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Abstract

In one-dimensional site response analysis (1D SRA), the horizontal and vertical ground mo-
tions are assumed to be induced by vertically propagating shear and compressional waves,
respectively. Although this 1D assumption is utilized as a standard practice in site-specific
ground motion estimation, its applicability to realistic seismic wavefields is still in question.
There is special concern for vertical ground motion assessment, as vertical motions predicted
by this 1D approach have tended to be consistently larger than field observations. In this pa-
per, we evaluate the accuracy and implications of 1D SRA when applied to general inclined
seismic wavefields. Based on the analytical solution of inclined P-SV waves, two observed
deficiencies inherent in this 1D approach, namely, the systematic over-prediction of the verti-
cal motion and excessively long-duration motions predicted with the in-column input motion,
are identified, and corresponding physical explanations are provided. It is shown that the
over-prediction of the vertical motion is a result of the inability of the 1D approach to ac-
count for the refraction of the large-amplitude SV waves when propagating through the surfi-
cial soft layers, and is more pronounced for soil profiles with a strong soil velocity gradient.
The phenomenon of excessively long-duration motions is incurred by the enforced fixed
boundary at the 1D soil column base that is unable to represent the outgoing waves. These
observations are further confirmed using simulated ground motions from three-dimensional
regional-scale earthquake simulations performed on massively parallel computers. The anal-
ysis results suggest that the vertical amplification mechanism is fundamentally different from
that assumed in the simplified 1D approach, and inclined shear waves should be accounted
for when selecting vertical input motions for engineering applications.
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1 INTRODUCTION

In geotechnical earthquake engineering and engineering seismology, one of the essential
tasks is to assess the earthquake-induced ground shaking considering the near-surface soil
conditions and to obtain site-specific design ground motions for critical infrastructures [1].
Since the pioneering works in the 1950s~70s, e.g. [2—4], one-dimensional site response analy-
sis (1D SRA) is used by the majority of existing site response studies and is the standard prac-
tice in predicting the local site response. In 1D SRA, it is assumed that the surficial soils are
horizontally layered and the seismic waves are nearly vertically propagating when approach-
ing the ground surface due to wave refraction in the soft soil layers, and in this context, the
horizontal and vertical motions can be represented by vertically propagating shear and com-
pressional waves, respectively, which are collectively known as the 1D assumption.

Although 1D SRA has seen wide applications, its applicability to realistic seismic wave-
field is still in question. With the increasingly available recorded ground motions over the
past decades, investigations are being carried out to test the validity of the 1D assumption in
predicting the horizontal motions. Recent studies on horizontal motions utilizing recorded da-
ta from vertical downhole arrays have shown that deviation of real-world site response from
the 1D assumption is common. For example, Thompson et al. [5] studied 104 downhole ar-
rays in the KiK-net strong-motion network in Japan and concluded that only 16 sites resem-
bled one-dimensional response based on low inter-event variability and good fit to the
theoretical 1D transfer function. Pilz and Cotton [6] found 45% of the selected 354 KiK-net
sites were influenced by 2D and 3D effects. In addition, vertical motions predicted by the 1D
approach have been observed to be consistently larger than field observations. Elgamal and
He [7] employed a 1D vertical P wave propagation model to predict the vertical response of
the Lotung downhole array in Taiwan and found that approximately 25% reduction in the P
wave velocity and unphysically high damping (15-25%, even for small tremors) was required
in the model for a good match with the recorded data. This is in agreement with findings by
Mok et al [8]. A similar optimization procedure was applied to the five downhole array pro-
files studied by Tsai and Liu [9] and different levels of velocity reduction and damping in-
crease were used to calibrate the vertical response on a site-to-site basis. As a result, ID SRA
for vertical ground motion prediction is considered unreliable and various adjustments based
on the empirical vertical-to-horizontal (V/H) spectral ratios are commonly used in current de-
sign standards and regulatory guidelines [10-14].

Seismic waves incurred by real earthquakes are rarely vertically propagating considering
the finiteness of the rupturing fault, the complex wave propagation phenomena in the hetero-
geneous subspace, and the geometrical orientation between the earthquake source and the site
of interest. This is especially of importance to vertical ground motion assessment, since in
contrast to the vertical P wave propagation assumed in 1D SRA, inclined large-amplitude S
waves can lead to significant vertical components that may dominate the vertical site response,
even at small incident angles. Chao et al. [15] reported that approximately 73% of the 37,888
strong vertical motion records observed in Taiwan for both crustal and subduction earth-
quakes are classified as S-dominated, i.e., the peak vertical acceleration occurs within the S
wave window, suggesting the strong correlation between the peak vertical motion and S
waves. To date, although the question of S wave contribution to the vertical motion has been
raised, the extent to which it affects the vertical site response, particularly its connection with
the field observation of over-prediction of the vertical motion by 1D SRA, remains unclear
and needs further investigation.

In this paper, we evaluate the accuracy and implications of 1D SRA when applied to gen-
eral inclined seismic wavefields. For this purpose, we base our study mainly on high-fidelity

901



J. Huang and D. McCallen

simulated ground motions to avoid the uncertainties in site characterization, soil modeling,
and input motion selection that are commonly observed in previous site response studies
[5,9,16]. For rigorous evaluation of the 1D wave propagation assumption, it is recognized that
extensive numerical investigations grounded on realistic broadband three-dimensional (3D)
earthquake simulations should be used. Although this capability is becoming realized with the
emerging next-generation high-performance computing platforms, e.g., [17,18], as in any type
of analysis, a simplified analytical approach can be useful in exploring the large parameter
space and informing important aspects that need to be captured in the computationally inten-
sive full 3D earthquake simulations. At sufficiently large distances from the earthquake
source, the curvature of the incoming spherical wavefronts is relatively small and the seismic
waves arriving at a local engineering site can, to the first order, be well represented by in-
clined plane waves [19]. For the purpose of this study, as the reference true site response solu-
tions, we utilize both analytical 2D inclined plane P-SV waves and realistic seismic
wavefields from broadband fully deterministic 3D ground motion simulations.

In the following sections, we first present the methods to obtain the reference inclined
seismic waves, including the analytical solution for inclined 2D plane waves propagating in
multilayered media and 3D fourth-order finite difference ground motion simulations for rep-
resentative basin models. We then report the performance of 1D SRA through detailed com-
parisons between the 1D SRA predictions and reference solutions from both analytical 2D
plane waves and 3D ground motion simulations. Deficiencies inherent in this 1D approach,
namely, the systematic over-prediction of the vertical motion and excessively long-duration
motions predicted with the in-column input motion, are identified. Physical explanations and
representative examples are also provided. Evidence of the identified deficiencies and impli-
cations for regional-scale seismic hazard and risk assessment are further emphasized.

2 METHODS FOR DEVELOPMENT OF REFERENCE 2D AND 3D SITE RESPONSE

2.1 Analytical inclined P-SV waves propagating in viscoelastic layered media for 2D
site response

In this section, we summarize the development and implementation of the analytical in-
clined P-SV waves used in this study and provide verification examples. This analytical ap-
proach enables us to examine the accuracy of the 1D approach when applied to representative
inclined plane waves propagating in multilayered media with different material properties and
at different incident angles, with the advantage of separating the influence of incoming inci-
dent P and S waves that coexist in real earthquake records.
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Figure. 1. Properties of the layered viscoelastic media and wave potentials for incident and reflected P-SV waves.
Layer properties include the density p, P and S wave velocities v, and v, P and S wave damping ratios &, and &,
and layer thickness h.
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2.1.1 Development and implementation

We generally follow the frequency-domain formulation presented by Zhao et al. [20] for
elastic P-SV waves at incident angles less than the critical angle. Since seismic waves are at-
tenuated when propagating through all real materials and the incident angle is site dependent,
we extend the formulation to include realistic energy dissipation due to viscoelasticity, and to
include plane waves beyond the critical angle of incidence. These are realized by considering
complex elastic moduli and wave velocities for the layer materials, and complex incident and
reflection angles for the plane waves.

For a layered viscoelastic media as shown in Figure 1, the wave potential functions ¢, for
plane P waves and y; for plane SV waves that satisfy the wave equations in layer i can be ex-
pressed in the frequency domain as

¢,= Eexp[jo (px — qp.z,— )] + Fyexpljo (px + q;.2:— 1)]
_ o . D (D

yi=Eqexp[jo(px —q.z;— )] + Fuexpljo (px + gz, —1)]
where Epi, Esi, Fpi and Fs are the wave potential amplitudes for the incident P, incident SV,
reflected P, and reflected SV waves in the layer, respectively; p is the horizontal slowness; ¢’
and ¢'s: are the vertical slownesses for P and SV waves, respectively; w is the circular fre-
quency; and j is the imaginary unit. The horizontal and vertical slownesses for layer i are cal-
culated by

sina; _ sinf;

v pi Vsi

1 >2p2 g = cospf; _ <1>2p2

v pi Vsi Vi

2

. cosa;
pz v

pi

where a; and f; are the incident angles between the wave propagation direction and the verti-
cal axis for P and SV waves, respectively. It is noted that we have adopted a sign convention
for the Fourier transform in eq. (1) that is different from the original formulation by Zhao et al.
[20] and eq. (2) is suitable for both under- and super-critical incident angle cases of elastic
plane waves [19].

To incorporate equivalent viscous damping for wave attenuation in the system, we consid-
er the Kelvin-Voigt rheological model for the materials and compute the horizontal and verti-
cal slownesses in eq. (2) using complex-valued wave velocities as follows [21]

. [ M* \/(/li+2:ui)* .|
pi pi ’

; vi= ®)
where M;"= (A +2u;) "= (4 +2w;) 1—2¢,,7) and w" =, (1—2¢,j) are the complex con-
strained and shear moduli, respectively, and 4, u are the elastic Lamé constants. For viscoe-
lastic waves, the quantities in the square roots in eq. (2) are complex numbers and the sign of
the vertical slowness cannot be determined by the radiation condition at the layer interface as
in the elastic case. Following the method proposed by Krebes and Daley [22], we use the real
part of the horizontal slowness in the evaluation of ¢gp- and gs: to obtain continuous and elas-
tically consistent viscoelastic waves.
The displacement and stress vector yi(x, z;) within layer i can be expressed as

yi(x,z) = [uy, ul, o, v.]"exp[jo (px —1)] = Q:id;(2;) E;exp [ jo (px —1)] 4)

where
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Considering the stress-free surface condition, the normal stress ¢ and shear stress z.. on
the ground surface are zero, which gives

O-zlz(vxﬂ 0) :Pl(Epl +17])1) +2’,1/Ll>ka)2pqslz(ﬁvsl 7F:1) :0

* 5
L (Vx,0) = 20 0% g (E,i— For) 4 (Eur o) =0 )

It is worth noting that for the special case where there is only one layer in the system (i.e.,
half-space), if either of the two surface motions (ux, u:) or the two incident wave amplitudes
(Ep, Es) are known, the six expressions in egs. (4-5) relating the remaining six unknowns can
be solved. For a multilayered system, however, we derive the recursive expression relating the
wave potentials in the top layer and the bottom half-space based on the continuity of dis-
placements and stresses at the layer interfaces, i.e., y;(x,n;) = y;1.1(x,0), as

E,= ] 1E (6)

i=n—1
where T; is the transfer matrix for wave potentials of adjacent layers and can be written as
Z:Q;ilQidi (hi) (7)

Egs. (5-7) provide six equations relating the eight wave potential amplitude unknowns in
E; and E.. To solve for the free-field response, two additional equations can be obtained
based on the characteristics of the input motion. In this study, we consider two types of input
motions that are commonly used in site response analysis, i.e., input motions recorded at rock
outcrops and input motions recorded below the ground surface (hereafter referred to as the
outcrop and in-column motions, respectively).

In the first case, the outcrop motions are known. The incident P and SV waves can be ob-
tained by solving the one-layered half-space problem as mentioned earlier. For vertically
propagating waves (as assumed in 1D SRA), the incident P and SV waves can be taken as half
of the outcrop motions accounting for the free-surface amplification effect. The wave poten-
tial amplitude and the incident wave displacement are related by

u.v, u.ve.
E " — . p pn , E on — . S sn
"= Gexp Goprng)' T wrexp Goprg) (®)

where u,and u,are the known Fourier displacement amplitudes of incident P and SV waves
in the half-space, respectively, and x.r is the horizontal reference location on top of the half-
space for the incident motions.

In the second case, the in-column motions induced by the incident P and SV waves at a
reference depth, e.g., the top of the half-space as assumed in this study, are known, which
gives
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ﬁX:ja)p(Epn+Fpn) +‘]a)q:z(E'miF'm)
EZ:ija)q;Z(Epninn) +ja)l)(lzsn+F‘s}z)

)

where u,and u,are the known Fourier amplitudes of the horizontal and vertical displace-
ments on top of the half-space. Based on eqs. (5-9), E; and E»x can be solved, and the wave
potentials in the remaining layers can be calculated using eq. (6). The wave amplitude at each
frequency for displacement, velocity, and acceleration responses in the system can then be
calculated using eq. (4) and the wave motions in the time domain can be computed based on
the inverse Fourier transform.

For efficient computation of the general inclined plane wavefields, and comparison with
1D SRA results, we implemented the preceding formulation in a recently developed Python
code, Site2D, with command line interface and visualization capabilities. To achieve optimal
efficiency for solving plane waves propagating in a single large computational domain or pro-
cessing multiple sites in parallel, the calculation process for each frequency is parallelized
with the multiprocessing module [23] and further speedup is obtained through the translation
to machine code at run time by the Numba just-in-time (JIT) compiler [24]. Although plane
waves are 2D motions by nature (i.e., motions are independent of the spatial location in the
out-of-plane direction), seismic motions in 3D space can be obtained by specifying appropri-
ate coordinate system transformation in Site2D when applied to 3D engineering systems
[25,26].

2.1.2 Verification

We present two cases to verify the implementation of the analytical plane waves in the
Site2D program by inter-code comparison and representative results in the literature.

In the first case, inclined P and SV waves propagating in an example soil site, as shown in
Table 1, at incident angles of 60° and 27.6°, respectively, are considered. This problem was
studied by Wolf and Obernhuber [27] using the stiffness matrix method. Figure 2 shows the
horizontal and vertical amplification factors calculated between the surface motion and the
corresponding outcrop motion (i.e., with the soil layers above the half-space removed) for the
two plane wave cases. As can be seen, good agreements are obtained between Site2D used in
this study and the reference solutions.

3 .
] — Site2D 31
o 9 | ~=- Wolf & Obernhuber, =)
= & 1083 = 21
5 1 514
0 T T D T T
0 10 20 30 0 10 20 30
Frequency (Hz) Frequency (Hz)
4 2
=2 =1 )
E =
0 T T 0 T T
0 10 20 30 0 10 20 30
Frequency (Hz) Frequency (Hz)

Figure. 2. Horizontal (top) and vertical (bottom) amplification factors between surface and outcrop motions for
(a) inclined P wave with incident angle as 60°; and (b) inclined SV wave with incident angle as 27.6°.

(a) Incident P wave at 60°
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Laver Mass density _ Wave velocity (m/s) Damping ratio Thickness
y (kg/m?) Pwave Swave Pwave S wave (m)
1 2000 490 200 0.07 0.07 5
2 2000 612 250 0.06 0.06 5
3 2000 857 350 0.05 0.05 10
4 2200 1225 500 0.05 0.05 10
5 2200 1960 800 0.05 0.05 10
6 2400 2082 1000 0.04 0.04 10
7 2500 2806 1500 0.02 0.02 -

Table 1. Soil properties of the selected soil profile [27]
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Figure. 3. Kobe input acceleration and Fourier amplitude spectrum

In the second example, we consider a special case where shear waves are vertically propa-
gating in the selected soil profile (Table 1). Since the wave is vertically propagating, the re-
sults can be compared to that modeled by existing 1D codes. Both outcrop and in-column
input motion conditions are tested using the input signal from the 1995 Kobe earthquake
(Figure 3). Figure 4 shows the comparison of horizontal ground responses between the fre-
quency-domain solutions from Site2D and DEEPSOIL [28], and the time-domain solution
from OpenSees [29]. Although small discrepancies exist between the frequency- and time-
domain solutions due to differences in element formulation and the respective damping mech-
anisms, the results provide confidence in the implementation of the analytical plane wave so-

lution in Site2D.
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Figure. 4. Comparison of surface acceleration (top row) and acceleration amplitude along depth (bottom row)
calculated by DEEPSOIL, OpenSees and Site2D for the selected soil profile (Table 1) assuming the input motion
(Figure 3) as the outcrop motion in (a) and (c), and as the in-column motion in (b) and (d).
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2.2  High-order finite difference numerical simulation for 3D site response

We employed fully deterministic 3D earthquake simulations to obtain spatially-dense
high-fidelity ground motions as input motions and reference true 3D solutions for comparison
with the 1D analyses. Compared to hybrid simulations that combine deterministic motions at
low frequencies with high-frequency motions from a stochastic method to relax the computa-
tional requirements, this fully deterministic approach preserves the 3D wave propagation me-
chanics across a broad frequency range which is essential for the purpose of this study [30].
The simulations were performed using SW4 (Seismic Waves, 4th order), a finite difference
code with fourth-order accuracy in space and time for viscoelastic seismic wave propagation
and highly optimized for regional-scale earthquake simulations [17,31]. In this work, we con-
sider seismic waves in regional generic basin models induced by both an idealized point
earthquake source and a representative extended source for a Mw 6.5 strike-slip earthquake
event through explicit modeling of the rupture process. In view of the fact that the real fault
rupture process is frequently modeled as spatially distributed point sources, the simple point
source scenario allows us to examine the relative contribution of the incident P and S waves
to the total wavefield without the complications created by complex interferences of seismic
waves emitted from different locations. To cover a broad frequency range that is of interest to
engineering applications, our ground motions are resolved to a maximum frequency of 5SHz
with at least eight grid points per wavelength. The numerical simulations were run on the Cori
supercomputer [32] given the significant computational requirements.

For the point source case, we utilized the computational domain and material properties as
shown in Figure 5. For simplicity, all materials have the same mass density p=2178kg/m°,
Poisson’s ratio v=0.31, with quality factor Q for P wave twice as that for the S wave. The
damping ratio & is related to Q by £&=1/2Q. The wave velocities increase linearly with depth in
the sedimentary basin while the rock is homogeneous in the domain. Considering the north
direction is aligned with the local x axis in SW4 (Figure 5), we use a dip-slip source located at
6km depth with strike, dip, and rake angles as 90°, 60°, and 90°, respectively, which results in
incident P and SV waves polarized primarily along the vertical plane coinciding with the
middle dashed line in the domain where simulated ground motions are recorded.

Velocity (m/s) Quality factor
0 1000 2000 3000

Depth (m)

Soil layers

Half-space

(a) Computational domain (b) Velocity profile (c) Attenuation

Figure. 5. Ground motion simulation of a point earthquake source scenario: (a) computational domain in SW4, (b)
velocity profile, and (c) attenuation property. The ground motions are recorded along the middle dashed line in
the sedimentary basin.

For the Mw 6.5 strike-slip event, the generic regional domain consists of a layered crustal
model and a shallow sedimentary basin along a vertical fault rupture plane and is considered
to be representative of the geologic environment of common shallow crustal earthquakes in
active tectonic regimes. The computational domain used in this study is 44kmx*20km span-
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ning in the horizontal directions and 25km in depth encompassing the vertical 27kmx12km
rectangular rupture plane determined based on empirical relations between seismic moment
and fault area for strike-slip events, as shown in Figure 6. Note for this event, we have chosen
a basin model that has a strong impedance contrast (~2.7 for shear waves) at the base of the
basin to reflect the possible discontinuity in the material properties. The fault rupture process
is modelled using the Grave-Pitarka kinematic rupture model [33], where the rupture plane is
divided into a number of smaller subfaults described by spatially varying rupture characteris-
tics including the slip, rise time, and rake direction. The rupture velocity is constrained to be
approximately 80 percent of the local shear wave velocity and the hypocenter is placed on the
left side of the fault. In this way, complex wave propagation phenomena in 3D geologic struc-
ture and important near-fault directivity effects and permanent displacements can be captured
in the ground motion simulations. To examine the spatial variability in the performance of the
1D approach in predicting the horizontal and vertical ground responses, the input and refer-
ence true ground motions were obtained on a 1kmx1km surface grid on the basin side, result-
ing in a total of 602 sites used in the 1D SRA.

Vs (m/s)
1300 2300 3300
1 ]

Vs (m/s)
030!} 400 500 600

Depth (km)

80—

o—= Rock Vs
=—a BasinVs

*—=e RockVs
=—a BasinVs

100 5

(a) Computational domain (b) Velocity profile at rock and basin sites

Figure. 6. Ground motion simulation of a Mw 6.5 strike-slip event in SW4: (a) computational domain, and (b)
velocity profile at rock and basin sites

2.3 1D site response analysis

In this study, we conducted 1D SRA for both analytical 2D wavefields and realistic seis-
mic waves from 3D ground motion simulations. The soil columns and input motions for 1D
SRA were obtained from the corresponding 2D and 3D wavefields to be consistent with the
expectation in practice. The base of the soil column was chosen at the top of the half-space or
the rock-basin interface (i.e., 600m depth). As mentioned in the introduction, S waves domi-
nate the horizontal motions and may contribute significantly to the vertical ground response.
In the calculation of the 2D plane wavefields, to examine the implications for vertical site re-
sponse estimation when applying the simplified 1D approach, we considered only incident S
waves from the half-space. For demonstration purposes, we used the soil profile with linear
velocity gradient (Figures 5b and 5c¢) with the incident S wave signal defined by a narrow-
band Ricker wavelet (eq. (10)) with central frequency fc=10Hz.

i(t) = Qa® f2> —Dexp (x> f21?) (10)

Two types of input motions were used to excite the 1D soil column, as shown in Figure 8.
The in-column motions were the total motions recorded at the base of the soil layers in a hori-
zontally layered system or at the rock-basin interface in the generic basin models. The outcrop
motions consisted of the surface motions recorded on rock in a complementary analysis where
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surficial soil layers or basin were removed while the remaining model was subjected to the
same incident wavefield. Note since the geologic model and source-to-site distance were pre-
served in the complementary analysis, uncertainties induced by amplitude scaling of the out-
crop input motions required when using actual records are avoided [4]. Assuming vertically
propagating waves, we used half of the recorded outcrop motions as the incident waves in the
1D analyses.

-3

x10
10 A &;
< e’
w - .
E° g4
. @
g o 3 2
3
_5 T T T T T w 0 T T T
1.6 1.8 2.0 2.2 24 0 10 20 30 40
Time (s) Frequency (Hz)

Figure. 7. Ricker wavelet input acceleration and Fourier amplitude spectrum

i i~ BARY

! :
%ncident wave yAncident wave yfﬁwcident wave

(a) In-column motion (b) Outcrop motion

Figure. 8. Input motions u for 1D SRA: (a) in-column motion at the base of the soil layers, (b) outcrop motion on
the surface of the rock with overlying soil layers removed (left) and basin removed (right)

For computational efficiency, all the 1D site response analyses were performed using the
command line interface of Site2D. The applicability of 1D SRA, including the prediction bias
and spatial variability, is evaluated through detailed comparisons between the ground re-
sponses predicted by 1D SRA and reference solutions from the analytical 2D wavefields and
3D earthquake simulations, as discussed in the following sections.

3 ASSESSMENT OF 1D SRA COMPARED TO REFERENCE TWO-
DIMENSIONAL GROUND MOTION SIMULATIONS

3.1 Over-prediction of the vertical motion

First, we present the analysis results for a simple case where the seismic waves are verti-
cally propagating in the horizontally layered system, i.e., incident angle £ of the SV wave
from the underlying half-space is 0°. This case satisfies the 1D assumption and serves as a
baseline verification example. Figure 9 shows the comparison of horizontal surface accelera-
tions computed by the reference 2D plane wave solution and by 1D SRA with both types of
input motions. Figure 10 shows snapshots of the actual 2D reference wavefield and 1D wave-
fields predicted by 1D SRA, at four instants in time, starting from the incident S wave first
entering and then leaving the soil domain. As expected, the 1D SRA results are in exact
agreement with the reference 2D plane wave solution both in terms of wave amplitude and
wave arrival time at different depths of the domain.
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Figure. 9. Comparison of horizontal surface acceleration and its response spectra computed by 1D SRA and the
reference 2D plane wave solution (incident angle=0°). Sa ratios are of the 1D predictions to the reference 2D
plane wave solution.
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Figure. 10. Snapshots of the actual 2D wavefield (incident angle=0°) and 1D wavefields predicted by 1D SRA.
Red and blue triangles denote the observation site and reference level for the 1D SRA analyses, respectively.
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Figure. 11. Comparison of surface acceleration and its response spectra computed by 1D SRA and the reference
2D plane wave solution (incident angle=20°): (a) horizontal direction, and (b) vertical direction. Sa ratios are of
1D predictions to the reference 2D solution.
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Next, we consider incident inclined SV waves impinging on the layered system. Without
loss of generality, we consider an incoming SV wave incident at 20°. Figure 11 shows the
comparison of horizontal and vertical surface motions from the reference 2D plane wave solu-
tion and 1D SRA predictions. In this case, the reference horizontal surface motion is dominat-
ed by the S wave arrival at 2.7s, while the reference vertical surface motion have two main
wave arrivals—first converted P wave arrival at 2.4s and second S wave arrival at 2.7s. As
can be seen, except for a later arriving reverberation when using the in-column motion, at this
intermediate incident angle, the major horizontal motion incurred by the inclined SV wave is
well captured by 1D SRA with both types of input motions.

(a) Inclined wavefield (b) 1D SRA
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Figure. 12. Schematic of the refraction process of inclined shear waves in the surficial soft layers compared with
the surface motion predictions by 1D SRA for the horizontal and vertical components.

In the vertical direction, however, apart from the extra reverberations when using the in-
column motion, the vertical surface motion is significantly over-predicted by the 1D approach
with the two types of input motions due to the large P wave pulse predicted by the 1D vertical
P wave propagation model. This observation can be explained by the refraction process of the
inclined SV wave when propagating through the soft layers, as shown schematically in Figure
12. Due to the velocity gradient of the soil profile, the wavefront of the inclined S wave is
gradually refracted towards the vertical direction before reaching the surface, resulting in a
tendency for increasing amplitude in the horizontal motion and decreasing amplitude in the
vertical motion. This leads to decreasing amplitude ratios of the vertical motion to the hori-
zontal motion (V/H ratio) as the shear wave propagates towards the ground surface. On the
contrary, in the simplified 1D approach, since the input vertical motions were obtained when
the incident inclined S wave has a relatively large vertical component, for both cases of in-
column motion at depth or the surface outcrop motion, this approach will tend to over-predict
the vertical motion at the surface. Additionally, the vertical motion from the 1D SRA is also
subject to additional local site amplification for the assumed P waves. These combined fea-
tures—the diminishment of the vertical component of the 2D wavefield due to refraction, and
the amplification of the input vertical motion in the 1D SRA—result in the significant over-
prediction of vertical motion from the 1D SRA. The root cause is the misrepresentation of the
vertical component of motion from the incident shear wave at depth as a vertical P wave in
the 1D SRA, the mechanics of this representation is simply wrong. Figure 13 shows snapshots
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of the actual 2D reference wavefield and 1D wavefields predicted by 1D SRA at four instants
in time. As can be seen, both the horizontal and vertical motions of the actual wavefield in the
soil layers are dominated by the inclined SV wave; while the horizontal component is ampli-
fied with increasing elevation, the vertical component decreases as it approaches the surface.
This is not represented in the corresponding 1D analyses, as both ground motion components
are amplified in the individual site response analysis. The refraction process of the SV wave
and decreasing V/H ratios with increasing elevation are also illustrated by the variation of mo-
tion through the height of soil column as shown in Figure 14.
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Figure. 13. Snapshots of the actual 2D inclined wavefield (incident angle=20°) and 1D wavefields predicted by
1D SRA with outcrop and in-column motions. Red and blue triangles denote the observation site and reference
level for the 1D SRA analyses, respectively.
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3.2 Excessively long duration motion predicted with in-column input motion

As noted in the previous section, surface ground motions predicted by 1D SRA with in-
column motion are observed to have excessively long duration, characterized by the multiple
reverberations in the soil column in the later phases (Figure 11). Similar spurious resonances
in 1D SRA based on field data have been mentioned in the existing literature [1,34]. In this
section, we provide a physical explanation for this phenomenon when applying 1D SRA to
inclined wavefields, as shown in Figure 15. Idealizing the motions incurred by inclined waves
as either vertically propagating S or P waves lead the waves to travel different paths and even
at different speeds than in reality, resulting in differences in the wave arrival time and ampli-
tude at the 1D soil column base. Since the column base is fixed when performing the in-
column 1D SRA analysis, the outgoing waves are not appropriately cancelled by the wave-
forms specified at the boundary, leading to spurious reflections and trapped energy that pol-
lutes the numerical solution. If the boundary is silent when the outgoing waves arrive, this
will lead to total reflection at the base. Furthermore, the wave phases in the in-column input
motion that corresponds to outgoing waves in the actual inclined wavefield will serve as ef-
fectively extra input sources for the soil column. Therefore, the multiple reverberations ob-
served in the in-column input case are a combined effect of trapped outgoing waves and
spurious excitation at the base in the later phases. It should be noted that this phenomenon is
more significant in the vertical direction because of the difference in the assumed wave speed
(i.e., P wave speed instead of the S wave speed) and wave attenuation rate that can lead to
more complex wave interferences in the 1D column.

(a) Inclined wavefield (b) 1D SRA, outcrop (c) 1D SRA, in-column
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Figure. 15. Spurious waves in the 1D SRA calculation with in-column motion due to a combined effect of
trapped outgoing waves and spurious input sources at the base

For demonstration purposes, we provide a simple example where 1D SRA is applied to
predict the vertical ground response for an incident inclined SV wave propagating in a homo-
geneous half-space. The half-space has P and S wave speeds as 600m/s and 1200m/s, respec-
tively, and the SV wave incident angle is chosen as 50° such that the converted P wave is
exponentially decaying with depth to facilitate our interpretation. Figure 16 shows snapshots
of the actual inclined wavefield and 1D SRA predictions at four instants of time. At t=2s, the
incident wave first reaches the bottom of soil column (blue triangle), leading to the excitation
of the column; at t=2.6s, the incident inclined wave reaches the surface of the column (red
triangle) while the vertical P waves in the 1D analyses have already been reflected and are
travelling downward; at t=3.3s, the reflected inclined SV wave reaches the column base,
while the first P wave pulse in the in-column case has finished the total reflection at the base
and is propagating upward, and a second upgoing P wave pulse corresponding to the reflected
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inclined SV wave is beginning to be introduced into the 1D domain; at t=4s, the inclined
wavefield is leaving the whole domain, while the two P wave pulses are trapped in the soil
column for a long duration due to the silent boundary afterwards.

Actual wavefield 1D SRA Actual wavefield 1D SRA

h 4
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Figure. 16. Snapshots of the actual 2D inclined SV wavefield and corresponding vertical motions predicted by
1D SRA with outcrop and in-column motions. Red and blue triangles denote the observation site and reference
level for the 1D SRA analyses, respectively.

4 ASSESSMENT OF 1D SRA COMPARED TO REFERENCE THREE-
DIMENSIONAL GROUND MOTION SIMULATIONS

4.1 Point earthquake source scenario

For clarity of understanding, the 1D SRA results based on the analytical 2D plane waves in
the previous section have intentionally focused only on incident inclined SV waves. Since in-
cident waves from real earthquakes are composed of both P and SV waves, in this section we
are particularly interested in examining the implication of applying 1D SRA to a combined P-
SV incident wavefield and its potential site dependency. Considering the radiation pattern of
the dip-slip point source we have used, we focus our study on the two observation sites locat-
ed on the middle dashed line in the basin, as shown in Figure 5 (a). Site A is lkm from the
basin edge with a calculated wave incident angle of 10.5°; site B is 4km from the basin edge
with a calculated wave incident angle of 36.5°.

We perform 1D SRA for the two sites using both outcrop and in-column motions on the
full-depth soil column in the basin, as mentioned earlier. Figures 17~18 show the comparison
of horizontal and vertical surface motions from the reference 3D SW4 simulation and 1D
SRA predictions at sites A and B, respectively. Since the horizontal motions are dominated by
the major S wave arrival emitted from the point source, the horizonal components at both sites
are captured reasonably well with the simplified 1D approach, although spurious reverbera-
tions with the in-column motion at site B are also apparent. Differences in the accuracy of 1D
SRA can be observed in the vertical motion prediction at the two sites, especially in terms of
the spectral acceleration comparison: compared to site A, the vertical motion at site B is sig-
nificantly over-predicted. This is explained by the fact that the vertical motion is controlled by
the early arriving P wave at 3.4s at the near-epicenter site A, while it is controlled by the late
arriving SV wave at 5.7s for the farther away site B. Note that at both sites, the vertical mo-
tions in the SV window are over-predicted when assuming vertical P wave propagation for the
incident inclined SV waves, and the spurious reverberations predicted with the in-column mo-
tion lead to substantial amplification near the first vibration period of the soil column
(T1=1.1s).
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Figure. 17. Comparison of surface acceleration and its response spectra computed by 1D SRA and the reference
3D SW4 simulation for site A (incident angle=10.5°): (a) horizontal direction, and (b) vertical direction. Sa rati-
os are of the 1D predictions to the reference 3D solution.
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Figure. 18. Same as Figure 17 except the results are for site B (incident angle=36.5°).

To demonstrate the difference between the actual 3D wavefield simulated in SW4 and the
1D wavefields predicted by 1D SRA, we show in Figures 19-20 the accelerations and V/H
ratios along the depth of the soil layers for sites A and B, respectively. From Figure 19, we
see good agreement between the 3D wavefield and 1D wavefields for horizontal motions in
the SV wave window, and for vertical motions in the P wave window. However, as mentioned
earlier, the actual vertical motion in the SV wave window is mainly the vertical component of
the inclined SV wave and decreases when the SV wavefront is refracted towards the vertical
direction, while in 1D SRA, the vertical motions in the SV window have independent P wave
amplification processes when propagating through the soft layers which leads to significantly
larger vertical motions at the surface. Since the vertical motion amplitude is controlled by the
first P wave at site A, the actual V/H ratios along depth remain rather constant and in fair
agreement with the 1D predictions. Similar observations are made at site B, except the verti-
cal motions are dominated by the incident inclined SV wave. As a result, the actual V/H ratios
decrease when approaching the surface which is not captured in the 1D analyses. These ob-
servations point towards a degree of site-specificity with respect to the accuracy of 1D SRA,
which has implications for universal application of the empirical V/H ratio corrections for
vertical motions.
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4.2 Broadband full 3D simulation of an extended source Mw 6.5 strike-slip event

To assess the validity of the 1D assumption when applied to complex seismic wavefields
incurred by real large earthquakes, we used the representative regional model in Figure 6 as a
testbed and performed broadband fully deterministic 3D earthquake simulations to obtain the
reference true 3D site response solution in the whole domain. The potential implications for
seismic hazard and risk assessment on a regional scale are then demonstrated through detailed
site-to-site comparisons between the 3D and 1D analyses.

Horizontal and vertical surface motions at all the 602 soil sites in the sedimentary basin
were predicted by the 1D approach using the simulated outcrop and in-column motions, lead-
ing to a total of 3612 site response analyses. Figure 21 shows the comparison between surface
motions obtained from the 3D SW4 simulation and predictions by 1D SRA in the fault-
normal (FN), fault-parallel (FP), and vertical directions at two representative sites as shown in
Figure 6. At site A, the two horizontal motions are reasonably predicted by 1D SRA both in
terms of waveforms and spectral acceleration. In the vertical direction, however, except for
the early P wave arrivals, the vertical motions predicted by the 1D P wave propagation model
is not consistent with, and is significantly larger, than the reference 3D SW4 motion in the S
wave window. Note the periods of the first horizontal and vertical vibration modes of the soil
column are 3.4s and 1.6s, respectively. As demonstrated in the previous sections, ground re-
sponses near the vibration periods of the soil column are amplified due to the trapped energy
in the soil column when using the in-column motion and is most pronounced in the vertical
direction. Compared to site A, site B is located near the basin edge (1km away) and is sub-
jected to the strong basin-edge generated surface waves. As expected, 1D SRA with both out-
crop and in-column motions were not able to capture the surface waves which leads to
significantly shorter-duration motions with the outcrop motions and more severe energy trap-
ping in both the horizontal and vertical directions when using the in-column motions.
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(a) Site A (7km from the basin edge)
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Figure. 21. Comparison of surface motions computed by the 3D SW4 simulation and 1D SRA in the FN, FP and
vertical directions for site A (a) and site B (b) show in Figure 6.
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Figure. 22. PGA ratios of 1D SRA predictions to the reference 3D SW4 solution for surface motions in FN, FP
and vertical directions when using outcrop motions (top row) and in-column motions (bottom row). The values
in the parenthesis for each subplot are the minimum, maximum, and geometric mean of the ratios, respectively.

Ground motions at a given site in the domain are influenced by the complex 3D wave
propagation phenomena. Since the 1D approach is not constructed to capture the 3D effects,
the performance of the 1D approach is expected to vary from site to site. Figure 22 shows the
spatial variation of the PGA ratios of the 1D SRA predictions to the 3D SW4 solution in three
components using the two types of input motions. It is seen from Figure 22 that the PGA rati-
os of horizontal motions are reasonably well captured by the 1D approach, especially with the
in-column input motion. The spatial scattering of the PGA ratios with outcrop motions may
have been caused by the difference in the incident wavefield at the sites due to the change in
the geologic model from which the outcrop input motions were obtained. However, in the en-
tire computational domain, PGA of vertical motions is systematically over-predicted by an
average of 50~60% when using the 1D approach. This suggests that, for realistic seismic
wavefields, the ground motion amplification mechanism in the vertical direction is signifi-
cantly different from that of vertical P wave propagation as assumed in 1D SRA. This obser-
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vation is also confirmed in the spectral acceleration ratios for all sites considered in the do-
main, as shown in Figure 23. As can be seen, compared to the horizontal motions, the vertical
motions are over-estimated by 1D SRA across a wide period range and by a large margin, es-
pecially near the vibration periods of the 1D soil column when using the in-column motions.
It should be noted that the average SA ratios in the vertical direction are smaller than observa-
tions made in the previous sections, which can be attributed to the small velocity gradient in
the basin and strong S-to-P conversions at the rock-basin interface due to the large impedance
contrast we have employed in this specific example.
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Figure. 23. SA ratios of 1D SRA predictions to the reference 3D SW4 solution for surface motions in FN, FP and
vertical directions when using outcrop motions (top row) and in-column motions (bottom row).

Apart from the amplitude, strong motion duration is also important in assessing the severi-
ty of seismic risk posed to engineering systems. Figure 24 shows the ratio of 5-95% signifi-
cant duration Dss-95s between 1D predictions and 3D SW4 motions. The significant duration of
surface ground motions predicted by 1D SRA with outcrop input motions is shorter than the
3D reference solution due to its inability to capture the later arriving basin-edge generated
surface waves. On the other hand, the significant duration predicted by the in-column input
motions are longer than the 3D reference solution due to the previously described trapped
waves in the fixed-base column.

FN, outcrop (0.28~1.12, 4=0.61) FP, outcrop (0.24~1.48, 4=0.56) Vertical, outcrop (0.26~1.70, n=0.50)
18 o v
— 15 .
[ b - ey 2.00
=12 !
e @ ~ "8 = 1 YR [,
6 e
1.15 O
FN, in-column (1.01~8.65, u=2.46) FP, in-column (0.61~8.60, L=2.68) Vertical, in-column (0.92~10.88, u=2.33) | Lgas z
w
= .- ¥ = 070 O

0.40
0.00

5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
y (km) y (km) y (km)

Figure. 24. Significant duration (Dss-95) ratios of 1D SRA predictions to the reference 3D SW4 solution for sur-
face motions in FN, FP and vertical directions when using outcrop motions (top row) and in-column motions
(bottom row). The values in the parenthesis for each subplot are the minimum, maximum, and geometric mean
of the ratios, respectively.
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S CONCLUSIONS

1D SRA is currently used as a standard practice in various engineering applications. In
this study, we evaluate the accuracy and implications of 1D SRA when applied to general in-
clined seismic waves. Both analytical 2D inclined P-SV waves and realistic seismic wave-
fields from 3D earthquake simulations are considered. Deficiencies of the 1D approach are
identified and its modeling bias for the vertical motions is highlighted. The main outcomes
are summarized as follows:

(1) When the incoming vertical motion is dominated by large-amplitude inclined shear waves,
the 1D approach can lead to significant over-prediction of the vertical motion due to its
inability to represent the wave refraction process in the surficial soft layers. This provides
insight into the over-prediction of vertical motions commonly observed in the field.
Moreover, the refraction process of SV waves leads to increasing V/H ratios with depth
which have been observed with field data [14].

(2) The vertical amplification mechanism is fundamentally different from that assumed in the
simplified 1D approach, and the incident angle of seismic waves needs to be empirically
accounted for or explicitly modeled in vertical ground motion assessment, even for small
incident angles where the 1D assumption approximately holds for the horizontal motions.

(3) 1D SRA using in-column input motion can result in erroneous predicted motions with
excessively long duration due to the enforced fixed boundary condition at the base of the
1D soil column that is not able to cancel the outgoing waves appropriately. This phenom-
enon is more problematic for vertical motion predictions since differences in the assumed
wave attenuation rate and wave speed (i.e., use P wave velocity for propagating S waves)
can potentially lead to more complex constructive and destructive wave interferences.

This study is a first attempt to examine the applicability of the 1D assumption with high-
fidelity simulated ground motions and provide understanding of the mechanistic inconsisten-
cies of 1D SRA. More extensive investigations and parametric exploration of the influence of
earthquake source and geologic structure are underway based on large-scale 3D simulations to
verify and generalize the observations made in this study.
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