more dominant. However, with the change of
topography and geometry on the valley sides, the second dimension effect dominates at
high frequencies (Khanbabazadeh and lyisan 2014a; b). The alluvial basin behavior
during seismic motion is driven by the interaction between waves from the bedrock,
waves refracted at the edge and surface waves. In this case, while the stresses at some
surface points are within the elastic range, they reach beyond it at some points. As a
result, the resonance period may be different between surface points. In these conditions,
nonlinear surface behavior is considered (Khanbabazadeh, 2024). From a theoretical
perspective, nonlinear soil behavior is governed by strain-dependent stiffness and
damping properties, which control the dynamic response of soils under seismic loading
(Hardin and Drnevich, 1972; Gazetas, 1991).

In alluvial basins, wave trapping, basin-edge effects, and nonlinear stiffness degradation
act simultaneously, producing intensity-dependent amplification patterns that cannot be
captured using simplified one-dimensional approaches. Recent studies have
demonstrated that this coupled behavior plays a crucial role in controlling the spatial
variability of seismic response in sedimentary basins These findings highlight the need
to consider both input motion intensity and basin geometry within an integrated
framework for seismic site response analysis (Khanbabazadeh and lyisan, 2014a, b;
Hasal et. al, 2018; Saenz et al., 2019,)

The Eskisehir Basin, located in a tectonically active region of northwestern Turkiye,
represents a typical alluvial basin characterized by irregular geometry and spatially
variable soil conditions. Previous studies in this region have predominantly employed
one-dimensional site response approaches; however, such methods are not capable of
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capturing multidimensional wave propagation effects associated with basin geometry
and lateral heterogeneity.

In this context, the present study investigates the role of input motion intensity in
controlling basin-induced seismic response using both one-dimensional (1D) and two-
dimensional (2D) site response analyses. Two recorded earthquake ground motions
were each scaled to four different peak ground acceleration (PGA) levels (0.02g, 0.05g,
0.07g, and 0.10g9) to systematically evaluate the effect of shaking intensity on seismic
amplification behavior. Particular emphasis is placed on quantifying how input motion
intensity influences the spatial distribution of ground motion amplification and spectral
acceleration ratios across the Eskisehir Basin. The analysis further examines the
sensitivity of basin-edge effects and distance-dependent response characteristics to
increasing excitation levels.

A comparison between 1D and 2D results enables a detailed assessment of the
limitations of conventional approaches and highlights the coupled influence of input
motion intensity and basin geometry on seismic site response. The findings provide new
insights into intensity-dependent basin effects and contribute to improved seismic hazard
assessment in complex geological environments.

2. METHODOLOGY

2.1. Seismotectonic Framework and Geological Structure of the Eskisehir Basin

The Eskisehir Basin extends over an area of approximately 640 km? and is predominantly
composed of unconsolidated alluvial sediments. The basin is structurally bounded by
fault-controlled margins along its northern and southern boundaries. The regional
tectonic regime is characterized by extensional deformation, primarily expressed by
normal faulting with a dominant northwest—southeast (NW-SE) orientation.

The Eskisehir Fault Zone is one of the most prominent neotectonic structures in western
Anatolia, extending from the Bursa—inegél region to Cihanbeyli (Yaltirak 2002, Dirik and
Erol, 2003; Tokay and Altunel, 2005; Ocakoglu, 2007; Emre et al., 2013) (Fig. 1). This
fault system is widely recognized as an active seismic source capable of generating
strong ground motions in the region.

Within this tectonic framework, the Eskisehir—indnii Fault constitutes one of the principal
segments of the fault zone, extending for several kilometers and posing a significant
seismic hazard to the city of Eskisehir. Due to its proximity to densely populated areas,
this fault has the potential to generate earthquakes that may result in considerable
structural damage. A comprehensive investigation of the geometry, kinematics, and
seismic characteristics of the Eskisehir Fault Zone was presented by Altunel and Barka
(1998), providing key insights into the neotectonic evolution of the region (Fig. 2).



The 2026 World Congress on
The 2026 Structures Congress (Structures26)
23-25, August, 2026, Convensia, Incheon, Korea

30°0'0"E

19980847
i

Legend

Earthquakes Data
m&-‘ n&n"
Mw

© 37 -40

[o)

40

) so

-50
-60

CJ 60-70

.70-75

— F 3ults
& e Normal_Fauit
B S Strike-sip fault

[ sudyae

Worid Shaded Rele!

lue
High ; 65535

Low:0

Fig. 1. Distribution of seismicity and major fault segments in the study area (a) Kocyigit
and Ozacar (2003), ((b) Ocakoglu (2007) and (c) Seyitoglu et al. (2015)
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Fig. 2. Tectonic map of the Eskisehir region and its surroundings (Altunel and Barka
(1998) )

Geographically, the Eskisehir Basin is located in central Anatolia within an active
seismotectonic setting. The basin is bounded by relatively competent bedrock units and
is infilled with young, heterogeneous alluvial deposits. These deposits mainly consist of
varying proportions of sand, silt, clay, and gravel, exhibiting significant spatial variability
in both thickness and mechanical properties.

The regional geological framework comprises a diverse assemblage of lithological units,
including marbles, ophiolitic mélanges, conglomerate—sandstone sequences, limestones,
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and volcanic rocks such as basalts. These units are overlain by older and recent alluvial
deposits near the surface (Gozler et al., 1985, 1996; Olmez et al., 1986; Akdeniz et al.,
2011a; Akdeniz et al., 2011b; Civelekler and Pekkan, 2021) A geological map of the
Eskisehir Basin is presented in Fig. 3, illustrating the spatial distribution of lithological
units and the overall geological setting of the area.
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Fig. 3. Geological map of the Eskisehir Basin showing the distribution of lithological units
(Guney et al., 2013)

The soil profile used in the study is presented in terms of SPT-N, soil class and shear
wave velocity in the following figures (Fig.4, Fig.5 and Fig. 6). Fig.4a and 4b present the
spatial distribution of SPT-N values along the east—-west and south—north cross-sections
of the Eskisehir Basin. The profiles indicate that the basin is characterized by a thick
layer of relatively soft new alluvium with low SPT-N values in the central part, whereas
old alluvium with higher SPT-N values dominates toward the basin margins and at
greater depths. This lateral and vertical heterogeneity suggests significant variations in
soil stiffness across the basin, which may strongly influence local seismic site response
and ground motion amplification.

Fig. 5 presents the three-dimensional geological model and representative east—west
and south—north cross-sections of the Eskisehir Basin. The subsurface is characterized
by heterogeneous alluvial deposits consisting primarily of low- to medium-plasticity clays,
silts, and sandy soils. The variable thickness of these deposits, together with the shallow
groundwater table, indicates significant spatial variations in soil stiffness and impedance
contrast. These geological conditions are expected to play a key role in the propagation
and amplification of seismic waves within the basin.
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Fig. 4b. South-north cross-section of SPT-N values of Eskisehir basin (Akdeniz et al.,
2011b).
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Tun et al. (2016) revealed a 2D cross-section of the Eskisehir basin in the northeast-
southwest direction as a result of HSVR and microtremor studies. They determined that
the half graben shape of the basin is compatible with the fault segment within the basin
boundaries. Eskisehir basin is defined as a shallow sedimentary basin with high sloping
rock outcrops in the north-south direction and gently sloping in the east-west direction.
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Fig. 6. The sediment—bedrock depth cross-section of the Eskisehir Basin, based on the
selected Vs profiles (Tun et al. (2016))

2.2 Selection and Scaling of Ground Motions

A suite of two recorded earthquake accelerograms was selected to capture a broad range
of frequency content and duration characteristics representative of the seismic conditions
in the study area. The records were obtained from the Pacific Earthquake Engineering
Research Center (PEER) strong motion database and were chosen based on their
consistency with regional seismic hazard features.

In oder to investigate one-dimensional (1D) and two-dimensional (2D) basin effects
under different seismic characteristics, two representative strike-slip earthquake records
were selected: the 1979 Imperial Valley (El Centro Array #12, Mw = 6.53) and the 1999
Kocaeli (Yarimca, Mw = 7.51) earthquakes. The Imperial Valley record is characterized
by near-fault effects with a pronounced velocity pulse, whereas the Kocaeli record
contains relatively high-frequency ground motion components representative of a large
crustal strike-slip event. These two motions provide distinct frequency content and
waveform characteristics, allowing the influence of basin geometry on seismic wave
propagation to be evaluated under different excitation conditions.

The main purpose of the study is to emphasize the effects of basin geometry rather than
nonlinear soil behavior so that the selected ground motions were scaled only in terms of
their peak ground acceleration (PGA) to low intensity levels while preserving their original
frequency content and temporal characteristics. This approach ensures that the soil
response remains essentially within the linear range, thereby minimizing the influence of
material nonlinearity and allowing the differences between the 1D and 2D analyses to be
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primarily attributed to wave propagation, impedance contrasts, and basin-induced
amplification effects.

Each record was amplitude-scaled to four target peak ground acceleration (PGA) levels
of 0.02g, 0.05g, 0.07g, and 0.10g to systematically investigate the effect of ground motion
intensity,. The scaling procedure was implemented in the time domain by applying a
uniform factor to the entire acceleration time history. For illustration purposes, one of
the selected ground motions scaled to a PGA level of 0.10g is presented as a
representative acceleration time history (Fig. 7) This example demonstrates the adopted
scaling strategy, in which only the amplitude of the motion is altered without introducing
any frequency-domain adjustmelznts.
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Fig. 7. Scaled ground motions used in the study (Pga=0.1q)

The Imperial Valley record exhibits a relatively longer duration and a more gradual energy
release, including near-fault pulse-like features, whereas the Kocaeli record is
characterized by shorter-duration, higher-frequency pulses with energy concentrated
over a narrower time window. Preserving these characteristics enables the influence of
different input motion characteristics on 1D and 2D basin response to be evaluated
independently of ground motion intensity.

2.3 One-Dimensional Nonlinear Response Analyses
One-dimensional (1D) nonlinear site response analyses were performed to establish a

rigorous reference condition for comparison with the two-dimensional simulations
conducted for the Eskisehir Basin. Within this framework, seismic wave propagation was
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assumed to occur vertically through horizontally stratified soil layers, while the stress—
strain behavior of soils was modeled using fully nonlinear constitutive formulations.

The solil profiles adopted in the analyses were derived from the same geological and
geotechnical dataset used in the multidimensional modeling stage to ensure
methodological consistency. Each profile was defined by layer thickness, density, and
shear wave velocity distributions representative of basin sediments. The engineering
bedrock was identified based on shear wave velocity criteria and regional geological
considerations, providing a consistent boundary condition for input motion application.

Unlike equivalent-linear approaches, the present analyses explicitly account for time-
dependent nonlinear soil behavior. The constitutive response was represented using
strain-dependent backbone curves combined with appropriate hysteretic rules to
simulate cyclic loading effects, consistent with recent nonlinear site response modeling
approaches reported in the literature (Civelekler et al., 2024).In this context, modulus
degradation and damping evolution were governed by empirically calibrated relationships
(Darendeli, 2001; Vucetic and Dobry, 1991), enabling realistic representation of stiffness
reduction, energy dissipation, and potential accumulation of permanent strains under
strong ground motion.

Input ground motions were applied at the base of each soil column as acceleration time
histories, scaled to the target intensity level (0.02 g, 0.05 g, 0.07 g,0.1 g), consistent with
the overall seismic scenario considered in this study. Wave propagation through the soil
column was computed in the time domain, allowing the capture of nonlinear effects such
as waveform distortion, frequency content shift, and amplitude-dependent response.
Surface ground motions were evaluated in terms of peak ground acceleration (PGA),
response spectra, and amplification functions.

The use of fully nonlinear analysis provides a more physically consistent estimation of
seismic site response, particularly under moderate-to-strong shaking conditions where
strain levels exceed the validity range of equivalent-linear assumptions. However, similar
to all 1D approaches, the method inherently neglects lateral variability, basin-edge
geometry, and multidimensional wave propagation effects such as refraction, diffraction,
and focusing.

In this study, the 1D nonlinear results serve as a baseline for isolating multidimensional
amplification mechanisms observed in the 2D nonlinear analyses. Comparisons between
the two modeling approaches enable quantification of the additional effects induced by
basin geometry and lateral heterogeneity, thereby improving the overall interpretation of
seismic response characteristics across the basin system.

2.4. Two-Dimensional Nonlinear Site Response Analyses
Two-dimensional (2D) nonlinear site response analyses were conducted to quantify the

effects of basin geometry and lateral heterogeneity on seismic ground motion within the
Eskisehir Basin. In contrast to one-dimensional idealizations, this modeling framework
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explicitly accounts for complex wave propagation mechanisms arising from irregular
subsurface conditions, thereby enabling a more realistic representation of earthquake-
induced soil response.

The numerical model was established based on a geologically consistent cross-section
that captures the principal stratigraphic and morphological characteristics of the basin
system. The model geometry incorporates surface topography, spatial variations in
sediment thickness, and the configuration of the underlying engineering bedrock.
Particular emphasis was placed on the basin-edge transition zone, where the inclination
of the bedrock interface introduces strong lateral impedance contrasts. Such features
significantly influence the incoming wave field through refraction, diffraction, and
reflection, potentially resulting in localized amplification and basin-edge focusing effects.

Within this framework, soil behavior was simulated using the Hardening Soil Model
(HSM), which enables advanced representation of nonlinear stress—strain relationships
under both static and dynamic loading conditions. The HSM formulation accounts for
stress-dependent stiffness, plastic strain accumulation, and distinct loading—unloading
stiffness moduli, thereby providing a more realistic description of soil behavior compared
to conventional linear or equivalent-linear approaches. In addition, the model captures
shear hardening effects and stiffness degradation associated with increasing strain levels,
which are critical for accurately simulating seismic soil response.

Model parameters were calibrated based on available geotechnical and geophysical data,
ensuring consistency with the shear wave velocity profiles and material properties used
in the 1D nonlinear analyses. This calibration approach allows the preservation of
comparable small-strain stiffness while extending the analysis to strain-compatible
nonlinear conditions within a multidimensional framework.

Seismic input motions were applied at the model boundaries as acceleration time
histories compatible with the target hazard level (e.g., scaled to 0.1 g). Absorbing
boundary conditions were implemented along the lateral and bottom boundaries to
prevent artificial wave reflections and to simulate an effectively infinite medium. Time-
domain analyses were carried out to capture the full evolution of wave propagation,
including interactions with basin geometry and nonlinear soil behavior.

The computed results indicate pronounced spatial variability in ground motion across the
basin, particularly near the basin edge where geometric irregularities and impedance
contrasts are most significant. The combination of nonlinear material response and
complex subsurface geometry leads to amplification patterns that differ substantially from
those obtained using one-dimensional analyses. In particular, wave trapping within the
sedimentary layers and energy focusing near the inclined bedrock interface contribute to
elevated motion amplitudes in localized regions.

The two-dimensional basin model geometry, including the representation of stratigraphy,
surface topography, and the inclined bedrock interface, is presented in Fig. 8a. This
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figure illustrates the numerical domain and highlights the critical features governing
multidimensional seismic wave propagation.

Overall, the 2D nonlinear modeling approach, incorporating the Hardening Soil Model,
provides a robust and physically consistent framework for evaluating basin effects. The
integration of advanced constitutive modeling with realistic basin geometry enables
improved assessment of seismic amplification mechanisms and spatial variability in
ground motion, offering valuable insights beyond those obtained from simplified one-
dimensional analyses. The meshed configuration of the two-dimensional nonlinear finite
element model, together with the locations of the selected observation points (Point 1—
Point 5), is presented in Fig. 8b for the Eskisehir Basin. These points were defined along
the basin profile to capture the spatial variation of seismic ground response from the
basin margin toward the interior.

YA

Point 1 Point 2 Point 3

Fig. 8. a) Basin model of the Eskisehir Basin used in nonlinear site response analyses.
b) Meshed 2-D nonlinear finite element model of the Basin with boring points (Point 1—
Point 5) defined along the basin profile.

4. RESULTS AND OBSERVATIONS

Seismic excitation was introduced into the numerical domain through acceleration time
histories imposed at the model base. A compliant base approach was implemented to
realistically represent the transmission of upward-propagating seismic waves from the
underlying bedrock into the overlying solil layers, while allowing partial energy radiation
back into the half-space.

To minimize artificial wave reflections at the model extents, lateral boundaries were
defined using energy-absorbing formulations, including free-field boundary conditions
where appropriate. These boundary treatments enable the simulation of an effectively
infinite medium by permitting outgoing waves to exit the computational domain without
significant reflection.
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The adequacy of the selected boundary conditions was verified through a series of
sensitivity checks, ensuring that boundary-related effects remain negligible within the
central portion of the model where response quantities were evaluated. This verification
confirms that the computed ground motion characteristics are governed by the physical
properties of the basin system rather than numerical artifacts. An example of site
response for the 0.1g Kocaeli Earthquake input at bedrock is presented in Fig. 9.
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Fig. 9 presents the acceleration time histories (0—40 s) and corresponding 5%-damped
response spectra obtained from both 1D and 2D nonlinear site response analyses for the
Kocaeli earthquake record scaled to a target PGA of 0.10g.In the time domain, the 1D
acceleration histories exhibit uniform and smooth wave propagation across all
observation points, with shaking duration and peak amplitudes governed strictly by 1D
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vertical shear wave transmission. On the other hand, the 2D time histories reveal
pronounced spatial variations along the basin cross-section. Most notably at Point 2 and
Point 3, higher peak acceleration spikes are generated, accompanied by a distinct
extension of the active shaking duration and coda-wave tailing beyond t = 20 s. This
duration prolongation is a direct signature of wave trapping within the soft alluvial
sediments and the lateral propagation of basin-edge induced surface waves.

The contrast between the two modeling approaches is further highlighted by the 5%-
damped acceleration response spectra . The 1D spectral curves show a well-defined
spectral peak around T around 0.40 - 0.50 s. In the 1D framework, Point 3 (Red line),
situated over the deepest part of the sediment column, yields the maximum spectral
response, whereas points near the shallower margins (Points 1, 4, and 5) exhibit lower
spectral demand.

In sharp contrast, the 2D multidimensional analysis reveals a substantial amplification
shift toward the basin edge. The most critical response is captured at Point 2 (Blue line),
located near the inclined bedrock transition zone. At Point 2, the peak spectral
acceleration reaches approximately 0.18g, representing an amplification increase of
nearly 65% compared to its 1D equivalent. Furthermore, Point 2 exhibits a severe
spectral broadening, maintaining elevated spectral accelerations across a wide period
range. Point 3 (Red line) also shows elevated but remains secondary to Point 2.This
behavior is attributed to the basin-edge focusing effect, where inclined bedrock geometry
refracts incoming vertical S-waves, converting a portion of their energy into laterally
propagating surface waves. The constructive interference between these edge-
generated surface waves and direct S-waves leads to intense localized amplification and
spectral broadening at Point 2 that conventional 1D analyses fail to capture.

Fig. 10 illustrates the variation of spectral acceleration amplification factors across the
five designated observation points (Points 1-5) for the Imperial Valley ground motion
scaled to four distinct peak ground acceleration levels (PGA = 0.02g, 0.05g, 0.07g, and
0.10g).A prominent feature observed across all excitation levels is the presence of two
distinct amplification bands is that an intermediate-period peak centered around T=0.5 s
and a major long-period peak spanning T=3.0 - 4.0 s. The long-period peak reaching
values well above unity at T=3.5 s reflects deep basin resonance, driven by the trapping
and constructive interference of long-period surface and shear waves within the thick
sedimentary infill.

Comparing the four panels (Fig. 10a-10d) highlights a strong intensity-dependent
response character. At the lowest excitation level of PGA = 0.02g (Fig. 10a), the sail
domain responds largely within the elastic/low-strain regime, yielding the highest overall
amplification ratios across the entire period spectrum. Under this weak shaking condition,
peak spectral amplifications reach approximately 2.3 at T=3.0 s and 1.8 at T=0.5 s. As
the input motion intensity progressively increases to 0.05g, 0.07g, and 0.10g (Figs. 10b—
10d), a systematic and monotonic reduction in peak amplification factors is clearly
captured. At PGA = 0.10g (Fig. 10d), the maximum amplification ratio at T= 3.0 s
decreases to approximately 1.45. Furthermore, at short periods (T < 0.1 s), amplification
ratios for several points drop below 1.0 (indicating deamplification). This decay in
amplification is a direct manifestation of material nonlinearity, where higher shear strain
levels induce stiffness degradation and elevated hysteretic damping within the soft
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alluvial layers, effectively dissipating wave energy and suppressing high-frequency

motion.
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Fig. 10. Spectral acceleration amplification ratios across observation points (Point 1—
Point 5) under the Imperial Valley earthquake motion scaled to target PGA levels of (a)
0.02g, (b) 0.05¢, (c) 0.07g, and (d) 0.10g

In terms of spatial distribution, Point 3 (Red line), situated directly above the deepest
portion of the basin deposit, consistently demonstrates the highest amplification levels
across nearly all period ranges and PGA levels. Conversely, points positioned closer to
the shallow basin margins (Points 1, 2, 4, and 5) exhibit lower amplifications, particularly
in the short-to-intermediate period range, underscoring the dominant influence of
sediment thickness on overall spectral amplification.

A direct spectral comparison between 2D and 1D response analyses is evaluated to
explicitly isolate and quantify the additional seismic demand induced by multidimensional
basin geometry in the following section. In geotechnical earthquake engineering literature,
this spectral ratio—commonly defined as the Aggravation Factor serves as a robust and
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widely accepted metric for assessing the spatial variability of basin effects and identifying
the limitations of conventional 1D assumptions (e.g., Chavez-Garcia and Faccioli, 1996;
Makra et al., 2005; Gelagoti et al., 2012).By normalizing the 2D surface response against
the 1D response computed for the corresponding soil column, the influence of local
vertical stratigraphy is effectively factored out. Consequently, any deviation of the ratio
from unity (1.0) directly highlights pure multidimensional phenomena, such as edge-
induced wave diffraction, lateral wave trapping within soft alluvial layers, and constructive
wave interference. Evaluating this ratio across different excitation intensities and period
bands provides a clear, quantitative measure of where and to what extent conventional
1D site response analyses underpredict the actual ground motion demand, thereby
exposing the true discrepancy between 1D and 2D modeling frameworks across the
basin profile.

Fig. 11 displays the spectral acceleration ratios of the 2D analyses relative to the 1D
analyses—commonly referred to as the Aggravation Factor across all five observation
points (Points 1-5) for four distinct PGA scaling levels (0.02g, 0.05g, 0.07g, and 0.10g).
The left column presents the aggravation profiles obtained for the Imperial Valley
earthquake motion, while the right column illustrates the corresponding results for the
Kocaeli earthquake motion.

Response under Imperial Valley Ground Motion (Left Column)The 2D/1D aggravation
curves for the Imperial Valley earthquake clearly demonstrate that 1D response analyses
systematically underestimate ground motion demand across the basin profile, with
aggravation levels depending strongly on both spatial location and excitation
intensity.Under the lowest excitation level of PGA = 0.02g (Fig. 11a, left), the basin
domain operates within an essentially elastic, low-strain regime. Under these weak
shaking conditions, Point 2 (Blue line), positioned near the inclined basin edge transition
zone, exhibits an extraordinary peak aggravation factor of approximately 2.8 at short
periods (T < 0.05 s), and maintains a remarkably high, sustained aggravation ratio of 1.7
across intermediate and long periods (T = 0.2 s — 10 s). This confirms that in the absence
of severe material nonlinearity, the inclined bedrock boundary acts as a powerful source
of wave diffraction and surface wave generation, significantly magnifying the 2D
response relative to 1D vertical wave propagation predictions.

As the input intensity increases to 0.05g, 0.07g, and 0.10g (Figs. 11b—11d, left), the peak
aggravation values near Point 2 moderate slightly due to elevated hysteretic damping,
yet remain substantially above unity. Interestingly, under higher shaking levels (0.07g
and 0.10g), Point 5 (Brown line) develops a prominent sharp aggravation peak centered
around short periods. This localized spike reflects the interaction of diffracted high-
frequency body waves at the opposite basin margin, where shallower sediment thickness
and localized impedance contrast generate sharp localized amplification under increased
strain levels.

Response under Kocaeli Ground Motion (Right Column - Summary)in contrast, the
Kocaeli earthquake motion (right column) generally produces more moderate
aggravation ratios across weak-to-moderate shaking levels (PGA = 0.02g - 0.07g), with
A2piip values mostly clustering between 1.0 and 1.6. This indicates that under weak
shaking, the spatial discrepancy between 1D and 2D models is less pronounced for the
Kocaeli motion. However, at PGA = 0.10g (Fig. 11d, right), a significant shift occurs that
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Point 2 (Blue line) and Point 5 (Brown line) exhibit sharp aggravation peaks exceeding
2.2 - 2.5. At Point 2, long-period aggravation reaches a sustained value of nearly 2.4,
highlighting that under stronger excitation, specific frequency components of the Kocaeli
record constructively align with the 2D basin modes, triggering intense edge-induced
amplification.
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Fig.11. Spectral acceleration aggravation ratios across observation points (Point 1-Point
5) for target PGA levels of (a) 0.02g, (b) 0.05g, (c) $0.07g, and (d) 0.10g. Left column:
Imperial Valley earthquake motion; Right column: Kocaeli earthquake motion.
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The comparative evaluation between the Imperial Valley and Kocaeli earthquake motions
provides crucial insights into how input ground motion characteristics—specifically
frequency content, duration, and energy distribution—influence the manifestation and
magnitude of basin-edge effects.

In terms of wavelength-basin geometry interaction, The Imperial Valley record is
characterized by near-fault pulse-like features and a strong concentration of energy in
the intermediate-to-long period range. These longer wavelengths interact efficiently with
the macro-geometry of the Eskisehir Basin. When long-period shear waves impinge upon
the inclined bedrock boundary, they are efficiently converted into laterally propagating
Rayleigh surface waves. Because low-frequency surface waves attenuate less rapidly
over distance, they travel deep into the basin fill, creating sustained 2D/1D aggravation
(A2pnp approximately 1.5 - 1.7) across broad period bands even at low intensity levels
(0.029).

Regarding frequency content and non-linear dissipation on the other hand, the Kocaeli
record possesses higher frequency content and shorter-duration energy bursts. High-
frequency waves are more prone to scattering and rapid spatial dissipation within the
heterogeneous alluvial cover. Consequently, at lower PGA levels (0.02g - 0.07g), the
edge-generated surface waves induced by the Kocaeli motion suffer greater damping,
resulting in lower aggravation ratios compared to Imperial Valley. However, as the input
motion scales to 0.10g, the higher excitation amplitude overcomes material attenuation,
allowing high-frequency waves to trigger localized edge resonances and severe short-
period aggravation (A2pip > 2.2) at the basin margins (Points 2 and 5).

These findings demonstrate that basin-edge aggravation is not solely a function of
subsurface geometry, but is strongly coupled with the spectral signature of the excitation.
Near-fault motions rich in long-period pulses (e.g., Imperial Valley) pose a persistent
hazard across broad structural period ranges, making conventional 1D site response
analyses inadequate even under low-intensity design scenarios. On the other hand,
ground motions rich in high frequencies (e.g., Kocaeli) concentrate their 2D aggravation
at localized edge zones and shorter structural periods, which becomes critical primarily
under moderate-to-strong shaking levels.

4. CONCLUSIONS

This study evaluated the influence of soil geometry and basin effects on dynamic site
response by performing both one-dimensional (1D) and two-dimensional (2D) numerical
analyses under two distinct earthquake ground motions with varying frequency contents.
The key findings and main insights obtained from the study are summarized as follows:

e Standard 1D equivalent-linear or non-linear analyses, which strictly assume
vertically propagating shear waves in horizontal layers, proved insufficient for
capturing complex wave field interactions in irregular configurations. In contrast,
2D numerical simulations effectively captured multi-directional wave propagation,
basin-edge reflections, and wave-focusing phenomena, yielding significantly more
accurate predictions of ground motion parameters.
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e The geometry of the bedrock and soil deposit (including basin depth, lateral
boundaries, and dipping interfaces) played a decisive role in modulating surface
shaking intensity and duration. Surface waves generated at the basin edges
became trapped within the softer sediments, leading to localized amplifications
and prolonged signal durations that 1D models inherently failed to predict
(underestimation).

e The dynamic response of the soil domain was strongly governed by the spectral
characteristics of the input motions. Input motions whose dominant frequencies
aligned with the fundamental site periods triggered substantial spectral
amplification due to resonance. Furthermore, the interplay between the distinct
frequency signatures of the two earthquakes and 2D geometric features produced
marked differences in the shape and magnitude of acceleration response spectra
across the basin.

In summary, relying exclusively on traditional 1D site response analyses in complex
geological environments or basin structures can lead to an underestimation of seismic
hazard. For robust seismic design and hazard assessment, 2D basin geometry, localized
soil configurations, and the specific frequency characteristics of potential earthquake
records must be jointly considered.

Despite the critical insights provided by this study, certain limitations should be
acknowledged to contextualize the findings and guide future research. First, the
numerical simulations were restricted to two-dimensional (2D) cross-sections; however,
real-world basin configurations often exhibit complex three-dimensional (3D) geometries
that induce cross-axis wave focusing and spatial scattering. Second, while the two
selected ground motions effectively highlighted the influence of contrasting frequency
contents, evaluating a larger ensemble of earthquake records—including near-fault
pulse-like motions and a broader spectrum of Arias intensity levels—would allow for a
more comprehensive statistical generalization. Finally, future work should consider
extending these analyses to full 3D wave propagation frameworks, incorporating spatial
soil variability through random fields, and utilizing advanced cyclic constitutive models
capable of capturing pore water pressure buildup and soil degradation under strong
shaking.
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