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Predicting Nonlinear Site Response Using Spectral Acceleration Vs PGV/Vs30:
A Case History Using the Volvi-Test Site

PHiLipPE GUEGUEN!

Abstract—In this study, we analyze the efficiency of the ratio
between particle velocity and shear wave velocity as a strain proxy
for evaluating the nonlinear seismic response of sediments. The
in situ stress—strain relationships are derived from accelerometric
vertical array recordings at the TST site in Volvi (Thessaloniki,
Greece). First, the shear wave velocity between two successive
sensors was computed by seismic interferometry and strain was
computed as the velocity ratio or the relative displacement between
sensors. The shear-wave velocity profile and in situ shear modulus
degradation curve with strain were compared with previous studies
performed at the TST site. Finally, the stress—strain relationships
were derived from data recorded at the surface by extending the
strain proxy and stress values to the ratio between peak ground
velocity and the Vs30 parameter used for site classification, i.e.
without requiring the accelerometric vertical array. Our model
captures the in situ nonlinear response of the site, without con-
sideration of azimuth or distance of the earthquakes. In conclusion,
the acceleration (stress) values, based on the accelerometric
response spectra instead of peak ground acceleration compared
with the deformation (strain) proxy, provide an effective model of
the in situ nonlinear response, providing information that can be
integrated into ground motion prediction equations.

Key words: Nonlinear response, sediments, seismic interfer-
ometry, Volvi test site.

1. Introduction

Low-velocity soft sediments are generally consid-
ered to be a critical component of seismic hazard,
amplifying the seismic ground motion and partly
controlling the spatial variability of building damage.
On the other hand, it is also commonly assumed that
unconsolidated sediments tend to respond in a non-
linear manner, which can serve to modify seismic

! ISTerre, CNRS/IFSTTAR, Université Grenoble—Alpes, BP
53, 38041 Grenoble cedex 9, France. E-mail: philippe.guegue-
n@ujf-grenoble.fr

ground motion (e.g., FIELD ef al. 1997; BonILLA et al.
2005; RoumeLiot and BErResNEv 2003). As a result,
new equations are being developed to introduce non-
linearity and to consider its effects on the standard
deviation of seismic ground motion predictions
according to specific parameters, such as magnitude
and distance (ABRAHAMSON et al. 2014; BOORE et al.
2014), which always require geotechnical in situ
characterization of the site and a way of characterizing
the nonlinear response in the data. The nonlinear
response of sediments is usually considered as the
result of the degradation of the shear modulus G and
the increase in damping { as the soil shear strain 7
increases. Consequently nonlinear soil behaviour
tends to modify site response in a frequency dependent
way. These modifications can include a decrease of the
high frequency amplification due to increased damp-
ing (e.g., DiMITRIU et al. 2001; FRANKEL et al. 2002;
PavLENKoO and IRIKURA 2002; RUBINSTEIN and BErRoOzA
2004, 2005; Assmvakl et al. 2008; BoNiLLA et al. 2011),
a shift of energy to lower frequencies due to decrease
in shear wave velocity that can actually amplify site
response relative to linear or low strain motions (e.g.,
BoniLLA et al. 2005; Wu et al. 2009), and when excess
pore pressure is generated, cyclic dilatancy can occur,
increasing very high frequency site response (e.g.,
BoniLLA et al. 2005).

Nonlinear site characterization is required to
estimate the seismic ground motion variability
observed in data and influence the uncertainties of
prediction equations. Such estimates are based on the
characterization of shear wave velocity in the upper
sediment layers and the testing of soil samples in the
laboratory by cyclic and/or dynamic tests. Differ-
ences exist between laboratory results and in situ
observations due to the difficulties among others of
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reproducing stress—strain conditions and of separating
nonlinear effects from site amplification effects,
including for example 2D/3D geometrical effects
(FrRANKEL et al. 2002; SLeep 2010; GELis and BoNiLLA
2012). Moreover, it is difficult to generalize labora-
tory tests to all recording sites and all depths where
nonlinearity can be expected which may be located
not only at the surface. However, nonlinear response
is directly related to the variation of shear (modulus
and strain) and one solution consists in assessing the
shear-wave velocity (Vs) of soil during strong ground
strain. For site-specific analysis, improving Vs char-
acterization directly from in situ data is helpful in
reducing the level of uncertainty in ground motion
prediction as discussed in Kim er al. (2015).
Specialized arrays with borehole accelerometers
are used to resolve the scattering vs nonlinearity
problem (FRaNKEL 1999). Methods exist to assess Vs
along a vertical borehole array based on cross cor-
relation (ZEGHAL et al. 1995; PavLENKO and IRIKURA
2003; RuBinsTEIN and Beroza 2004, 2005) or seismic
interferometry by deconvolution (SAwazaxi et al.
2009; Nakata and SNIEDER 2011, 2012; MEHTA et al.
2007; CHANDRA et al. 2015). The nonlinear behavior
of soil can then be given by the stress—strain rela-
tionship observed on site or by the G/Gu.x — 7
curves, with G, corresponding to the elastic shear
modulus. There is a relationship between G and Vs,
i.e. Vs = (G/p)"’, and CHANDRA et al. (2015) showed
that the variation of Vs tracked by seismic interfer-
ometry applied to an accelerometric vertical array is
an accurate solution for observing nonlinearity rela-
ted to seismic ground motion amplitude. Finally,
considering each earthquake recording as a single
in situ cyclic test, the vertical variation of shear strain
can be simultaneously computed as the relative hor-
izontal displacement along the borehole. This means
having a vertical geotechnical array of accelerome-
ters, which is not available everywhere. However,
RATHIE et al. (2004) proposed considering the ratio of
peak ground velocity (PGV) and shear wave velocity
Vs (i.e. PGV/Vs) as a strain proxy. Ipriss (2011)
recently proposed a generalization of this relationship
that considers peak-ground acceleration (PGA) vs
PGYV/Vs30 as the in situ stress—strain relationship. In
this case, Vs30 is the average shear wave velocity in
the upper 30 m layers conventionally used in
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earthquake engineering as a site classification
parameter and considered as a convenient input in
ground motion prediction equations. In this case, it is
considered that the nonlinearity appears essentially in
the uppermost layers even though CHANDRA et al.
(2015) showed that beyond 30 m depth, soils may
have nonlinear behavior.

DE MARTIN et al. (2012) and CHANDRA et al. (2015)
tested the efficiency of PGV/Vs30 as a strain proxy
but additional tests must be conducted in order to
analyze the magnitude or distance dependency of the
nonlinear proxy to be included in ground motion
prediction equations. This paper therefore concen-
trates on the accelerometric vertical array at the TST
Volvi site (Greece). After describing the test site and
data, the data processing and seismic interferometry
by deconvolution methods are presented and the
results are compared with the shear velocity reference
profile derived from geophysical methods. Then, the
efficiency of the strain proxy is analyzed jointly with
the in situ stress—strain relationship observed and
finally the in situ proxy of nonlinear response for the
site-specific prediction of ground motion is discussed
in the last section.

2. Site Characterization of the Volvi Test-Site Basin

Data were recorded at the Volvi test site (Greece),
located in the sedimentary basin around 20 km to the
north of Thessaloniki (Fig. 1a). The geotechnical and
geophysical properties of the sediments (Fig. 1c)
have been studied by a number of investigators,
providing reliable 2D and/or 3D soil models for
seismic ground motion modeling (e.g., JONGMANS
et al. 1998; Rarrakis et al. 2000, 2005; MANAKOU
et al. 2010). Raprakis and Makra (2015) provides a
synthesis of the variability of the soil profile com-
piled from all the studies. A geotechnical borehole
has been drilled in the center of the Volvi basin
(Fig. 1c) and instrumented with a permanent vertical
three-component accelerometric array (TST bore-
hole). Interpretation of the surveys in terms of shear
and body wave profiles yields Vs and Vp values
ranging from 165 to 870 m/s and from 325 to
2700 m/s, respectively, from the surface to the bed-
rock (Raptakis et al. 2000). The soil is mainly silty-
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Figure 1
a Location of the Volvi test site (Greece). b Location of the earthquakes used in this study (triangles TST, circles epicenters). ¢ Cross-section

of the Volvi basin centered on the TST borehole (squares accelerometers) (according to Raprakis and Makra 2015)

clayey sand and sand in the sedimentary part; the
bedrock is gneiss, lying at a depth of about 190 m.
The TST site can be considered as an equivalent 2D
shaped basin characterized by a horizontally layered,
flat soil column. The bedrock is relatively stiff with
Vs equal to 2300 m/s. As a result, strong seismic
ground motion amplification has been reported at the
TST (Manakou et al. 2010), with a resonance fre-
quency of 0.6-0.7 Hz in the center of the basin, based
on accelerometric data analysis and ambient vibration
measurements.

The shallow-depth (http://
euroseisdb.civil.auth.gr/, PrriLakis er al. 2013) con-
sists of six 3-component accelerometers (Fig. 1c)

vertical  array

located on the surface (GL-0), and at depths of
18.7 m (GL-18), 40 m (GL-40), 73.1 m (GL-73),
136 m (GL-136) and 196 m (GL-196) (GL means
Ground Level). Note that the deepest sensor is loca-
ted at the interface between sediment and bedrock.
All the sensors are connected to the same digital
acquisition system to ensure perfect synchronization.
A GPS receiver controls absolute time. Raw data are
triggered, corrected in terms of baseline offset and the
horizontal components of the recordings are rotated
with respect to the north—south and east—west direc-
tions. Delays were experienced during sensor
installation and gaps in data continuity are observed.
Consequently, we only considered data that allow the
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estimation of shear wave velocity between two sen-
sors, i.e. recorded at least by the GL-0O sensor and
another one. In total, 24 events were used in this
study, recorded between 2008 and 2014 (Fig. 1b).
Magnitudes range from 2.1 to 5.8, with epicentral
distances of between 4 and 220 km, corresponding to
a PGA between 0.78 and 97 cm/s* and 0.93 and
101 cm/s? in the north—south and east-west direc-
tions, respectively.

3. Shear Wave Velocity Assessment

The premise of seismic interferometry applied to a
vertical array was given by ZEGHAL et al. (1995). It
consists in cross-correlating data recorded by two dif-
ferent sensors to extract the impulse response or Green’s
function between them (e.g., Lokis and WEAVER 2001;
DERODE et al. 2003; SCHUSTER et al. 2004; SNIEDER 2004;
‘WAPENAAR 2004; SHAPIRO et al. 2005; SNIEDER et al.
2006; WAPENAAR et al. 2010). Recently, SNIEDER and
Sarak (2006) proposed to use deconvolution instead
cross-correlation as an interferometric tool; this has
since been applied successfully to geotechnical bore-
holes (MenTA et al. 2007; NAkaTA and SNIEDER 2011,
2012; PecH et al. 2012; CHANDRA et al. 2015). The
waveforms recorded by the sensors in different positions
along the vertical array are deconvoluted with the
recording at the top and the upward and downward
waves along the array are obtained. The result provides
an equivalent pulse travelling along the array and cor-
responds to the 1D impulse response of the system. The
time delay of the pulse between the two sensors corre-
sponds to the velocity of wave propagating in the
medium. In this study, deconvolution is computed using
the water level regularization technique proposed by
CrLaytoN and WiGGINs (1976) and Eqs. 1-5 are derived
from this paper. The general model considered assumes
system output to be:

o(t) = i(1) @ h(1) + n(1) (1)

where o(f) is the output signal corresponding to sys-
tem motion recorded at the ground surface, i(?) is the
seismic input motion at the bottom or intermediary
depth of the sedimentary layer, h(#) is the impulse
response of the soil column between input and output
recording positions, n(f) is the noise function
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affecting the signal and ® denotes convolution. The
estimated impulse response of the borehole is
obtained as the inverse Fourier transform of the
spectrum of output O(w) divided by the input signal
I(w):

where uppercase indicates the Fourier domain, w is
the circular frequency, * denotes conjugation
and ~ are estimated functions. In order to establish a
minimum amplitude level for the input to limit the
noise term, the minimum input amplitude is named
waterlevel, expressed as a fraction of the input.
Assuming k to be the waterlevel parameter
(0 <k <1) and considering the maximum spectral
amplitude of the input signal |[(®)yal, H(w)
becomes:

(o) = H(w)I*(w)H(w) + N(w)I*(w) 3)

max{ ()], (K|i(w>!max>2}

The deconvolution process will be stable if the factor

I(0)* (o)
max{|i<w);2, (K|i(w)|max>2}

remains stable as a function of frequency. Assuming
a good signal-to-noise ratio at ground level, the
transfer function of the system is computed as
follows:

(4)

O(w)
max{1(0); (KI()| 42} o

After testing the slight influence of the k value, it was
set at 10 % of the average spectral power.

Before deconvolution, the mean and trend of the
data were removed and a two-order Butterworth
filter was applied between 0.5 and 15 Hz to ensure
accurate estimation of travel time. After deconvo-
lution, the inverse Fourier Transform of H(w);.om
(Eq. 5) was computed to obtain the impulse response
of the column between sensors GL-i and GL-0. The
impulse response was resampled ten times using a

H(w) =
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polyphase implementation technique to improve the
accuracy of travel time picking. Finally, wave
velocity was computed by dividing the distance
between GL-i and GL-0 by the time delay of the
pulse, which corresponds to the wave propagation
generated by earthquakes along the borehole. Since
the soil column is considered as a resonant system
with a shear deformation (NAKATA and SNIEDER
2012), shear wave velocity Vs was computed from
the pulse travel time delay based on accelerometric
data recorded in the horizontal direction. In the same
manner, compressive wave velocity Vp can be
computed based on compressive strain along the
borehole, i.e. using accelerometric data recorded in
the vertical direction.

Figure 2 shows an example of the travel time delay
of the pulse propagating along the vertical array. In our
case, the travel time between each sensor was extracted
from the causal propagation by picking the time delay
between two successive pulses in the negative part.

EW - component
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Figure 2a shows the horizontal pulse computed using
east—west sensor recordings and Fig. 2b shows the
vertical pulse computed using vertical recordings. A
smaller time delay is observed on the vertical compo-
nent, resulting from the faster propagation of
compressive strain along the borehole. In the upper-
most layers, the mixture of upward and downward
waves at GL-18 m, due to the high value of Vp com-
pared with the short distance between GL-0 and GL-
18, does not allow separation of the waves. CHANDRA
etal. (2015) have already reported this limitation of the
time delay assessment in the upper layers in the case of
two sensors close to one another. In our case, this is
mainly true for P wave velocity, since Vs in the upper
layers of the TST site is very low (RaPTAKIS ef al.,
2000). The signal-to-noise (S/N) ratio of the pulse
changes with depth along the borehole. At GL-196, we
observe (Fig.2) a low S/N ratio that introduces
uncertain picking of the pulse time delay, increasing
the variability of the velocity assessment.

ZZ - component
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Figure 2

Pulse travel time along the TST borehole along the east—west a and vertical b directions computed by deconvolution with GL-0 m recordings.
Example given for a magnitude 3.5 earthquake
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Figure 3 shows the Vp and Vs values deep down
along the borehole profile computed using seismic
interferometry by deconvolution. North-south and
east—west directions are considered separately. We
compared our results with the soil profile given by
RaPTAKIS et al. (2000) considered as a reference for
the TST site. Furthermore, we superimposed the
smoothed velocity profiles derived from Raptakis’
reference profile by averaging the velocity between
the sensor positions. All the earthquakes were used,
regardless of azimuth, magnitude and distance char-
acteristics that may affect the vertical propagation of
body waves. The results (Fig. 3) are quite stable, with
small standard deviations changing as depth along the
borehole increases. The Vp value in the uppermost
layers is less clear because of the mixture of upward
and downward waves (Fig. 2). Between GL-136 and
GL196, the Vs profile is less stable in the EW
direction related to the S/N ratio. In general, a good
fit is observed with the smoothed Raptakis model for
Vs and Vp at greater depth, with Vs values in the most
superficial layers higher than in the reference model.
This paper does not aim to conclude on the most
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accurate values of Vs and Vp. However, Raprakis and
MAKRA (2015) compiled all the geophysical surveys
performed in the Volvi basin, based on invasive and
non-invasive geophysical methods. They concluded
non-negligible variability of the velocity profile
(about 20 % but varying in depth). This variability
may introduce uncertainties for the site condition
classification based on the average 30 m-depth shear
wave velocity (Vs30) which is used in earthquake
engineering. In this study, the variability of Vs may
result from the complex geomorphological charac-
teristics of the basin related to the azimuth of the
earthquake. However, Vs and Vp profiles using seis-
mic interferometry have a smaller standard deviation
(below 5 %) than the results extracted from non-in-
vasive methods. For these methods, dispersion curves
are inverted in term of velocity and interface depths
and the inversion process is extremely user-depen-
dent. Using earthquake recordings enables direct and
in situ measurement of wave propagation along a
borehole, taking into account the complex geomor-
phology of the site as well as the variability related to
earthquake characteristics.
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Figure 3
Shear (NS and EW) and compressive (ZZ) velocity profiles obtained by seismic interferometry by deconvolution using all the recordings. Soil
profiles are compared with the Raprakis et al. (2000) velocity profile based on geotechnical and geophysical surveys. The blue line is the
interpreted Raptakis profile, considering the positions of the borehole sensors. For Vp, shear wave velocity in the upper layer is not well
recognized due to the mixing of upward and downward waves, see Fig. 2
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Figure 4
Horizontal anisotropy of shear wave velocity with respect to depth along the borehole. Anisotropy is computed as (Vsgw— Vsns)/ Vsgw and
represented with respect to the strain proxy in the EW direction

Velocity by deconvolution is therefore reliable
and accurate enough to observe a slight variation
related to the physical process of wave propagation.
For example, slight differences are observed between
horizontal components, suggesting slight horizontal
anisotropy in terms of shear wave velocity. Aniso-
tropy increases with depth (Fig. 4), with values less
than 5 % between the EW and NS directions and
stable with the level of strain computed along the
borehole (see below for the definition of strain).
Additional reasons could be invoked and explored to
explain the difference of wave velocity in the two
horizontal directions that may be at the origin of the
dispersion of values observed in Fig. 4. However, Vs
computed by deconvolution reflects the elastic prop-
erty of the material and the tendency at each depth
seems to reflect anisotropy. Moreover, COUTANT
(1996) and, more recently, CHANDRA et al. (2015) also
reported such anisotropy related to shear wave
velocity at the Garner-Valley Californian vertical
array, the latter authors using seismic interferometry
by deconvolution. Anisotropy has never been repor-
ted by classical geophysical invasive or non-invasive
methods. This anisotropy has a relatively slight effect
on the prediction of seismic ground motion or seismic
site effects but thanks to the efficiency and accuracy
of seismic interferometry for shear wave velocity
assessment, each earthquake can be considered as a

single, in situ, real-scale cyclic test and the nonlinear
response of the site can be studied by observing the
variation (however small) of shear wave velocity with
respect to the loading.

4. Shear Stress and Shear Strain Assessment

Based on the direct wave propagation approach,
ZEGHAL et al. (1995) proposed an alternative way to
estimate stress—strain relationships using a vertical
accelerometric array. Basically, linear interpolation
between horizontal acceleration recordings from two
successive sensors provides a first-order estimate of
shear stress. The same approach is considered for
shear strain, considering the linear interpolation of
the horizontal displacement divided by the distance
between the sensors. Considering all the available
sensors, a first order estimate of the shear stress—
strain relationship can be computed for each earth-
quake and each position along the borehole. Based on
a more comprehensive interpretation, RATHIE et al.
(2004) defined equivalent shear stress as the spatial
derivative of acceleration A*, expressed as follows:

T=A"pz (6)

where p is the density of the soil, and A* the linear
interpolation of horizontal acceleration at depth z, i.e.
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corresponding to the intermediate point between two
successive sensors. Assuming a rather limited varia-
tion of density, A* is a proxy of shear stress and is
computed thus:

v [ -a0) )

where a,(t) and a;(f) correspond to horizontal accel-
eration at two successive sensors i and j. In the same
manner, shear strain can be expressed by the spatial
derivative displacements () as follows:

_du

-5 ®)

Y
CHANDRA et al. (2015) tested different ways of com-
puting the relative displacement based strain 7,
depending on whether or not maximum displacement
is considered to occur at the same time on the two
sensors. For our study, we adopted the solution pro-
ducing the least variation, according to CHANDRA
et al. (2015), i.e.:

wi(t) — u;(1)
(z - )

z; the distance between two successive

©)

1=

max

with z; —
Sensors.

From Eq. 8, a shear strain proxy y,, as proposed
by HiLL et al. (1993), can be computed, considering
the time derivative solution of Eq. 8 as follows:

Cdu dujdi V'
~dz dz/dt Vs

72 (10)
in which du/dt corresponds to the velocity of the
particle motion V* and dz/dt to the velocity of wave
propagation Vs. As for acceleration A*, V* is the
linear interpolation of the horizontal velocity
recordings (v(7)) from two successive sensors, i.e.,

v [M(f) 2— Vj(f)]max (1)

and Vs is the specific shear-wave velocity computed
by seismic interferometry during each earthquake.
Velocity and displacement are calculated by inte-
grating and double integrating acceleration following
the procedure proposed by Boore (2005). This
method implicitly transforms the signals to obtain the
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same length, by applying zero padding before filter-
ing and integration.

The shear stress—strain relationship (A* — y) is
thus obtained for each earthquake from y; to 7».
Figure 5 compares y; and 7y, values for all earth-
quakes and at all depths along the TST borehole. A
good fit is observed between both approaches in the
two horizontal directions, with very slight differ-
ences. The linear model gives 93 % (>66 %) and
95.5 % (>95 %) of the residues computed using the
model and experimental data between +c and £2c,
respectively, allowing us to conclude on the normal
distribution of the residues and the efficiency of the
y2 = V#Vs strain proxy. In the rest of this manu-
script, the strain parameter is related to the shear
strain proxy 7, (Eq. 10).

In Fig. 5, strain values range from 1077 to 107,
i.e. earthquake data recorded at the TST site produce
relatively small amplitude of strain. Usually, the
largest strain occurs in the uppermost layer, where the
nonlinear response may be more pronounced. In fact,
the nonlinear response is generally expected to be
found in the uppermost sedimentary layer, which is
why nonlinear analyses based on laboratory tests are
focused on such materials. However, GgfLis and
BoniLLa (2012b) obtained numerically nonlinear
effects in deep sediments, related to the frequency
dependence of nonlinear effects, and CHANDRA et al.
(2015) observed nonlinear response even in the
deepest layers of Californian boreholes. At the TST
site, we observed strain values in the deepest layers
large enough to generate nonlinearities. VUCETIC
(1994) actually distinguished two different shear
strain thresholds related to soil nonlinearity: below
the linear cyclic y, threshold, soil has a linear
response; above the volumetric 7, threshold, soil
shows hysteretic behavior with permanent deforma-
tion; and for y,; <y < y,, soil has a nonlinear elastic
response without (or with only negligible) permanent
deformation. Standard strain values for y,; and v,, are
relatively scattered but an order of magnitude for v,
of around 10™* (HarpiN and Brack 1968; DRNEVICH
and RicHart 1970; DoBry and Lapp 1980; Youp
1972; Vuceric 1994) and less than 107° for Yu
(Vucetic 1994; JounsoN and Jia 2005) lead us to
expect to observe nonlinear response at the TST site.
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The nonlinear response can also be confirmed in
Fig. 6, displaying the stress—strain relationship for all
events in the horizontal direction and at every depth.
Although the data at GL-196 show significant vari-
ability in the east-west direction, they are included
because the results are also relevant in terms of
nonlinear response at greater depths. For each depth,
a hyperbolic model is fitted to the data, based on the
conventional model of the nonlinear stress—strain
relationships given by SEED et al. (1984) and ISHIHARA
(1996), modified by CHANDRA ef al. (2015):

* ar;

= 12
1+')/2% ( )

with a and b being two parameters proportional to the
shear modulus and the reference strain corresponding
to the ratio between maximum shear stress and
maximum shear modulus. In a theoretical model, the
slope of the hyperbolic model changes after the yield
strain, which reproduces basically the nonlinearity
effect. In Fig. 6, the hyperbolic models show a larger
nonlinear response in the uppermost layers than in the
deeper layers. Nonlinear response is quasi similar in
the two first layers (GL-0-GL-18 and GL-18-GL-40).
In these cases, yield strains appear at small strain
values around 5.10_6, i.e. equivalent to the conven-
tional values of the linear cyclic 7, threshold.
Nonlinear responses are also observed in the deepest
layers, but the same acceleration produces smaller
values of strain than in the uppermost layers. The
nonlinear response is also confirmed by Fig. 7 which
compares the in situ and laboratory experiment G/
Gmax-y curve generally used to represent the nonlin-
ear response of soil. Laboratory tests results provided
by Raptakis et al. (2000) were obtained from samples
located in the shallow layers. Because strain, shear
velocity and stress values from accelerometric data
are obtained between sensors, we compared the shear
degradation models compatible with the TST sedi-
ment layers, without distinction of each Ilayer
considered by Raprakis ef al. (2000). In our case, we
assume constant density and G/G,,x is considered as
Vs/VSmax With Vs, the mean value of shear wave
velocity, computed by seismic interferometry and for
strain values below 107°. As in Fig. 6, we observe
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the largest strain values in the uppermost layers,
nonlinear degradation of shear velocity at about
5.1079, ie. equivalent to the 7y, threshold and also
slight nonlinearity even in the deepest layers (as
mentioned previously, the GL-136-GL-196 data are
too scattered to be able draw conclusions on nonlin-
earity). By computing the mean value of Vs for
different strain ranges, the variation of Vs between
107% and 107> of strain is 0.1 % and between 10~°
and 10~%is about 4 %. As shown in Figs. 6 and 7, the
data are not strong enough to enable definitive con-
clusions to be made on the nonlinear response at
depth, however, the equivalent in situ stress—strain
(A* — ) relationship based on the strain proxy V*/Vs
does provide comprehensible information on the
nonlinear response of the site. These two parameters,
i.e. A* and V*/Vs, are equivalent to shear stress and
strain and in situ earthquake recordings provide
reliable information that can be used to account for
the effect of nonlinear site response in site-specific
ground motion predictions.

5. Analysis of Nonlinear Response for the Site-
Specific Prediction of Ground Motion

Vs30 is a convenient parameter used in earth-
quake engineering and engineering seismology for
site classification. For site-specific predictions, Vs30
is obtaining by computing the average time travel
time of the shear wave between GL-0 and GL-30 and
invasive or non-invasive geophysical methods are
employed to obtain shear wave velocity profiles.
Vs30 is introduced as a site parameter in ground
motion prediction equations in order to reduce or at
least identify uncertainties in the predicted ground
motion. CHor and STEwART (2005) showed that non-
linearity is dependent on Vs30 and the degree of
nonlinearity is higher for soft soil classified according
to Vs30 (<180 m/s). Keeping in mind the primary
objective of this paper, i.e. predicting the nonlinear
seismic response of sites using a simple proxy, a
Vs30-based strain proxy was tested, as proposed by
Ipriss (2011). In this case, we adopted a pragmatic
approach, i.e. to estimate site nonlinearity using only
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Vs/Vsmax Vs strain proxy at different depths along the TST borehole in the NS (open circles) and EW (filled circles) compared with the
theoretical G — vy curves considered for each TST soil layer by Raprakis et al. (2005). Vsyax is considered as the average value of velocity
corresponding to V*/Vs below 10~°

GL-0 earthquake recordings, without using the ver-
tical accelerometer array. Consequently, the stress—
strain relationship is considered as PGA vs PGV/
Vs30, with PGA and PGV being peak ground accel-
eration (equivalent shear stress) and peak ground
velocity.

Rarrakis et al. (2000) computed Vs30 equal to
200 m/s at the TST site. Herein, the stress—strain
relationships considering PGA/PGV/Vs30 or A*/V*/
Vs measured in the GLO-GL40 m layer are shown in
Fig. 8, differentiated by the NS and EW directions.

PGV/Vs30 slightly overestimates the strain value
given by V*#/Vs. However, whatever the strain proxy,
nonlinearity exhibits non-negligible curvature and
yield strain is ranging from about 5 10~® and 5 10>,
It is difficult to accurately and objectively assess the
yield strain for sparse and discrete data. A bilinear
model is approximated to the data by adjusting a
piecewise linear model to the strain values lower and
larger than 10~ (Fig. 8). The yield strain is 2 107>
in this case but this remains an approximate value
that must be confirmed with additional in situ
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stronger data. At low strain, two branches are dis-
tinguished along which the data are distributed, with
different strain values for equivalent acceleration
values. This difference may be the result of the
proxy considered. The proxy does not take into
account all the physical processes that make up the
phenomenon, but it does provide an indirect repre-
sentation of certain behavior patterns. For example,
Yu et al. (1993), DErR NI et al. (2000) and GfLis and
BoniLLa (2012a, b) reported the frequency depen-
dence of the seismic nonlinearity of sedimentary
sites and/or the magnitude or distance effect not
accounted for in the PGV/Vs30 ratio.

In order to better constrain the significance of the
strain proxy, Fig. 9 shows the results of several tests
that were carried out to take into account (Fig. 9a) the
year of the earthquake, based on the suspicion of
possible long-term degradation of the TST site,
(Fig. 9b) the azimuth of the earthquake because of
the 3D shape of the Volvi basin, and (Fig. 9c) the
distance of the earthquake. No dependency of the
site’s nonlinear response was observed with year and
azimuth, regardless of the horizontal component.
Strain values were not distributed according to these
two parameters and the same two branches at low
strain values were observed on the stress—strain
relationship. This observation is the same considering

PGV/Vs30 or V¥/Vs (0-40 m) as the strain proxy. On
the contrary, Fig. 9c shows clear distance depen-
dency of the nonlinear behavior of the site. For short
distance earthquakes, seismic ground accelerations
produce less nonlinearity in the uppermost layer than
for long distance events, and the two branches of the
stress—strain curve at low strain values are entirely
controlled and distributed according to the distance of
the earthquakes. This observation is the same in both
horizontal directions and reflects the effect of the
nature of the seismic wavefield generated by the
earthquake according to distance. This can be related
to the proportion of body and surface waves recorded,
particularly in a shallow sedimentary basin like the
Volvi basin, where the proportion of surface waves is
high. On the other hand, the geometrical attenuation
of the propagation modifies the frequency content of
the wavefield, seismic ground motion at high fre-
quency being stronger in the near-field domain than
in the far-field.

Since frequency dependence was suspected, we
investigated the relative influence of the period of the
response spectra considered as stress. Accelerometric
response spectra (Sa) were computed for 5 % critical
damping and mean response spectra were computed
for four ranges of period T, i.e. (0.1-0.3), (0.3-1.0),
(1.0-3.0) and (3.0-5.0) s. Figure 10 shows the stress—
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Idem Fig. 8 considering year (a), azimuth (b) and distance (c¢) of the earthquakes

strain relationships considering Sa(T) as stress, and
PGV/Vs30 and V*Vs (040 m) as strain. As in
Figs. 8 and 9, the yield strain is ranging from about 5
107 and 5 10~ in the EW and NS directions. The
bilinear approximation gives yield strain at 2 1077,
2.5 107% 1.8 1077 and 2.0 107> for (0.1-0.3),
(0.3-1.0), (1.0-3.0) and (3.0-5.0) s, respectively. For
a given stress value, the variability of strain is smaller
and the stress—strain curve is without uncertainties.
This is particularly true for periods above 0.3 s: since

PGA characterizes the high-frequency ground
motion, this observation confirms that PGA is a less
efficient parameter for characterizing seismic ground
motion and predicting the nonlinear response of soil.
It is important to note that the nonlinear response is
the same in the NS (Fig. 10a) and EW (Fig. 10b)
directions, but also for different distances, whatever
the period range. This confirms the relevance of the
Sa-PGV/Vs30 relationship for predicting the nonlin-
ear response of the site.
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<«Figure 10
Acceleration response spectra at GL-0 m, averaged between four
period ranges [(0.1-0.3 s); (0.3—1.0 s); (1.0-3.0 s); (3.0-5.0 s)] vs
the strain proxy at the near surface considering PGA/PGV/Vs30
parameters or A*/V*/Vs in the GLO-GL40 m layer in the NS a and
EW b directions and according to earthquake distance

6. Conclusions

We have presented the analysis of the Volvi TST
site based on situ accelerometric data to explore its
nonlinear behavior. The response was analyzed by
in situ stress—strain relationships during earthquakes,
considering each earthquake as an in situ cyclic test.
Strain was computed by different methods, based on
the relative displacement between two successive
sensors along the borehole or a strain proxy based on
particle velocity and shear wave velocity. First, the
shear wave velocity between the sensors was computed
by seismic interferometry, a method that provides an
efficient tool to obtain a velocity profile compared with
invasive and non-invasive geophysical methods
reported by Rapraxkis et al. (2000). Using this method,
we were able to compute degradation of the shear-
wave velocity and to analyze the nonlinear response of
the site. We are aware that the accuracy of the Vs
values calculated by deconvolution is not addressed
comprehensively in the manuscript. Previous studies
have shown that it is possible to detect accurately small
variations of Vs, related to atmospheric conditions
(Naxkata and SNIEDER 2012) or to the anisotropy of Vs
in the horizontal directions (CHANDRA et al. 2015). At
constant strain, we observed slight changes in Vs val-
ues, as in Fig. 4. At this stage it is difficult to assess the
accuracy of Vs, without more data available: other
parameters can have an important impact such as the
magnitude, distance or azimuth of seismic events. This
question on the accuracy of the estimate of seismic
interferometry by Vs will be discussed in further
studies through numerical simulations.

Applied to the TST Volvi site, the strain proxy
based on the velocity ratio (V*/Vs) is comparable to
direct displacement-based strain. Assuming constant
density, nonlinearities were observed on the G/G,.x
(or Vs/Vsax) — 7y curves, coherent with the theoretical
curves assumed for the sedimentary layers at the Volvi
TST site. Note that nonlinearity was also observed at
depth, even though there are not enough data to allow

In-Situ Analysis of Seismic Site Response at Volvi Test Site 2061

us to draw definitive conclusions. However, nonlin-
earities were also reported on stress—strain curves,
considering acceleration as the stress value. We
checked that accelerometric response spectra and
PGV/Vs30 appear to be efficient stress—strain proxies
that reproduce the theoretical nonlinear response of
sites as well as possible. Nonlinearity appears at a
strain of 5 107°-5 107> , i.e. a threshold equivalent to
the values also reported by Vucertic (1994) and JouN-
soN and Jia (2005). Note that the Sa values for longer
periods are more stable as stress parameters than PGA
and independent of the azimuth or the distance of
earthquakes. However, accelerometric data at Volvi
are weak and stronger seismic ground motions are
needed in order to exhaustively confirm the efficiency
of the proposed proxy for larger deformation.

However, Vs30 uncertainties are a critical issue
for prediction of ground motion. This study confirms
the good prediction of the nonlinear response of sites
using the PGV/Vs30 strain proxy derived from in situ
data. This proxy might ultimately be integrated into
ground motion predictions, including nonlinearity
rather than just Vs30, and site-specific analysis
including nonlinear response could be performed
directly using in situ accelerometric data and used to
reduce the epistemic uncertainties related to site
conditions in ground motion prediction equations.
This is an argument for continuing to maintain ver-
tical array and develop specific array close to large
infrastructure so we can observe, insitu, the full
degradation curve as larger motions (stresses and
strains) are observed in time.
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