Bulletin of the Seismological Society of America, Vol. 106, No. 6, pp. —, December 2016, doi: 10.1785/0120160057

Experimental and Numerical Evidence of the Clustering Effect of Structures

on Their Response during an Earthquake: A Case Study of Three

Identical Towers in the City of Grenoble, France

by Philippe Guéguen and Andrea Colombi

Abstract In this article, interpretation of an equivalent to a macroseismic intensity
survey, performed in three identical stand-alone buildings located in Grenoble, France,
after an M 4.1 earthquake, reveals a clustering effect, resulting in different levels of
perception of seismic loading by inhabitants. The clustering effect is confirmed using
numerical simulation; the variation of the seismic response of the building in the middle
of the cluster depends on the azimuth of the seismic source relative to the building
cluster. The major effect is the splitting of its resonance frequency, accompanied by a
decrease in vibration amplitude. We conclude that clustering has an impact on urban
effects, calling into question the validity of seismic design, which considers buildings in
urban areas as stand-alone constructions, and the interpretation of macroseismic inten-
sity surveys conducted in dense urban areas.

Introduction

On the scale of the city, seismic risk analysis requires as-
sessment of seismic ground motion, including site effects, and
of structural response. These ingredients are essential to
implement management strategies and to reduce human and
economic losses. These two elements are often analyzed inde-
pendently; that is, ground motion is analyzed without includ-
ing the urban elements (structures and infrastructures) as
secondary sources contaminating the seismic input motion,
and the structures are considered as stand-alone constructions,
ignoring possible interactions with their urban environment.

Nonetheless, it has long been known that surface hetero-
geneities can significantly alter incident wavefields by am-
plifying the seismic ground motion in the presence of site
effects or by modifying the boundary conditions of the sys-
tem. For example, the impedance contrast between soil and
foundation is at the origin of the kinematic soil-structure in-
teraction (KSSI; Kausel, 2010). The interaction introduces
scattering and resonant phenomena over the length of the
foundations (Stewart and Fenves, 1998) that can pollute
the incident wavefield. In such cases, KSSI modifies the re-
sponse of neighboring buildings (Wong and Trifunac, 1975).
This effect is exacerbated in the presence of a strong imped-
ance contrast between the soil and the foundations. On the
other hand, Jennings (1970), Kanamori et al. (1991), Gué-
guen et al. (2000), Cornou et al. (2004), and Kim et al.
(2001) identified waves in seismic ground motions recorded
in urban areas or close to buildings. These waves are gener-
ated by structure vibrations, due to inertial soil-structure in-
teraction (ISSI). ISSI generates waves that are diffracted back
into the ground and superimposed upon the seismic input

ground motion. For the aforementioned observations, the
structures were excited by internal or external forces applied
at the top, and the wave diffracted into the soil was easily
identifiable on the recording stations. This is not a local phe-
nomenon, because Kanamori et al. (1991), Favela et al
(2002), and Kim et al. (2001) have observed ISSI at distances
of over 50 km. These observations have been confirmed by
simplified 2D numerical modeling (Wirgin and Bard, 1996)
and generalized to a building cluster simulating a city (Kham
et al., 20006, Isbiliroglu et al., 2015), reproducing, in some
cases, the unusually long and monochromatic waves ob-
served in Mexico City in 1985 (Singh et al., 1988).

This effect is not negligible and raises the question of
how the response of the sedimentary sites and structures can
be polluted by the redistribution of seismic energy on the
surface of the city. In Japan, in 1935, Sezawa and Kanai
(1935) noticed that attenuation of the earthquake effects over
distance seemed more important at the outskirts of towns,
and they attributed this observation to local coupling be-
tween the city and the soil. Guéguen et al. (2002) simulated
the contribution of the Roma Norte district of Mexico City to
the total seismic ground motion. They showed that site
effects evaluated using the standard site-to-reference spectral
ratio method cannot be explained without taking account of
the urban layer. They called this phenomenon site—city inter-
action. Kitada ef al. (1999) also showed experimentally that
for two close structures, structure—soil—structure interaction
changed the dynamic response of the structures themselves,
particularly by splitting their fundamental frequency, that
is, generating monochromatic beats in the time-domain
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(a) Position of the building cluster in Grenoble’s city. BD, MB, and VE are the Belledonne, Mont-Blanc, and Vercors towers,

respectively. OGSR is the permanent accelerometric station from the French Accelerometric Network (Péquegnat er al., 2008). White crosses
show the position of the horizontal-to-vertical (H/V) spectral ratio computed using ambient vibration. (b) Mean value of the H/V spectral ratio
using ambient vibrations (upper row) computed at the bottom of the BD, MB and VE towers in the free field (processing as described in
Guéguen et al., 2007), and mean value of the H/V spectral ratio using earthquake data (lower row) recorded at OGSR since its operation
(= standard deviation). (c) Time histories of acceleration recorded at the OGSR station during the 2014 M| 5.1 earthquake in the east (HNE),
north (HNN), and vertical (HNZ) directions and the time—frequency distribution of the HNE component. Maximal acceleration is indicated
on the right side of the figure. The color version of this figure is available only in the electronic edition.

structure response. This observation has been confirmed by
centrifuge tests and numerical modeling (Bard et al., 2008),
and by numerical modeling applied to a building pair during
the 2002 Molise earthquake (Laurenzano et al., 2010). At the
scale of a city composed of a multitude of resonant struc-
tures, it is easy to imagine strong coupling between the multi-
ple structures and the soil, redistributing the incident seismic
energy. This raises questions concerning the validity of seis-
mic ground-motion assessments in urban areas, the under-
standing and interpretation of site effects observed during
earthquakes, and the design capacity of structures if urban
environment effects are ignored. This group effect has al-
ready been described in physics through the concept of meta-
materials (e.g., Colombi et al., 2014). Applied to geophysics,
these metamaterials cause a redistribution of seismic wave
energy, such as forbidden frequency bands, for example,
or bandgaps (Brllé et al., 2014; Nicoletti, 2014; Colombi
et al., 2016).

The purpose of this article is to analyze an observation
reported in Grenoble, France, during an earthquake, inter-
preted as being the consequence of the dynamic coupling
within a building cluster.

Observation of the Coupling in Grenoble

The genesis of this article comes from an observation
made on three identical towers located in Grenoble, France,
during an earthquake (Fig. 1). In 2014, an M| 4.9 earthquake
occurred 100 km south of Grenoble in the swarm region of
Ubaye (Courboulex et al., 2013; Courboulex et al., 2014).
An accelerometric station (OGSR) of the permanent French
Accelerometric Network (Péquegnat et al., 2008) located in
the vicinity of the towers (Fig. 1a) recorded weak horizontal
peak ground acceleration of 2.5 cm/s?. The Y-shaped sedi-
mentary basin of the Grenoble valley, composed of thick (up
to 1 km), soft glacio-lacustrine deposits, generating major
low-frequency site effects, is well known in Grenoble
(Lebrun et al., 2001; Guéguen et al., 2007). Seismic ground
motion is systematically amplified throughout the basin, be-
tween 0.3 and 5.0 Hz by a factor of 5 to 10, as a consequence
of the 3D effects of the valley (Cornou and Bard, 2003).
People in Grenoble’s tall buildings always feel earthquakes
significantly. This was particularly the case during the 2014
earthquake for the inhabitants of the three towers. These
residential buildings located in the center of the basin and
consisting of 29 floors are perfectly identical in shape and
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design. They are 98 m tall, 60 m long, and 43 m wide, and the
center-to-center distance is approximately 100 m. They are
aligned in a N30°W direction at an angle of NO°, with the
Vercors (VE) and Belledonne (BD) towers located at either
end and the MontBlanc (MB) tower in the middle. The foun-
dations are identical: shallow foundations embedded on two
basements (H = 6 m), anchored on a stiff sand and gravel
layer present at 6 m deep, corresponding to the fluviatile de-
posits present almost everywhere in the Grenoble basin. Site
response was computed using the conventional horizontal-
to-vertical (H/V) spectral ratio using ambient noise, recorded
on the ground at the bottom of the towers, and the H/V
spectral ratio using earthquake data recorded at OGSR (see
Guéguen et al., 2007, for description of the processing). We
observe a very homogenous site response in the area covered
by the towers (Fig. 1b). Amplification at 0.4-0.5 Hz was
observed, corresponding to the deep basin response (Gué-
guen et al., 2007). A second amplification was observed at
about 8-10 Hz, corresponding to the response of the upper-
most sediment overlaying the stiff sandy-gravel layer. The
overlying layer consists of soft clay materials (Vg of about
200 m/s), giving peak amplification at 8.3 Hz, according to
the conventional 1D relationship for site amplification
(f = Vg/4H). We also observe (Fig. 1c) that maximum
seismic energy is concentrated between 1 and 8 Hz, with the
maximum at 2 Hz, corresponding to the arrival time (80 s) of
the S waves.

Immediately after the earthquake, a local survey, based
on the protocol used for macroseismic intensity analysis
(Griinthal, 2011), was conducted among the inhabitants of
the three towers. This microseismic survey (by analogy with
macroseismic surveys) was similar to the “Did You Feel It?”
form of most seismological surveys (Atkinson and Wald,
2007; Sbarra et al., 2010; Wald et al., 2012). We used
the iconographic representation originally proposed by the
French Central Bureau for Seismology (BCSF) of Strasbourg
University and shown on the SismoCom mobile tool for how
the quake was felt (Sira et al., 2010). Several images repre-
senting the severity of the shaking, according to the obser-
vations and perceptions of inhabitants, are proposed to
classify the level of vibration in the structures. No damage
was observed, and only the images corresponding to the first
four levels of intensity were distributed to inhabitants, who
were asked to select the image that best represented what they
felt and to indicate their location in the building at the time of
the earthquake. In total, 126 people responded, that is, 41, 36,
and 49 for towers MB, BD, and VE, respectively. The repre-
sentation of the microseismic intensities in each tower is
shown in Figure 2a. Except for a few cases, at least one ques-
tionnaire per floor was returned, and some inhabitants an-
swered that they did not feel the shaking. The quality of the
results of such surveys depends on their completeness and
bias, because response is spontaneous (Mak and Schor-
lemmer, 2016); this quality is not discussed herein. The
microseismic intensity survey ranged from grades 0 to 4, cor-
responding to not felt, slight, weak, moderate, and significant

feeling. For each floor (Fig. 2a), the mean value of the re-
sponses collected in the towers was computed and ranged
from O to 3. The earthquake was felt more on the intermedi-
ate floors, between 10 and 20, where the highest perceived
intensities were concentrated. Second, starting from the
premise that the perceptions of the inhabitants are directly
related to the amplitude of the vibration, we assume larger
vibrations in the BD and VE buildings, located at the ends
of the cluster. The highest intensities are of the order of 2,
with some reaching 3. In MB, the amplitude was lower,
reaching only intensity 1.

These towers have been the subject of numerous studies
for several years. In particular, ambient vibration-based
methods have been applied to the towers to evaluate their
modal response (Mikael er al., 2013; Valla et al., 2014).
Two approaches have been applied, the first consisting in
computing the Fourier spectrum of ambient vibrations re-
corded at the top of the building in the transverse (T) and
longitudinal (L) directions; the second by applying fre-
quency domain decomposition (FDD, Brincker et al., 2001)
with ambient vibrations recorded on 15 different floors in
MB to identify the modal shapes linked to each modal fre-
quency. The experimental protocol is described in Michel
et al. (2010): a Cityshark II acquisition system and six Len-
nartz 3D 5 s velocimeters were used, keeping a reference
sensor at the top of the building. Several sets of 15-min-long
recordings (200 samples per second) were made, moving the
velocimeters along the height of the building. The singular
value decomposition used for FDD was then obtained by
merging all the sets after normalization based on the top re-
cording. Fourier transforms of ambient vibrations recorded at
the top of the buildings using a single station and the result-
ing mode shapes analysis by FDD applied to the MB tower
are displayed in Figure 2b and 2c, respectively. The thin
dashed vertical lines show the resonance frequencies ob-
served in the three towers. At first glance, we observe that
the VE and BD towers have the same resonance frequencies
compared to the MB tower. For the MB tower, the first two
horizontal modes (Fig. 2b) were 0.65 (label 1), 2.55 Hz (label
4) and 0.84 (label 2), 2.54 Hz (label 4) in the east—west and
north—south directions, respectively. An additional torsion
mode at 0.96 Hz (label 3) was also observed in MB, and
a second horizontal harmonic mode at 5.8 Hz (north—south)
and 5.5 Hz (east—west) is also reported in Figure 2b. The
three resonance frequencies correspond to horizontal bend-
ing modes, with mode shapes corresponding to the bending
model (Fig. 2c). Mode shapes were extracted by FDD, and
we observe that the second mode, corresponding to 2.5 Hz,
has a node located on the fourteenth floor, with maximum
amplitude between the tenth and twelfth floors. Similar mode
shapes were obtained by Valla et al. (2014) for the VE and
BD towers, using ambient vibration-based methods, confirm-
ing the similarity in design of the three towers. However,
some variations in frequency values are observed because
of unavoidable imperfections and variations in design or con-
struction when the three towers were built: 0.68 (label 1) and
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Figure 2.

(a) Results from the microseismic intensity survey performed in the three towers (N/A: not available data). Numbers to the right

of each tower indicate the number of questionnaires collected per floor. (b) Normalized Fourier spectra amplitude of ambient vibrations
recorded at the top of the buildings in the longitudinal (north—south) and transverse (east—west) directions. Thin dashed vertical lines show the
positions of the modes discussed in the article. (c) Shapes of the three first modes of the MB tower obtained using operative modal analysis
methods based on ambient vibrations (frequency domain decomposition, Brincker et al., 2001), normalized by the top amplitude.

2.73 Hz (label 4) in the east-west direction, 0.90 (label 2)
and 3.21 Hz (label 5) in the north—south direction, and
1.0 Hz (label 3) in torsion for BD; 0.65 (label 1) and
2.67 Hz (label 4) in the east—west direction, 0.85 (label 2)
and 3.19 Hz (label 5) in the north—south direction, and
0.95 Hz (label 3) in torsion for VE. As for the microseismic
study, the dynamic response of MB differs from the responses
of the other two towers, with significant coupling of the two
horizontal modes, a less acute torsion mode and a shift of the
second horizontal mode (label 4) toward the lowest frequen-
cies in the north—south direction.

For the inhabitants of VE and BD, the largest amplitude
of vibration was felt between the tenth and twentieth floors,
corresponding to the node of the second horizontal mode
shape. As aforementioned, the largest amplitude of the seis-
mic ground motion recorded by the closest station is centered
on 2 Hz (Fig. 1c¢), close to the frequency of the second mode.
We can assume exacerbated excitation for this mode due to
resonance effects between the input seismic ground motion
with the building response, without direct contribution of the
site effects at this frequency, and comparable to the outcome

of the microseismic survey. Several reasons can be proposed
to explain the differences observed in the dynamic response
and the microseismic survey between MB, VE, and BD. Un-
expected differences in the design and variations of ageing
effects between towers may be part of the explanation. How-
ever, it is interesting that this difference appears in the middle
tower, that is, where the only noticeable difference is its sur-
rounding urban environment. Being inserted between the
other two towers, BD and VE, may affect MB and, as shown
by Kitada et al. (1999) and Bard et al. (2008), could alter its
spectral response. Without the 2014 earthquake recordings in
the three towers, this coupling, also observed in the micro-
seismic survey, cannot be confirmed. We will therefore use
numerical modeling techniques to try to confirm the struc-
ture—soil-structure interaction that may exist.

Numerical Modeling

Numerical simulations are computed with SPECFEM3D
(Peter ef al., 2011). The viscoelastic wave equation is time
integrated on the model using a high-order spectral element
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Figure 3. Numerical model of the elastic half-space and the
three towers used in the simulations. The velocity model of the half-
space as well as the meshing strategy are highlighted in the insets.
The source is located on the west side with respect to the building
cluster. The superscript * means numerical buildings. The color
version of this figure is available only in the electronic edition.

method in space and a second-order time-difference scheme.
This method has proven to be highly accurate and perfectly
scalable on parallel computers and has a long history of suc-
cess in modeling seismic wave propagation (e.g., Padovani
et al., 1994, Fichtner et al., 2009; Peter et al., 2011). In the
numerical model, the three towers are located on top of a
1.2 x 1.2 km square half-space, 200 m deep (Fig. 3). The
size and spacing of the towers are accurately modeled, re-
specting the in situ scale dimension. The model is discretized
with hexahedra using the CUBIT software package. To en-
able the inclusion of Love waves in the simulations, as well
as Rayleigh and SH waves, a low-velocity layer is introduced
in the subsurface. Thus, while the background shear-wave
velocity Vg in the half-space is set to 400 m/s, and the qual-
ity factor Q is 60, that is, average values for the Grenoble
basin taken from previous studies (e.g., Guéguen et al.,
2007), the first 30 m of the half-space are characterized by
the velocity profile depicted in Figure 3. The quality factor in
this layer is reduced to 30, whereas the density p is set to
2000 kg/m? for the whole half-space.

To simulate the unboundedness of the domain, perfectly
matched layers are applied to the side and bottom surfaces of
the half-space, whereas the top layer is traction free. Nonlinear
coupling between soil and foundations cannot be included,
because we are modeling linear elasticity (and attenuation).
We can, however, account for the scattering effect produced
by the foundations on the wavefield at the surface by inserting
a 6 m deep heterogeneity with V¢ = 1000 m/s beneath each
building (same cross section) to represent the deep foun-
dations.

The towers have a rectangular cross section and dimen-
sions respecting in situ scale. The material properties of the
towers (p = 250 kg/m3, Vp = 1350 m/s and V¢ = 650 m/s)
are calculated to reproduce the first two horizontal fundamental

modes (the most relevant to this study). To facilitate meshing,
the towers are rotated and aligned with the side of the half-
space that corresponds to the in situ orientation and alignment
of the three towers. Given the rectangular cross section, there
are slight, though unavoidable differences between the east—
west and north—south responses. The first two modes for the
north—south direction, numerically calculated, are 0.75 and
2.65 Hz, whereas for east-west, they are 0.5 and 2.1 Hz.
Building damping (Mikael et al., 2013; Valla et al., 2014)
translates into a quality factor Q = 10 corresponding to an
equivalent critical damping equal to 5%.

To evaluate the effects of the VE and BD towers on MB,
two meshed models were generated. Model 1 only features the
stand-alone MB tower and is used to calculate the reference
response of the buildings. The three towers are present in
model 2 and correspond to the building cluster in Grenoble.
Simulations were run in parallel on 64 cores to compute
30-s-long synthetic seismograms. First, we considered a
source located to the west of the numerical domain, that is,
in a direction perpendicular to the cluster (Fig. 3). The forcing
vector is tilted to excite motion along the three orthogonal
directions and is driven by a Ricker source time function
(amplitude 10° N) centered at 2 Hz.

Figure 4a shows the transfer functions between one
point in the center of the top of the tower and one located in
the center of the base. Figure 4b shows the Fourier spectrum
of the building motion calculated in the East direction (X-di-
rection) at the top of the MB tower for models 1 (stand-alone)
and 2 (cluster). Transfer functions were calculated using a
conventional water-level (wl = 10%) deconvolution method
(Clayton and Wiggins, 1976). The difference between the
transfer function and the Fourier spectrum reflects the differ-
ence between the system response (including soil—structure
interaction) and the so-called pseudoflexible response of the
building, including the rocking motion of the foundation.
Numerical resonance frequencies were observed at 0.4 Hz
for the fundamental (first) mode, and at 2 and 5 Hz for the
second and third modes, respectively. These values fit the
conventional series of frequency ratios when modeling
structures as a continuous Euler—Bernoulli beam, that is,
fo/f1 =[(@2n—1)/1.194]>, with f, the fundamental reso-
nance frequency and n the higher modes (Clough and Pen-
zien, 2003). The slight reductions in frequency compared
with the target numerical values (i.e., 0.5 and 2.1 Hz in X-
direction) are due to the SSI effects that exist in the presence
of a relatively soft surface layer (Vg = 200 m/s). With this
configuration, there is no evidence of significant differences
in the MB transfer function in amplitude or frequency be-
tween the stand-alone and cluster models. This is not the case
for the Fourier spectrum (Fig. 4b), which shows the effect of
clustering, amplifying the top motion in MB. This results in
lengthening of the time history of displacement, and the
displacement calculated at the top of MB in the east direc-
tion (X-direction) shows monochromatic beats (Fig. 4c). This
time particularity is the typical signature of coupling between
systems with close frequencies, as already reported in a similar
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(a) Transfer function and (b) Fourier transforms of the displacement computed at the top of the MB tower in the east-west

(X-direction) direction, for a source located to the west, based on the stand-alone (continuous line) and cluster (dotted line) models. (c) Dis-
placement time history computed at the top and the bottom of the MB tower in X-direction and Y-direction, based on the stand-alone (continuous
line) and cluster (dotted line) models, for a source to the west. The superscript * means numerical buildings.

situation, that is, a building forced into vibration (Guéguen
et al., 2000). This effect is not present in the north direction
(Y-direction), although a change in the oscillation phase is vis-
ible between models 1 and 2 at 4 s (Fig. 4c). This disturbance
comes from the interferences at the ground level in the pres-
ence of the cluster (Fig. 4c), that is, kinematic interaction ef-
fect in the cluster. Kinematic interaction effects are especially
significant in the presence of rigid structures and in structures
with wide, deeply embedded foundations. The foundation mo-
tion is often described by foundation-input motion, a theoreti-
cal concept considering massless foundations and structures
(Kausel, 2010). In our real case, the cluster effect changes
the motion calculated at the foundation level, which results
from the cluster interaction, including kinematics and inertial
interaction. This effect is less present in the X-direction, even
though a slight phase shift is observed after approximately 6 s
between the motion computed for models 1 and 2.

Figure 5a shows the displacement calculated along the
height of the three towers for a source located in the west.
The maximum displacement of the resulting X-direction and
Y-direction motion, that is, (U% + U%)'/? is shown. Despite
totally identical structures, a significant difference is ob-
served between the tower in the middle (MB) and the towers
at the two ends of the cluster (VE and BD). The three towers

show the largest displacement at the top and between floors
8 and 17 (centered on 11), corresponding to the position of
the antinode of the experimental shape of the second mode
(Fig. 2¢). This result is similar to the findings of the micro-
seismic survey, that is, the absence of vibrations felt by
inhabitants (Fig. 2a) on floors 22-24. However, a relevant
difference is shown in the MB tower, characterized by length-
ening of the displacement time history and the beats de-
scribed above. It is observed at the top and between floors
8 and 17. As consequences, beats and lengthening can pro-
duce stronger vibrations of the MB tower, that is, felt more by
inhabitants that does not correspond to the results from the
microseismic survey during the 2014 earthquake. However,
this earthquake, located to the south of Grenoble, did not
have the same azimuth as the numerical experiment, because
the waves entered the Grenoble basin south of the cluster and
spread laterally between the northern and southern edges of
the sedimentary basin. This phenomenon is related to com-
plex 3D geometry and has been described by Cornou and
Bard (2003) based on experiments performed by network
analysis.

Figure 5b, therefore, shows the case of a source located
to the south of the cluster. Significant differences appear in
the response of the three towers, with maximum displace-
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ment being more restricted in time and the beats being less
clear. A slight modification in amplitude is also observed
between floors 8 and 17. On these floors, maximum displace-
ment is 86%, 75%, and 85% of top motion for towers VE,
MB, and BD, respectively. The decrease in motion for MB
was also reported by the microseismic survey on the 2014
earthquake, for which the source was in the south, and in
the presence of the building cluster.

Discussions and Conclusions

Kitada et al. (1999) studied how the frequency response
of a stand-alone structure can be modified by changing its ur-
ban environment. Depending on the nature of the structure, the
peak frequency is split, producing a significant beat on the
displacement time history at the building top or shifted from
the resonance frequency value corresponding to the stand-
alone structure. In our case, Figure 6 shows that the same phe-
nomenon is observed, leading to less severe vibrations in the
structure located at the middle of the cluster (MB).

For X-direction and a southerly source, Figure 6 shows
that the three towers have the same transfer function at the
resonance mode (0.4 Hz). The numerical amplitude of the first
two modes is comparable, which means that the second mode
(2 Hz) contributes significantly to the total motion of the struc-
tures in case of input seismic ground motion with energy cen-
tered at 2 Hz, as observed at the OGSR accelerometric station.
Conversely, at the frequency with the strongest coupling with
the incident motion, that is, 2 Hz, corresponding to the second
mode of each structure, we find that the VE and BD towers, at
the ends of the cluster, behave differently from MB. There is a
small shift in the resonance frequency at constant amplitude,
which may come from their position in the cluster (rather than

the SSI effects assumed the same for the numerical modeling)
as shown by Kitada ez al. (1999). However, what is significant
is the response of MB at this mode, characterized by the split-
ting of the frequency around the reference value (stand-alone
building), and significantly reducing its amplitude. This sig-
nature partly explains the decrease in amplitude of the dis-
placement (Fig. 5) observed for MB in the case of a source
located toward the south. This result is similar to findings re-
ported by microseismic surveys in the three towers.

At high frequency, the MB tower is characterized by a
higher peak amplitude at the frequency corresponding to the
third mode (5 Hz). At the experimental mode shape (Fig. 2¢),
this mode is at its maximum on floors 5 and 20, which is also
partly reported by the microseismic surveys, especially for
MB and partially for VE and BD. Obviously, as supported by
Mak and Schorlemmer (2016), the quality of the investiga-
tions used for microseismic intensities relies heavily on the
completeness of answers, and their direct interpretation with
respect to the numerical simulation is complex. For example,
the number of answers between the sixth and fourteenth
floors of the MB tower (center of the cluster) is quite small,
and that may influence their interpretation through the vibra-
tion indicator or may correspond to the position of the lowest
vibration not felt by inhabitants. However, numerical simu-
lations confirmed that the three towers do not react in the
same manner, depending upon their position in the cluster.
In Y-direction (north—south), the fundamental mode of the
three towers is unchanged, around 0.68 Hz, that is, less than
the modeled target frequency (0.75 Hz) because of SSI. The
second mode differs slightly less for MB (2.9 Hz) than for VE
and BD (3.1 Hz) around the numerical target frequency
2.65 Hz. There is a slight frequency increase for mode 2,
which may be due to the cluster effect. It is interesting to
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Figure 6. Transfer function in the X (left) and Y (right) directions for the three numerical clustered towers (noted *), based on the south
source.
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Figure 7.  Variation of the differential energy of the MB* tower between the stand-alone and cluster models, recorded in the north—south
(left) and east—west (right) directions and for different values of the azimuth angle (). + and — indicate the positive and negative differential
energy. The color version of this figure is available only in the electronic edition.

observe the same phenomenon in Figure 2b on Fourier spec-
tra using ambient vibrations recorded at the top: the second
mode in the north—south direction (Y-direction) of MB is
more flexible compared with those of VE and BD, which
are identical (labels 3 and 4).

It seems clear that the response of the three towers com-
pletely depends on the position of the source (Fig. 5). For this
reason, Figure 7 shows the difference in response for the MB
tower between the stand-alone and cluster models, as a func-
tion of the source azimuth. We ran several simulations with
the same source located at the same distance from BD, but at
a different angle of incidence d with respect to the building
cluster (Fig. 7). This difference is calculated as the sum of the
motion energy differences on each floor in the X and Y
directions, that is

M X T33, ) = TG, )]

Ad = 100== s 1
DSV AT 9

in which Ad is the energy difference for directions X or Y, N
is the number of floors, ¢ is the number of simulation time

steps, and 73 and T'1 are the absolute values of the Fourier
transforms computed along the building height for the cluster
and stand-alone models, respectively.

The Ad value varies considerably depending on the con-
figuration. For a south azimuth, the vibration energy in MB is
attenuated in the two main directions of the tower. This
changes for small variation in &, with quick transition from
attenuation to amplification due to the cluster. It is interesting
to note that Ad does not have the same trend in the X and Y
directions with the X direction (east—west) showing the larg-
est contrast. Ad is nonzero in most of the cases, and it may
reach values up to 20%.

Having valued the microseismic observations with these
numerical results, two key points remain to discuss. The first
leads us to reconsider the behavior of a structure in its urban
environment. Although the seismic ground motion recorded
during the 2014 earthquake was moderate in Grenoble, the
results of the simulation must be confirmed by integrating a
nonlinear process to account for soil degradation and damage
to structures caused by strong motion. However, what is ob-
served in the elastic domain may impact the plastic domain,
such as the link between the engineering demand parameter
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(e.g., structural drift) and the intensity measurement (e.g.,
peak ground motion); these relationships are involved in per-
formance-based seismic design (Priestley, 2000). The energy
difference between the stand-alone and cluster models can
reach 20%, depending on the azimuth, amplifying or attenu-
ating the motion of the clustered buildings.

The second point may have a significant impact on the
estimation of macroseismic intensity based on the people’s
testimonies (“Did You Feel 1t7”). It is well known that per-
ceptions differ depending on the person’s position in the
building (Lesueur et al., 2013), and this information is used
for macroseismic intensity surveys. However, even in nearby
buildings, testimonials can also be very different. This leads
us to consider another source of uncertainty in the interpre-
tation of the “Did You Feel 1t?” reports, at least for these low-
to-moderate intensity levels.

This example deals only with three buildings, but it is
reasonable to imagine that overall coupling at the urban scale
may have a complex response that can be characterized as a
regional-size geophysical metamaterial, where a cluster of
subwavelength resonators (i.e., buildings) gives rise to a
new type of wave propagation physics. Metamaterials are ar-
tificial objects, engineered to have properties that have not
yet been found in nature and in our case that allow full con-
trol of the wave propagation in designated frequency ranges.
In the future, it might be possible to define an urban meta-
material based on the urbanization scheme to produce ben-
eficial effects on the response of structures and seismic
casualties.

Data and Resources

The accelerometric data used in this article are
provided by the French Accelerometric Network (RAP-
RESIF), RESIF-RAP French Accelerometric Network. RE-
SIF - Réseau Sismologique et géodésique Francais. Seismic
Network. doi: 10.15778/RESIF.RA, http://data.datacite.org/
10.15778/RESIF.RA (last accessed February 2016). RAP is
a member of the RESIF network, a national Research Infra-
structure recognized as such by the French Ministry of higher
education and research. RESIF is additionally supported by a
public grant overseen by the French national research agency
(ANR) as part of the “Investissements d’Avenir” program
(reference: ANR-11-EQPX-0040) and the French Ministry
of ecology, sustainable development and energy. We used
the iconographic representation originally proposed by the
French Office for Seismology (BCSF) of Strasbourg Univer-
sity and shown on the SismoCom mobile tool (http:/www.
franceseisme.fr/SMC/SMCinfo/SMCinfo.html, last accessed
February 2016). The model is discretized with hexahedra us-
ing the CUBIT software package (https://cubit.sandia.gov,
last accessed February 2016).
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