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Abstract
One-dimensional site response analysis (1D SRA) remains the standard prac-
tice in considering the effect of local soil deposits and predicting site-specific
ground motions, although its range of applicability to realistic seismic wave-
fields is still in question. In this 1D approach, horizontal and vertical ground
shaking are assumed to be induced by vertically propagating shear and compres-
sional waves, respectively. A recent study based on analytical two-dimensional
(2D) plane waves and simple point source earthquake simulations has shown
two mechanistic limitations in this 1D modelling technique for general inclined
seismic waves, that is, systematic over-prediction of the vertical motion and
wave trapping in the 1D soil column. In this article, we evaluate in detail the
applicability of this 1D modelling approach to realistic three-dimensional (3D)
simulated seismic wavefields in shallow sedimentary basins. Linear-viscoelastic
1D SRA predictions using two types of input motions that are commonly used
in practice—rock outcrop and in-column motions, are compared with the ref-
erence true site response results from 3D earthquake simulations in terms of
variousmeasures in the frequency and time domain. It is shown that the horizon-
talmotion in the 3D seismicwavefield exhibits dominant shearwave propagation
phenomenon, while the vertical motion is a combined effect of compressional
and shearwaves and can be over-predicted by the 1D approachwhen the incident
seismic waves are inclined. Direct evidence of the wave refraction process that
leads to the vertical motion over-prediction is provided. 1D SRA with in-column
inputs can yield motions that have significantly longer duration compared to the
true 3D site response solution due to trapped waves, casting in doubt the fre-
quent need for increased soil damping in existing site studies to compensate for
wave attenuation due to scattering alone. Sensitivity investigation on the increase
of soil profile damping by a multiplier Dmul shows Dmul values compatible with
those found in the literature for both horizontal and vertical motions. It is shown
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HUANG and MCCALLEN 2877

that the level of Dmul optimized for a best match of the spectral acceleration is
dependent on the characteristic of the input motion and a larger Dmul is typ-
ically required for the vertical component. In contrast, 1D SRA with outcrop
motions predicts motions with shorter significant duration due to its inability to
capture the basin-edge generated surface waves. A suite of ground motion sim-
ulations was performed to assess the sensitivity of the observations to the basin
geologic structure including the velocity gradient, rock-basin impedance contrast
and basin depth. The analysis results show that the accuracy of the simplified 1D
procedure is dependent on the wavefield composition of both the input motions
and the true 3D site response solution. While the horizontal motions in shallow
sedimentary basins can, to the first order, be reasonably captured by the simpli-
fied 1D approach, 1D SRA for the vertical component is in general not reliable and
contributions from inclined shear waves should be accounted for in site-specific
evaluation of the vertical design ground motion.

KEYWORDS
1D assumption, 3D ground motion simulation, inclined seismic wave, site response analysis,
vertical ground motion, wave propagation

1 INTRODUCTION

It is well recognized that seismic waves will bemodified by the local surficial soil sediments when approaching the ground
surface, resulting in ground motions with amplitude, duration, and frequency content that can differ significantly from
the incoming wavefield. Evaluation of these modifications, commonly known as the local site effects, is an integral part of
seismic hazard evaluation and calculation of site-specific groundmotions. To model the complex response of soil deposits
during earthquake shaking, one-dimensional site response analysis (1D SRA) is widely used in engineering applications.
This approach assumes that the seismic waves reaching the site are nearly vertically propagating due to wave refraction
through the upper crustal velocity gradient and the local soil is composed of stacked horizontal layers without lateral
heterogeneity. These assumptions, which were introduced during the pioneering works in the 1950s–1970s1–3 and are
collectively referred to as the “1D assumption” in this article, are now broadly adopted in various aspects of earthquake
engineering, for example, seismic hazard calculation,4 site response calibration,5 and soil-structure interaction,6 among
others.
Although 1D SRA is the dominant method in evaluating the local site effects, it has many known limitations due to

its simplified 1D approach in simulating the complex wavefield incurred by real earthquakes. Apart from the effects of
impedance contrast and soil nonlinearity that it partially models, the true site response is also influenced by important 2D
and 3D effects including inclined seismic waves and their mode conversion, basin and topography, lateral heterogeneity,
and soil multi-axial constitutive behavior.7,8 These limitations, combined with the uncertainties in site characterization
of subsurface soil properties and input motion for the soil column,9–11 often result in considerable disagreement between
observations and 1D SRA predictions.9,12–15 With the increasing number of available records in downhole seismic arrays
deployed worldwide, in recent years, studies have tried to assess the validity of 1D SRA and identify the different levels
of complexity in simulating the local site response. For instance, Thompson et al.9 concluded that only 16 sites out of the
selected 104 downhole arrays in theKiK-net strong-motion network in Japan demonstrated one-dimensional site response
based on low inter-event variability and good fit to the theoretical 1D transfer function. Pilz and Cotton14 examined 354
KiK-net sites and found 45% of these selected sites were influenced by 2D and 3D effects. In a recent taxonomy study,
Tao and Rathje15 examined 34 sites in Japan and the United States and 69% of the sites were considered suitable for 1D
analysis.While the employed criteria and datasets are different in certain aspects, these studies clearly show that deviation
of real-world site response from the 1D assumption is common.
Deficiency in the existing 1D SRA approach is especially of concern for vertical ground motion assessment. In earth-

quake engineering, focus has traditionally been on the horizontal ground motions due to their large amplitude as well as
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2878 HUANG and MCCALLEN

the observed structural damage patterns attributed to lateral forces, while the vertical components are largely disregarded
and relevant studies are lagging behind. Notably, all the aforementioned investigations on the performance of 1D SRA are
for the horizontal motions only. However, vertical motions well exceeding 1 g and larger than their horizontal counter-
parts have been repeatedly recorded in recent earthquakes, prime examples including the 4 g record in the 2008 Mw 6.9
Iwate-Miyagi Nairiku earthquake in Japan,16 and peak vertical-to-horizontal acceleration ratios up to 4.8 in the 2011 Mw
6.3 Christchurch earthquake in New Zealand.17 Field and experimental evidence of structural and non-structural failures
in buildings and bridges caused by severe verticalmotions were also documented and recognized.18,19 In view of the poten-
tial damaging effects, renewed interest in properly characterizing the vertical motions has been growing. Historically, the
“2/3 V/H rule20” bywhich the vertical response spectrum is roughly estimated as two-thirds of the corresponding horizon-
tal component, is used in many design guidelines worldwide. It was not until recently in 2016, the ASCE/SEI 7 standard,21
one of the key documents for building design in the United States, updated the specification on vertical ground motion
assessment based on recent studies of V/H ratios to reflect the important frequency-dependent relationship between the
vertical and horizontal motions. This is considered an expedient approach, however, not only because of the practical
limitations in the empirical V/H ratios to represent attenuation relations that may differ from the horizontal component,
resulting in additional uncertainties,22 but also the difficulty in applying it to site-specific ground motion procedures and
soil-structure interaction analysis that are required for critical infrastructures.23 To obtain site-specific groundmotions, 1D
SRA is typically performed in current practice. Following the 1D assumption, horizontal and vertical motions are assumed
to be decoupled and are induced by vertically propagating shear and compressional waves, respectively.3,19,21 However, in
contrast to horizontalmotionswhich are reported to be predictedwith reasonable confidence,24 verticalmotions predicted
using the simplified 1D assumption are observed to be inconsistent with field observations. Based on the 1D vertical Pwave
propagation model, Elgamal and He19 found that approximately 25% reduction in the P wave velocity and unphysically
high damping (15%–25%, even for small tremors) were needed to obtain a good match with the recorded vertical response
at the Lotung downhole array in Taiwan, in agreement with findings by Mok et al.25 Tsai and Liu26 employed a similar
optimization procedure on five downhole array profiles to calibrate the vertical response on a site-to-site basis, resulting
in different levels of velocity reduction and damping increase. In soil-structure interaction analysis, the 1D assumption on
vertical Pwave propagation has caused anomalously high site amplification and spatial coherency in the vertical direction,
which have led to overly conservative structural and equipment designs.23,27 As a result, 1D vertical P wave propagation
is considered unreliable and seldom used in current practice.6,23,24,27 The performance of 1D vertical SRA becomes more
perplexing considering that few successful applications of this approach for vertical response modelling are found in
the literature, for example, the works by Johnson and Silva,28 Fujii et al.,29 and Yang and Yan.30 This indicates that the
amplification mechanism for the vertical motionmay be fundamentally different from that of vertically propagating com-
pressional waves, and the prediction accuracy can be dependent on the subsurface condition and characteristics of the
incoming wavefields consisting of both P and SV waves. Seismic waves incurred by real earthquakes are rarely vertically
propagating, and observations indicate that the incident angle of seismic waves can be large due to the complex wave
focusing and scattering phenomena. Considering the large amplitude of S waves, even a small incident angle can lead
to significant vertical components and result in seismic response of structural systems substantially different from that
based on simplified modelling approaches.31,32 Silva33 showed that for generic rock and soil sites, the high-amplitude part
of vertical motions can be in phase or out of phase with that of the horizontal motions depending on SV wave refrac-
tion at the base of the profile and distance of the site from the source. Based on spectral ratios calculated between the P
and S wave windows, Beresnev et al.34 concluded that the vertical motion is dominated by SV waves below about 10 Hz,
above which the contribution from P waves is about as strong or greater. The influence of inclined SV waves on the ver-
tical motion is also confirmed by the strong S-to-P conversion observed in downhole array studies.35,36 Particularly, Chao
et al.37 compiled the P- and S-wave arrival times of 37,888 strong vertical motion records from both crustal and subduc-
tion earthquakes in Taiwan and reported that approximately 73% of the recordings are classified as S-dominated, that is,
the peak vertical acceleration and spectral response occurs within the S wave window, suggesting the strong correlation
between the vertical site amplification and S waves.
In a recent study based on analytical 2D plane waves and simple point source earthquake simulations, Huang and

McCallen38 identified two deficiencies inherent in the 1D modelling approach, namely, the systematic over-prediction
of the vertical motion due to its inability to capture the refraction process of inclined shear waves, and the excessively
long-duration motions predicted with the in-column input motion incurred by the enforced fixed boundary at the 1D
soil column base that is unable to accommodate the outgoing waves leading to trapped energy and spurious resonance,
especially in the vertical direction. However, unlike the idealized 2D and 3D waves with well-separated wave phases,
realistic seismic waves from an extended earthquake source are complicated by the simultaneous contribution of various
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HUANG and MCCALLEN 2879

F IGURE 1 Inclined body wave refraction and surface wave propagation in the sedimentary basin in true 3D site response compared
with the surface motion predictions by 1D SRA for the horizontal and vertical components. The colour shading in the figure shows
consecutive wavefront snapshots of the simulated 3D wavefield from a point source earthquake simulation and the corresponding 1D
wavefields by the 1D approximation.

wave types (i.e., P, S and surface waves), and the wavefield composition is expected to vary spatially owing to the difference
in thewave attenuation rate and complexwave interferences. Considering the physical nature of the identifiedmechanistic
limitations, the 1D accuracy and potential bias for both the horizontal and vertical site response predictions are likely
dependent on the characteristics of the 3D wavefields and the associated geological structure, which remains unclear and
requires further investigation.
In view of the major strides in high-performance computing and earthquakemodelling,39–41 broadband fully determin-

istic 3D ground motion simulation is becoming an appealing alternative to the engineering community. Complex seismic
wave propagation in 3D heterogeneous geological structures across a broad frequency band can be captured through this
deterministic approach.42 In contrast to the continuing limited groundmotion recordings from real earthquakes, spatially
dense ground motions can be simulated at any location within the regional-scale computational domain.43 Since the geo-
logical structure employed in the simulation is fully known, this approach provides a unique opportunity to evaluate
the applicability of the 1D approximation technique while avoiding the uncertainties in subsurface characterization and
input motion selection that are commonly observed in existing field site response investigations. In this article, based on
high-fidelity physics-based groundmotion simulations, we perform extensive evaluation of the applicability of 1D SRA for
both the horizontal and vertical motions when applied to realistic 3D seismic wavefields. In the remaining sections, we
first briefly introduce the two mechanistic limitations identified in the 1D approximation process and present the char-
acteristics of the simulated ground motion datasets for canonical basin models that are representative for shallow crustal
earthquakes. We then report the performance of 1D SRA through detailed frequency- and time-domain comparisons
between the 1D SRA predictions and the reference 3D ground motions. Discrepancies in the amplification mechanism
of the horizontal and vertical site response are illustrated, and the spatial variability of the accuracy of the 1D approach is
explained in terms of the wavefield composition of both the input motions for 1D SRA and the reference true 3D solutions.
The sensitivity of these observations to the geologic profile of the sediments is further demonstrated. The article aims to
emphasize the difference in the characteristics of the horizontal and vertical site response, the contributing factors to the
accuracy of the 1D modelling approach, and important implications for site-specific design ground motion assessment.

2 BRIEF SUMMARY OF THE IDENTIFIED LIMITATIONS IN 1D SRA

2.1 Implications of the 1D assumption for inclined body waves

The ground shaking at an engineering site in a sedimentary basin, as is the case in many metropolitan areas, is caused by
body waves from the rupturing fault and later-arriving surface waves, as illustrated in Figure 1. In 1D SRA, it is assumed
that the severe shaking portion of the ground motion is dominated by the body waves, and the seismic waves reaching
the site are nearly vertically propagating due to the upper crustal velocity gradient and the local soil is composed of nearly
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2880 HUANG and MCCALLEN

F IGURE 2 Horizontal and vertical components of inclined S (with amplitude As) and P (with amplitude Ap) waves and their sensitivity
with the incident angle θ.

horizontally stacked layers without lateral heterogeneity. However, seismic waves are rarely perfectly vertically propa-
gating when arriving at the site under consideration. When inclined seismic waves impinge on the surficial soft layers,
the incident shear and compressional waves will undergo an additional refraction process when propagating through
the soft sediments. For shear waves, this leads to a gradually increasing horizontal component and a decreasing vertical
component; for compressional waves, the reverse would be observed, which leads to a gradually decreasing horizontal
component and an increasing vertical component. When performing 1D SRA to approximate the 3D site response due to
inclined body waves, it was demonstrated in Huang and McCallen38 that 1D SRA can lead to significant vertical motion
over-prediction as the vertical input motions are obtained when the inclined shear waves have a relatively large vertical
component while the 1D approach not only fails to capture the diminishment of this component occurring in the later
shear wave refraction process, but also further amplifies the input motions through the classical 1D site amplification
mechanism. The same physical interpretation also applies to the prediction of horizontal motions, that is, 1D SRA using
horizontal input motions that partly come from inclined P waves may, in a similar manner, lead to over-prediction of the
horizontal motions.
Following the same physical argument, an accompanying effect of this shear and compressional wave refraction process

is that 1D SRA will tend to under-predict the horizontal component of inclined S waves and the vertical component of
inclined P waves at large incident angles. Figure 2 shows schematically the horizontal and vertical components of the
inclined S and P waves and their change rate with the incident angle θ. As can be seen, the vertical component of S waves
and the horizontal component of Pwaves are associatedwith sinθwhile the remaining other component is associatedwith
cosθ. This indicates that although the horizontal component of S waves and the vertical component of P waves are not
sensitive to small incident angles, they will have a relatively large deduction when θ becomes large, so will be the input
motions for 1D SRA. The corresponding 1D predictions are prone to be smaller than the 3D site response solutions due
to the refraction-induced increase of the respective components. As a result, for the inclined body wave approximation,
there are two competing factors that may influence the prediction bias of the 1D modelling procedure, and the result will
be dependent on the actual wave composition at the site. As mentioned earlier, the body wave portion of realistic seismic
wavefields is a combination of P and S waves. Although direct P waves are usually considered of much smaller amplitude
compared to shear waves (by the ratio of 1/5 for a Poisson solid33) and may only have secondary effects, converted P
waves from direct S waves may be substantially larger and contribute non-negligibly to the incident wavefield especially
at large distances due to the lower P wave attenuation compared to that of the S waves. The extent to which the two
competing factors will manifest themselves in the 1D predictions of the horizontal and vertical motions remains to be
better understood.

2.2 Wave trapping in the 1D soil column

It is shown in previous site response studies that 1D SRA often predicts the so-called spurious resonance, that is, high lev-
els of amplification near the vibration periods of the 1D soil column that are not observed in field records, with resonant
frequencies typically shifted towards lower frequencies compared to that calculated with the field data. This phenomenon
is postulated to be caused by the idealization of perfect horizontal layering of the soil deposit, and exclusion of soil non-
linearity and wave scattering.44,45 It is argued that the constructive and destructive wave interference would not develop
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HUANG and MCCALLEN 2881

F IGURE 3 1D SRA with the in-column input motion when approximating a vertically propagating wavefield (A) and inclined wavefield
(B) in a homogeneous half-space. In each panel, the actual 2D wavefield and the corresponding 1D SRA results are illustrated along with the
motions at the surface and at depth. Snapshots of the propagating waves in the 1D column at three instants in time (t1, t2 and t3) are shown to
demonstrate the polarity of the upgoing and downgoing waves and difference in the wave interference of the two cases. For clarity, wave mode
conversion is not considered in the 2D solution and time-synced movies of the travelling wave pulses in the two cases can be found online in
the Material S1 (Figure S3A.mp4) and S2 (Figure S3B.mp4).

in the field due to lateral heterogeneities in the velocity structure and nonlinear soil response. However, it is unlikely
that wave scattering and soil nonlinearity alone would explain the large amplification near the site periods, as this is also
observed in relatively well-characterized soil profiles with small lateral velocity changes and under the excitation of weak
motions (i.e., essentially linear behaviour).45–47 We speculate that this phenomenon may have strong correlation with the
limitation in the simplified 1D modelling method for inclined seismic waves that have led to complex wave interferences
of trapped waves in the 1D soil column vibrating near the site periods for an excessively long time.38
For demonstration purposes, we show in Figure 3 the 1D approximation results of two different 2D plane wavefield

cases in a homogeneous half-space with wave velocity v, and a reference point A that records the 1D in-column input
motions at depth H. In both Figure 3A and B, the actual 2D wavefield is shown on the left-hand side, with the upgoing
incident and downgoing reflected waves denoted by the red and green pulses, respectively; the 1D soil column employed
in 1D SRA with the in-column input motion is shown on the right-hand side, with the colour coding of the wave pulses
corresponding to the resultant waves incurred by the respective red and green pulses from the actual 2D wavefield on
the left. For clarity, converted waves is not considered in the 2D solution and time-synced movies of the travelling wave
pulses in the two cases can be found online in the Material S1 (Figure S3A.mp4) and S2 (Figure S3B.mp4). For vertically
propagating waves (Figure 3A), the surface motion shows a single pulse corresponding to the arrival of the incident wave
at the surface, while themotion at depth displays two pulses corresponding to the incident and reflected waves with a time
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2882 HUANG and MCCALLEN

separationΔt0 = 2H/v. When performing 1D SRA to approximate the local site response, the total recordedmotion at point
A is used as the in-column input motion, and without a priori information, both wave pulses would serve as equivalent
forces that excite the soil column with the only difference being the timing of the excitation. It turns out 1D SRA in this
case predicts the exact same results as the actual 2D wavefield, as expected. A detailed inspection of the snapshots of the
propagating waves in the fixed-base 1D column reveals that the reflected upgoing wave from the base (red dashed pulse at
t3) introduced by the first incident wave pulse from the actual wavefield is in exact opposite waveform with the upgoing
wave (green dashed pulse at t3) introduced by the second reflected wave pulse from the actual wavefield at the exact same
time, resulting in full cancellation of the later propagating waves in the 1D column. In other words, the fixed boundary at
the base is transparent to the outgoing wave reflected from the surface and this ensures the correct solution for the actual
2D wavefield. In Figure 3B, the actual 2D site response is induced by inclined incident and reflected waves propagating
horizontally by the site, with the incident wave first arriving at point A below the site of interest and the reflected wave
then leaving point A within time Δt1 = 2Hcosθ/v, smaller than the time separation Δt0 in the case of vertically propagating
waves given the fact that the inclinedwave travel path frompoint A to the surface is effectively shorter than the full vertical
depth of the soil column. In the 1D modelling of this inclined wavefield, the total recorded motion at A would again be
used as the in-column input motion. However, since the waves are still assumed to be vertically propagating in the soil
column, the upgoing wave (green pulse at t3) introduced by the reflected wave from the actual inclined wavefield will
depart from the column base earlier than the reflected upgoing wave (red pulse at t3) incurred by the first incident wave
from the actual inclined wavefield. Since the boundary becomes silent afterwards, the two upgoing waves shown at t3
will then always undergo total reflection at the base and get trapped in the soil column near the site periods, leading to
predicted wave trains with excessively long duration. As can be seen, the wave phase in the in-column input motion that
corresponds to the outgoing reflected wave in the actual inclined wavefield has served as effectively an extra input source
for the 1D column. Therefore, the observed multiple reverberations are a combined effect of trapped outgoing waves and
resulting spurious excitation at the base in the later phases. It is noted that this phenomenon will be more prominent
in the vertical direction because of the difference in the assumed wave speed (i.e., P wave speed instead of the S wave
speed will be used if the S wave contribution to the vertical motion is indeed large) and wave attenuation rate that can
lead to more complex wave interferences in the 1D column. For inhomogeneous soil layers (i.e., soil properties vary with
depth), this phenomenon is expected to be more significant and occurs even when using the outcrop input motion, as the
downgoing waves will undergo multiple reflections before escaping into the underlying half-space.
In view of the large amplification near the site periods, in existing site response studies, researchers have often tried to

optimize the soil damping profile to achieve a bestmatch scenario with the recorded data,9,13,19,26,46,47 typically resulting in
increased damping levels compared to the small-strain damping profile determined based on laboratory measurements,
even for small tremors. It should be noted that although this optimization process may be useful in improving the 1D
predictions empirically on a site-to-site basis, it does not necessarily provide persuasive physical basis on the soil profile
change and may have undesirably extended the range where the 1D approach is considered applicable. Based on physics-
based earthquake simulations, one purpose of this study is to, in a deterministic manner, investigate the characteristics
and implications of the trapped waves incurred by the 1D modelling method, and the efficacy of increased soil damping
in the improvement of the 1D SRA results.

3 SIMULATED GROUNDMOTION DATASET

3.1 Physics-based 3D ground motion simulations

In this study, spatially dense high-fidelity ground motions from physics-based 3D earthquake simulations are utilized as
input motions and reference true 3D site response solutions to evaluate the validity of 1D SRA for realistic complex seis-
mic wavefields. Since we are interested in understanding the mechanistic difference between 3D site response and its 1D
approximation in terms of wave propagation physics, instead of relying on stochastic simulation methods or empirical
ground motion models (GMMs) that are approximate and statistical, we employed this fully deterministic earthquake
simulation approach to solve the governing elastodynamic wave equations explicitly across a broad frequency range such
that the site-to-site ground motion variations due to 3D wave propagation can be captured.42 The earthquake simula-
tions were performed using SW4 (Seismic Waves, 4th order), an efficient and verified time-domain fourth-order accurate
finite difference program developed for simulating anelastic seismic wave propagation onmassively parallel computers.48
SW4 is a key component in the recently developed EQSIM fault-to-structure computational framework39,49 and has many
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HUANG and MCCALLEN 2883

F IGURE 4 Physics-based 3D ground motion simulation for the Mw 6.5 strike-slip event: (A) perspective and side views of the canonical
basin model; (B) recorded sites on a 500 m×500 m grid in the sedimentary basin.

F IGURE 5 Grave-Pitarka kinematic rupture model for the simulated Mw 6.5 strike-slip event: (A) slip; (B) rise time; and (C) rake angle.
In each panel, the hypocentre is denoted by the red star; the rupture fronts (black contour lines) are at 1.5-s intervals; the top right corner
shows the minimum, median and maximum values of the respective rupture properties; the slip directions (blue arrows) are shown along
with the colour shading.

desirable 3D seismic modelling capabilities, including the built-in curvilinear and cartesian mesh generators, far-field
absorbing super-grid boundaries, anelastic attenuation for P and S waves, and support for surface topography and fully
3D heterogeneous material model representation. Since doubling the maximum resolved frequency in 3D simulations
requires 16 times greater computational effort, our groundmotions are solved between 0 and 5Hzwith at least eight points
per shortest wavelength. Given the significant computational efforts, the numerical simulations described herein were
conducted on Perlmutter, a GPU-accelerated high-performance computing platform at the National Energy Resources
Scientific Computing Center (NERSC).50
Since we are not intending to model the ground motions of a historical earthquake event which will require an

event-specific fault rupture realization and velocity structure, we consider 3D seismic wave propagation in regional-scale
canonical basin models induced by a representative Mw 6.5 strike-slip earthquake scenario, as shown in Figure 4. The
canonical basin model encompasses a flat-surface region of 44 km × 25 km spanning in the horizontal directions and
25 km in the vertical direction, with a shallow sedimentary basin alongside a 1D layered crust and a vertical fault rup-
ture plane placed near the basin edge. This regional model was created to be representative of the geologic environment
of common shallow crustal earthquakes while intended to be simple enough to allow for parametric exploration of the
basin amplification effects in the near field, which are of high engineering interest. The rectangular fault rupture plane
is determined to be 27 km × 12 km based on empirical relations between seismic moment and fault area for strike-slip
events, and the hypocentre is located near the quarter point of the fault length direction and at a depth of 8 km. In the
SW4 simulations, the rupturing fault is explicitly modelled as spatially distributed point sources with the complex rupture
characteristics, including the spatially correlated depth-dependent slip, rise time and rake angle distribution prescribed
by the Grave-Pitarka kinematic rupture model,51,52 as shown in Figure 5. This kinematic rupture modelling technique has
been successfully used in both validation studies for many historical earthquakes and predictive simulations of potential
large earthquake scenarios. Further details about the rupture model used in this research work are described in Pitarka
et al.52 and the references therein.
Due to the depositional nature of soil deposits, detailed in situ investigation of site soil profiles typically shows depth-

dependent soil properties, and generic velocity profiles developed for basin sediments often have the regression form of a
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2884 HUANG and MCCALLEN

F IGURE 6 Shear wave velocity and damping profiles for the sedimentary basin considered in the parametric study: (A) case 1 (baseline
case); (B) case 2 (velocity gradient); (C) case 3 (impedance contrast); (D) case 4 (basin depth); (E) shear wave damping.

power-law function. In this study, we consider the shear wave velocity of the sedimentary basin to follow the generalized
power law function below53

𝑉𝑠(𝑧) = 𝑉𝐻

[
𝑏 + (1 − 𝑏)

𝑧

𝐻

]𝑛
(1)

where b is defined as a function of the shear wave velocity at the surface (V0) and base (VH) of the soil profile (i.e., 𝑏 =
(𝑉0∕𝑉𝐻)

1∕𝑛),H is the basin depth, n is a dimensionless inhomogeneity factor varying in the common range of 0 to 1, and
z is the depth measured from the surface. To investigate the influence of basin geological structure on the accuracy of 1D
SRA, we consider four basin profile cases, as shown in Figure 6. Case 1 serves as our baseline case with V0 = 320 m/s,
VH = 1900 m/s, H = 600 m. Compared to case 1, case 2 has V0 = 1000 m/s, which results in a basin profile with smaller
velocity gradient; case 3 has VH = 1220 m/s, which leads to a sharp velocity contrast (∼1.56) at the base of the basin; case
4 follows the same power-law function as in case 1 except z is extended to a larger basin depth value H = 1200 m. For
simplicity, all cases have a linear density profile varying from 2140 kg/m3 at the surface to 2450 kg/m3 at the base of the
basin, and use the same depth-dependent shear wave quality factor Qs determined as follows54 (Figure 6E):

𝑄𝑠 =
1

2𝜉𝑠
= 7.17 + 0.0276𝑉𝑠 (2)

where ξs is the damping ratio for shear wave velocity Vs (m/s) in case 4. As shall be shown in later sections, since the 1D
prediction results are sensitive to the damping level in the soil profile, adoption of such an empirical relation for Qs is
motivated by its effective application in several site response studies and the resulting intermediate site attenuation levels
compared to other empirical relations and lab-basedmeasurements.55 In absence of better physical constraints, the Pwave
velocity Vp is calculated assuming a uniform Poisson’s ratio ν = 0.3 for the basin which gives Vp = 1.87Vs, and the P wave
quality factor Qp is determined as 2Qs as commonly used in many past physics-based ground motion simulations.56

3.2 Characteristics of the simulated ground motions

To examine the spatial variability of the performance of the simplified 1D approach in predicting the ground responses,
horizontal and vertical ground motion time histories were recorded on a 500 m × 500 m surface grid on the basin side
at various depths of the geologic profile, as shown in Figure 4B, resulting in a total of 3159 effective downhole array sites
used in the assessment of 1D SRA, with a maximum rupture distance to the site of 20 km. Before performing detailed
1D analyses and site-to-site evaluations, it is important to have an overall sense of the quality of the simulated ground
motions to ensure the motions are of engineering interest, and to gain insight into the characteristics of the true 3D
site response which forms an important step in understanding the implications induced by the 1D approximation. For
unknown (not historical) earthquake events as used in this study, Petrone et al.57 proposed a four-step methodology and
acceptance criteria to assess the reliability of simulated groundmotions, involving comparisons of various groundmotion
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HUANG and MCCALLEN 2885

F IGURE 7 Snapshots of the simulated 3D seismic wavefield (surface velocity magnitude, plan view) in SW4 at three instants in time for
the Mw 6.5 strike-slip event, case 1. The hypocentre is denoted by the star, and the white lines represent the fault projection on the ground
surface.

F IGURE 8 Spectral acceleration comparison of the simulated ground motions (case 1) and three NGA-West 2 ground motion models for
the horizontal (RotD50, top row) and vertical (bottom row) components of surface motions for sites at rupture distances of 1 km (left column),
5 km (middle column), and 10 km (right column). The green lines represent the median ±1 standard deviation.

and engineering demand measures computed using simulated records, real records and empirical GMMs. Although a
comprehensive evaluation of the simulated motions following the methodology proposed therein is out of the scope of
this study and is not done here, for demonstration purposes, we summarize some of the major characteristics of the
simulated ground motions from our 3D earthquake simulations for the baseline case 1 (Figure 6A).
Figure 7 displays snapshots of the simulated 3D seismic wavefield from SW4 for three instants in time that consecutively

show the 3Dwave propagation process starting from the initialization of the fault rupture, wave amplification in the basin
and directivity effects towards the ends of the fault, and later-arriving surface waves propagating away from the basin
edge. To quantitatively evaluate the amplitude of the simulated ground motions, we compare the 5% damped horizontal
(orientation-independent RotD5058) and vertical spectral acceleration (SA) of the simulated records in Figure 8 with three
pairs of NGA-West 2 GMMs that are developed for both ground motion components.22,59–63 While the simulated motions
at a particular site are expected to deviate from the empirical GMM estimates, the GMMs provide a useful check for the
average ground motion intensity that are indicative of the seismic demand imposed on engineering structures. As shown
in Figure 8, the median SA and ±1 standard deviation of the GMM estimates at three different rupture distances envelops
most of the simulated records over a broad frequency band. The horizontal and vertical motions demonstrate somewhat
lower intensities than the GMMs predictions in the long-period range, with the vertical component falling off faster com-
pared to its horizontal counterpart. The observed deficiency in the long periodsmay be attributed to the simplistic shallow
basin structure we have employed in the simulation, which underestimates long-period wave amplification occurring in
some deep sedimentary basins that have constrained the development of empirical GMMs, or some limitations in themod-
elling of long-period wave energy by the kinematic rupture model used in this study.40 Since vertical motions are more
sensitive to the near surface heterogeneity compared to the horizontal component, small-scale velocity perturbations and
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2886 HUANG and MCCALLEN

F IGURE 9 (A) Vertical accelerations at several sites normal to the basin edge (y = 25 km, yellow triangles in Figure 7 for 5 km ≤ x ≤

15 km) with an apparent surface wave velocity of 1.6 km/s; (B) temporal evolution of the frequency contents of the vertical acceleration at
station x = 7 km in (A); (C) normalized median SA (with respect to SA at 0.2 s) comparison of motions at near-field sites (4 ≤ x ≤ 8 km, 205
sites) and far-field sites (18 ≤ x ≤ 23 km, 246 sites).

multiple layers with velocity contrast may improve the alignment of the simulated vertical motions and empirical GMM
predictions (A. Pitarka, personal communication, June 27, 2023). A thorough evaluation of the effects of these potential
influencing factors on the simulated ground motions statistics is, however, outside the scope of this study. Overall, the
simulated ground motions are in reasonable agreement with the empirical GMM predictions in terms of spectral shape
and distance attenuation, providing confidence in utilizing these motions for the evaluation of 1D SRA.
Past studies have shown that in sedimentary basins, surface waves are generated due to the wave mode conversion at

the basin edge, and their constructive interference with the upgoing body waves can result in significant concentration
of structural damage in the proximity region.64 For demonstration purposes, Figure 9A shows the vertical accelerations
along selected sites normal to the basin edge (yellow triangles shown in Figure 7 for 5 km ≤ x ≤ 15 km). It is seen that
the dominant surface wave packets are propagating with an apparent wave velocity of about 1.6 km/s (marked by the red
dashed lines), much slower than the early-arriving P and S waves. Temporal evolution of the frequency contents of the
vertical acceleration at station x = 7 km (Figure 9B) based on the Hilbert-Huang transform illustrates that the dominant
frequency of the later-arriving surface waves is around 1–2 s. The influence of surface waves in the simulated ground
motions is also observed through the comparison of the normalized spectral acceleration shape for the near-field sites
(4 km ≤ x ≤ 5 km, 205 sites) and far-field sites (18 km ≤ x ≤ 23 km, 246 sites) shown in Figure 9C, where the long-period
component for the near-field sites is significantly higher than that in the far-field. Although not shown here, surfacewaves
generated in case 3 are more significant due to the large velocity contrast between the basin sediments and adjacent rock
that results in more efficient wave mode conversions.

4 1D SRAWITH OUTCROP AND IN-COLUMN INPUTMOTIONS

To evaluate the applicability of the standard 1D modelling approach to site response predictions in shallow sedimentary
basins, we performed linear-viscoelastic 1D wave propagation analyses based on the 1D assumption, that is, we assume
the horizontal and vertical motions in the true 3D site response in SW4 are caused only by vertically propagating shear
and compressional waves, respectively. For this purpose, we have conducted two types of 1D SRA using the two input-
boundary pairs that are commonly employed in practice: (1) outcrop input motions paired with an absorbing boundary
for the underlying half-space, and (2) the total in-column input motions recorded at the rock-basin interface paired with a
fixed boundary at the base, also known as the within assumption.Without influence of the local surficial soils, the outcrop
motions are considered to only contain the information of incident seismic waves, and half of the outcropping horizontal
and vertical motions are used as the upgoing incident waves for the soil column in consideration of the free surface effect
for assumed vertically propagating waves. In practice, the outcrop motions are typically recorded at or estimated for a
nearby rock outcropping site while the in-column motions are usually recordings in a vertical downhole array. All the 1D
analyses are performed using the Site2D program,38 a verified and efficient Python code for linear-viscoelastic 1D and 2D
wave propagation simulation in multilayered media.
In this study, a full SW4 simulation and a complementary SW4 run were performed to obtain the two types of input

motions for 1D SRA, as shown in Figure 10. Figure 10A shows the full simulation case where the in-column input motions
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HUANG and MCCALLEN 2887

F IGURE 10 Input motions for 1D SRA: (A) In-column motion recorded at the basin-rock interface; (B) outcrop motion recorded on the
ground surface from a complementary SW4 run of (A) that has the basin removed to simulate the rock outcropping condition.

at the basin-rock interface, as well as the reference 3D motions are computed in one pass. It is noted that for 1D SRA with
in-column input motions, ground motions predicted in the 1D column is only dependent on the input motion at the base
(i.e., not dependent on the geologic profile below), and recordings at any arbitrary depth below the site of interest can be
used as the 1D input as long as the soil column is also cut at that depth. For the purpose of this study, we have chosen the
motions at the basin-rock interface to consider the site effect induced by the full-depth soft sediments.46,65 In Figure 10B,
a complementary run with the same rupturing fault and crustal model as the full simulation case, except the shallow
sedimentary basin was removed to simulate the rock outcropping conditions, was performed and the ground surface
motions recorded at the same locations as for the in-column input motions were utilized as the corresponding outcrop
motions. Since the geologic model and source-to-site setting were preserved in the complementary run, uncertainties
induced by amplitude scaling of the outcrop input motions commonly needed when using actual records,3 and implicit
reliance on the 1D assumption when using a deconvolution analysis, are avoided in our investigations.11 1D SRA using the
two types of input motions were performed for all the recorded basin sites in three directions, resulting in a total of 18954
1D analyses in the evaluation process for each basin profile case. For all the 1D site response analyses, we have employed
frequency-independent damping that is consistent with the attenuation mechanism used in the 3D SW4 simulations. It
is noted that since the soil profile is the same across the whole sedimentary basin, this uniformity allows for isolating
the effects of wavefield characteristics due to 3D wave propagation on the spatial variability of the accuracy of the 1D
modelling approach.

5 ASSESSMENT OF 1D SRA COMPARED TO SIMULATED 3D SEISMICWAVEFIELDS

The applicability of the 1D modelling approach is assessed through detailed frequency-domain comparisons of the trans-
fer function (TF), the 5%-damped SA, as well as time-domain comparisons of various ground motion intensity measures
(IMs) including the peak ground acceleration (PGA), the peak ground velocity (PGV) and the ground motion significant
duration (Ds). In 1D SRA, the TF is typically calculated as the ratio of the Fourier amplitude spectrum of the surface
motion to that of the input motion and determines how seismic waves at each frequency are amplified (or de-amplified)
when propagating through the soil layers. We refer to the calculated TF as the 3D simulated transfer function if the sur-
face motion at the site is obtained directly from the 3D earthquake simulation, or as the theoretical transfer function if the
surface motion corresponds to the 1D SRA prediction. The PGA, PGV andDs are indicators of the high-frequency compo-
nents, intermediate-to-long-period components, and significant shaking duration of the earthquake record, respectively,
and collectively provide an alternative approach for assessing the accuracy of the 1D approach across a broad range of fre-
quencies in the time domain. In this article, the Ds is determined as the time difference between two chosen percentages
on the normalized temporal accumulation curve of the Arias intensity (AI).66
Based on the comparison results, we evaluate the difference in the amplification mechanism of the horizontal and

vertical site response in the canonical shallow basins. The implications of performing 1D approximations for 3D seismic
wavefields including the prediction bias and spatial variability are identified, and the sensitivity to the sedimentary basin
velocity and damping profiles are analysed. It is noted that since the results for different basin profiles show overall
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2888 HUANG and MCCALLEN

F IGURE 11 Comparison of surface acceleration and response spectra computed by the 3D SW4 simulation and 1D SRA with outcrop
and in-column input motions in the fault-normal (FN), fault-parallel (FP) and vertical directions for a representative site A (x = 7 km,
y = 25 km in Figure 7) in case 1: (A) Surface acceleration (unit in m/s2), and Ds5-95 (the three cases are denoted by the respective colours); (B)
SA and the SA ratios of the 1D predictions to the reference 3D SW4 solution where the green dashed lines indicate the site periods in the
respective directions.

similar trends, results from the baseline case 1 are used in the following sections for demonstration purposes unless
specified otherwise.

5.1 Amplification mechanism of the horizontal and vertical site response

Asnoted in the Introduction, field observations have suggested different levels of accuracy of 1D SRA for the horizontal and
vertical motion estimations, indicating the deviation of the actual 3D site response from that based on the 1D assumption,
especially in the vertical direction. In this section, we evaluate the amplificationmechanism of the horizontal and vertical
motions in the simulated 3D seismic wavefields in detail, with a focus on the discrepancy between the amplification
mechanism in the true 3D site response and that assumed in 1D SRA and the corresponding implications for the 1D
prediction bias.
Tohave an overall sense of the accuracy of the simplified 1Dmodelling approach for the simulated 3D seismicwavefields,

we first show in Figure 11 the comparison of surface motions obtained directly from the 3D SW4 simulation and the
corresponding 1D SRA predictions for a representative site A (see Figure 7). The surface motion comparison is shown in
terms of the acceleration time history, SA, the SA ratios of the 1D predictions to the reference 3D solution, and the 5%−95%
ground motion significant duration (Ds5-95) for the fault-normal (FN), fault-parallel (FP) and vertical directions. For the
two horizontal directions, it is seen that the 1D SRA predictions agree reasonably well with the reference 3D solutions
in terms of both time history waveforms and SA, suggesting that the 1D assumption of vertically propagating S waves is
largely valid at this site to capture the major horizontal wave arrivals. In the vertical direction, however, except the early
P wave arrivals (i.e., before about 6.6 s), the vertical motions predicted by the 1D P wave propagation model with both
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HUANG and MCCALLEN 2889

F IGURE 1 2 Comparison of (A) particle movements and (B) surface accelerations from the 3D wavefield in SW4 and two 1D SRA
predictions at station A in case 1. Note the horizontal motions at the station are rotated to the radial and transverse directions with respect to
the epicentre location, and the horizontal motion shown in the figure are the radial component. t1, t2 and t3 denote the end of the P wave
window, the end of the first major S wave arrival and the end of S wave arrivals, respectively, and the orange dashed lines show the gradual
refraction of the first major S wavefronts when propagating towards the surface.

types of input motions are not consistent with, and are significantly larger than, the reference 3D SW4 motion in the S
wave window, implying that the assumed 1D P wave propagation model does not capture the physics of the actual vertical
site response. It is noted that, because of wave trapping in the 1D soil column, 1D SRA using the in-column input motion
have predicted horizontal and vertical motions with much longer duration due to the multiple reverberations in the later
phases that do not exist in the reference 3D solutions, resulting in much larger amplification near the site periods. For
instance, in the FP direction, theDs5-95 ratio of the surfacemotion by 1D SRA to that of the 3D solution is about 4.4 (i.e., 29.1
s/6.6 s) and the SA ratio at the site fundamental period (T = 1.58s) reaches 3.6 (i.e., 1.22g/0.34 g). When using the outcrop
input motion, it is observed that 1D SRA underpredicts Ds5-95 and SA beyond about 1.3 s due to its inability to capture
the later-arriving basin-edge generated surface waves and the wave mode conversions within the soil layers. Although the
3D-1D comparisons shown here are based on results for site A, it should be noted that these observations are in general
common for sites across the entire computational domain.
To investigate the cause of the vertical motion over-prediction bias observed at site A, we plot in Figure 12 the particle

movements of the reference 3D solution and two 1D SRA predictions at different depths and the surface motion time
histories. Note the twohorizontal surfacemotions at this site are rotated to the radial and transverse directionswith respect
to the epicentre location to better isolate the P-SV waves that contribute to both the horizontal and vertical motions, and
the results are plotted in the radial-vertical plane. Since the near-fault permanent displacements are fully captured in the
3D earthquake simulation, this offers an opportunity to delineate and examine the particle motion in the P and S wave
windows separately. As seen in Figure 12A, the particle movement in the true 3D site response solution can be coarsely
attributed to three wave arrival phases, that is, the early P wave arrivals before t1 characterized by particle movements
parallel to the wave propagation direction, the major S wave arrivals between t1 and t3 represented by particle movements
normal to the propagation direction, and the later surface wave arrivals after t3 showing elliptical trajectories. Of most
interest here is the S wave window where both the peak horizontal and vertical accelerations reside, demonstrating the
significant contribution of the S waves to both components of the wavefield, and where the over-prediction of the vertical
motion occurs. For illustration, we focus on the difference in the 3D and 1D site response for the first major S wave arrival
(t1–t2), the wavefronts of which are traced with the orange dashed lines across the depth. When the inclined incident S
wave propagates upwards, due to the velocity gradient in the basin soil profile, the induced 3D site response consists of
a first-arriving converted P wave67 and the later gradually refracted direct S wave, with the vertical acceleration caused
by the direct S wave dominating the vertical motion because of the large S wave amplitude. As a result, the vertical site
response is coupled with the horizontal site amplification through the refraction process. However, in the 1D estimation
of the vertical motion, since the input motion for the 1D P wave propagation model is obtained at depth (or on the surface
for an outcrop motion) where the incident S wave is more inclined and has larger vertical component compared to that
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2890 HUANG and MCCALLEN

F IGURE 13 Comparison of the theoretical and 3D simulated TFs of case 1 calculated in the FN, FP and vertical directions when
assuming: (A) outcrop boundary condition; (B) in-column boundary condition. The black line and the grey area represent the median
plus/minus two standard deviations (i.e., 95% confidence interval).

when it reaches the surface, this has led to a strong P wave arrival and later reverberations at the surface much larger than
that in the true 3D site response, leading to the consistent vertical motion over-prediction at this site with both types of
input motions.
The 3D-1D comparison results at site A demonstrate that the horizontal motions at the site are predicted by the 1D

approach with reasonable accuracy, while the vertical motion is over-predicted because of the significant contribution
of inclined S waves to the vertical site response. To examine the generality of these observations at the remaining sites,
we show in Figure 13 the comparison of the theoretical TFs obtained based on the 1D assumption and the 3D simulated
TFs calculated using the reference motions directly from SW4 for all sites in the domain. Since the theoretical TF for
a 1D model is only a function of the velocity and damping profiles (i.e., not dependent on the input excitation), it is
often used as a proxy to evaluate the deviation of the actual site response from the assumed 1D model. As illustrated by
Figure 13, the overall good agreement between the theoretical TFs and themedian 3D simulated TFs in the two horizontal
directions, and the large discrepancies in the vertical direction, confirm from a statistical perspective that the horizontal
site amplification is dominated by the 1D S wave propagation behaviour as assumed in 1D SRA, while the vertical site
amplification is complicated by the large contribution of inclined S waves. The existence of inclined shear waves is also
evidenced by the shift of the frequencies at which the horizontal 3D simulated TFs peak towards higher frequencies
compared to the theoretical TFs calculated assuming the in-column boundary condition. This is explained by the fact that
inclinedwaves effectively travel shorter paths than the full soil column depth of the assumed 1Dmodel (refer to Figure 3B),
leading to wave destructive interference at the base occurring at shorter periods.68 It is also observed that the theoretical
TFs calculated assuming the outcrop boundary condition tend to under-predict the 3D motions beyond about 1.3 s due to
the lack of modelling of the surface waves. For the vertical direction, the overall over-prediction of the TFs across nearly
the entire period range suggests persistent vertical motion over-prediction when using both types of 1D input motions.
When using the in-column input motion, it is shown in Figure 13 that the theoretical TFs demonstrate sharper peaks

near the site periods compared to that in the 3D simulation. Similar observations have also beenmade in past site response
studies based on instrumented downhole arrays.47,65 It is well recognized that, for vertically propagating waves passing
through horizontally layered soil profiles, destructive wave interferences between the upgoing incident wave and the
downgoing reflected wave from the surface can occur at certain frequencies at a given depth, known as the downgoing
wave effect,69 leading to local minimums in the spectral acceleration at these frequencies. For site amplification more
prone to the 1Dwave propagation behaviour, this downgoing wave effect is expected to bemore pronounced. For a point at
depth h in a homogenous half-space, the frequencies fd atwhich the destructivewave interference occurs can be calculated
by69 𝑓𝑑 =

(2𝑛−1)𝑣

4ℎ
, where v is wave velocity and n = 1,2,3,. . . . For the inhomogeneous soil profile used in the sedimentary

basins, we can obtain fd numerically by performing 1D SRAwith the outcropmotion and calculating the transfer function
between the motions at depth and the outcrop input motion, and fd then corresponds to the frequencies at which the
troughs of the transfer function occur. To examine the possible cause of the sharp peaks in the theoretical in-column TFs
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HUANG and MCCALLEN 2891

F IGURE 14 SA of the horizontal motions (RotD50) from the 3D SW4 simulation and the corresponding 1D SRA predictions, along with
the SA ratio of 1D to 3D at depths of 120 m (top row), 240 m (middle row) and 480 m (bottom row). Note the motions are for sites 5 km away
from the fault in case 1; the black line and the grey area represent the median value plus/minus two standard deviations of SA (i.e., 95%
confidence interval); the SA ratios are the median value of all considered site; and green dashed lines indicate periods that correspond to
troughs in the theoretical 1D transfer functions for motions at different depths.

and evaluate the closeness between the 3D site response in SW4 and the assumed 1D site amplification along the whole
soil profile, we show the SA of the horizontal and vertical motions at sites 5 km away from the fault line in Figures 14
and 15, respectively, along with the spectral ratio of the 1D prediction to the 3D reference solution. The green dashed
lines in the plots correspond to fd for motions at the respective depths. A preliminary analysis shows that ground motions
at different distances from the fault also give similar observations. As can be seen in Figure 14, the horizontal motions
from 3D SW4 show local SA minimums at frequencies fd, indicating similar destructive wave interferences along the soil
profile as in the 1D S wave propagation model, although the local troughs near fd observed in the horizontal SA ratio
suggest these destructive interferences are less strong compared to that obtained in the 1D analysis, in agreement with the
observed smaller peaks in the TFs from the 3D simulation. Except the wave trapping-induced over-amplification near the
site periods when using the in-column input motion, the amplitude of the horizontal SA at different depths are captured
reasonably well by the 1D analyses using the two types of inputmotions. In contrast, vertical motions from 3D SW4 are not
only much smaller than the corresponding 1D predictions at different depths, but also show flattened troughs in the SA
andmore significant valleys in the SA ratio near frequencies fd predicted with the 1D P wave propagationmodel, implying
much less significant destructive wave interferences than the horizontal components. These observations suggest that the
artificially stronger destructive wave interference enforced by the 1Dmodel has led to the stronger peaks in the theoretical
1D TFs, and for the shallow sedimentary basins considered in this study, in general, the horizontal motions are dominated
by shear waves, while the vertical motions are a combination of shear and compressional waves and 1D SRA will lead to
vertical motion over-prediction bias over the entire soil column.

5.2 Spatial variability of the accuracy of the 1Dmodelling approach

As demonstrated in the previous section, the horizontal and vertical site response show different amplification mech-
anisms due to the distinct wave composition that contributes to the two components in the 3D wavefield. For the Mw
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2892 HUANG and MCCALLEN

F IGURE 15 Same as Figure 14 except the results are for the vertical motions.

F IGURE 16 PGA ratios of the 1D SRA predictions to the reference 3D SW4 solution (case 1) for surface motions in the FN, FP and
vertical directions when using outcrop input motions (top row) and in-column input motions (bottom row). The values in the parenthesis for
each subplot are the minimum, maximum and median of the ratios, respectively.

6.5 strike-slip earthquake scenario considered in this study, the fault rupture process is modelled explicitly with realistic
spatially distributed kinematic rupture properties. Since the composition of the wavefield varies spatially because of the
complex interferences of seismic waves emitted from different portions of the rupturing fault, both in the reference 3D
surface motions and the input motions for 1D SRA, the accuracy of the 1D approximation to the 3D wavefield is expected
to be site dependent. Figures 16–18 show the ratios of the 1D SRA predictions to the reference 3D solutions for the PGA,
PGV and the 5%∼95% significant duration Ds5-95 in the FN, FP and vertical directions, along with the statistics of the ratio
(minimum, maximum and median values) for all sites in the domain.
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HUANG and MCCALLEN 2893

F IGURE 17 PGV ratios of the 1D SRA predictions to the reference 3D SW4 solution (case 1) for surface motions in the FN, FP and
vertical directions when using outcrop input motions (top row) and in-column input motions (bottom row). The values in the parenthesis for
each subplot are the minimum, maximum and median of the ratios, respectively.

F IGURE 18 Ds5-95 ratios of the 1D SRA predictions to the reference 3D SW4 solution (case 1) for surface motions in the FN, FP and
vertical directions when using outcrop input motions (top row) and in-column input motions (bottom row). The values in the parenthesis for
each subplot are the minimum, maximum and median of the ratios, respectively.

Compared to the reference 3D solution, the simplified 1D approach tends to over-predict PGA, PGV in both the hori-
zontal and vertical directions (i.e., ratios larger than one) and this phenomenon is much more pronounced in the vertical
component. For 1D SRA with outcrop input motions, underprediction of Ds5-95 occurs at sites near the basin edge due
to the insufficient representation of surface waves that is not modelled with the simplified 1D approach. Although not
shown here, this underprediction is more significant for basin profile case 3, where surface waves are more prominent in
the 3D wavefield due to the larger rock-basin impedance contrast at the basin edge. It is interesting to note the apparent
dependency of the 1D accuracy on the site distance to the fault, that is, the increased level of over-prediction with increas-
ing distance to the fault, as seen for the prediction of PGA and PGV in the two horizontal directions with both outcrop
and in-column input motions, and the prediction of PGV in the vertical direction using the outcrop input motion.
This spatial variability is also illustrated in Figure 19 where we plot the SA ratios of the 1D SRA predictions to the

reference 3D SW4 solution for surface motions at the near-field (4 km ≤ x ≤ 5 km) and far-field (18 km ≤ x ≤ 23 km) sites.
Note themotions in the FP direction give similar results as the FNdirection and are not shown for brevity. Compared to the
near-field sites, the overall over-prediction bias for the FN and vertical motions at the far-field sites is more significant.
Furthermore, the horizontal and vertical directions show different characteristics, that is, the period range over which
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2894 HUANG and MCCALLEN

F IGURE 19 SA ratios of the 1D SRA predictions to the reference 3D SW4 solution (case 1) for surface motions in the FN and vertical
directions at (A) near-field sites; (B) far-field sites. In each panel, the first and second rows are for SA ratios using the outcrop and in-column
input motions, respectively; the solid black lines and dashed red lines represent the median SA ratio (μ) ±1 standard deviation; the values in
the text box show the range of μ.

the most prominent over-prediction occurs is shifted towards shorter periods for the horizontal component and shifted
towards longer periods for the vertical component.
The observed spatial variability of the 1D performance in predicting the 3D site response is attributed to the variation

in the characteristics of the input motions across the domain, including both the wavefield composition and the tem-
poral evolution of the frequency content. Since P and S waves emitted from the source cannot be physically separated,
for verification purposes, we have conducted a numerical experiment where we set the P wave damping for the entire
layered crust (except the sedimentary basin) to be 10% and performed the full SW4 simulation and the corresponding
complementary run (Figure 10B) to obtain the outcrop and in-column input motions. Since the finite difference scheme
in SW4 requires decreased time step for increased viscoelasticity to ensure numerical stability,48 the high P wave damping
value for the layered crust was chosen to largely damp out the incident P waves in both the outcrop and in-column input
motions such that the contribution of the incident P and S waves can be separately assessed in the evaluation process
without incurring an excessively large penalty for increased computational efforts. As an example, we show in Figure 20
the comparison of the outcrop and in-column input motions at the near-field site A and the far-field site B (see Figure 7)
for case 1 with the original and modified crustal P wave damping (uniformly 10%). Three observations can be made in
terms of the characteristics of the 1D input motions:

1. The horizontal and vertical input motions have contributions from both the P and S waves. Overall, S waves dominate
the amplitude of both the horizontal and vertical incident motions, while the P waves have larger contribution to the
vertical component.

2. The relative P wave contribution to both the total outcrop and in-column incident wavefields increases with distance
to the fault as S waves are attenuated faster than P waves.

3. Compared to input motions at the near-field site A, input motions at the far-field site B have more time separation
between the P and S wave windows due to the difference in the P and S wave speeds. Because of the strong S wave
attenuation with distance, comparing Figure 20B and D, the dominant frequencies in the S waves are shifted towards
lower frequencies that are closer to the vertical fundamental site period of the 1D column (denoted by the green dashed
lines in Figure 11B).

Figure 21 shows the 3D-1D comparison of the surface motions at site B for SW4 simulation cases with the original and
modified (uniformly 10%) crustal P wave damping. Based on Figures 11 and 21A, it is observed that as an effect of approx-
imating the inclined P waves as vertically propagating S waves in the horizontal 1D SRA, the FN motion is more severely
over-predicted by 1D SRA at site B compared to site A due to the increased contribution of P waves in the horizontal input
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HUANG and MCCALLEN 2895

F IGURE 20 Comparison of input motions for sites A and B from SW4 simulations for case 1 with the original and modified (uniformly
10%) crustal P wave damping: (A) and (B) are for the FN and vertical directions of site A, respectively; (C) and (D) are for the FN and vertical
directions of site B, respectively. In each panel, the first row shows the time history and response spectra for the outcrop motions, the second
row shows the time history and response spectra for the in-column motions.

F IGURE 2 1 Comparison of surface motions in the FN and vertical directions at site B computed by SW4 and two corresponding 1D SRA
predictions. The reference 3D motions are from SW4 simulations for case 1 with the original (A and B) and modified (C and D) crustal P wave
damping (uniformly 10%).
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2896 HUANG and MCCALLEN

F IGURE 22 SA ratios of the 1D SRA predictions computed with the in-column motion and optimized damping to the reference 3D SW4
solution for surface motions in the FN and vertical directions at (A) near-field sites, and (B) far-field sites in case 1. In each panel, the solid
black lines and dashed red lines represent the median SA ratio (μ) ±1 standard deviation; the values in the text box show the range of μ.

motions. On the other hand, the over-prediction of vertical motions shows distinct characteristics between sites A and
B that warrants further explanation. Since the over-prediction of the vertical motions is driven by the large contribution
of S waves in the 1D input motions, the shift in the frequency contents of the S waves towards lower frequencies in the
input motions has led to more pronounced over-prediction of SA near the fundamental period of the 1D column for site B
compared to site A. Conversely, due to the larger time separation between the P and S wave windows at the far-field site B,
there is less possibility for constructive wave inference of P and S waves at higher frequencies, leading to less significant
over-prediction of the vertical PGA at site B compared to the near-field site A. The implications of P wave contribution
to the 1D SRA input motions become clearer when the incident P waves impinging on the soft soil layers is removed, as
shown in Figure 21C and D. As expected, with reduced P wave contribution, S waves contribute more to the wavefield and
this leads to improved prediction of the horizontal component and exacerbated prediction of the vertical component by
the 1D approach. As can be seen, the actual performance of 1D SRA in approximating the 3D wavefields depends on both
the wavefield composition and temporal evolution of the characteristics of the 1D input motions.
It is worth mentioning that due to the upper crustal velocity gradient, the incident angle of S waves remains relatively

small when arriving at the base of the basin. For example, 3D ray tracing shows that for the seismic wave bursts emitted
from the hypocentre, the incident angle of the S waves arriving at the rock-basin interface near the edge of the considered
computational domain is about 33.9◦, which is only marginally larger than the critical incident angle 27.8◦. As mentioned
in the Introduction, although the 1D approach has a tendency to under-predict the response of inclined seismic waves
at large incident angles, under-prediction of the horizontal surface motions is not widely observed using the simulated
ground motion datasets in this study.

5.3 Sensitivity of wave trapping in the 1D column to the damping profile

In existing literature, including investigations on the accuracy of the 1D modelling technique, the damping profile of
the site is often optimized to empirically match the field records due to the lack of measured attenuation parameters,
for example, through a grid search of damping multipliers Dmul intended for scaling of the small-strain damping profile
typically determined based on laboratorymeasurements. In this section, we follow a similar optimization procedure based
onDmul to examine the sensitivity of wave trapping to the damping level used in 1D SRA. Specifically, we perform 1D SRA
for all the sites in the domain with Dmul ranging from 0.1 to 20 for the horizontal motions and 0.1 to 40 for the vertical
motions, and choose respective Dmul values for the two components that result in lowest misfit between the SA of the 1D
solution and 3D solution for periods within 0.2–0.5 s. It is noted that the value ranges for Dmul is determined based on a
preliminary analysis to encompass the maximum damping levels needed in the optimization for most sites while keeping
the maximum damping ratio below a reasonable limit (∼60% in this case); the range for the SA periods is chosen to be in
the short-period range such that the optimization is not overly weighted by the large discrepancies near the site periods,
and the PGA before and after optimization remain approximately on the same level due to its strong correlation with the
high-frequency components. In view that the wave trapping phenomenon is most prominent with the in-column (within)
boundary condition which has been employed in most downhole arrays site response studies, for brevity, we show in the
following the 1D SRA results with the in-column input motion only.
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HUANG and MCCALLEN 2897

F IGURE 2 3 Comparison of surface motions from the reference 3D solution in SW4 for case 1, and two 1D SRA predictions with
in-column input motions using the original and optimized damping profiles for the FN (A) and vertical (B) directions at site A, and for the FN
(C) and vertical (D) directions at site B. In each panel, the optimized damping multiplier is shown in the subtitle; the three values in
parenthesis are the 5%∼75% significant duration Ds5-75 calculated for motions from SW4, and the two 1D SRA predictions using the original
and optimized damping profiles, respectively.

In Figure 22, we show the SA ratios of the optimized 1D predictions to the reference 3D motions from SW4. Compared
to the SA ratios with the original damping as shown in Figure 19, the match between the 1D and 3D solutions for both
near-field and far-field sites are greatly improved across a broad period range, although large amplification near the funda-
mental site periods persists due to the exclusion of these long periods in the optimization process. To have a more detailed
examination of the effect of increasing the small-strain damping on the accuracy of 1D SRA, as an example, Figure 23
shows the comparison of surface motions from the reference 3D solution in SW4 and two 1D SRA in-column predictions
at sites A and B using the original and optimized damping profiles for the FN and vertical directions. It is noted that the
optimized Dmul values for the four 1D analyses in Figure 23 are larger than 1, meaning that increased damping is needed
for improved fit with the reference 3Dmotions for both the horizontal and vertical components due to the over-prediction
in the 1D solutions. With the optimized damping, the 1D predictions for both the SA and the temporal accumulation of
Arias intensity (AI) are improved, although the comparison of waveforms does not necessarily improve, especially in the
vertical direction. For example, at site A, compared to results in Figure 11, the 1D predictions of SA and AI in the vertical
direction have been greatly improved with a Dmul value as 24, while a detailed examination of the waveforms reveals that
the improvement takes place mainly in the S wave window in terms of the matching of the overall amplitude instead of
the individual wave arrivals, and the early P wave arrivals are underestimated by the 1D approach because of the large
Dmul value employed. This indicates that although increasing the damping may improve the prediction of some ground
motion intensity measures, it is an empirical rather than a physical approach. The increase of damping will only allevi-
ate the phenomenon but cannot eliminate it as it is not the root cause. Since the wave interference is dependent on the
characteristics of the input motions, optimization using Dmul will need to be conducted on a site-to-site basis and is not
expected to give the same level of improvement, an example of which is observed at the far-field site B. As can be seen,
due to the less significant constructive wave interference in the high frequencies of the vertical motion caused by the time
separation between the P and S wave windows, optimization for SA is satisfied with a much smaller Dmul (= 3) compared
to that at site A and this leads to overall minor improvement in the predicted surfacemotions in terms of both the response
spectra and waveforms.
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2898 HUANG and MCCALLEN

F IGURE 24 Dmul optimized for 1D SRAwith in-column input motions in the FN, FP and vertical directions for case 1. Note Dmul for each
site is chosen to achieve a best fit of the spectral accelerations (within 0.2∼0.5 s) between the 1D SRA prediction and the reference 3D SW4
solution. The values in the parenthesis for each subplot are the minimum, maximum, and median of the damping multipliers, respectively.

F IGURE 2 5 Ds5-95 ratios of the 1D SRA predictions with in-column input motion to the reference 3D SW4 solution (case 1) for surface
motions in the FN, FP and vertical directions. The values in the parenthesis for each subplot are the minimum, maximum and median of the
ratios, respectively.

To examine the site dependency ofDmul, the damping multipliers optimized for the FN, FP and vertical directions at all
sites in the domain are shown in Figure 24. As expected, since the optimization process for Dmul is driven by the SA ratios
in the short-period range, the spatial variability of Dmul is in good correlation with the variation of short-period SA ratios
with distance to the fault (Figure 19), that is, largerDmul for the horizontal direction at the far-field sites due to increased P
wave contribution, and largerDmul for the vertical direction at the near-field sites due to the more significant constructive
wave interference of P and S waves that contributes more to the high frequencies. It is noted that the Dmul needed for the
best match scenario of the vertical component is generallymuch larger than that for the horizontal components due to the
significant over-prediction of the vertical motion by the 1D approach. For the ground motion dataset simulated for case
1, the median Dmul optimized for the horizontal component is 2.7 and 2.4 for the FN and FP directions, respectively, and
11.6 for the vertical direction. Referring to the damping profile as shown in Figure 6E, these result lead to S and P wave
damping ratios at the surface to be about 8% and 18% for the horizontal and vertical directions, respectively, consistent
with the values used in previous site response studies for the horizontal and vertical motions15,19 despite having been
developed based on different methods of analysis. For instance, Tao and Rathje15 recommend Dmul = 3 to account for
additional sources of energy dissipation beyond material damping for the horizontal site response, while Elgamal and
He19 found very high viscous damping in the range of 15%−25% is needed to match the recorded vertical motions. These
results indicate that the trapped waves in the soil column incurred by the 1D idealization procedure may have been a
significant contributor to the frequent need of increased damping in the calibration of field site response studies.
Using the optimized Dmul for all the sites, Figure 25 shows the corresponding significant duration ratios of optimized

1D predictions to the reference 3D motions from SW4. Compared to the significant duration ratios computed with the
original damping profile (Figure 18), the 1D predictions using the optimized damping are greatly improved. The observed
strong spatial correlation between Figures 24 and 25, that is, larger Dmul leads to shorter significant duration, demon-
strates the effectiveness of increased damping in removing the trapped energy in the 1D column. It is interesting to note
that although the SA of horizontal and vertical motions are optimized close to the same level of agreement between the
reference 3D solutions and 1D predictions as shown in Figure 22, the Ds5-95 ratio maps after optimization show signifi-
cantly better improvement in the vertical component, indicating the strong influence of trapped waves in the 1D vertical
motion predictions when using the in-column input motion.
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HUANG and MCCALLEN 2899

F IGURE 26 Median surface motion SA ratios of the 1D SRA predictions to the reference 3D SW4 solutions for the four basin profile
cases in the FN (left column), FP (middle column) and vertical (right column) directions when using outcrop input motions (top row) and
in-column input motions (bottom row).

5.4 Effect of sedimentary basin profile on the accuracy of the 1Dmodelling approach

Apart from the within-event spatial variability demonstrated in the previous section, the accuracy of the 1D predictions
is also expected to vary between different basin geologic profiles as a corollary of the physical nature of the inclined wave
refraction and 1D wave trapping mechanisms. For shallow sedimentary basins considered in this study, the 3D ground
motions will be determined by the earthquake source and basin geologic structure. Since we are primarily interested in
providing physical understanding of the implications of approximating 3D wavefields with the simplified 1D approach, in
this sectionwe have considered four different sedimentary basin profiles as shown in Figure 6 whilemaintaining the same
kinematic rupture model such that the effect of different basin properties, including the velocity gradient, impedance
contrast at the rock-basin interface and basin depth, can be investigated under the same incident wavefield. As for the
baseline case 1, we performed 1D SRA to approximate the 3D wavefields from SW4 simulations for basin profile cases
2∼4.
Figure 26 shows the comparison of median SA ratios of the 1D SRA predictions to the 3D reference motions for the

four cases. On the whole, the four basin profile cases have demonstrated similar prediction bias in the horizontal and
vertical directions. Except the under-prediction at long periods (> 2 s) when using the outcrop input motion, the SA ratios
of the 1D predictions to the reference 3D solutions indicate overall over-prediction of both the horizontal and vertical
surface motions by the simplified 1D approach due to the contribution of inclined P and S waves to the horizontal and
vertical inputmotions for 1D SRA, respectively. As illustrated earlier, since the incidentwavefield is controlled by the large-
amplitude S waves and remains the same for the four cases, 1D SRA shows two levels of accuracy for the horizontal and
vertical motion estimations, with the surface motion over-prediction being most prominent in the vertical direction. The
SA ratios calculated based on the in-column inputmotion are characterized by the large amplification near the site periods
in both the horizontal and vertical directions and the SA ratios show consistent shift in the site vibration periods, while it
is noted that the over-prediction bias using the outcrop motion remained relatively stable due to the much less significant
wave trapping phenomenon. Consistent variation of the SA ratios between the four cases is observed, as expected, and a
detailed examination shows that this is caused by the discrepancies in the 3D wavefield composition due to the respective
change of basin properties compared to the baseline case 1, as discussed further below.

5.4.1 Velocity gradient

In consideration of the dominant S waves in the 3Dwavefield, velocity gradient in the basin affects the wavefield composi-
tion in mainly two aspects: (1) the refraction process of inclined S waves, and (2) the efficiency of S-to-P wave conversion.
With reduced basin velocity gradient in case 2 compared to case 1, S waves with larger wave speed undergo less refrac-
tion when propagating through the basin profile and the S-to-P wave conversion is less efficient. The reference surface
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2900 HUANG and MCCALLEN

F IGURE 27 Comparison of the theoretical and 3D simulated TFs of case 3 calculated in the FN, FP and vertical directions when
assuming: (A) outcrop boundary condition; (B) in-column boundary condition. The black line and the grey area represent the median ±2
standard deviations (i.e., 95% confidence interval).

motions in the 3D site response are more dominated by direct inclined S waves that are less refracted compared to the 1D
input motions. As seen in Figure 26, for the horizontal motions, due to the greater travel time difference between themore
inclined 3Dwaves and the idealized 1Dwaves and the less efficient attenuation for seismic waves with longer wavelengths,
more significant wave trapping in the 1D soil column as evidenced by the larger SA amplification peaks is observed when
using the in-column input motion. In the vertical direction, the less pronounced S wave refraction process has resulted
in overall reduced over-prediction of the vertical motion with both the outcrop and in-column input motions. Since the
outcrop input motions are the same for case 1 and case 2, the slight increase of SA ratio near the vertical fundamental site
period (0.75 s) when using the outcrop inputs is caused by the less contribution of S-converted P waves in the 3Dwavefield
that leads to decreased 3D vertical site response at this period. Conversely, it is noted that the simplified 1D approach is
also not able to capture the large amplification near period 0.4 s in the 3D site response, leading to the trough in the SA
ratio at this period.

5.4.2 Impedance contrast

In Figure 26, the SA ratios computed for case 3 with a rock to soil impedance contrast of about 1.56 at the rock-basin
interface have shown substantial improvement in the 1Dmodelling accuracy in both the horizontal and vertical directions
compared to case 1, especially when using the in-column input motion. The better agreement between the reference 3D
solutions and 1D predictions is also observed in the comparison of the theoretical TFs assuming 1D wave propagation and
the 3D simulated TFs computed using the reference 3D motions, as shown in Figure 27. Compared to the TFs for case 1
(Figure 13), the 3D-1D comparison is significantly improved in terms of both the alignment of resonance frequencies and
the transfer function amplitude.
The above observations are explained by examining the change in the wavefield composition of the horizontal and

vertical motions due to the employed velocity discontinuity in case 3. It is well-known that at soil layer interfaces, seismic
waves are reflected and transmitted due to the impedance contrast between the adjacent layers. For the dominant S waves
in the 3Dwavefield, the large impedance contrast at the basin-rock interface has led to efficient S-to-Pwave conversion and
wave refraction towards the vertical direction, resulting inmore significant contribution of direct S waves to the horizontal
motion and S-converted P waves to the vertical motion, respectively. The horizontal and vertical site amplification process
is therefore less coupled and better aligned with the 1D assumption, leading to improved 1D predictions for both the
horizontal and vertical components.
To investigate the sensitivity of the wavefield composition on the impedance contrast and corresponding implications

for the 1D approximation, for demonstration purposes, we consider a generic two-layered soil-rock system with rock to
soil impedance contrast γ = ρrvr/ρsvs (ρ and v are the density and wave speed, respectively), as shown in Figure 28A.
For a dominant upgoing incident SV plane wave from the half-space, four resulting plane waves are generated to satisfy
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HUANG and MCCALLEN 2901

F IGURE 28 Wave contribution to the horizontal and vertical motions in the soil for a two-layered soil-rock system (Poisson’s ratio
ν = 0.25) for different impedance contrast γ: (A) reflected and transmitted waves at the rock-soil interface due to inclined incident SV wave
with amplitude S0; (B) κh and κv when using the in-column input motion; (C) κh and κv when using the outcrop input motion. Vertical dashed
lines in (B) and (C) represent the critical angle θcr of the incident SV wave.

the requirement for continuity of displacements and stresses at the interface, namely, the downgoing reflected SV and
P waves in the half-space, and the upgoing transmitted SV and P waves in the soil layer. For quantifying the theoretical
contribution of S waves to the horizonal surface motion and P waves to the vertical surface motion, we calculate the
amplitude ratio of the transmitted SV wave to the total horizontal motion κh at the interface, and the transmitted P wave
to the total vertical motion κv at the interface, respectively, based on the elastic reflection and transmission coefficients
available in the literature,67 that is,

∙ For in − column input motion ∶ 𝜅ℎ =
𝑆ℎ𝑢

𝑃ℎ𝑢 + 𝑆ℎ𝑢
, 𝜅𝑣 =

𝑃𝑣𝑢
𝑃𝑣𝑢 + 𝑆𝑣𝑢

(3)

∙ For outcrop input motion ∶ 𝜅ℎ =
𝑆ℎ𝑢

1

2

(
𝑆ℎ0 + 𝑆ℎ

𝑑
+ 𝑃ℎ

𝑑

)
𝐴𝑡

, 𝜅𝑣 =
𝑃𝑣𝑢

1

2

(
𝑆𝑣0 + 𝑆𝑣

𝑑
+ 𝑃𝑣

𝑑

)
𝐴𝑡

(4)

where S0, Su, Pu, Sd and Pd are the amplitudes of the incident SV, upgoing SV and P, and downgoing SV and P waves,
respectively, with the superscripts h and v denoting the horizontal and vertical components, respectively; At is the trans-
mission coefficient for 1D waves from rock to soil and is defined by𝐴𝑡 = 2∕(1 + 1∕𝛾). Note that when using outcrop input
motions, the total horizontal and vertical motion at the interface in Equation (4) are calculated based on a complementary
rock outcrop model where the soil layer is removed. For the two-layered system, κh and κv are dependent on the inter-
layer impedance ratio γ and the incident angle θ of the incoming SV wave. The two contribution factors are plotted in
Figure 28B,C for γ ∼ (1.5, 4) and θ ∼ (0, 90), with the critical incident angle θcr denoted by the vertical dashed lines. It is
observed that κh is close to 1 for θ < θcr and becomes largely greater than 1 for θ > θcr, indicating the reasonable accuracy
and potential under-prediction bias of the horizontal motion by 1D SRA at small and large incident angles, respectively.
For the vertical motion, however, κv remains smaller than 1 across the entire incident angle range, implying the consistent
over-prediction bias of the 1D approachwhen approximating wavefields dominated by inclined SVwaves. A striking prop-
erty of κh and κv in Figure 28B,C is that for θ smaller than θcr, which is true for practically observed angles of incidence in
the field due to the upper crustal velocity gradients,34 the two theoretical contribution factors demonstrate weak depen-
dency on the incident angle θ, which is of special interest to the vertical motion estimation. Considering that the vertical
site response is becoming dominated by the transmitted P wave with increasing impedance contrast (e.g., κv > 0.5 for γ
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2902 HUANG and MCCALLEN

F IGURE 29 Normalized median SA (with respect to SA at 0.2 s) of the vertical outcrop input motions for sites in (A) case 1 and (B) case
4. The vertical dashed green lines show the site periods of the respective basin soil profile assuming a 1D vertical P wave propagation model.

larger than about 2), κv may serve as a theoretical upper-bound reduction factor for the over-predicted vertical motions
by 1D SRA when applied to sites with large impedance contrasts, for example, in the central and eastern United States,
provided that proper damping is chosen at the same time to damp out the trapped outgoing waves in the 1D soil column.

5.4.3 Basin depth

Past earthquakes have shown that site amplification in deep sedimentary basins such as in the Southern California area
and the Mexico City, can be detrimental to civil infrastructures. In case 4, the depth of the sedimentary layers is doubled
to examine the effects of basin depth on the prediction bias of the 1D approach. In deeper soil deposits, the inclined shear
waves emitted from the earthquake source impinge on the base of the basin at larger incident angles and are subjected
to more significant wave refraction process before reaching the surface. As shown in Figure 26, this has exacerbated the
extent of over-prediction of the vertical motion over a broader range of spectral periods and led to more wave trapping in
the 1D soil column in both directions when using the in-column input motion. It is interesting to note that the increase
in the median SA ratio compared to case 1 concentrates mostly in the short-period range, indicating more considerable
overprediction in the high frequency components. To better interpret this result, we plot in Figure 29 the normalized SA
of the vertical outcrop input motions for sites in case 1 and case 4. Note that similar observation can be made with the
in-column input motions although the SA is influenced by the downgoing wave effect. It is seen that the vertical outcrop
input motions for case 4 are richer in the high frequencies due to shorter wave travel paths of the inclined seismic waves
while in case 1 the input motions show more broadband spectral response over the first three vibrate modes of the site,
especially at large distances. Since the relative modal contribution to the site response is dependent on thematch between
the frequency contents of the excitation source and the vibration properties of the system, this explains the shift of period
range where large amplifications occur towards higher site vibration modes in the deeper basin case.

6 CONCLUSION

As one of the essential tasks in geotechnical earthquake engineering and engineering seismology, evaluation of local site
effects is predominantly performed using 1D SRA due to its simplicity in concept and computational efficiency. However,
since this 1D modelling approach only accounts for part of the physics that governs the site response, its accuracy is
expected to vary when indiscriminately applied to engineering sites under different geological and tectonic settings. In
view of the large uncertainties involved in the subsurface characterization and input motion selection for real-world sites,
in this study, we evaluate the applicability of 1D SRA numerically based on spatially dense high-fidelity ground motions
from well-controlled physics-based earthquake simulations resolved to a maximum frequency of 5 Hz. 3D seismic wave
propagation in canonical shallow sedimentary basins is considered to obtain the reference 3D site response solutions and
the inputmotions for 1D SRA at a total of 3159 effective downhole array sites in the computational domain. The evaluation
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HUANG and MCCALLEN 2903

is conducted through detailed site-to-site comparison of the reference true 3D site response solution and the corresponding
1D SRA predictions in terms of various frequency- and time-domain quantities. We examined themanifestation of the two
deficiencies in 1D SRA previously identified based on idealized 2D plane waves and point earthquake source simulations,
and discussed the discrepancies between the amplificationmechanism of the 3D horizontal and vertical site response and
that assumed in 1D SRA. The implications of the 1D approximation to 3D seismic wavefields were further illustrated in
terms of the spatial variability of the 3D-1D comparisons and sensitivity studies on the basin damping and velocity profiles.
The more detailed analyses performed here confirm the two previously identified mechanistic limitations in the 1D

modelling approach, that is, the systematic over-prediction of the vertical motion and wave trapping in the 1D soil column
that leads to fictitiously long-duration motion. The vertical motion over-prediction by 1D SRA is caused by a combined
effect of its inability to capture the shear wave refraction process and simultaneous amplification of the input motions
through the classical 1D site amplification mechanism. The wave trapping is due to the travel path difference between
the actual inclined waves and the assumed 1D waves that leads to trapped outgoing waves and spurious resonance in
the soil column. Different levels of accuracy of 1D SRA for the horizontal and vertical motion estimation, as observed
in previous field investigations, have been recognized. The root cause is the discrepancies between the actual 3D ampli-
fication mechanism of coupled horizontal and vertical site response and the simplified uncoupled 1D site amplification
assumed in 1D SRA. For shallow sedimentary basins, inclined S waves dominate the horizontal motions, and they either
dominate or contribute significantly to the vertical component. Although the accuracy of 1D predictions for both the hor-
izontal and vertical motions are complicated by the trapped waves when using the in-column input, this phenomenon is
more pronounced for the vertical motion due to the over-prediction of this component and differences in the wave speed
and attenuation rate. Due to the upper crustal velocity gradient and finite dimension of the computational domain, the
incident angle of S waves remains relatively small when arriving at the rock-basin interface, the underprediction of the
horizontal motion as would be expected when approximating inclined S waves propagating at large incident angles is not
broadly observed using the simulated ground motion datasets in this study.
The accuracy of the simplified 1D approach has shown significant spatial variability in the computational domain due

to the spatial and temporal evolution of the wavefield composition of the 1D input motions. Through numerical simula-
tions of a baseline earthquake scenario with two levels of crustal P wave damping − the original small P wave damping
and the modified large P wave damping (10%), it is demonstrated that with increasing distance to the fault: (1) the relative
P wave contribution to both the outcrop and in-column input motions increases due to the lower wave attenuation of P
waves compared to S waves, (2) the time separation between the P and S wave windows increases due to the velocity dif-
ference between P and S waves, (3) the dominant frequencies in the S waves are shifted towards lower frequencies as the
high frequencies are attenuated. Due to the increased P wave contribution to the horizontal input motions with increas-
ing source-to-site distance, the horizontal surface motions are over-predicted by 1D SRA due to its inability to model the
gradual refraction of inclined P waves. Since the vertical motion over-prediction is driven by the significant contribution
of S waves in the input motions, the time separation between the P and S wave windows leads to less constructive interfer-
ences between the two wave types in the high-frequency range and shift of the resonant frequencies towards lower modal
frequencies of the site.
In existing site response studies, due to lack of measured attenuation properties, the soil damping profile is often empir-

ically increased to improve the agreement between the 1D SRA predictions and the field recordings. To investigate the
characteristics of the trapped waves incurred by the 1D approximation and the efficacy of increased soil damping in the
improvement of the 1D SRA results with the in-column input motions, we followed a similar approach where we scale
the reference soil damping profile used in the 3D SW4 simulations by a damping multiplier Dmul to achieve a best fit
of SA within the short-period range 0.2∼0.5 s between the 1D predictions and reference 3D solutions. The results show
Dmul values that are compatible with those found in the literature for both horizontal and vertical motions. Compared to
the horizontal motions, a larger Dmul is typically required for the vertical motion prediction due to the significant over-
prediction of this component by the 1D approach. The efficacy of increased soil profile damping varies across the sites and
is dependent on the spatial and temporal evolution of the incident wavefield. Due to the increased P wave contribution to
the horizontal input motions with increasing source-to-site distance, Dmul optimized for the horizontal motions is larger
for the far-field sites compared to the near-field sites. Conversely, as the vertical motion over-prediction is driven by the
significant contribution of S waves in the input motions, the time separation between the P and S wave windows leads
to less constructive interferences between the two wave types in the high-frequency range and results in smaller Dmul
required for the sites in the far-field. Since wave scattering is not the underlying cause of the trapped waves, increasing
the damping to improve the 1D site response predictions can only be performed on a site-to-site basis.
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2904 HUANG and MCCALLEN

Apart from thewithin-event spatial variability, sensitivity study on the properties of the basin geologic profile, including
the velocity gradient, rock-basin impedance contrast and basin depth further demonstrates the dependency of the perfor-
mance of the 1D approach on the characteristics of the true 3D site response to which the 1Dmethod is to approximate. By
and large, the sensitivity results confirm the general observations made in our baseline case 1, for example, overall over-
prediction of the surface motions and higher levels of amplification near the site periods by 1D SRA, both occurring more
prominently in the vertical direction. It is observed that decreasing the velocity gradient of the basin profile leads to less
refraction of the dominant S waves and overall reduction in the vertical motion over-prediction bias, while the horizontal
motion estimations suffer from more significant wave trapping phenomena when approximating inclined S waves with
larger incident angles. Increasing the basin depth leads to higher vertical 1D amplification in the short-period range due
to the change in the frequency contents of the input motions, and more broadband over-prediction of the surface motions
when using the in-column motions due to wave trapping. Among the three basin profile properties, it is found that the
impedance contrast at the rock-basin interface has the most significant impact on the modelling bias. Compared to case 1
where there is no impedance mismatch at the interface, the large velocity contrast at the bottom of the sedimentary basin
in case 3 leads to efficient S-to-P wave conversion. As a result, the horizontal and vertical motions are less coupled and are
more dominated by the upgoing S and P waves, respectively, in better alignment with the 1D assumption, and therefore
the accuracy of 1D predictions are substantially improved.
The results of this study suggest that for shallow sedimentary basins, the horizontal motions can be reasonably approx-

imated by a 1D S wave propagation model to the first order, while the 1D P wave propagation model for vertical motions
misrepresents the propagation physics of inclined S waves and leads to consistent over-prediction bias. For the shallow
basins study performed here, 1D SRA for vertical motion estimation is not reliable and should only be considered for
velocity profiles with large impedance contrast at the base such that the assumption of P waves governing the vertical
site response is justified. Given that the relative contribution of refracted S and P waves to the total wavefield in the soil
layer after S-to-P wave conversion is not significantly sensitive to modest changes in the angle of incidence in the small
to intermediate range typical under most field conditions, this property may be useful in developing empirical correc-
tion factors for the 1D vertical motion prediction. To mitigate the spurious resonance introduced in the 1D idealization
of inclined seismic waves, the utilization of increased levels of damping, as empirically calibrated in past site response
studies, may be one option in practical engineering applications. For the simulated ground motion datasets used in this
study, we found the median damping multiplier Dmul for the horizontal and vertical components of motion in the ranges
of 1.5∼3 and 4∼15, respectively, resulting in damping ratios at the surface about 4.5%∼9% for the S waves and 6%∼22%
for the P waves, consistent with observations in past field studies.15,19,26 More detailed ground shaking modelling based
on 2D inclined plane waves32,38 or fully 3D solutions, which can rigorously represent the mechanics of inclined incident
waves, can contribute to the ultimate solution for improving the predictions of both the horizontal and vertical motions,
especially in forensic site response studies11 where the earthquake source and soil profile are better characterized.
Although in this study we evaluated the accuracy of 1D SRA and the implications when applying this 1D modelling

approach to realistic 3D seismic wavefields, it is important to note that our assessments were based on simulated 3D site
response in the simple canonical basin models, which may not capture all the complexities that contribute to real-world
site response and alternative geophysical conditions. For instance, narrowanddeep sedimentary valleysmay exhibitwhole
basin resonance patterns and generate seismic wavefields that can differ from that in shallow sedimentary basins, which
may explain the underprediction by the 1D approach found in selected past studies. In addition, irregular topography,
soil nonlinearity and lateral heterogeneity will further complicate the determination of the range of applicability of the
1D approach. The investigation of these contributing factors is, however, beyond the scope of this paper and left to future
research. Understanding on an a priori basis the full spectrum of situations where 1D SRAmay not be effective remains an
unsolved challenge, and the findings in this study will work towards the long-term goal of incorporating more adequate
physics into this problem to improve the overall site response prediction for engineering applications.
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