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Abstract: We used waveforms from the 2018 MW 7.1 Anchorage earthquake and six selected aftershocks, ranging from MW 4.2 to 5.7, to
quantify site properties including shear-wave velocity profile, predominant frequencies, borehole amplification, soil-damping ratio, and shear
modulus at Delaney Park in downtown Anchorage, Alaska. The waveforms were recorded by surface and six borehole (up to 61-m depth)
three-component accelerometers. The deconvolution of the waveforms at various borehole depths on horizontal sensors with respect to the
corresponding waveform at the surface provides incident and reflected traveling waves within the soil column. The shear-wave velocities
determined from these events are consistent, and generally agree well with the in situ measurements. The borehole amplification based on
surface-to-borehole traditional standard spectral ratio (SSR) and surface-to-borehole response spectral ratio (RSR) and cross-spectral ratio
(c-SSR) were also evaluated. Based on c-SSR, we computed the borehole amplification as 4.8 at 1.35 Hz (0.74 s), close to the predominant
frequency of the soil column. DOI: 10.1061/(ASCE)GT.1943-5606.0002413. © 2020 American Society of Civil Engineers.

Author keywords: Borehole amplification; Downhole array; Wave propagation; Interferometry; Deconvolution; Shear-wave velocity;
Spectral analysis; Bootlegger Cove Formation; Monte Carlo simulation; Uncertainty analysis.

Introduction

Anchorage, Alaska, lies within one of the most active tectonic envi-
ronments, and thus has been subjected to frequent seismic activity.
The city is built on the edge of a deep sedimentary basin at the foot
of Chugach Mountain range. The basin is more than 1 km thick in
the western part of Anchorage, and reaches 7-km depth at a point
about 150 km southwest of the city (Hartman et al. 1974). Shear-
wave velocities, measured at 36 sites (Nath et al. 1997) in the basin,
indicate that most of the city is on sediments that fall in National
Earthquake Hazards Reduction Program (NEHRP) Site Categories
C (360 < VS30 < 760 m=s; VS30 = average shear-wave velocity of
upper 30 m of crust) and D (180 < VS30 < 360 m=s) (Boore 2004).
The existence of low-velocity sediments overlying metamorphic
bedrock can produce strong seismic waves (Borcherdt 1970).
The Great Alaska earthquake (also known as the Prince William
Sound earthquake) with MW 9.2 on March 27, 1964, damaged
the city, creating extensive liquefaction, landslides, and subsidence
as large as 3 m in the downtown area (Updike and Carpenter 1986;
Lade et al. 1988), and moved much of coastal Alaska seaward at
least 80 m due to ground failures.

In 2003, the USGS established a seven-level downhole array
of three-component accelerometers at Delaney Park (DPK) in
downtown Anchorage in order to measure sediment response to
earthquake shaking and to provide input wave-field data for
soil–structure interaction studies of a nearby 20-story steel moment
frame building (Atwood Building), which was also instrumented
(Yang et al. 2004). Fig. 1 depicts this downhole array and Atwood
Building in the background. The deepest downhole sensors are lo-
cated at 61 m depth within the soil layer.

The 2018 MW 7.1 Anchorage earthquake and its aftershocks
were recorded at the DPK array. These recordings provide an ex-
cellent opportunity to extract the site properties and compare them
with those from the earlier studies. The waveforms from the main
shock and its six selected aftershocks, ranging from MW 4.2 to 5.7,
are rich enough in low-frequency content that the borehole ampli-
fications can be computed at low frequencies.

First, we applied deconvolution interferometry to the waveforms
from these seven events in order to compute the shear-wave veloc-
ity profile. The deconvolution interferometry provides a simple
model of wave propagation by considering correlation of motions
at different observation points (e.g., Aki 1957; Claerbout 1968;
Trampert et al. 1993; Lobkis and Weaver 2001; Roux and Fink
2003; Schuster et al. 2004; Bakulin and Calvert 2006; Snieder
et al. 2006). It also yields more repeatable and higher resolution
wave fields than does cross-correlation interferometry (Nakata
and Snieder 2012; Wen and Kalkan 2017). Our approach is similar
but we identified incident and reflected deconvolved waves and
used time reversal to determine the site properties. Although decon-
volution and cross-correlation interferometry are interrelated, we
preferred the deconvolution interferometry for this study because
the effects of the external source have been removed in the latter
approach (Snieder and Safak 2006; Rahmani and Todorovska
2013). Second, we estimated predominant frequencies of the
DPK array by computing surface-to-borehole standard spectral
ratio (SSR). Third, we computed borehole amplification based
on SSR, surface-to-borehole cross-spectral ratio (c-SSR), and
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surface-to-borehole response spectral ratio (RSR). Finally, we cal-
culated soil-damping ratio and shear modulus, which are important
parameters for geotechnical applications.

Tectonic Setting

The Anchorage area is located in the upper Cook Inlet region. Cook
Inlet is situated in a tectonic forearc basin that is bounded to the
west by the Bruin Bay–Castle Mountain fault system and to the east
by the Knik fault along the west front of the Chugach Mountains as
depicted in Fig. 2 (Lade et al. 1988). Most of the regional seismicity
can be attributed to underthrusting along the Benioff zone (within
∼150 km of Anchorage) of the plate boundary megathrust (Li et al.
2013). Large historical earthquakes have ruptured much of the
length of this megathrust (Wong et al. 2010). The Benioff zone
(shown by the thick dashed line) dips to the northwest beneath
the Cook Inlet region (Fogelman et al. 1978). Smart et al. (1996)
suggests that dextral slip on the Castle Mountain fault follows a
complex fault array in the Matanuska Valley and strike-slip duplex
systems in the northern Chugach Mountains. There is some evi-
dence suggesting that the Castle Mountain fault systems may be
active, and capable of propagating moderate-size earthquakes
(Bruhn 1978; Lahr et al. 1986). The Castle Mountain fault ap-
proaches to within about 40 km of the city. Each year earthquakes
with moment magnitudes above 4.5 are felt in Anchorage as a result
of this tectonic setting.

Site and Instrumentation

The DPK array is located in the northwestern part of downtown
Anchorage (Fig. 1). The geological section at the site consists of gla-
cial outwash, overlying the Bootlegger Cove Formation (BCF) and

glacial till deposited in a late Pleistocene glaciomarine-glaciodeltaic
environment (14,000–18,000 years ago) (Ulery and Updike 1983).
The alluvium and glacial outwash contain clay and silt, commonly
stratified, deposited by glacial meltwater. These surficial mud layers
of soft estuarine silts overlie an approximately 35-m-thick glacioes-
tuarine deposit of stiff to hard clays with interbedded lenses of silt
and sand; this glacioestuarine material is known locally as the BCF.
Underlying the BCF is a glaciofluvial deposit from the early Nap-
towne glaciation (Updike and Carpenter 1986) consisting mainly of
dense to very dense sands and gravels with interbedded layers of
hard clay (Finno and Zapata-Medina 2014).

The DPK array has been deployed to sample the ground motions
within the BCF as well as above and below it. The array consists
of one surface and six borehole triaxial accelerometers located at
4.6, 10.7, 18.3, 30.5, 45.4, and 61 m deep, and oriented to cardinal
directions as marked in Fig. 3. The deepest borehole sensor is lo-
cated in a glacial till formation with shear-wave velocity ðVSÞ >
650 m=s. These borehole depths do not correspond to the depth
of the boundary of soil layers. The accelerometers in boreholes
(episensors) are connected to four six-channel, 24-bit data loggers
(Quanterra-330, Kinemetrics, Pasadena, California).

Thornley et al. (2019) performed downhole velocity profiling
measurements to derive the shear-wave velocity (VS) profile (Fig. 4)
at the DPK. This figure shows that the VS increases initially within
the glacial outwash at shallower depths, and then decreases within
the deeper BCF. The depth of the higher-velocity alluvium and out-
wash materials is estimated to be approximately 10 m where the
lower velocity structure of the BCF starts to appear. Nath et al.
(1997) and Yang et al. (2008) also provided the VS profile from
inversion of data at a nearby site, about 200 m away. However,
Thornley et al. (2019) found that those profiles are not suitable
for the DPK array after evaluating the transfer functions of records
between the instruments.

Fig. 1. DPK borehole array in downtown Anchorage, Alaska. The Atwood Building (20-story steel moment frame) in the background (165 m away
from DPK array) is also instrumented. The map insert shows the location of Delaney Park. (Map data © 2020 Google, images by Erol Kalkan.)
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Earthquake Data

On November 30, 2018, at 17:29:28 Coordinated Universal Time
(UTC) (8:29:29 local time), aMW 7.1 earthquake hit 12 km north of
Anchorage, Alaska (Mosalam et al. 2018). The earthquake’s hypo-
center was located at 61.323° N, 149.923° W at a depth of 47 km
(USGS 2018). The main shock occurred in the Alaska-Aleutian
subduction zone and was caused by east–west tension along a
roughly north–south-trending normal (tensional) fault within the
subducting Pacific slab (Stein et al. 2018). This event was followed
by hundreds of aftershocks with various magnitudes. More than 80
aftershocks were recorded with a magnitude greater than 3.0
throughout the first day. The largest aftershock with MW 5.7
occurred 6 min after the main shock about 4.8 km north of
Anchorage.

In addition to the main shock (MW 7.1), six aftershocks with
moment magnitude between 4.2 and 5.7 were identified for this
study based on their proximity to the site and the recordings’
intensity. The distant aftershocks or aftershocks with smaller mag-
nitudes were discarded. The events selected are listed in Table 1
along with distance and epicenter values. The event epicenters are

depicted on a regional map in Fig. 5. These events were 21–44 km
deep, and about half of them are considered as far field because
they were recorded at epicenter distances larger than 20 km. All
earthquake data have a sampling rate of 200 samples per second
(sps). The MW 5.7 aftershock is the closest event with a peak
ground acceleration (PGA) of 0.042 g, recorded at an epicenter dis-
tance of 5.3 km. The largest PGA of 0.25 g (Fig. 6) was recorded
during the main shock at an epicenter distance of 14.3 km. Fig. 6
shows the north–south direction motions from glacial till amplify as
they propagate within the BCF, and deamplify within the transition
region to glacial outwash due to impedance contrast.

Methodology

The deconvolution of the response of the soil column obtained
at a depth z1 with that at depth z2 is defined in the frequency
domain as

Sðw; zÞ ¼ uðz1;wÞ
uðz2;wÞ ð1Þ
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Fig. 2. Known faults in the vicinity of Anchorage, Alaska, shown by dashed lines; major highways are denoted, and dots indicate cities. Location of
the Benioff zone according to Plafker et al. (1994). (Adapted from Lade et al. 1988.)
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where uðz1;wÞ and uðz2;wÞ = Fourier spectra of the motions re-
corded at depths z1 and z2, respectively. This equation may become
ill conditioned when the denominator approaches zero due to data
corrupted by noise. In order to eliminate the instability, a regular-
ized format following the Tikhonov deconvolution SεðωÞ is used
(Tikhonov and Arsenin 1977; Mehta et al. 2007a, b; Parolai et al.
2009; Petrovic and Parolai 2016)

SεðωÞ ¼ Wε
uðz1;wÞ
uðz2;wÞ ð2Þ

where Wε is the regularization function defined as

WεðωÞ ¼
juðz2;wÞj2

juðz2;wÞj2 þ ε
ð3Þ

Fig. 3. Instrumentation layout of Delaney Park borehole array and soil layers; arrows indicate sensor orientation. Also shown is the instrumentation
layout of the Atwood Building.
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in which ε = regularization parameter—a constant added to the de-
nominator to avoid the numerical instability of Eq. (1). The value of
ε was assumed to be 1% of the average spectral power.

Results

We applied deconvolution interferometry to the data from the seven
earthquakes listed in Table 1. The soil responses from six boreholes
were deconvolved by the soil response measured at the surface. The
deconvolution results were based on the north–south and east–west
component of the horizontal motions. Both horizontal components
of records produced similar results. Fig. 7 shows the deconvolved
waveforms after performing deconvolution of subsurface waves
with the waves at the surface. Full lengths of the waveforms in
Fig. 6, low-cut filtered by a second-order acausal Butterworth filter
with corner frequency of 0.1 Hz, were utilized. This is consistent
with the results of Mehta et al. (2007a, b) and Parolai et al. (2009),
who showed the independence of the deconvolution results of the
signal window used. This way, it is anticipated that the deconvolved
waves are primarily related to the S-phase.

The deconvolved wave at the surface is a bandpass-filtered
Dirac delta function (virtual source) because any waveform decon-
volved with itself, with white noise added, yields a Dirac delta
function (pulse) at t ¼ 0. The deconvolved waveforms at Boreholes

2 through 6 demonstrate a wave state of the borehole array. This
wave state is the response of different soil layers to the delta func-
tion at the surface. For early times (i.e., t < 0), the pulse travels
upward in the soil column with a velocity equal to shear-wave
velocity of soil layers. At t ¼ 0, the wave field is nonzero only
at the surface. For later times (i.e., t > 0), however, the pulse travels
downward in the soil column, and the waveforms are governed by
site resonance that decays exponentially with time due to attenu-
ation (intrinsic damping).

The deconvolved waves in Fig. 7 do not show notable intrinsic
damping, but some pulse broadening is noticeable. This is con-
sistent with the soil-damping ratio computed as described in the
section “Soil-Damping Ratio.”

Shear-Wave Velocity

The shear-wave velocity of the upward and downward traveling
waves (VS;n) for the nth layer between two boreholes was derived
based on the time lag τ between deconvolved waveforms and the
distance h between observation points following the ray theory,
which ignores wave scattering, VS;n ¼ h=τ . The wave travel time
associated with the first borehole at −4.6 m was discarded because
of the overlapping upward and downward waves at this level. In
Fig. 8(a), the arrival time and travel distance of the upward and
downward traveling waves are identified to estimate the shear-wave
velocity profiles based on the MW 7.1, MW 4.8, and MW 5.7 earth-
quake waveforms. These events have the largest horizontal PGA
recorded at the surface level (Table 1).

Interpolating the deconvolved waveforms to a higher sampling
rate before peak picking reduces the picking error. For this reason,
we interpolated the deconvolved waveforms (sampled originally at
200 sps) to 1,000 sps. The interpolation process applies an antia-
liasing (low-pass) finite impulse response (FIR) filter to time series
with a Kaiser window (Oppenheim et al. 1999). The linear-phase
FIR filter minimizes the weighted, integrated squared error between
an ideal piecewise linear function and the magnitude response
of the filter over a set of desired frequency bands (Parks and
Burrus 1987).

In Fig. 8(a), the negative values are due to the upward traveling
waves and the positive values are associated with the downward
traveling waves. By using the time difference (tp) in the unit of
seconds between the peaks of deconvolved waveforms between
two consecutive layers, shear-wave velocity profiles were esti-
mated. Fig. 8(b) depicts such profiles from upward (continuous
thick vertical lines) and downward (dashed thick vertical lines) trav-
eling waves with logged data (horizontal bars). In this figure, thin
vertical lines denote propagated measurement error in shear-wave

0 500 1000 1500

Shear-wave Velocity, m/s

-60

-40

-20

Surface

D
ep

th
, m

Fig. 4. Shear-wave velocity profile of the DPK array based on down-
hole velocity profiling measurements by Thornley et al. (2019). Shear-
wave velocity is lower between−20 and−48 m at the Bootlegger Cove
Formation than the shallower glacial outwash (between 0 and
−12.2 m). See Fig. 3 for the geological profile.

Table 1.Origin times, magnitudes, and epicenter locations of main shock and aftershocks recorded by the Delaney Park borehole array in Anchorage, Alaska,
in 2018 Anchorage earthquake sequence

Event Origin time (UTC)
Moment
magnitude

Epicenter coordinates

Depth (km)
Epicenter

distance (km)

Peak acceleration (cm=s2)

Latitude
(° N)

Longitude
(° W) North–south East–west

1 November 30, 2018, 17:29:29 7.1 61.340 −149.937 40 14.3 245.6 247.3
2 November 30, 2018, 17:33:52 4.8 61.363 −149.880 44 16.7 36.0 48.5
3 November 30, 2018, 17:35:37 5.7 61.259 −149.921 39 5.3 36.0 48.5
4 November 30, 2018, 17:43:00 4.5 61.516 −149.908 41 33.7 6.3 5.1
5 November 30, 2018, 19:26:30 4.9 61.394 −149.972 38 20.5 11.4 15.6
6 November 30, 2018, 20:26:56 5.1 61.392 −150.064 31 21.9 11.2 22.8
7 November 30, 2018, 23:07:47 4.2 61.472 −150.026 21 29.6 2.6 4.1

Note: Earthquakes are numbered sequentially according to their origin times. Peak acceleration is the observed absolute maximum amplitude of the waveforms
from the north–south accelerometers at the surface level.
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velocity (dVS) due to sampling rate (dt ¼ 0.005 s, corresponding to
200 sps) uncertainty. By assuming independent random errors and
exact height measurements between layers, dVS is computed as

dVS ¼ VS
dt
tp

ð4Þ

The term layer used here does not necessarily refer to soil layers
with distinct physical parameters but the soil medium between tips
of two boreholes where the accelerometers are located, which are
shown by dashed horizontal lines in Figs. 8(a and b).

The shear-wave velocities of the five layers estimated from
upward and downward traveling waves from different earthquakes
are close to each other between different events; these values are
summarized in Table 2. The difference of velocity for upward
and downward traveling waves is due to attenuation (and possible
anelasticity). The damping itself affects the pulse propagation being
dispersed. For lightly damped systems, this effect is small.

Also listed in Table 2 are dVS values following the ± sign. The
dVS is largest for the first event at the deepest borehole, which is
equal to �216 m=s. At other borehole levels, dVS is much smaller.
The last row of this table provides mean shear-wave velocity values
of each layer and uncertainty in the mean (σ) considering seven
earthquakes. The value of σ is computed as

σ ¼ 1

7

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X7
eq¼1

ðdVS;eqÞ2
vuut ð5Þ

where eq = earthquake ID. The largest value of σ from different
events is 187 m=s at Layer 5 (24% of mean VS value).

In order to determine a single average shear-wave velocity for
the upper 61 m of the soil, a line was fitted to all picked data points
[Fig. 8(a)] by least squares [Fig. 8(c)]. This process was repeated by
randomly adding time uncertainty (dt ¼ 0.005 s) to time pairs via
Monte Carlo simulation. A total of 1,000 simulations were per-
formed. The time uncertainty was assumed to have a uniform dis-
tribution between −0.005 and 0.005 s. This way, measurement
errors were propagated to the average shear-wave velocities, which
are listed in Table 3. The average shear-wave velocities from the
aftershocks are similar, with a standard deviation of 2.0 m=s.
Although not reported here, the average shear-wave velocities of
the aftershocks are also analogous to those obtained from 10 his-
torical events between 2006 and 2013 (magnitudes vary from 4.5 to
5.4, and peak ground accelerations vary from 1.07 to 30.53 cm=s2)
(Wen and Kalkan 2020). These comparisons collectively point
to recoverable nonlinear response associated with the 2018 main
shock.

Fig. 9 compares estimated μ (thick vertical lines) and μ� σ
(thin vertical lines) shear-wave velocity profiles from upward (con-
tinuous vertical lines) and downward (dashed vertical lines) trav-
eling waves using seven earthquakes with logged data (horizontal
bars). The dashed horizontal lines indicate depths of borehole sen-
sors. Also shown in this figure are the errors in shear-wave velocity
estimates as compared to the average of logged data between bore-
holes. The deconvolution interferometry predicts the shear-wave
velocities within 27% of the logging data for upward-traveling
waves and within 31% of logging data for downward-traveling
waves. As a reference, the mean value of shear-wave velocity from
seven earthquakes computed using the least-square fit (Table 3) is
displayed in this figure as vertical dotted lines. The mean value is in

Delaney 
Park

M7

M4.8

M4.2

M5.1
M4.9

M4.5

M5.7

150°W

61°N

0 40

Kilometers

Fig. 5. Location of DPK array (61.21349° N and 149.98328° W) and epicenters of the main shock and six aftershocks with circles (summarized in
Table 1). (Map data from Esri, DeLorme, HERE, MapmyIndia.)
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Fig. 6.Horizontal acceleration waveforms in north–south direction from the 2018MW 7.1 earthquake at epicenter distance of 14.3 km; recorded peak
ground acceleration at the surface is 245.6 cm=s2; soil layers and their shear-wave velocity (VS) values from in situ measurements of Thornley et al.
(2019) are depicted. Only the first 40 s of the waveforms are shown to distinguish P- and S-phases.
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Fig. 7. Waveforms in Fig. 6 at different depths after deconvolution with the waveform recorded at the surface. The deconvolved waveforms by the
surface response are acausal and show the upward and downward traveling waves. At the second depth (close to the surface) these waves are not
distinguishable due to overlapping. Soil layers are depicted.
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general close to the logged data. The average error is about 15%,
which is moderate.

Predominant Frequencies

For a homogenous isotropic shear column with a one-dimensional
wave-propagation model, the predominant site frequency (f) can

be derived from VS as f ¼ VS=4H, where H is the total height.
The arithmetic mean value of VS from seven earthquakes (Table 3)
yields f ¼ 1.17� 0.04 Hz. For comparison, the predominant site
frequencies were also identified by computing the surface-to-
borehole SSR.

The SSR was computed as the ratio of the Fourier spectra of
the surface recording to those of the deepest borehole because it
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Fig. 8. (a) Arrival times of upward and downward traveling waves at five borehole levels (dashed line) estimated from the peaks of the deconvolved
waves (circles are for upward and diamonds are for downward traveling waves); (b) comparisons of estimated shear-wave velocity profiles from
upward (continuous thick vertical lines) and downward (dashed thick vertical lines) traveling waves with logged data (horizontal bars); thin vertical
lines denote propagated measurement error due to sampling rate uncertainty; (c) an average shear-wave velocity (VS) for the upper 61 m of soil
column derived from the estimated travel times and the distances following a least-square fit. Average site frequency is computed from VS=4H
(H = depth of soil column); ± denotes measurement error due to sampling rate uncertainty determined by Monte Carlo simulations. Results
are based on the 2018 MW 7.1, MW 4.8, and MW 5.7 earthquake waveforms.
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is embedded in the engineering bedrock (glacial till). The wave-
forms were bandpass filtered by a second-order Butterworth filter
with cutoff frequencies of 0.2 and 20 Hz to filter out high and low
frequencies. The ratio of the Fourier amplitude spectrum (FAS) of
two noisy records is very sensitive to noise and would have unre-
alistically high amplitudes if no smoothing was performed on the
FAS prior to taking the ratio. Thus, we applied a 50-point moving
average filter with a length of 2.5 s in smoothing the FAS.

Fig. 10 presents the results from these methods for the north–
south component of the records. For the SSR, the surface and deep-
est borehole recordings in the north–south direction were used. The
shaded zones indicate the range of the first three fundamental
frequencies, which are 1.2–1.4 Hz for the first mode, 3.7–4.1 Hz
for the second mode, and 6.5–7.0 Hz for the third mode. The aver-
age ratios of the second and third frequencies to the predominant
frequency are 3 and 5.2, respectively, while the corresponding ana-
lytical ratios are 3 and 5 for the uniform soil column.

The analytical SSR of the layered soil (assuming an equivalent
linear approach) was also computed by using SHAKE2000. The
recording of the deepest borehole was utilized as input, and the
VS profile from the seismic interferometry was used to quantify
the shear modulus. The analytical SSR results as the ratio of the
Fourier spectra of the simulated surface recordings to those of re-
corded borehole recordings considering all events are presented in
Fig. 11. The spectra from the analytical SSR is much smoother as
expected, and the peaks are close to locations shown in Figs. 10 and
11. To compare the analytical results with the measured ones,
Table 4 lists the vibration frequencies identified by a simple
wave-propagation method [VS=ð4HÞ], and the measured and ana-
lytical SSR for Modes 1, 2, and 3 using recorded horizontal mo-
tions along the north–south direction. The predominant frequency

derived from the simple wave-propagation method is a crude esti-
mation that is less accurate than the estimation from the SSR. The
difference between the analytical and measured SSR results are on
average less than 10%. Although not shown here for brevity, the
east–west direction recordings yield similar results.

As mentioned, the equivalent linear approach was used to com-
pute the seismic response of layered soil. Besides the shear-wave
velocity identified from interferometry, other dynamic parameters
(e.g., density and modulus) were needed in the equivalent linear
approach. The differences of assumed and actual values of these
parameters would be one of the reasons for differences in ampli-
tudes of spectral peaks. Also, the equivalent linear approach tends
to restrain the seismic response of layered soil in the high-
frequency band, which may be another reason for the differences.

Borehole Amplification

Borehole amplification refers to the increase in amplitude of seis-
mic waves as they propagate through soft soil layers; this increase
is the result of impedance contrast (impedance = density of soil ×
VS) between different layers (Safak 2001). In this study, the bore-
hole amplification is calculated by SSR, c-SSR, and surface-to-
borehole RSR.

The borehole recording is influenced by the downward waves
reflected by the soil layers above, and the destructive interference
among these waves may cause unexpected peaks in the spectral
ratios (Shearer and Orcutt 1987). When shallow borehole data
are used as a reference for estimating amplification at the surface,
the potential maximum in the borehole spectrum would produce
peaks in the spectral ratios that could be miscalculated as site-
response peaks. The coherence estimates CxyðfÞ between the sur-
face- and borehole-recorded signals may be used to identify the
destructive interference effects. Such effects manifest as artificial
peaks in the surface-to-borehole transfer function. These artificial
peaks correspond to the sinks in the coherence estimate.

In order to eliminate the effects of the destructive interference on
site amplification, we computed the c-SSR, which is the product of
the spectral ratio and the coherence function (Safak 1997) to esti-
mate the site amplification. The coherence CxyðfÞ of the surface
recording and borehole recording is computed as

CxyðfÞ ¼
jPxyðfÞj2

PxxðfÞPyyðfÞ
ð6Þ

where Pxy = cross-power spectral density of the response measured
at the surface and borehole; and Pxx and Pyy = power spectral
density of the response measured at the surface and borehole,
respectively. The values of CxyðfÞ tending to 1 indicate that the
corresponding frequency components are well correlated, whereas

Table 2. Shear-wave velocity of soil layers identified based on upward and downward traveling waves

Event

Layer 1 (0–10.7 m) Layer 2 (10.7–18.3 m) Layer 3 (18.3–30.5 m) Layer 4 (30.5–45.4 m) Layer 5 (45.4–61 m)

Up Down Up Down Up Down Up Down Up Down

1 233� 25 243� 28 238� 37 253� 42 226� 21 218� 19 276� 26 304� 31 821� 216 624� 125

2 289� 39 282� 37 262� 45 262� 45 239� 23 244� 24 276� 26 298� 30 821� 216 557� 99

3 274� 35 274� 35 253� 42 271� 48 239� 23 235� 23 287� 28 298� 30 743� 177 624� 125

4 297� 41 289� 39 262� 45 262� 45 239� 23 239� 23 281� 27 298� 30 743� 177 678� 147

5 297� 41 289� 39 253� 42 271� 48 239� 23 230� 22 287� 28 298� 30 709� 161 650� 135

6 289� 39 282� 37 253� 42 281� 52 244� 24 230� 22 292� 29 304� 31 709� 161 678� 147

7 289� 39 297� 41 281� 52 271� 48 235� 23 235� 23 287� 28 292� 29 780� 195 709� 161

Mean 281� 38 279� 37 257� 44 267� 47 237� 23 233� 22 283� 27 298� 30 761� 187 646� 136

Note: Values given in m=s; ± indicates measurement error due to sampling rate uncertainty.

Table 3. Average shear-wave velocity of soil column identified based on
upward- and downward-traveling waves

Event

Average shear-wave
velocity of soil
column (m=s)

Uncertainty
(m=s)

1 265.9 ± 1.75
2 288.8 ± 2.0
3 285.8 ± 1.9
4 291.4 ± 2.1
5 289.9 ± 2.1
6 291.2 ± 2.1
7 293.3 ± 2.0
Mean 286.3 ± 1.99
Standard deviation 9.23 ± 0.13

Note: The ± indicates measurement error due to sampling rate uncertainty
determined by Monte Carlo simulations.
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values tending to 0 indicate that the corresponding frequency com-
ponents are uncorrelated. Frequency ranges in the transfer function
that are dominated by noise (typically high frequencies) demon-
strate low coherence. At frequencies where sinks are observed in
the coherence estimate, the resulting cross-spectral values of the
transfer function are expected to deviate from the traditional spec-
tral ratio, indicating the occurrence of destructive interference phe-
nomena. Such phenomena (incoherence) can be due to noise or to
natural physical processes such as wave passage, scattering, and
extended source effects (Zerva 2009).

Finally, the RSR, defined as the ratio of 5% damped pseudo-
spectral acceleration response spectrum on the surface to those
on the deepest borehole, was used (Kitagawa et al. 1992). Pseudo-
spectral acceleration response spectra and their ratios are much
smoother functions of frequency than the standard spectral ratios
because the damped single-degree-of-freedom system acts as a
narrow-band filter.

For each of these methods, borehole amplifications at different
frequencies were computed and averaged across the ensemble of
recordings considering all events. Fig. 12(a) plots the mean esti-
mates. The DPK array site has a shallow soft layer in the near

surface with relatively constant shear-wave velocity (295 m=s;
NEHRP Site Category D) due to the presence of BCF overlying
a relatively homogeneous stiff formation with strong impedance
contrast at 50-m depth (NEHRP Site Category B). In Fig. 12(a),
the values on the horizontal axis are the reciprocals of the periods
for the RSR. For each method, three obvious peaks can be seen at
three frequency ranges: 1.1–1.6, 3.9–4.5, and 6.5–7 Hz, respec-
tively. These peaks correspond to the soil column predominant
frequencies for the first three modes.

The SSR method produced greater site amplification estimates
than the c-SSR and RSR methods at low frequencies. The SSR
method predicts the maximum site amplification as 5.3. This
method is the least reliable because it is very sensitive to the noise
level in the waveforms; thus, it is not appropriate for downhole
recordings.

The maximum site amplification of 4.2 is predicted by the RSR
method; this method is applicable at low frequencies (e.g., less than
4 Hz), but not for high frequencies. The c-SSR method resulted in
maximum site amplification as large as 3.5 at low frequencies close
to the first mode frequency. The average coherence estimates of the
surface and the deepest borehole recordings are also presented in
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Fig. 9. Comparisons of estimated mean (μ) (thick vertical lines) and μ± one standard deviation (σ) (thin vertical lines) shear-wave velocity profiles
from (a) upward (continuous vertical lines); and (b) downward (dashed vertical lines) traveling waves using seven earthquakes with logged data
(horizontal bars). The dashed horizontal lines indicate depths of borehole sensors. The vertical dotted line denotes the average shear-wave velocity
from seven earthquakes using the least-square fit (Table 3). The errors in shear-wave velocity estimates are compared to the average of logged data
between boreholes. The deconvolution interferometry predicts the shear-wave velocities within 27% of the logging data for upward-traveling waves
and within 31% of logging data for downward-traveling waves.
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Fig. 12(b). Based on the equivalent homogeneous medium ap-
proach, the first mode frequency at which destructive interference
is expected to occur is estimated as 1.2 Hz, which is also indicated
in Fig. 12 with the solid arrow. Clearly, the destructive interference
phenomenon is not strictly materialized, which may be due to the

variation of the shear-wave velocity among different soil layers as
can be seen in Fig. 9. However, the dashed arrows in Fig. 12 in-
dicate that peak site amplification predicted by the c-SSR method
generally corresponds to the sinks of coherence (low-coherence)
estimates. The low coherence corresponds to the maximum
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reference site frequency from f ¼ VS=4H.
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amplifications where spectral ratios of the surface and deepest
borehole recordings have the largest difference. This phenomenon
means that the c-SSR method can predict site amplification at low
frequencies more reliably by removing the potential destructive
interference.

Soil-Damping Ratio

During wave propagation, the energy loss induced by soil damping
can be represented by the following attenuation equation (Aki and
Richards 2002):

AsðfÞ ¼ e−π·f·τ=Q ð7Þ

where AsðfÞ = reduction in the amplitude of a sinusoidal wave of
frequency f when it travels a distance of travel time τ . The damping
ratio ξ is defined by the quality factor Q (ξ ¼ 1=2Q).

In order to evaluate the dynamic damping in structures, previous
studies (Snieder and Safak 2006; Prieto et al. 2010; Newton and
Snieder 2012; Nakata et al. 2013) used Eq. (7) in conjunction with
deconvolved waves. We adapted the same approach for evaluating
the soil dynamic damping. First, the recordings at different soil
layers were deconvolved with the recordings at the deepest bore-
hole, and then the deconvolved waves were bandpass filtered by a
second-order Butterworth filter with cutoff frequencies of 0.5 and
2 Hz. These corner frequencies were selected to extract the funda-
mental mode, and filtered out high and low frequencies. The natural
logarithm of the envelope of the bandpass-filtered waveforms cor-
responding to the MW 7.1 event is shown in Fig. 13. In order to
separate the curves at different borehole depths, the natural loga-
rithm of the envelope is added with the number of 50 minus the
depth of the borehole (the depth is 0 at the surface). According
to Eq. (7), the slope of the curves in Fig. 13 depends on the attenu-
ation of the waves; thus, the offset has no influence on the results.
The slopes of the curves, which are similar at different layers, were
computed by least-square fit between 0.5 and 5.5 s (shown by thick
lines). The slope of the solid line is equal to −πf=Q. The mean
slope at different layers (which is quite consistent at different
depths) and the first mode frequencies were used to compute Q
and ξ. Table 5 summarizes the resultant Q and ξ for all events.
The results are stable between different events with a coefficient
of variance (COV) of 0.09 for Q. The average soil dynamic damp-
ing for the DPK array was found to be 4.8%. The damping ratio
corresponding to the main shock is higher than aftershocks due to
the recoverable nonlinear response.

Table 4. Vibration frequencies identified by the simple wave-propagation
method [VS=ð4HÞ] and measured and analytical surface-to-borehole SSR
for Modes 1, 2, and 3 using recorded horizontal motions along north–south
direction

Method Mode

Event

1 2 3 4 5 6 7

VS=ð4HÞ 1.09 1.15 1.17 1.19 1.18 1.19 1.20
Measured SSR Mode 1 1.20 1.40 1.40 1.38 1.31 1.34 1.37

Mode 2 3.69 3.94 3.94 4.09 4.01 4.04 4.09
Mode 3 6.48 6.61 6.61 6.91 6.72 6.87 7.03

Analytical SSR Mode 1 1.26 1.46 1.46 1.48 1.46 1.46 1.48
Mode 2 3.66 4.33 4.33 4.38 4.44 4.33 4.48
Mode 3 5.88 7.06 6.96 7.23 7.33 7.06 7.23

Note: Surface and deepest borehole (at −61 m) recordings were used in
SSR computations. Values given in hertz; VS = shear-wave velocity;
and H = height of soil column.
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Fig. 12. (a) Average site amplification estimates of recordings from seven earthquakes calculated by four different methods (surface-to-borehole
traditional (SSR), RSR, and (c-SSR); and (b) average magnitude-squared coherence estimates of the surface and the deepest borehole recordings. The
solid arrow indicates the first mode frequency with high coherence; the dashed arrows denote the frequencies where the sinks of coherence estimate
are observed due to destructive interference.
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Shear Modulus

In homogeneous and isotropic media, the velocity of a shear wave
is controlled by the shear modulusGn, which defines the magnitude
of the shear stress that soil can sustain—an important parameter for
geotechnical engineering applications. The shear modulus Gn for
the nth soil layer is

Gn ¼ ρnV2
S;n ð8Þ

where ρn = density of the nth layer. A wet density of 1.96 g=cm3

was assigned to the BCF based on measurements of 10 soil samples
(Lade et al. 1988). The site at which the undisturbed samples of the
BCF were collected was found to be geologically typical of the 60
city blocks that form the core metropolitan area of Anchorage in-
cluding the DPK array. Using Eq. (8) and averaged shear-wave
velocity values of BCF (identified with the channels from 4.6 to
45.4 m), the shear modulus of the BCF at the DPK array was found
to be between 121 and 144 MPa. The averaged shear-wave velocity
values of BCF were obtained by computing the arithmetic mean of
shear-wave values in Table 2 between Layers 1 and 4 considering
upward and downward directions for each earthquake.

Conclusions

In this study, we investigated the properties of sediment layers, in
particular the BCF at the DPK downhole array in downtown
Anchorage, Alaska. BCF is a soft formation thought to be respon-
sible for much of the ground failure during the 1964 MW 9.2 Great
Alaska earthquake (Thornley et al. 2019). The waveforms recorded
from seven earthquakes of the 2018MW 7.1 Anchorage earthquake
sequence (main shock and six aftershocks) were analyzed using
deconvolution interferometry. The waveforms at various depths
were deconvolved by the waveforms recorded at the surface in
order to identify the shear-wave velocity profile, predominant
frequencies, soil dynamic damping, and shear modulus. To quantify
the site amplification, surface-to-borehole traditional SSR, RSR and
c-SSR were calculated. The site characteristic information obtained
here can be used for soil–structure interaction analysis of a nearby
20-story steel moment frame building (Atwood Building), which
was also instrumented. The key findings of this study are as follows:
• The similarity of the deconvolved waveforms from seven earth-

quakes manifests that a one-dimensional shear-beam model is
reasonable to represent the elastic soil response at the DPK array
under low-intensity shaking.

• On average, deconvolution interferometry predicts shear-wave
velocities within 27% of the logging data for upward-traveling
waves and within 31% of logging data for downward-traveling
waves. The uncertainties computed from different events are
within 24% of mean shear-wave velocities. This suggests that
deconvolution interferometry is an effective way to quantify
the shear-wave velocity profile for geotechnical arrays lacking
in situ measurements, providing that the vertical distribution of
sensors sufficiently captures the complexity of the geologic
structure.

• For all earthquakes, the predominant frequency derived from the
shear-wave velocity of the soil column is on average 1.17 Hz,
which is 10% smaller than the 1.3 Hz estimated from the c-SSR.

• Despite high aleatoric variability in earthquake waveforms,
which come from events varying in size, distance, and azimuth,
the average shear-wave velocity of soil layers and the predomi-
nant frequency of the soil column during aftershocks are con-
sistent; this indicates the recoverable nonlinear site response
during the mainshock.

• Destructive interference phenomena were demonstrated to
yield overestimation of site response by means of the surface-
to-borehole transfer function in the low-frequency range.

• The RSR method was found to be applicable for computing
borehole amplification at low frequencies (less than 4 Hz) only;
its accuracy quickly diminishes at high frequencies.

• The c-SSR method can predict site amplification more reliably
by removing the potential destructive interference; thus, it is
theoretically more accurate than the other methods. c-SSR
resulted in average site amplification as large as 3.5 at low
frequencies (1.1–1.6 Hz) close to the first mode frequency of
the soil column. Other studies have found on average that
the largest site amplifications are on the lower velocity NEHRP
Class D (180 < VS30 < 360 m=s) sites in Anchorage, with aver-
age amplifications around 3 at low frequencies (0.5–2.5 Hz).

Data Availability Statement

Some or all data, models, or code generated or used during the
study are available from the corresponding author by request.
The fault lines in Fig. 2 were obtained from http://www.dggs
.alaska.gov/pubs/id/24956 (last accessed August 2019), which
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5.5 s (solid lines). Data correspond to theMW 7.1 earthquake as shown
in Fig. 6. Deconvolved waves were bandpass filtered by a second-order
acausal Butterworth filter with cutoff frequencies of 0.5 and 2 Hz.

Table 5. Mean slope of different layers, quality factor (Q), and intrinsic
damping ratio (ξ) computed for different earthquakes

Event
Mean slope of
different layers

Quality
factor, Q

Damping
ratio, ξ (%)

1 −0.45 9.04 5.53
2 −0.45 9.86 5.07
3 −0.44 9.91 5.04
4 −0.43 10.24 4.88
5 −0.40 10.51 4.76
6 −0.38 11.47 4.36
7 −0.38 11.82 4.23
Average 10.41 4.80
COV 0.09 0.09
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included fault information from Koehler et al. (2012, 2013). Instru-
ments of the National Strong Motion Network of USGS collected
recordings used in this study. These recordings are available
at http://nees.ucsb.edu/data-portal (last accessed August 2019).
The MATLAB version R2018b of the deconvolution function
used in this study is available at https://www.mathworks.com
/matlabcentral/fileexchange/60644-deconvolution-of-two-discrete
-time-signals-in-frequency-domain?s_tid=prof_contriblnk.
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Notation

The following symbols are used in this paper:
Cxy = coherence;
eq = earthquake ID;
Gn = shear modulus of nth layer;
H = total height of soil column;
n = layer ID;

Pxx = power spectral density of waveform x;
Pxy = cross-power spectral density of waveforms x and y;
Q = quality factor;

SεðωÞ = deconvolution function;
t = time instant;

tp = time difference in peaks of deconvolved waveforms
between two layers;

VS = shear-wave velocity;
VS30 = average shear-wave velocity of upper 30 m of crust;
Wε = regularization function;
w = cyclic frequency;
z = height;
ε = regularization parameter;
ξ = damping ratio;
ρn = wet density of nth layer;
σ = uncertainty in the mean value; and
τ = wave travel time.
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