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Joint Deconvolution of Building and Downhole Strong-Motion
Recordings: Evidence for the Seismic Wavefield Being
Radiated Back into the Shallow Geological Layers

by Bojana Petrovic and Stefano Parolai

Abstract In this study, the strong-motion recordings collected by a vertical array
of borehole sensors and a network of accelerometers installed in a nearby building
(distance between borehole and building ~10 m) are innovatively jointly analyzed
through wavefield-deconvolution analysis. The analysis shows complicated patterns
in the deconvolved wavefield of the borehole sensors that are interpreted by taking
advantage of synthetic seismograms generated considering vertically propagating
plane waves in the soil and building. Using a constrained deconvolution approach, we
show that it is possible to separate the different components of the wavefield and, in
particular, to retrieve the input ground motion and the wavefield radiated back by the
building at different levels in the borehole, without a priori information about the
attenuation structure (and velocity) of the building and soil. This therefore allows
the energy radiated back by the structure at different depth to be estimated, which,
in the case of the bottom of the borehole (at —145 m), is of the order of 10% of the

energy of the input wavefield in the 1-10 Hz frequency band.

Introduction

In recent years, great attention has been paid to the seis-
mic wavefield that is radiated back by a building in the free
field, therefore modifying the amplitude of ground shaking
during earthquakes (e.g., Bard et al., 1996). Recent studies
have focused on the multiple interactions between soil layers
and civil engineering structures, the so-called “site—city inter-
action”, by means of 2D and 3D numerical simulations of
ground motion (e.g., Semblat ez al., 2002; Kahm et al., 2006),
concluding that the influence of site—city interaction can be
significant. Empirical studies (e.g., Chavez-Garcia and Carde-
nas-Soto, 2002; Ditommaso et al., 2010) have provided evi-
dence of both soil-structure interaction and of the influence of
a single vibrating building on the free-field ground motion.
Since Snieder and Safak (2006), several studies (e.g., Ditom-
maso et al., 2009; Picozzi et al., 2009; Newton and Snieder,
2012; Nakata et al., 2013, 2015; Rahmani and Todorovska,
2013; Nakata and Snieder, 2014; Cheng et al., 2015) have
focused their attention on the study of wave propagation
in buildings by using deconvolution interferometry. When
coupled with standard engineering approaches such as modal
analysis using frequency domain decomposition (Brincker
et al., 2001) or Fourier spectral analysis of an earthquake, ac-
tive and/or passive source measurements, this approach allows
the separation of the building’s dynamic behavior from that
arising from the soil-structure interaction. Deconvolution
interferometry has also been extensively applied to borehole

strong-motion data (e.g., Mehta et al., 2007a,b; Parolai et al.,
2009, 2010; Oth et al., 2011) to gain information about wave
propagation in the shallow geological layers. However, a full
picture of the wavefield propagation from the subsurface
through the structure and back to it, and an identification and
quantification of the wavefield radiated back from a structure
to the soil, can only be obtained if simultaneous recordings
from boreholes and instrumented buildings located nearby are
available and jointly analyzed.

In 2011, the German Research Center for Geosciences
(GFZ) installed a vertical array of six strong-motion sensors
in a 150-m-deep borehole in the city of Bishkek, Kyrgyzstan
(Parolai et al., 2013) within the framework of cooperation with
the Central Asia Institute for Applied Geosciences (CAIAG).
The borehole is located in the courtyard of CAIAG and the
nearby building of the institute is instrumented with seven Self-
Organizing Seismic Early Warning Information Network
(SOSEWIN; Fleming et al., 2009) sensors located at different
floors. The building is a three-story-reinforced masonry struc-
ture with a rectangular footprint. This 3D real-time sensor
network has recorded four local earthquakes with magnitudes
ranging between 4.8 and 5.2, which are particularly suitable for
a comprehensive analysis of wave radiation by means of
deconvolution interferometry.

In this study, the simultaneous recordings of earthquake
data by the vertical array and building sensors are jointly
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(left) Locations of the epicenters (circles) of earthquakes used in this study and listed in Table 1, and (right) the Bishkek vertical

array stratigraphic column. The triangles on the stratigraphic column mark the depths of the borehole instruments. The black lines show the

known faults in this area.

analyzed by deconvolution interferometry to estimate the
Green’s functions related to the wave propagation in the
borehole, through the building and back. In this way, an over-
all picture of the wave propagation is obtained and the wave-
field that is radiated back from a structure to the soil at
different depths is investigated and isolated. To interpret the
deconvolution interferometry results, numerical simulations
of ground motions are carried out, considering the building
structure to be described as a simple shear beam (Iwan,
1997). The synthetic seismograms calculated are then decon-
volved in the same way as the real data. The results are com-
pared with those obtained from the real data and discussed.
Finally, and innovatively, the proportion of the seismic wave-
field that is radiated back by the structure into the shallow
geological layers is estimated by, (1) the real input ground
motion (after downgoing waves reflected at the surface
and discontinuities between different soil layers and at the
top of the building are removed) at the bottom seismometer
and at 10 m depth is estimated and (2) the ground motion
relevant only to the downgoing waves radiated back by the
building is extracted from the recorded seismograms using
an approach similar to the constrained deconvolution pro-
posed by Bindi et al. (2010).

Array Description

A 150-m-deep borehole was drilled in the courtyard of
CAIAG in Bishkek (Fig. 1). The borehole is equipped with a
three-component accelerometer at the surface, and a chain of
five three-component borehole accelerometers at depths of
10, 25, 45, 85, and 145 m. The sensors are connected to two
24-bit digitizers. The output is set to £2g and the sampling
rate is 500 samples per second. The orientation of the sensor
components with respect to the cardinal points was obtained
by low-pass filtering the seismograms at 1 Hz (i.e., below the
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frequency affected by downgoing waves, following Parolai
et al., 2013) and rotating the recordings of each sensor with
respect to the recordings at the surface by steps of 1°. For
each rotation angle, the cross correlations are calculated and
the recorded components are rotated in the direction leading
to the maximal cross correlation. Finally, the borehole sen-
sors are oriented along the main building axes. The borehole,
cased along its entire length, crossed several quaternary
layers (Parolai et al., 2010, and references therein). In par-
ticular, the uppermost 80 m are dominated by alternating
layers of coarse gravel shingle and sandy layers with varying
thicknesses (Fig. 1), whereas below 80 m depth only one
thick gravel-shingle layer is present until the final depth. The
groundwater table was encountered at a depth of 55 m. Using
the deconvolution interferometry of only one event recorded
by a few borehole instruments, Parolai ez al. (2013) estimated
that the S-wave velocity in the shallowest 15 m is 500 m/s,
increasing to 700 m/s by a depth of 43 m, at which it in-
creases to 820 m/s until 75 m. Between 75 m depth and the
bottom of the borehole, an S-wave velocity of 1590 m/s was
estimated. These values are also in fair agreement with the
S-wave velocity estimated by Rayleigh-wave dispersion
curve inversion (Parolai et al., 2010). The quality factor for
S waves Qg was estimated to be around 5 for the shallowest
15 m and around 50 for the remaining investigated depth.
The CAIAG building (Fig. 2) is a three-story-reinforced
masonry structure with a rectangular shape, 37.81 m long
and 16.3 m wide and was built in 1975. The walls are made
of fired clay solid bricks and the lateral resistance is provided
by the walls themselves. The floor is made of concrete and
the floor system type can be described as a pre-cast concrete
floor with reinforced concrete topping. The roof is pitched
and hipped and made of wood covered by metal or asbestos.
Six SOSEWIN units (Fleming et al., 2009; Bindi et al.,
2015) are installed at the two edges of the three floors of
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Figure 2.

Self-Organizing Seismic Early Warning Information Network (SOSEWIN) installations in the Central Asia Institute for Ap-

plied Geosciences (CAIAG) building (black triangles) and borehole sensors (gray triangles). Top left panel, view from south; top right panel,

view from north; bottom panel, footprint.

the building, with one unit installed under the roof. These
units are equipped with a microelectromechanical systems
sensor with a sampling rate of 100 samples per second. A
detailed description of these units is provided by Fleming
et al. (2009). The data are stored locally and transmitted
in real time via the Internet to CAIAG and the GFZ.

Methodology

The deconvolution of ground motion recorded at a depth z1
with that at depth z2 can be written in the frequency domain as

_u(zl, o)
Cu(z2,w)’

S(w) (1)
in which u(z1, ) and u(z2, @) are the Fourier transforms of the
motions recorded at depths z1 and z2, respectively. However,
the deconvolution operation is applied to data corrupted by noise
and, therefore, this problem is ill-conditioned because small er-
rors in the data could lead to solutions that are unacceptable from
a physical point of view.
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To avoid this instability, a regularized Tikhonov deconvo-
lution S, (w) is used (Tikhonov and Arsenin, 1977; Bertero and
Boccacci, 1998; Mehta et al., 2007a,b; Parolai et al., 2009):

u(zl, w)

Ss(w) = We(w) M(ZZ a)) s

(2)

in which u(z1, ®) and u(z2, w) denote the Fourier spectra of
the deconvolved wavefield and

|u(22, )2

W) = o +e

3)
is the filter. € is the regularization parameter and refers to a
constant added to the denominator to prevent the numerical
instability of equation (1).

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, but with
their dependence on the analyzed component of ground ac-
celeration, no window selection was carried out. In this way,
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Table 1
List of Events used in This Study
ID  Origin Time (yyyy/mm/dd hh:mm:ss) (UTC)  Magnitude (M,,)  Latitude (°)  Longitude (°)  Depth (km)
1 2013/11/23 09:42:07 49 42.526 75.711 9.8
2 2014/11/14 01:24:15 5.2 42.093 77.262 10.0
3 2015/01/22 15:52:30 4.9 42.362 74.951 21.3
4 2015/03/15 14:01:03 4.8 43.073 76.911 27.9

the results obtained by deconvolving the horizontal compo-
nent of ground motion are expected to be related mainly to
the S-wave propagation function.

Data

In this study, the recordings of four earthquakes with
magnitudes ranging between 4.8 and 5.2 (Fig. 1 and Table 1)
that occurred in Kyrgyzstan and Kazakhstan between 2013
and 2015 are analyzed. Because of small ground motion of
the analyzed earthquakes, linear behavior can be assumed.

Figure 3 shows, as an example, the north—south compo-
nent of recordings of event ID 4 (Table 1), corresponding to
the transverse direction of the building. The modification of
ground motion at different depths is obvious, as well as the
larger level of shaking observable at the top of the building
(note in the figure the different scales used for plotting the
borehole and building data). The Fourier spectra amplitudes
of the recordings also show the frequency dependence of the
ground-motion variability at different depths and a clear res-
onant peak (likely corresponding to the first mode of the
structure at around 5 Hz). Because of the different quality of
the instruments used, the signal-to-noise ratio is higher in the
borehole recordings. The data collected in the building have
been reinterpolated to 500 samples per second to harmonize
them with those collected by the borehole array, before cal-
culating the Fourier transform.

Results

Joint Deconvolution

The existence of peaks in the acausal and causal part of
the deconvolved wavefields that can be related to upward and
downward propagating waves is obvious from Figure 3. The
spectra of the deconvolved wavefields show spectral troughs
at frequencies affected by the downward-going waves that
can be directly related to the travel times of the S waves in
the building-soil structure and therefore to their velocities in
each layer. Interestingly, the trough at 0 m depth occurs at
nearly 5 Hz (consistent with the resonant peak of the build-
ing, which is likely to correspond to the first translational
[and dominant] mode of the structure), whereas the first
spectral trough in the deepest sensor (145 m) occurs at
around 2 Hz. The spectrum of the deconvolved wavefield at
the reference station (station at the roof) is flat until 15 Hz,
where it starts to decrease, therefore indicating where the in-
fluence of the filter W, (w) is strongest.
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Figure 4 shows the deconvolved wavefield obtained for
the transverse direction of ground motion for all the events
listed in Table 1 (left) and the results obtained after stacking
(right). In the acausal part of the deconvolved wavefield re-
sults for the downhole seismometer, a clear upward propagat-
ing pulse can be identified (first black line). When the pulse
reaches the Earth’s surface, a part of the energy is reflected
back into the soil, as is clearly visible from the downward-
going wave pulse that can be followed until the deepest sensor
(black dashed-dotted line). The remaining part of the wave-
field is transmitted into the building and propagates until its
top (first black line), where it is reflected back (black-dashed
line). When reaching the Earth’s surface again, the waves are
transmitted into the ground (with a pulse that is then visible
until the deepest sensor) and, although less clearly visible,
reflected back (due to the impedance contrast between the
building with lower velocity and the soil material with higher
velocity) with a change of polarity in the building. We will
show later that two peaks belonging to different pulses overlie
each other (see also Appendix). As a matter of fact, the same
black-dashed line marks two different pulses. The velocity in-
side the building can be estimated from the arrival times of the
pulses at different floors, and is found to be around 300 m/s.

Differing from the cases of wave propagation in nearly
homogeneous materials, for example, in Parolai et al. (2009),
the acausal part of the signal is not dominated by a single peak
but by a couple of them (indicated by the black lines from
—145 to 0 m depth) moving in parallel along the time axes.

To better understand the wave propagation within the
soil-building structure, numerical simulations were carried
out using the Wang (1999) approach (and used in the forward
propagation part of the inversion code employed by Parolai
et al., 2012, 2013). The building structure was simulated by
considering a shear-beam approximation and therefore by
adding a layer with an S-wave velocity of 300 m/s, a density
of p = 400 kg/m?>, appropriated for this kind of reinforced
masonry structure, and a Qg of 10 (equivalent to a 5% damp-
ing), at the top of the soil structure. Although simple, it has
been shown that this model can capture the main features
observed in real data (far source) analyses. The S-wave
velocity and Qg profiles used were taken from the best ones
calculated by Parolai ez al. (2013). Figure 5 shows the propa-
gation of § waves with nearly vertical incidence between the
deepest borehole sensor and the top of the building.

Consistent with Parolai et al. (2013), part of the energy
of the upward-going S wave, when reaching the 75-m depth
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Figure 3. (a) North—south component (corresponding to the transverse direction of the building) recordings of the borehole acceler-

ometers (from —145 to 0 m) and the SOSEWIN sensors (2—13 m) of the M, 4.8 event that occurred on 15 March 2015 (ID 4, Table 1). Please
note the two different scales used for the plots, differing in a factor of 2. (b) Fourier amplitude spectra of the recordings, (c) deconvoled
wavefield using the recording at the top of the building as reference, and (d) the spectra of the deconvolved wavefields.

discontinuity between the loam and the gravel shingle, is
reflected back. The energy transmitted through the disconti-
nuity is propagated toward the surface where the first down-
ward-going wave is generated. The transmitted energy inside
the building propagates as an upward-going wave and
reaches the top of the structure where a second downward-
going wave is generated. When reaching the Earth’s surface,
the downward-going wave is both reflected back to the top of
the structure (with a change of polarity) and transmitted
down through the Earth.

Figure 6 shows the deconvolved wavefield results
obtained using the synthetic seismograms (gray) and the
observed data (black). The high level of similarity between
the two results is clearly visible, although, probably due to the
usage of a narrower frequency bandwidth for the analysis of
the observed data (f = 1-10 Hz) due to the signal-to-noise
ratio, the real data show a worse separation of the single peaks.
In any case, although the velocity of propagation of the
S waves in the deepest part of the adopted model for the syn-
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thetic seismogram seems to be slightly too low (note the slight
mismatch in the observed and calculated downward-going
peaks), the favorable comparison between the observed and
synthetic deconvolved wavefields allows us to assign univo-
cally each of the observed peaks to a particular up and down-
ward-going phase and to update the velocity model.

Estimation of the Wavefield Radiated Back to the
Soil

The first step in this section involves the more detailed
interpretation of the peaks obtained from the deconvolution
of the observed signals using the analytical transfer functions
derived for two- and three-layer building-soil structure (see
the Appendix for their derivation). When considering the soil
layer (and the sensors) above 75 m depth (two-layer model),
the double peak dominating the acausal part of the signal
(Fig. 6, black lines) can be explained by considering the first
one to be related to the upward-going propagation of the
wavefield (equation A4a), whereas the second (equation A4c)
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Figure 4. (Left panel) Deconvolved wavefields obtained for the
north—south component of ground motion arising from the four con-
sidered events (Table 1) using the recordings from the top of the
building as the reference. There is only one line at 6 m, because the
sensor at the 2nd floor had some problems and hence, registered
only one of the four analyzed earthquakes. (Right panel) The results
obtained after stacking the results shown in the left panel. The up-
ward-going waves (black lines), the downward-going waves re-
flected at the interface at 75 m depth (black-dotted line), at the
Earth’s surface (black dashed-dotted line) and at the top of the build-
ing (dashed line) are also shown.

is necessary when backprojecting the recordings at the roof
to the borehole. In fact, because the recordings at the roof are
affected by multireflections within the building, the effect of
these multiple reflections (not existing in the acausal part of
the signal) must be removed. Hence, for reconstruction of the
real input ground motion, both acausal peaks (black lines,
equation A4a and A4c) have to be taken into account. The
first peak in the causal part of the deconvolved wavefield
(black dashed-dotted line, equation A4b) is related to the
downward-going wave reflected from the surface, whereas
the second one (black-dashed line, equation A4d) is associ-
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Figure 5. (Left panel) Synthetic seismograms showing the

propagation of S waves with nearly vertical incidence between
the deepest borehole sensor and the sensor at the top of the building.
(Right panel) Vg structure used for the simulation (velocity model
Vg for the soil from Parolai et al., 2013, V¢ for building layer esti-
mated by the use of the interferometric approach).

ated with the downward propagation of the wavefield cap-
tured within the building (which acts as a soft, i.e., low
velocity, layer). This peak (black-dashed line, equation A4d)
overlaps with the peak arising from the part of the energy
missing in the rooftop recording (the reference) due to the
reflection at the Earth’s surface (equation A4e), which should
be accounted for to correctly reconstruct the borehole record-
ings when projecting back the recordings on the top. To
reconstruct correctly the downward-going wavefield amplitude,
we have to separate the contribution of the two different waves
to the retrieved wavefield through the consideration of their rel-
ative importance directly from the terms 0.5(1 — r) (equa-
tion A4d) and r?/[2(1 + r)] (equation Ade) in the Appendix.

When considering the soil layer (and the sensors) below
the 75 m discontinuity further, the downward-going wave
reflected at the 75-m-deep discontinuity is shown by a dotted
black line (Fig. 6). In the case of the synthetic data, the down-
ward-propagating wave can be easily tracked because seis-
mograms were calculated every 5 m. Because in the borehole
installation there are only sensors at 85 and 145 m depth, and
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Figure 6. Deconvolved wavefield obtained by the use of syn-
thetic seismograms (gray) and the observed data after stacking the
results of all events (black). The upward propagating waves (black
lines), the downward-going waves reflected at the interface at 75 m
depth (black-dotted line), at the Earth’s surface (black dashed-dotted
line) and at the top of the building (dashed line) are also shown.

by chance due to the propagation velocities, the second peak
in the acausal part (second black line) interferes with the
downgoing wave reflected at 75 m depth (dotted black line),
these two peaks cannot be separated.

In our case, considering the identified main discontinu-
ity at 75 m depth, the underground structure can be approxi-
mated by a layer (from 0 to 75 m) over a half-space with
different characteristics. We obtain for the transfer function
for the three-layer model, consisting of a building layer, a
soil layer from O to 75 m, and the half-space (deviation
shown in the Appendix) two peaks, one arising from the part
of the energy missing in the top roof recording due to the
reflection at the discontinuity at 75 m depth (equation A9j),
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and the other arising from the part of energy missing in the
top roof recording due to reflection at the Earth’s surface
(equation A9i) that are overlying the peak of interest belong-
ing to the downward-going wavefield radiated back from the
building (equation A9k; Fig. 6, black-dashed line). To cor-
rectly retrieve the amplitude of the wavefield of interest (i.e.,
the wavefield propagated back into the Earth after propagat-
ing through the building), a factor taking into account the
relative importance of the contributions of the three waves
has to be calculated. Considering also the building, the
whole Earth plus building structure can be described by a
three-layer model with velocities vyyiiging = v, = 300 m/s,
Vsoil, = Vs, = 870 m/s, and vy, = v,, = 1400 m/s esti-
mated by the results of deconvolution interferometry. The den-
sity of the building layer is computed to be p;, = 400 kg/m?,
and of the two soil layers as p; = 1800 kg/ m’ and
ps, = 2100 kg/ m>. Considering these parameters and the
terms r2r,/[2(1 + r1)(1 + r5)] (equation A%), [73(1 = r\)]/
[2(1 + rp)] (equation A9j), and 0.5(1 — r)(1 — r,) (equa-
tion A9k) in the Appendix, it is estimated that 24% of the
wavefield that can be retrieved in the third layer will be due
to the wavefield radiated back from the structure.

In the seismic recordings, to quantify the part of the
wavefield radiated back from the building to the soil, the real
input (i.e., only the incoming waves from the event itself,
without the downgoing waves reflected at the interfaces of
the soil layers, the Earth’s surface, or the top of the building)
at the deepest borehole sensor must be isolated first. Then,
the portion of the wavefield describing the propagation from
the building to the ground needs to be identified by the part
of the deconvolved wavefield associated with the downward
propagating waves from the building (Fig. 6, black-dashed
lines).

Both the real input and wavefield radiated back from the
building to the soil is estimated with an approach similar to
that proposed by Bindi er al. (2010), that is, a constrained
regularized scheme (projected Landweber method) is applied
(Bertero et al., 1997; Bertero and Boccacci, 1998). For the
most appropriate reconstruction of the wavefield radiated
back from the building to the soil (in terms of absolute am-
plitude), as indicated in the previous paragraph, the contri-
bution to the retrieved wavefield should be estimated by
considering the main impedance contrasts in the whole build-
ing-subsoil structure.

In Bindi et al. (2010), the first peak in the acausal part of
the deconvolved wavefield alone is associated with the real
input ground motion and can be used to reconstruct the input
wavefield by convolution with the recordings at the surface.
In our case, differently from Bindi et al. (2010), as shown in
the previous section, the recordings on the top of the building
are affected by multiple reflections, and both acausal peaks
have to be used to retrieve correctly the real input ground mo-
tion. Moreover, as presented already in Parolai ef al. (2013),
part of the energy of the upward-going S wave is reflected
back at the 75-m-deep discontinuity between the loam and
the gravel shingle. The peak of this downward-propagating
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(Left panels) Ground motion recorded at the free surface (top), at 145 m depth (middle), and the reconstructed input motion at

145 m depth (bottom) for event ID 4 (Table 1). (Right panels) Corresponding Fourier spectra of ground motion recorded at the surface (top),

145 m depth (middle), and of retrieved input motion (bottom).

wave reflected at 75 m depth (Fig. 6, black-dotted line) over-
laps with the second acausal peak (Fig. 6, second black con-
tinuous line) at 145 m depth. Therefore, the free-surface
recordings obtained for a station outside of the building
structure (sensor at 0 m of the borehole installation) were
used as a reference for the interferometric approach (analog
as in Bindi et al., 2010), that is, only the borehole sensors are
used to retrieve the real input ground motion. The acausal
part of the stacked deconvolved borehole wavefield is hence
easily extracted and used to reconstruct the input ground mo-
tion in the borehole.

Figure 7 (left panels) shows, as an example, the recorded
ground motion at the free surface and at 145 m depth, as well as
the retrieved real input ground motion at 145 m depth for event
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ID 4 (Table 1). The corresponding Fourier spectra are shown in
the right panels. A clear modification of the recorded spectra at
145 m is visible. In particular, at around 2 Hz, the spectral
trough, related to the downward-going waves, disappears.

To obtain the ground motion arising from the wavefield
radiated back by the building structure into the soil at each
depth, the deconvolution interferometry is performed using
the recordings at the top of the building as reference. The
downward-going wavefield is reconstructed by the convolu-
tion of the recordings at the top of the building and the second
peak in the causal part of the deconvolved wavefield using the
Bindi et al. (2010) approach. In this case, the solution was
constrained to be defined in a time interval t = 0.16-0.3 s
for the recordings at 145 m depth and r = 0.01-0.2 s for
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(Left panels) Ground motion recorded at the roof of the building (top), and the retrieved wavefield radiated back from the building

at 10 m depth (middle) and at 145 m depth (bottom) for event ID 4 (Table 1). (Right panels) Corresponding Fourier spectra of ground motion
recorded at the roof (top), and of the retrieved wavefield radiated back from the building at 10 m depth (middle), and 145 m depth (bottom).

the recordings at 10 m depth. As mentioned before, the am-
plitude of the wavefield has to be further corrected to consider
the appropriate amplitude of the used Green’s function.

Figure 8 (left panels) shows, as an example, the recorded
ground motion at the top of the building, as well as the re-
trieved wavefield radiated back from the building at 10 and
145 m depth for the case of event ID 4 in Table 1. The cor-
responding Fourier spectra are shown in the right panels.
Clearly, the energy radiated back from the building is con-
centrated around 5 Hz and is likely to correspond to the first
bending (and dominant) mode in the transverse direction of
the structure.

Figure 9 shows the input ground-motion spectra and the
spectra of the downward-going waves radiated back from the
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building to the soil at 10 and 145 m depths for the four an-
alyzed events. In all cases, independent of the spectral shape
of the input, a large spectral peak in the downward-going
wavefield recording is observed. The amplitude of this peak
is clearly diminishing with increasing depth and is smaller
than that observed at the top of the building (see for com-
parison Fig. 8 for event ID 4).

Discussion and Conclusions

In this study, we present the results of an innovative
deconvolution wavefield analysis of simultaneous borehole
and building recordings. Our results show that it is possible
to separate the different components of seismic motion and
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at —145 m (dark gray) for the four events. (a) M, 4.9 event (23 November 2013), (b) M, 5.2 event (14 November 2014), (c) M, 4.9 event

(22 January 2015), and (d) M,, 4.8 event (15 March 2015).

to quantify them. For example, after having integrated the
velocity spectra of Figure 9 over the 1-10 Hz frequency band
(the same used for the deconvolution), the spectral energy was
calculated. The results show that in this case, the energy radi-
ated back by the structure at —145 m corresponds in average
to nearly 10% of the energy contained in the real input ground
motion within the selected frequency band. When considering
the recordings at a 10 m depth, the effect of the wavefield radi-
ated back by the building is larger, leading, on average, to a
40%-50% energy ratio in the selected frequency band.

The potential of the method proposed by Bindi et al.
(2010) to reconstruct different components of the wavefield
(in the linear regime), even for complicated underground
velocity structures and without a priori knowledge of the
velocity and independent knowledge of the quality factor
Q of the subsurface, was shown. Only the information about
the velocity (which can incidentally be estimated directly by
the deconvolution interferometry) and density (mainly of im-
portance for the building structure, but that can be easily es-
timated) are needed.

These results, although preliminary, highlight, consis-
tent with results of numerical simulations (Bard et al.,
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1996; Semblat et al., 2004), that the amount of energy radi-
ated back from a structure to the Earth is not negligible and
the interactions between nearby buildings are possible. The
example considered here is typical for a structure with lower
wave velocity than the soil. Analysis of different situations,
in which the building structure shows a velocity similar to
or lower than the shallow geology layers, is necessary and
underway. Furthermore, in this study, only far-source record-
ings are considered and in the future, when available, the
analysis of near-source recordings will be necessary to better
understand soil-structure interactions during strong ground
shaking. In addition, studying the nonlinear behavior of both
building and ground by the analysis of strong-motion record-
ings might also be an interesting issue for the future. Finally,
it is worth mentioning that the influence of the torsional
mode of the building onto the deconvolved wavefield is not
well studied as of yet; further analyses are needed to under-
stand its influence in detail.

The potential to better understand city—soil interactions,
possibly through multiple borehole-building network instal-
lations, is obvious and is perhaps one of the main challenges
of the engineering-seismology community for the future.
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Data and Resources

The seismograms used in this study were collected by
downhole accelerometers (located at different levels within a
150-m-deep borehole in the vicinity of the main building of
the Central Asia Institute for Applied Geosciences [CAIAG]
in Bishkek) and the Self-Organizing Seismic Early Warning
Information Network (SOSEWIN) sensors (located at differ-
ent floors in the CAIAG building, http://lhotse21.gfz-potsdam.
de/nagvis/frontend/nagvis-js/index.php?mod=Map&act=view
&show=bishkek, last accessed February 2016). These instru-
ments were installed by the German Research Center for Geo-
sciences (GFZ) in cooperation with CAIAG and the data
cannot be released to the public.
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Appendix

Transfer Function for Two-Layer Model

We are considering a building assumed to be described
by the shear-beam model and hence modeled as a layer over
a soil layer as schematically shown in Figure Al. We are
interested in calculating the transfer function x(w)/y(w)
from the Fourier transforms of x(¢) and y(z). The reflection
coefficient r for the upgoing waves is defined as

= PsUs — PpUp — c—1
PsUs + PrUp c+1 '

(A1)

in which p, and p, are the density of the soil and building
layer, respectively. v, and v;, are the shear-wave velocities in
the soil and building layer.

The Fourier transform x(w) of x(¢) at the soil station can
be written as

(@) = xo(@) + rxo(w)e S

+ 0.5y(w)(1 - r)e_i4”f(é_]1+;_22). (A2)
Xo(w) is the Fourier transform of the incident wave, 7; and 7,
are the travel times for wave propagation from the top of the
building to the impedance contrast (building-soil discontinu-
ity), and Q; and Q, are the quality factors of the building and
soil layer, respectively.

The Fourier transform of the recording at the top of the
building y(w) is given after some mathematical steps as

201+ r)xo(a))e_iZ”f (o,+2)

L
1 + re” ™2

y(w) (A3)

The transfer function x(w)/y(w) is finally obtained, analo-
gous to Safak (1997), as

% _ ﬁ —i2nf(—g—3) (Ada)
n 2(1—:0 e 2oy (A4b)
n r’ﬂ) e~ (Gg; (Adc)
+0.5(1 = e 2@t (A4d)
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Building layer hy  Qy,pp,vp 71 = hy /vy

hy Q2 ps, Vs, T2 = hy /s

Soil layer

A x(t)

Figure Al. The two-layer model, consisting of the building
layer overlying the soil layer (a half-space), with recordings y(r)
at the top of the building and recordings x(#) in the soil layer.

Ad

Building layer hy  Qq,pp, vy, T1 = hy /v

hy, Q2 ps, Vs, T2 = hz/']s1

1% soil layer

hy Q3 Ps, Vs, T3 = h3/052

2" soil layer

A x®

Figure A2. As in Figure Al but for the three-layer model made
up of the building layer over two soil layers (in which the first soil layer
is from 0 to —75 m and the second soil layer is a half-space below
—75 m) for simplifying the building-subsurface structure in Bishkek.

2 Tl E
r —12ﬂf(Q—]l+Q—22

+ ) (Ade)

Transfer Function for Three-Layer Model

The layer structure, with the first layer representing the
building, is shown in Figure A2. The reflection coefficients
r; and r, at the two impedance contrasts for the upgoing
waves are defined as

_ pS2 vsz - psl vsl

ry = (AS)
ps2 Usz + ps, ’Ux]
Vg, — v
r, = ps] K] PbUp ) (A6)
ps] Usl + PuUsp

in which p,, is the density of first soil layer, py, is the density
of second soil layer, p,, is the density of building layer, vy, is
the velocity in first soil layer, vy, is the velocity in second soil
layer, and v, is the velocity in building layer.
The Fourier transform of x(¢) (of a sensor installed in the
second soil layer) is given as
—idnf
x(w) = xo(@) + rixg(w)e 0
(1 + r)xp(w)e” @)
+ T
—i an—Z

r(1 = rl)e_iZ”f(é_]lJr%)
1 =+ re

+0.59(@)(1 = r)(1 = r)e 2 @tate) (A7)
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in which 7 is the time of wave propagation from top to bot-
tom of the building, 7, is the time of wave propagation from
top to bottom of first soil layer, 75 is the time of wave propa-
gation from discontinuity to sensor at a certain depth in the
second soil layer, O, is the quality factor of building layer,
0, is the quality factor of first soil layer, and Q5 is the quality
factor of second soil layer.

The Fourier transform of the recording at the top of the
building, y(f) can be obtained after some mathematical steps
by

20+ )1+ 1) xo(w)e @Gy

I — (A8)
(1 + rle—t4an—22)(1 + r26—14an—]l)

y(®)

Finally, the transfer function x(®)/y(w) can be obtained by

TR e e I
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