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Quantifying the Error Associated with the Elastic
Halfspace Assumption in Site Response Analysis

Ashly Cabas, A.M.ASCE"; Adrian Rodriguez-Marek, M.ASCE?;
Russell A. Green, F.ASCE?; and Chunyang Ji, M.ASCE*

Abstract: One of the fundamental decisions when performing one-dimensional (1D) site response analyses (SRA) involves the selection of
the depth and dynamic properties of the elastic halfspace (EHS). This boundary condition assumes linear and homogenous material under-
lying the soil column for an infinite depth. This assumption implies that waves refracted into the EHS are fully absorbed, and as a result,
energy from waves that are potentially reflected back toward the surface from deeper impedance contrasts in the actual geologic profile are not
accounted for in the SRA. If a strong soil-rock seismic impedance contrast is present at the site of interest, the EHS boundary is typically set at
that depth. However, the actual geologic profile below this impedance contrast may not be in accord with the assumed properties of the EHS,
which can lead to systematic errors in the SRA. An analytical expression to quantify these errors is derived in this study, verified using an
idealized three-layer profile, and compared to case studies of nine real sites in Charleston, South Carolina. Our results show that the presence
of a single strong impedance contrast does not suffice as the sole condition to define the EHS boundary. Frequency-dependent errors in site
amplification associated with the assumptions inherent to the EHS used in the SRA can be evaluated as a function of multiple impedance
contrasts present in the profile. Smaller errors are associated with strong impedance contrasts at shallower layers and/or minimal impedance
contrast among layer interfaces at depth. We also find that strong impedance contrasts located at great depths within deep soil deposits
introduce nonnegligible errors to site response results. DOI: 10.1061/(ASCE)GT.1943-5606.0002893. © 2022 American Society of Civil

Engineers.

Introduction

The boundary condition at the base of a profile in a numerical site
response analyses (SRA) is often modeled as an elastic halfspace
(EHS). An EHS implies linear and homogenous material for an
infinite depth below the top of the EHS, and as a result, it is assumed
that waves refracted into the EHS are fully dissipated; this is also
referred to as an absorbing boundary condition. The assumptions
inherent to including an EHS in a numerical model are typically
satisfied by the presence of hard rock (sometimes called seismic
bedrock, Régnier et al. 2014) in the profile because additional im-
pedance contrasts below the top of the hard rock are not likely (due
to the high shear-wave velocity, V, of these materials). However,
positioning and properties of the EHS used in SRA are not always
consistent with actual field conditions. The main objectives of this
study are to quantify the errors in SRA associated with the positioning
and properties of the EHS, and to provide recommendations in this
regard for defining the EHS boundary such that errors are minimized.
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Selecting the appropriate depth and properties of the EHS for
one-dimensional (1D) SRA often requires engineers to overcome
hurdles related to the subsurface characterization of a site. These
hurdles, which can arise from budgetary and/or technological
constraints, can hinder the proper identification of the depth in
the profile in which the assumptions inherent to an EHS are met.
Selection of the depth and dynamic properties of the EHS can
also prove challenging in profiles that have velocity reversals
at depths below sharp impedance contrasts that are typically used
to define the location of the EHS. Appropriate V site characteri-
zation is required to obtain unbiased SRA results, including the
characterization of potential velocity gradients with depth and the
identification of seismic impedance discontinuities capable of
generating additional amplification at the site (Poggi et al. 2017),
even when these occur at depths larger than those of traditional
geotechnical site characterization. Furthermore, the EHS boundary
condition at a site must be accompanied by the selection of input
ground motions that are compatible with the assumed EHS proper-
ties (Cabas and Rodriguez-Marek 2017). However, the lack of
motions recorded on hard rock (e.g., with a small-strain V time-
averaged over the upper 30 m, V3, > 1,500 m/s) imposes yet
another challenge.

This paper examines cases in which the positioning and proper-
ties of the EHS affects the accuracy of 1D SRA. To this end, the
influence of site characteristics is investigated to provide guidance
regarding the use of EHS in numerical SRA. First, we introduce the
challenges in the definition of reference rock conditions for SRA.
Then, an analytical formulation is derived to quantify the error as-
sociated with the EHS assumption in SRA and is verified using
one-dimensional SRA on idealized three-layer profiles with
varying layer thickness, V, and damping. Errors in SRA associ-
ated with EHS assumptions are then evaluated for more complex
stratigraphies using case studies of deep soil sites located in
Charleston, South Carolina.
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Background

Elastic Halfspace Assumption

The inclusion of an EHS in a numerical site response model implies
that there is a material at depth in the geologic profile, which is
sufficiently stiff such that it responds linearly to the seismic ex-
citation, and no deeper material impedance contrasts are present
(i.e., the assumption of a fully absorbent boundary is justified).
Thus, the selection of a reference rock horizon as the EHS boun-
dary in a numerical SRA implies that a portion of the elastic energy
of downward propagating seismic waves will be completely ab-
sorbed by the rock mass (i.e., effectively removed from the response
of the overlying soil layers). This form of radiation damping will not
occur in situ if the bedrock is not homogeneous, in which case some
of the energy of downward-traveling waves transmitted into the bed-
rock will be reflected back up from deeper impedance boundaries.
Thus, modeling the inhomogeneous bedrock as an EHS means that
elastic energy from these reflected waves in the actual profile does
not contribute to the profile’s response in the numerical SRA. In
contrast, if the assumptions associated with an EHS are satisfied, the
ratio of the absorbed and reflected waves becomes entirely a func-
tion of the impedance contrast between the materials on either side
of the EHS boundary (e.g., Kramer 1996).

There is still no consensus on the specific properties of geologic
structures that can be idealized as an EHS in the context of 1D SRA
(e.g., Cadet et al. 2010; Laurendeau et al. 2013). An example of this
lack of consensus is given in Table 1, which presents the character-
istics of reference rock conditions found in literature and official
regulations from around the world. For this reason, the characteri-
zation of a geologic profile in support of a 1D SRA should ideally
include the V| profile and attenuation characteristics of the material
below the assumed position of the EHS boundary, in addition to its
density (e.g., Kramer 1996).

Reference Rock and Decoupling in Site Response
Analysis

The ground motions experienced at the surface of a geologic profile
are a function of source, travel path, local site, and topographic
effects. Seismological models treat the effects related to the wave
amplification resulting from crustal velocity gradients and near-
surface, distance-independent attenuation (often parameterized by
the high-frequency spectral decay parameter kappa, ~) as the linear
response of the upper few kilometers of the crust (Boore 2003). On
the other hand, geotechnical engineers evaluate the impact of near-
surface geologic deposits on ground motions, often focusing on the
effects of the linear and nonlinear response of the soils overlying
bedrock. Geotechnical SRA typically assume that the input motion
can be applied at the bedrock underlying these deposits. This

necessarily implies a decoupling of the contributions of strata be-
low the assumed reference depth (modeled as an EHS in the
numerical SRA) from the shallower layers.

This decoupling means that the effects of wave propagation in
materials below the assumed EHS boundary are not directly cap-
tured in numerical analyses of site response; therefore, these effects
must be represented in the selected input motions. Toward this end,
the input motions must be compatible with the profile below the
assumed EHS boundary (i.e., there is reasonable agreement be-
tween the small-strain V profiles and attenuation characteristics
of the profile at the site where the motions were recorded and those
below the selected positioning of the EHS boundary: Cabas and
Rodriguez-Marek 2017). Despite the proliferation of strong ground
motion recordings worldwide, it can be difficult to find recordings
that satisfy this agreement (e.g., Markham et al. 2016). Moreover,
when the EHS boundary is placed at great depths within layers hav-
ing high V values, the number of compatible recordings is signifi-
cantly reduced [e.g., at Central-Eastern US (CEUS) sites, where the
V, of bedrock is on average 3,000 m/s: Hashash et al. 2014].

Decoupled SRA can also be performed as a two-step process, in
which the response of a certain portion of the profile is first as-
sessed up to the top of a horizon of interest, and then the rest of
the profile (up to the ground surface) is analyzed. This can occur in
practice when the deeper portion of the geologic profile is uniform
across a region, but the shallower deposits vary significantly. In this
case, it might be desirable to perform SRA of the deeper portion of
the profile up to a regionally common horizon. Subsequently, SRA
can be performed for the upper portion of the profile for sites of
interest within the region. More commonly, the implicit assumption
of a decoupled analysis is invoked when the input motions for SRA
are scaled to the motions predicted by a ground motion model for
the properties of the assumed EHS. In this case, the site response
implicit in the ground motion model is assumed to be decoupled
from the response predicted subsequently by the SRA.

While decoupled analyses are common practice, the degree to
which they introduce errors in the estimation of site response has
received rather limited attention to date. Likewise, the epistemic
uncertainty they add to the analysis of seismic hazards is usually
overlooked (e.g., Ulmer et al. 2021). Schematic representations of
full and decoupled site response models (in which the SRA of a full
profile model is hereafter referred to as full column analysis) are
shown in Fig. 1. Knowledge of the V| profile for the full column
depicted in Fig. 1 would allow the EHS horizon to be located at the
soft rock/hard rock interface (i.e., Point C). However, V data are
often available only down to the first strong impedance contrast
encountered at a site, which in this case would result in the
EHS boundary being located at the interface between soil and the
softer rock (i.e., Point B). The positioning of the assumed EHS
boundary at either of these interfaces does not constitute a problem,

Table 1. Main properties of reference rock sites in selected building codes and publications

Reference

Definition of reference rock conditions

Japanese regulations (Japan Road Association 1980, 1990)
Boore and Joyner (1997) generic rock sites

V30 > 600 m/s
Vo > 620 m/s and ky = 0.04 s—rock sites (mostly in western North America)

Vo > 2,000 m/s and x, < 0.01 s—very hard rock sites (mostly in
eastern North America)

National Earthquake Hazard Reduction Program (NEHRP)
(Building Seismic Safety Council 2000)

European Regulations [Eurocode 8 (CEN 2004)]

New Zealand Standard Structural Design Actions (SNZ 2004)
Cadet et al. (2010)

V30 > 760 m/s—rock sites V3 > 1,500 m/s—very hard rock sites

VS30 > 800 m/S
Va0 > 360 m/s
750 < V39 < 850 m/s and f, > 8 Hz—standard reference rock site

Chilean regulations (NCH 433 mod. D.S. N° 61 MINVU 2011) V3, > 500 m/s—soft rock or fractured rock V3, > 900 m/s—rock sites, cemented soils

Hashash et al. (2014)

2,700 m/s < V; < 3,300 m/s and x, = 0.006 s (for Central and Eastern North America)
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Fig. 1. (a) Full column profile with its (b) corresponding decoupled representation (DI and DII profiles). A theoretical shear wave velocity profile for

the site is also shown for reference.

per se, when performing SRA, as long as the selected input motions
are compatible with the assumptions inherent to the positioning of
the EHS boundary in each case (i.e., recorded at a site with a similar
V, profile and attenuation characteristics as the strata below the as-
sumed EHS boundary). In this paper, we investigate discrepancies in
site response estimates as a result of different EHS assumptions. The
next sections describe an analytical approach to evaluate these dis-
crepancies and an implementation of this approach for idealized sites
and real soil profiles with more complex stratigraphies.

Methodology

We compare results from full column and decoupled SRA (Fig. 1)
to evaluate the effects of the geologic profile below the assumed
EHS boundary. This comparison cannot be made directly because
the input motions must be compatible with the assumed EHS prop-
erties in each case. Hence, we investigate the agreement between
transfer functions (TFs) [defined as the ratio of Fourier amplitude
spectra (FAS) between the input and the output motion in SRA] for
full column and decoupled models using the classic analytical pro-
cedure for linear-elastic SRA as outlined in Kramer (1996), among
others. The effects of nonlinear soil behavior are not analyzed herein
but will be the focus of future investigations.

Linear-elastic SRA are performed using the analytical solution
for wave propagation in a layered medium (e.g., Kramer 1996).
This approach is based on the vertical propagation of horizontally
polarized shear waves through horizontally layered near-surface
materials. All layers are assumed to be of infinite lateral extent and
both upward and downward propagating waves are considered in
the estimation of the TF in the frequency domain. Commonly used
software such as SHAKE (Schnabel et al. 1972; Idriss and Sun
1992), Strata (Kottke and Rathje 2008a, b), or DEEPSOIL (Hashash
et al. 2015) apply this method either using 1D equivalent-linear

(EQL) (e.g., SHAKE, Strata, and DEEPSOIL) or nonlinear (NL)
approaches in the time domain (e.g., DEEPSOIL) to model the
shear stress—shear strain behavior of soil under cyclic loading.

The three-layer profile shown in Fig. 1 is used to introduce the
mathematical formulation of the TF for the full column and de-
coupled models. The TF for the full column is defined as the ratio
of the acceleration FAS of the motions at the surface and soft rock—
hard rock interface

FASSurface
FASHard Rock

(TF)pyrs = (1)
where FAS refers to the acceleration Fourier amplitude spectrum of
outcrop ground motions at the top of the layer indicated by the sub-
script. Meanwhile, the TF for the decoupled model, (TF)pgc, is
defined by the product of the corresponding amplifications for each
decoupled profile, DI and DII, as presented in Fig. 1(b)

FASSaflRock . FASSurface
FASHardRock FASSnftRnck

(2)

(TF)DEC =

To solve for (TF)zy, . and (TF)pgc. the solution to the wave
equation (e.g., Kramer 1996) is used, which considers upward and
downward propagating waves in a layered medium to estimate dis-
placements () at a depth z and time ¢

uj(z’ t) _ Ajei(wt+k,hj) +Bje—i(wt+kjhj) (3)

where A; and B; = amplitudes of upgoing and downgoing waves,
respectively, in the jth layer having an angular frequency w; k; =
wave number of the jth layer and can be expressed as w/V ;; and
h; = thickness of the jth layer. Note that TFs for accelerations,
velocities, and displacements are identical (e.g., Kramer 1996).
Analytical expressions for the wave amplitudes within the idealized
three-layer full column model in matrix form are

1 . 1 . 1 . 1 )
{AHR} B 5(1 + agp)esehss 5(1 — augp)e Horhse 3 (1 + ag)eltshs 5(1 — ag)etshs {1}4 @
R , 1 4 1 . 1 : §
Bur — (1= agg)eksntse  — (14 agp)eksehse | | Z(1 = ag)eitshs = (1 4 ag)ekshs 1
2 2 2 2
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where the subscripts HR, SR, and S = hard rock, soft rock, and soil
layers, respectively, shown in Fig. 1 for the three-layer idealized
full column model. The o terms correspond to seismic impedance
contrasts at each layer boundary and are computed as (e.g., Kramer
1996)

V yer
Qllayer1 = M (5)

Tayer2 (pvs)layer2

where layer 1 overlies layer 2; p = mass density; and V = shear-
wave velocity. The terms o and o in Eq. (4) correspond to the
impedance contrasts between the soft and hard rock (i.e., agg), and

between the soil layer and the soft rock (i.e., ag). Solving Eq. (4)
requires estimating the coefficients A and B that satisfy the boun-
dary conditions of the problem

(AS + Bs)

(Apr + Bur) (6)

(TF)FULL =

where Ag = Bg due to the stress-free boundary condition at the
ground surface.

Outcropping conditions (i.e., stress-free boundary condition) are
also assumed at the top of the hard rock layer. Hence, the denom-
inator in Eq. (6) becomes 2A . Substituting Eq. (4) into Eq. (6)
and simplifying the results

1

(TF)FULL =

where the subscripts HR, SR, and S = hard rock, soft rock, and soil
layers, respectively; and V = shear-wave velocity for the corre-
sponding layer (i.e., HR, SR, or S). Similarly, solving for (TF)xc
using the same expressions (and boundary conditions) for upgoing
and downgoing propagating waves in a layered medium

cos( th) cos (“(,h’) — Qg sm(”;,hs’*) sm( ) + iagp sm(vh ) cos( ) + iagpag sm(Vh ) cos( VSR)

whgg

We define the transfer function ratio (TFR) as the ratio of the
TF for the full column and decoupled models. This parameter
quantifies the differences in 1D SRA as a function of the EHS
assumption

1 TF)
(TF)p(w) = — (8) TR = ) rure i’
cos () + tage sin () TF)orc .
TF ! 9
(TF)pys(w) = cos (th) + g sin (4 vh ) ©) The numerator and denomintor in Eq. (11) result from Egs. (7)
and (10), respectively. A TFR of unity implies that the shallow
(TF) 1 1 impedance contrast can be safely assumed to be the location of
DEC — [COS (Dﬁ”") +iogg Sm( Vh )] [COS< ) +iag Sm( ‘f )] the EHS boundary cgndition. Substituting Egs. (7) and (10) into
Eq. (11), and substituting 0g = why/Vs and Ogp = whr/ Vg,
(10) an analytical expression for TFR can be derived
|
TFR — cos(fg) cos(Osg) — agrars sin(fy) sin(Ogg) + icgg cos(fs) sin(fsr) + icvs sin(by) cos(bsz) (12)

cos(fs) cos(fsg) — ag sin(fg) sin(Osg) + icgg cos(s) sin(bsr) + icggars sin(bg) cos(bsz)

Adding the terms £ sin(fs) sin(fgz) and iagpag sin(fg) cos(fgg) to the numerator of Eq. (12) leaves it unchanged, but it can be

rewritten as

TFR — [(TF) pype] ™!

+ [ag(1 — agg) sin(fs) sin(Osg)] + ifas(1 — agg) sin(f) cos(Osg)

Further rearrangement of terms including the use of Euler’s law
and taking the absolute value of the complex number results in

ITFR — 1| = [(TF) pyypp s (1 — cvgg) sin(0s) (14)

Eq. (14) is a measure of the TFR’s departure from unity and
demonstrates analytically that the error in site response associated
with the truncation of the soil profile is a function of the impedance
contrast at shallow and deeper layers (i.e., between the soil and soft
rock layer, ag, as well as between the soft and hard rock layers, gy,
in this case), the thickness and V of the materials, and wavelengths

© ASCE
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(13)

considered. For example, the outcome of Eq. (14) will be small

(ie., TFR ~ 1) if:

1. |(TF)py..| < 1, which happens for very high frequencies.

2. ag < 1, which results from the soft rock layer being much
stiffer than the overlying soil layer.

3. agp ~ 1, which means that there is barely a contrast between
the soft and hard rock layers.

4. sin(fs) ~ 0, which leads to 05~ mm for m=0,1,2...
where 95 = u.)/’ls/VS
a. m = (0 corresponds to the case of very low frequencies

(i.e., long wavelengths propagating through the soil stratum).
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b. m > 0 corresponds to wavelengths in the soil stratum equal to
2hg, hg, hg/2, ..., (as Og can be written as a function of
wavelength and layer thickness, g = 27hg/\g), which re-
present cases in which the free-surface and the interface move
the same way. This factor accounts for scenarios in which the
propagating wave makes the deformation of the soil layer ap-
pear as a rigid body motion, since its extremes move in the
same fashion.

For scenarios in which none of the aforementioned conditions
(i.e., Items 1-4) are met, the (TF) - will incur significant errors
(i.e., TFR>1). These inferences are further verified with a paramet-
ric study described in the next section. The results of the parametric
study are then compared to the results of a case study correspond-
ing to real sites in Charleston, South Carolina.

Analysis of an Idealized Three-Layer Model

Based on Eq. (14), the errors associated with the assumed charac-
teristics and positioning of the EHS can be evaluated as a function
of the impedance contrast at shallow («s) and deeper layers (cgg),
the thicknesses (hg and hgp), and shear-wave velocities (Vg and
Vsr) of the materials. These factors can control the amplitude and
time of arrival of potential reflected waves coming from deeper
layer boundaries within the profile being analyzed.

The analyses presented herein are designed as a verification ex-
ercise using the three-layer model depicted in Fig. 1, consisting of a
soil layer and a soft rock layer overlying hard bedrock. Variations in
the V; and minimum shear strain damping ratio (§,,;,) of all three
layers, as well as variations in the thicknesses of the soil and soft
rock layers, are used to further investigate discrepancies between
the TFs of full column and decoupled models. The range of values
considered is listed in Table 2. Only one layer property in the site
profile is changed at a time. Also, only profiles with increasing V
with depth are investigated (i.e., no velocity reversals are consid-
ered). A subset of computed TFR values is depicted in Fig. 2 (using
linear-elastic site amplifications) for variations in the V of the soil
layer [Fig. 2(a)], V of the soft rock layer [Fig. 2(b)], V of the hard
rock layer [Fig. 2(c)], and thickness of the soft rock layer, hgg
[Fig. 2(d)]. The baseline case used in Fig. 2 comprises a 50-m-thick
uniform soil layer with V of 300 m/s, a 50-m-thick uniform soft
rock layer with a V of 760 m/s, and a hard rock stratum with V
of 3,000 m/s.

First, it is observed that TFR values are equal to 1 for very low
frequencies and approach unity again for high frequencies in all
cases shown in Fig. 2. These results are consistent with inferences
made from Eq. (14) [i.e., Items 1 and 4 in the discussion following
Eq. (14)]. For the baseline case shown in Fig. 2(a), the impedance
ratio for the soft and hard rock strata, agg, is 0.25. As the impedance
ratio between the soil and the underlying soft rock, ay, decreases
[i.e., as the soil layer becomes significantly softer; depicted by
darker curves in Fig. 2(a)], decoupled and full column analyses ren-
der more similar first mode site responses. This is consistent with

Table 2. Range of values considered in the parametric study performed on
a three-layer soil profile comprised of a soil deposit overlying soft rock and
hard rock layers

Eq. (14), in which scenarios with ag < 1 render TFR closer to
unity. However, full column analyses result in first mode amplifi-
cations that are at least 50% larger than the decoupled analysis
even for the softest soil conditions analyzed. This observation can
also be explained by Eq. (14) because the error associated with the
EHS assumption is not only a function of ay, but other parameters
as well.

As the V of the soft rock increases [i.e., agp increases from
0.25 to 1, which corresponds to the progressively lighter curves
in Fig. 2(b)], approaching the V of the underlying hard rock,
TFR values decrease. When the V; of the soft and hard rock layers
are equal, TFR is equal to one across all frequencies, which is ex-
pected because the EHS assumptions of homogeneity and elasticity
are fulfilled in this case. These observations align well with Item 3
in the discussion following Eq. (14), which describes scenarios in
which there is barely a contrast between the soft and hard rock
layers (agp &~ 1). Lower values of V, in the soft rock layer lead
to stronger impedance contrasts at the interface with the hard rock
layer (i.e., smaller values of agy that further deviate from 1). Such
condition generates increasingly significant differences between
the full column and the decoupled models [e.g., darker curves
in Fig. 2(b)]. Analogously, increasing the V; of the hard rock layer
[i.e., agg decreases from 1 to 0.25, which corresponds to the pro-
gressively lighter curves in Fig. 2(c)] results in larger amplifica-
tions for the full column analysis (i.e., larger TFR values). In this
case, amplifications for the full column analysis are more than twice
as high as the amplifications obtained for the first mode in the de-
coupled analysis. However, in this case, varying the V of the hard
rock layer does not result in a frequency shift of the loci of the
maximum TFR values.

We also investigate the influence of the depth of the boundary
between the soft and hard rock by increasing the thickness of the
soft rock layer, hgg, because it affects the value of (TF)z,, at low
frequencies. The resulting shift in resonant frequency of the full
column profile as compared to its decoupled counterpart can intro-
duce errors in estimated TFs. Fig. 2(d) depicts the differences be-
tween TFs from full column and decoupled models, when varying
hgg, from 50 to 250 m. Larger values of &gk imply that the strong
impedance contrast between the soft and hard rock layers is located
deeper within the profile (note: agp = 0.25 for all values of hgg
considered). Two key observations result from Fig. 2(d). First, the
TFR value for the first resonant mode [i.e., the first peak in the TFR
curve in Fig. 2(d)] decreases as the depth of the impedance boundary
between the soft and hard rock increases within the profile. Second,
a unique first mode peak obtained for the shallow impedance con-
trast case evolves into two distinct peaks for the same impedance
contrast located at greater depths (within a similar frequency band).
This observation can be explained by a shift in resonance.

Variations in ,;, values were also explored as part of this para-
metric study, but the corresponding figures are not shown because
assumptions of &, values were found not to contribute to the er-
rors related to the compliance with the EHS assumptions. This is
also evidenced in Eq. (14) because values of £,;, are only implicitly
accounted for within the (TF),, term.

Compliance with the EHS Assumptions as
Evidenced in Case Studies

Site property Soil Soft rock Hard rock

Unit weight (kN/m?) 20 27.5 27.5 Previous studies have provided evidence of the influence of V vari-
Vs (m/s) 100-760 760-3,000 760-3,000 ation at large depths on the site response of deep sedimentary pro-
Thickness (m) 50, 100, 250 50, 100, 250 files (e.g., Frankel et al. 2002; Park and Hashash 2004). In this
l\:hmm(‘;m shear o 2.0-100 1.0-5.0 05-3.0 study, we investigate the presence of a strong impedance contrast
strain damping (%) at large depths for nine sites located in Charleston, South Carolina.
© ASCE 04022081-5 J. Geotech. Geoenviron. Eng.
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Fig. 2. A subset of selected TFR results from the parametric study performed using a three-layer model with the following varying properties:
(a) V, of the soil layer (with increments of 100 m/s); (b) V of the soft rock layer (with increments of 300 m/s); (c) V, of the hard rock layer
(with increments of 300 m/s); and (d) thickness of the soft rock layer (with increments of 30 m). The baseline case model consists of a 50 m-thick soil
layer with a V; of 300 m/s overlying a 50 m-thick soft rock layer with a V of 760 m/s, and a hard rock stratum with V of 3,000 m/s. Progressively
lighter curves indicate increasingly stiffer materials in (a—c), while they indicate a thicker soft rock layer in (d).

These strong seismic impedance contrasts result from hard bed-
rock conditions (typically found in CEUS with mean V values of
3,000 m/s: Hashash et al. 2014) underlying deep sedimentary de-
posits found near the coast. An idealized depiction of this type of
site profile is shown in Fig. 3(a). The strongest impedance contrast
is located at a depth greater than 800 m [Fig. 3(b)], which is ignored
in typical geotechnical SRA because they often only include the
upper portion of the profile [e.g., top 72 m of soil deposit, repre-
sented by the idealized DII profile in Fig. 3(c)].

The study sites are close to the coast in the southeast region of
South Carolina, as shown in Fig. 4 (geographic coordinates pro-
vided in Table 3). Seismic cone penetration test data are available
at these sites and reveal the varying thicknesses of soil deposits
and marl overlying a common sedimentary formation. In general,
the soil composition is similar across sites, comprising mainly of
sands and clays, but the V; profiles slightly differ, especially in the
upper 30 m.

Linear SRA are performed using Strata version 0.8.1 (Kottke
and Rathje 2008a, b) on full column and decoupled models
[Figs. 3(a and ¢)] of each study site to estimate the corresponding
TFR values. A decoupling (or truncation) depth equal to 72 m is
selected for most sites because of the presence of a strong imped-
ance contrast at that depth between the soil deposits and the sedi-
mentary rock formations (see Table 3 for specific truncation depths
for each case, as indicated by the thicknesses of the soil layer or
DII profile). A rather uniform V profile is found below 72 m for
most study sites. To perform 1D linear-elastic SRA using Strata, 20
sets of ground motion records (i.e., 40 recorded horizontal orthogo-
nal components) are selected from the Next Generation Attenuation

© ASCE

04022081-6

(NGA)-West 2 database (NGA-West 2 2013). These input motions
correspond to shallow crustal earthquakes with moment magni-
tudes between 5 and 9, and epicentral distances ranging from 2
to 103 km (following seismic hazard deaggregation results in
Charleston, South Carolina). Ground motion records from stable,
continental regions would be preferred in this case, given the lo-
cation of the study sites; however, design level ground motion re-
cords from the NGA-East database (Goulet et al. 2021) were not
available at the time of completion of this study. Moreover, only
ground motions recorded at sites with V3, > 760 m/s were con-
sidered, but none of the selected ground motions was recorded at
hard rock conditions (i.e., V3o > 1,500 m/s).

Maximum TFR values for each site are presented in Table 3. The
maximum TFR values for the first mode range from 1.32 to 1.52
(Table 3). The overall maximum TFR values are approximately 5
for all sites, with this value corresponding to a frequency of 1.46 Hz
(i.e., a period of ~0.7 s, which is similar to Ty_p,;, the fundamental
period of the decoupled profiles presented in Table 3 ranging be-
tween 0.7 and 0.9 s, except for site CH-8). We compare the TFR
values in Table 3 with those estimated for simplified profiles using
Fig. 3. The actual stratigraphy in situ is used to define the three
main idealized layers (i.e., soil, soft rock, and hard rock) for each
study site, and the corresponding average values of V for each
layer are reported in Table 3. It must be noted that the use of a
time-averaged V; value across a stratified profile to capture the fun-
damental mode behavior of the soil column of interest is not appro-
priate (e.g., Zhao 1997). However, in this case, the time-averaged V
values are only used to make comparisons to the idealized three-
layer profile investigated as part of our verification exercise of the

J. Geotech. Geoenviron. Eng.

J. Geotech. Geoenviron. Eng., 2022, 148(10): 04022081



Downloaded from ascelibrary.org by VIRGINIA TECH UNIVERSTIY on 08/11/22. Copyright ASCE. For personal use only; all rights reserved.

FULL COLUMN

DECOUPLED ANALYSIS

ANALYSIS Vs (mfs)
Q0 1000 2000 3000 400 |
A
72 v SOIL DEPOSIT SOIL DEPOSIT
m. 4 100/
]
)

COMMON 200 : COMMON COMMON
SEDIMENTARY ! SEDIMENTARY SEDIMENTARY
FORMATIONS 300 ' FORMATIONS FORMATIONS

|
~~
E
= 400 /Il
=
E ol !
758 a2 500 . DIl
m [=]]
600
e
-
700 |— At
N
<
800 !
v |
|
900 .
(a) (b) (1))} (c)

Fig. 3. (a) Full column profile corresponding to an idealized representation of the sites located in Charleston, South Carolina, with (b) a typical V
profile of sites in the area; and (c) typical assumption for the location of the EHS (in absence of sufficient V; data at greater depths). DI and DII refer

to the corresponding decoupled profiles.

= m . e @

State of
[| South Carolina

ks

1%
> @5‘;&&%”? FE2
T T
RS
Q'O:.A S

Il City of
Charleston
e

i
&

0 1.252.5 5
=™, IKm

P e Y PP

Fig. 4. Plan view of the study area. The locations of seven of the nine sites used in this study is shown. The coordinates for Sites 8 and 9 were not
available at the time of completion of this study. (Reprinted from USGS Topographic Maps 2022.)

analytical expression derived for TFR [i.e., Eq. (14)]. Table 3 also
presents the corresponding seismic impedance contrasts between
idealized soil, soft rock, and hard rock layers, estimated fundamen-
tal periods (using the 4 H/V_,,, approximation), and maximum
values of TFR. On average (i.e., across all study sites), ayg is 0.4,
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while g is 0.22. This means that the impedance contrast at depth is
stronger than the one corresponding to shallower depth at the inter-
face between sedimentary deposits and soft rock [i.e., smaller values
of a correspond to larger density and velocity products in the de-
nominator of Eq. (5)]. Moreover, according to Eq. (14), small errors
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Table 3. Characteristics of study sites in Charleston, South Carolina, including average shear-wave velocity, seismic impedance contrast, fundamental
periods, and thickness corresponding to equivalent soil, soft rock, and hard rock layers. Maximum errors calculated in terms of TFR are also provided

V&avg (m/g)

Ty (s) Thickness (m) TFR

Site # Latitude Longitude  Soil  Soft rock Hard rock  «g

Qs TO_full TO_DU hs hSR hfull ’TFI{:l TFRb SRRC

CH-1 32.798 —79.948 322 713.6 3,300 0.33
CH-2 32.810 —79.900 3525 713.6 3,300 0.36
CH-3 32.810 —80.050  421.9 713.6 3,300 0.43
CH-4 32.900 —79.930 357.6 713.6 3,300 0.36
CH-5 32.785 —79.955 358.8 713.6 3,300 0.37
CH-6 32.974 —80.127  358.6 713.6 3,300 0.37
CH-7 32.960 —80.060  374.6 713.6 3,300 0.38
CH-8 — — 463.6 713.6 3,300 0.47
CH-9 — — 379.8 713.6 3,300 0.39
Average — — 376.6 713.6 3,300 0.4

0.22 5.1 0.9 72 758 830 1.5 53 1.1
0.22 5.1 0.8 72 758 830 1.5 5.4 1.1
0.22 4.9 0.7 72 758 830 1.5 53 1.1
0.22 5.2 0.9 81 758 839 1.5 5.1 1.2
0.22 5.1 0.8 72 758 830 1.5 5.1 1.2
0.22 5.1 0.9 78 758 836 1.5 5.2 1.2
0.22 5.0 0.8 72 758 830 1.5 5.4 1.1
0.22 4.7 0.4 52 758 810 1.3 4.6 1.1
0.22 5.0 0.8 72 758 830 1.5 54 1.2
0.2 5.0 0.8 714  758.0 8294 1.5 52 1.2

*Maximum TFR value corresponding to the first mode of vibration, at approximately To_,y;.

" Absolute maximum.
“Spectral ratios ratio.

—Site 1 —Site 2 Site 3 - - Site 4 - - Site 5
— - Site 6 —-Site 7 e Site8§ Site 9
0.5
0.1 1 10 100

Frequency (Hz)

Fig. 5. Values of mean spectral ratios ratio (SRR) corresponding to all
study sites in Charleston, South Carolina.

or TFR values are associated with either small ag (representing a
strong impedance contrast at the interface between soils and soft
rock) or with agp closer to unity (which reflects barely any imped-
ance contrast between the soft rock and hard rock layers). None of
these conditions is satisfied for the study sites.

Errors associated with the truncation of the profile in terms of
mean spectral ratios are presented in Fig. 5. Because spectral ratios
are dependent on the selected input motions, the estimated errors in
Fig. 5 [hereafter referred to as spectral ratios ratio (SRR)] can only
serve as a reference to evaluate patterns in the data, rather than
definitive measures of the error when performing decoupled SRA
at the sites of interest. Spectral ratios are computed by dividing
5%-damped pseudospectral accelerations estimated at the surface
by their outcrop counterparts at the assumed EHS boundary for
each case. The spectral ratio corresponding to the decoupled model
is defined as the product of the spectral ratios for each decoupled
profile (i.e., DI and DII), analogous to Eq. (2). Values of SRR are
then computed similarly to Eq. (11) by using spectral ratios instead
of transfer functions. Using spectral accelerations to obtain values
of SRR for all selected sites results in a smoothing effect, as illus-
trated in Fig. 5. All study sites provide fairly similar results in terms
of SRR, and the values imply errors always less than 30%.
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Conclusions

Numerical seismic site response analyses commonly involve de-
coupling the effects of deeper strata from the response of shallower
layers. This study examined systematic errors introduced in ampli-
fication factors when the reference depth selected for numerical
analysis at the site of interest does not comply with the assumptions
inherent to an elastic halfspace. These assumptions imply that all
the energy of downgoing propagating seismic waves, which are
transmitted into the halfspace, is radiated away from the surface
layers. The appropriate choices of the positioning and properties of
the EHS in site response models are relevant because they also im-
ply that the input motions applied to such boundary should be re-
corded at a site with an equivalent site response to that below the
assumed EHS.

The linear-elastic response of an entire profile, as well as that of
its decoupled representation, are used to estimate errors in site re-
sponse analysis when the elastic halfspace boundary is assumed at a
depth that is not geologically justified. Theoretical formulations for
wave propagation in layered media were used to derive an analyti-
cal expression that quantifies the error associated with the EHS
assumption in SRA [i.e., Eq. (14)]. This expression was verified
by computing the corresponding 1D site amplifications for full col-
umn and decoupled models of idealized three-layer profiles. Our
findings indicate that errors associated with the decoupled models
are a function of the impedance contrast at shallow and deeper
layers (e.g., between the soil and soft rock layer, as well as between
the soft and hard rock layers, for the three-layer profiles analyzed
herein), the thickness and V of the materials, and wavelengths con-
sidered. These factors influence the amplitude, frequency, and time
of arrival of potential reflected waves coming from deeper layer
boundaries within the profile under study.

Eq. (14) is proposed to help guide the otherwise subjective de-
cision of where to locate the EHS boundary in SRA. We find that
larger differences between the product of V; and density of the soft
rock materials and the overlying sedimentary deposits result in
smaller errors [i.e., stronger, shallow impedance ratio leads to
smaller TFR values based on Eq. (14)]. In addition, barely no
impedance contrast between rock materials at depth (i.e., fairly uni-
form density and V, values within the rock mass) also lead to
smaller errors associated with the EHS assumption.

Case studies of deep sedimentary columns in Charleston, South
Carolina, were presented to evaluate real sites and compare esti-
mated errors associated with the truncation of the models with
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findings using idealized cases. We found that the error associated
with the decoupled profile is not negligible for sites with deep soil
columns overlying very strong seismic impedance contrasts at depth;
these conclusions are consistent with the insights gained from the
derivation of TFR as a function of impedance contrasts in Eq. (14)
and with the 1D SRA conducted using idealized three-layer pro-
files. Deep soil columns represent a significant departure from the
hypotheses behind the assumptions inherent to using an EHS;
ignoring the influence of the deeper portion of the profile on the
overall site response can lead to nontrivial errors in the estimation
of the seismic response of the site. Our findings highlight the im-
portance of the characterization of deep V, profiles for cases in
which deep impedance contrasts are expected based on the geology
and depositional environment at the site of interest. Eq. (14) can be
used to evaluate cases in which additional analyses to identify the
impact of profile decoupling might be needed.
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