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a b s t r a c t

A blind comparison of independent invasive (downhole, standard penetration, bender element) and non-
invasive microtremor shear-wave velocity (VS) profiling is presented for 11 strong-motion stations in
central and southern Chile that recorded the 2010 MW 8.8 Maule earthquake. For the majority of stations,
site classification based on average VS in the upper 30 m (VS30) is consistent irrespective of methodology.
For a variety of geological conditions, excellent to good agreement is obtained between invasive and non-
invasive VS structure at five stations over the entire borehole length and in the uppermost layer at three
stations. Site classification based on site period is evaluated using earthquake and microtremor
recordings. Short site periods are observed at stiff coarse-grained stations whereas longer site periods are
observed at soft fine-grained stations. The use of both VS30 and site period criteria are recommended in
future revisions of the Chilean building code for robust earthquake site response characterization.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Earthquake ground shaking is amplified by the presence of
material with reduced shear-wave velocity (VS) generally towards
surface. Currently, most building codes classify site conditions for
seismic site response based on average properties of the upper 30-
m such as the travel-time averaged shear-wave velocity (VS30),
average standard penetration resistance (N60), and soil undrained
shear strength (Su). The Chilean building code [1 and references
therein] adopted the use of VS30 as the main parameter for seismic
site classification (Table 1) primarily due to observed damage in
deep sandy deposits in downtown Concepcion following the 2010
MW 8.8 Maule, Chile, subduction earthquake.

A variety of invasive and non-invasive field methodologies have
been developed to provide a reliable VS-depth profile at a site, for
which the least expensive and time-consuming method is of par-
ticular interest. Invasive testing methods provide detailed, but
restricted, information of the subsurface within the tested soil
column with cost directly related to penetration depth. Non-
y, Earth Sciences, 1151 Rich-
: þ1 519 661 2111x87031.
r),
ile.cl (R. Boroschek),
invasive surface seismic methods provide broad-stroke subsurface
imaging without direct retrieval of small-scale structure or geo-
logic material for lower cost and less site disruption. In reality,
combinations of invasive and non-invasive VS profiling methods
are generally used together for earthquake site response assess-
ment, due to their inherent advantages and disadvantages.

Non-invasive surface-wave methods may be further categorized
by the use of an active source, e.g. hammer impact, or a passive
source, e.g. ambient vibrations. Active-source surface-wave seismic
techniques, such as spectral analysis, SASW [2], or multichannel
analysis, MASW [3], of surface waves, generally offer a restricted
investigation depth (a few tens of meters) related to the frequency
content of the source. The microtremor array method [4–6], a
passive-source method that uses background ambient vibrations
with a wide frequency content from a variety of natural and man-
made sources, is generally sensitive to greater depth, e.g.Z100 m
[6,7]. It is important to note that measured field data of discrete
invasive VS measurements and surface-wave dispersion data are not
directly comparable: the discrete VS measurements must be con-
verted to a continuous VS-depth function in order to compare with
either the inverted continuous VS-depth function of the surface-
wave dispersion data or converted to dispersion estimates for
comparison with the measured dispersion data.

Independent evaluations of non-invasive surface wave methods
with respect to well-regarded invasive methods, i.e. blind test
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Table 1
Site classification based on VS30 in revised Chilean building code [1].

Site class Description VS30 range (m/s)

A Rocks, cemented soils Z900
B Soft or fractured rocks, very dense or very firm

soils
Z500

C Dense or firm soils Z350
D Medium dense or medium firm soils Z180
E Medium loose soils o180
F Special soils

Fig. 1. Locations of 11 investigated Chilean strong-motion stations (squares) with
regional districts (V–IX) marked by solid lines.

Table 2
Site classification based on site period [25].

Site class Description Natural period range

I Rock/Stiff soil To0.2 s
II Hard soil 0.2 srTo0.4 s
III Medium soil 0.4 srTo0.6 s
IV Soft soil TZ0.6 s
V Generic rock Flat H/V, T not identifiable.
VI Generic soft soil Broad amplification/multiple peaks above 0.2 s
VII Unclassifiable Multiple peaks over 0.2 s, T not identifiable.
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comparison, were accomplished in the 1990s during development
of the non-invasive methods. For example, at Fraser River delta
sites, south of Vancouver, Canada, the average relative difference
in VS to a maximum 30-m depth between the optimal inversion
result of active-source (MASW or SASW) acquired dispersion data
and invasive (downhole or SCPT) VS measurements is 25% or better
[8–10]. Blind-test comparison of the Bayesian inversion result of
microtremor-array acquired dispersion data and invasive down-
hole and SCPT VS measurements resulted in an average relative
difference in VS of 5% to 120-m depth [7] and 25% to 60-m depth
[11]. Otherwise few case studies of blind-test comparisons are
available at sites that have experienced strong earthquake shak-
ing; when discrete invasive-method VS measurements are avail-
able they are generally used to constrain the inversion of non-
invasive dispersion data for VS-depth structure (profiles). A com-
prehensive examination of 9 blind-test comparisons of invasive
and non-invasive VS profiling methods at sites in California
determined that for VS30 estimates 4200 m/s, invasive-method
estimates are biased higher than non-invasive method estimates
[12]; the coefficient-of-variation of VS30 estimates was determined
to be 1–3% for co-located invasive methods, 5–6% for co-located
non-invasive SASW methods, and 20–35% for correlated VS30

estimates per geologic unit. Variability in VS30 estimates becomes a
significant issue when the estimates span the boundary between
site classifications.

Subsurface soil properties beneath Chilean strong-motion sta-
tions were relatively unknown until recently [13]. The central part
of Chile has been subjected to notable periodicity of large MW

Z7.8 earthquakes, with an average (one standard deviation)
recurrence interval of 82 (6) years [14] due to rapid convergence of
the oceanic Nazca plate beneath the continental South America
plate. Prior to the 2010 MW 8.8 Maule earthquake, no site-specific
subsurface information was available for Chilean strong-motion
stations outside of Santiago. As such, the University of Chile (UCH)
Research and Material Testing Institute (Instituto de Investigación
y Ensayo de Materiales, IDIEM) Civil Engineering Department
(Departamento de Ingeniería Civil, DIC) conducted an invasive
borehole testing campaign at 11 strong-motion stations in central
and southern Chile (Fig. 1) following the MW 8.8 Maule earth-
quake. The UCH–IDIEM–DIC invasive testing campaign provides a
detailed comprehensive assessment of the subsurface column of
drilled material at each strong-motion station. Conversely, the
University of British Columbia (UBC) Earthquake Engineering
Research Facility (EERF) of Vancouver, British Columbia, Canada,
performed a rather crude non-invasive field testing campaign at
these same 11 Chilean strong-motion stations. The UBC-EERF
campaign was optimized for efficiency and budget by minimiza-
tion of equipment, personnel, and time; however, a state-of-the-
art probabilistic (Bayesian) inversion technique [7] is used to
resolve subsurface VS structure from the non-invasive dispersion
data.

Rather than measure shear-wave velocity to classify subsurface
ground conditions to predict site response, measured earthquake
site response itself may be used to classify site conditions at
strong-motion stations. Empirical earthquake site response is
ideally determined from a multitude of weak to strong earthquake
recordings at a variety of azimuths via standard bedrock-reference
[15] and/or single instrument horizontal-to-vertical (H/V) [16]
spectral ratios. The empirical spectral ratio is a measure of the
amplification spectra (transfer function) resulting from the site-
specific subsurface ground conditions. Microtremor H/V ratios
have been shown to reliably measure predominant site period in
comparison with weak to strong earthquake recordings e.g.,
[14,17–19]. Site classification based on the predominant period of
the average H/V ratio has been proposed for strong-motion sta-
tions in Iran [20,21], Taiwan [22], Japan [23,24], and Italy [25].
Table 2 lists seven proposed period-based site classifications [25];
a short site period corresponds to rock or stiff soils, whereas a long
site period corresponds to soft soils. Generic rock or soil classifi-
cations are proposed in the case of no predominant period or
multiple peaks, respectively. For the 11 Chilean strong-motion
stations, available earthquake recordings, as well as the non-
invasive microtremor recordings, provide additional and unique
datasets to evaluate site classification based on predominant site
period.

This paper presents a blind comparison of the subsurface
VS-depth structure determined via invasive and non-invasive
microtremor array method techniques at 11 strong-motion sta-
tions in central and southern Chile that recorded strong ground
shaking from the 2010 MW 8.8 Maule earthquake. The invasive
testing results [26] were not made available to the first author
until the microtremor data were processed and inverted for VS

structure, i.e. a blind test. The comparison of invasive and non-
invasive VS-profiling methods is performed in terms of the average
relative difference in VS for particular depth ranges and the
resulting site classification based on VS30. The non-invasive
microtremor recordings, in combination with available earthquake
recordings at the 11 Chilean strong-motion stations, allows for a



Table 3
Details of 11 investigated strong-motion stations in central and southern Chile.

Station code – city (region), location Coords. (°S, °W) Invasive method Non-invasive method Earthquake PGA

Borehole depth
(m)

Borehole geology (thickness, m) Array spacing Min., Max.
depth (m)a

MW 8.8 event (g)b MS 7.8 event (g)c

CSCH – Casablanca (V), Teatro Municipal 33.32, 71.41 50 Alternating silt and sand (46.2 m) over gravel. 5, 15 m 14, 65 0.33
CRS – Santiago Maipu (RM), Hospital 33.50, 70.77 30.45 Gravel (8.5 m) over silty sand (pumicite). 5, 15 m 7, 22 0.56
HSOR-Santiago Penalolen (RM), Hospital
Santiago Oriente

33.50, 70.58 31 Alternating silt, clay, and gravel (31 m). 5, 15 m 14, 80 0.30

MELP – Melipilla (RM), Compania de
Bomberos

33.69, 71.21 60 Sands and clays (6 m) over gravel (53.5 m) over conglomerate. 15, 30 m 8, 47 0.78 0.67
Same block

MAT – Matanzas (VI), Escuela Carlos Iba-
nez del Campo

33.96, 71.87 50 Alternating sand and clay (50 m). 5, 15 m 8, 38 0.34

HUA – Hualane (VII), Hospital 34.95, 71.80 61.45 Alternating clay, sand, and gravel (23.5 m) over alternating con-
glomerate and argillite.

6.4 m 20, 40 0.46 0.17

CUR – Curico (VII), Hospital 34.98, 71.24 15 Silty sand (10 m) over sandy gravel. 5, 11 m 5, 27 0.47 0.18d

Across street 0.14e

CON – Constitucion (VII), Hospital 35.34, 72.41 50.4 Silts, clays, and sands (22. 5 m) over sandstone (18 m), con-
glomerate (6.5 m) and argillite.

5, 15 m 5, 60 0.64 0.14

TAL – Talca (VII), Colegio San Pio X 35.43, 71.63 60 Gravel (15 m) over alternating volcanic tuff, clay, and gravel. 5, 15 m 5, 60 0.48 0.17
CCSP – Concepcion (VIII), Colegio San
Pedro de la Paz

36.84, 73.11 80.75 Silty sand (4.5 m) and clay (21 m) over fractured metamorphic
rock.

5, 15 m 5, 50 0.65

ANGO – Angol (IX), Hospital 37.80, 72.71 50 Clay and silty sand (13.5 m) over gravel (3.5 m) over alternating
volcanic tuff, breccia, and bouldery gravel.

5, 15 m 4, 28 0.93

a depth¼1/2*(VR/f).
b Max. PGA as reported in [26] and [48].
c Max. PGA as reported in [49].
d 28.02.2010 M6.6 earthquake.
e 28.08.2004 MW 6.4 earthquake.
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second and independent evaluation of site classification based on
predominant site period.
2. Geological setting and microtremor microzonation studies

Relevant information regarding the site conditions at the
investigated strong-motion stations, such as geological setting and
VS measurements, are described from north to south here. Gen-
erally, stations on the outer western coastline occur on Miocene
marine sedimentary terraces atop the coastal batholith of Late
Paleozoic igneous rocks, whereas stations eastward in the down-
warped Central Depression overlie Mesozoic to Quaternary alluvial
deposits derived from the Andean Cordillera to the east [27].
Volcanic pyroclastic tuff from the Maipo Caldera (�34°S) is widely
distributed over most of the Central Depression, including the
Santiago basin, and was channeled westward along the main river
valleys to the coast.

In Casablanca, alluvial fill of the Casablanca basin is composed
largely of intercalated lenses of unconsolidated clay and sand with
relatively little gravel, which overlies intrusive igneous rocks such
as diorite and/or granodiorite [28]. The axis of deepest fill is on the
south side of the valley and reaches a known maximum thickness
of 54 m. Maipu and Penalolen occur in the southwest and east
central metropolitan area of Santiago, respectively. The Santiago
basin is primarily composed of colluvial pebbles and gravels in the
east at Penalolen and clays and volcanic ash in the west at Maipu
[29]. Seismic refraction studies indicate VS of the upper 20-m of
Santiago gravels range in VS from 480-720 m/s and overlie
Z1300 m/s rock [30,31]. VS in the upper 20-m of Santiago clays
and volcanic ash is 120–350 m/s and 180–450 m/s, respectively
[31]. In Constitucion, substantial tsunami inundation and vertical
subsidence of the city occurred following the MW 8.8 Maule
earthquake; however, the strong-motion station was not inun-
dated as the hospital is situated at the base of surrounding hills. At
8 sites in Constitucion, the average (one standard deviation) in VS

of the upper 6 m is 199 (52) m/s [32]. The city of Curico is com-
posed of alluvial deposits of the Teno River, with coarse-grained
gravels in the proximal eastern deposits and progressively finer-
grained sands and silts in the western distal deposits, which is
disrupted by the presence of fine-grained sand banks of inactive
fluvial-channel and lacustrine deposits [33]. Active fluvial terraces
and channels occur towards the south. The strong-motion station
in Talca occurs in a transition zone of complex interbedding
between Maule alluvial sediments of the southwest and volcanic
ashes, lapilli, and pumice of the north [33]. The average (one
standard deviation) VS of the upper 6 m at 13 sites is 314 (135) m/s
[32]. The Concepcion San Pedro de la Paz (CCSP) strong-motion
station is located on the peninsula across the Bio Bio river from
downtown Concepcion. Surficial black basaltic sands are carried by
the Bio Bio river from the Andes [34]; gravels exhibit VS of 850 m/s
[32]. Northeast of the strong-motion station, significant instances
of liquefaction and lateral spreading were observed in the Bayona
neighborhood, as well as uplift and tilting of underground sewage
tanks, due to the MW 8.8 earthquake shaking [34].

In Chile, microtremor measurements have been performed
primarily at strong-motion stations in the Santiago metropolitan
area for validation with earthquake recordings [35–38], but also
for earthquake site effect assessment in Santiago [29,30,39], Con-
cepcion [40], and Llolleo [14]. Overall, these studies demonstrated
similar fundamental peak periods of the average horizontal-to-
vertical (H/V) spectral ratio using both microtremor and weak to
strong earthquake recordings (and in lieu of recordings, correla-
tion with observed earthquake intensities from the 1985 MS

7.8 Valparaiso and MW 8.8 Maule earthquakes) suggesting that use
of single-instrument microtremor recordings for site effect
assessment at locations in central and southern Chile is valid.
However, microtremor H/V curves generally do not provide short-
period (o0.2 s) peaks as observed in earthquake H/V curves,
which are related to shallow soils and correlate with damage of
low-rise buildings [29,39]. The agreement in peak period at San-
tiago strong-motion stations from both microtremor and strong
earthquake recordings is likely due to the rather stiff soils beneath
Santiago. Potential non-linear response was demonstrated at
strong-motion stations in Valparaiso and Vina del Mar [41],
marked by a shift to longer peak period for stronger MS 7.8 main-
shock recordings compared to weaker aftershock recordings.

Following the MW 8.8 Maule earthquake, several microtremor
surveys were performed repeatedly by various research groups at
strong-motion stations and/or locations of observed damage
(potential site effect) in central Chile [33,41–44]. From examina-
tion of microtremor H/V results at over 700 locations in Talca and
Curico [33], areas characterized by flat H/V curves are correlated
with lower observed intensities and the presence of coarse-
grained materials, whereas locations characterized by clear peaks
are correlated with the higher intensities and the presence of fine-
grained materials. Similarly, microtremor results at over 250
locations across Santiago [29] demonstrates clear H/V peaks are
correlated with low (o350 m/s) VS surficial material, flat H/V
curves or low-amplitude H/V peaks are correlated with the San-
tiago and Mapocho gravels, and broad H/V curves are correlated
with rapidly varying sub/surface topography.
3. Site classification based on VS30

Two types of VS profiling are accomplished at the 11 Chilean
strong-motion stations. First, discrete invasive downhole VS mea-
surements are accomplished along the length of each station’s
borehole by UCH–IDIEM–DIC. Non-invasive passive-source micro-
tremor array testing is performed by UBC-EERF at each drilled
borehole location to obtain dispersion data for probabilistic inver-
sion of VS profiles. Table 3 provides details of the invasive and non-
invasive testing campaigns for the 11 investigated stations.

3.1. Invasive VS profiling

Within each borehole, UCH–IDIEM–DIC documented water
table depth and stratigraphy and performed downhole compres-
sion-wave velocity (VP), VS, and standard penetration test (SPT)
measurements [26]. SPT measurements were not conducted at
Talca due to very stiff geological conditions. Further laboratory
testing of extracted borehole material samples included soil clas-
sification, bender element (BE) VS testing, and unconfined com-
pression tests. Laboratory BE VS tests were performed using air-
dried 45-cm samples at depth-dependent confining pressures. For
Curico, the UCH–IDIEM–DIC report provides SPT and downhole VP

and VS measurements (averaged per stratigraphic horizon)
accomplished in 2003 to 15-m depth. For the other 10 stations, the
average duration of water level monitoring and laboratory mate-
rial testing is �11 days each per location. Downhole VP and VS

measurements are conducted within a single day per location over
the course of 3 months. Overall, the detailed and comprehensive
UCH–IDIEM–DIC invasive testing program occurred over a period
of �6 months.

For this study, SPT N (blowcount) values were converted to VS
using an average of 8 and 6 relations for sand and clay, respectively
(Table 4). Sand or clay relations were chosen based on soil classifi-
cations in the UCH–IDIEM–DIC geotechnical report. Fig. 2 presents
the discrete downhole, laboratory BE, and converted SPT VS data in
relation to the documented stratigraphic layering for the 11 inves-
tigated stations. Table 3 provides summarized geologic stratigraphy



Table 4
SPT blowcount (N) to VS relations for sand and clay sedimentsa.

Sand Clay Reference

31.7N0.54 Shibata (1970)
87.2N0.36 Ohta et al. (1972)
80.6N0.331 80.2N0.292 Imai (1977)
100.5N0.29 Sykora and Stokoe (1983)
125N0.3 Okamoto et al. (1989)
57.4N0.49 114.43N0.31 Lee (1990)

76.55N0.445 Athanasopoulos (1995)
27N0.73 Jafari et al. (2002)

90.82N0.319 97.89N0.269 Hasancebi and Ulusay (2006)
73N0.33 44N0.48 Dikmen (2009)

a Selected from Table 1.1 of [50], references therein.
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Fig. 2. Invasive method VS measurements for the 11 investigated borehole locations: do
refusal measurements (downward triangle) are set to 500 m/s and stratigraphic horizon
solid line; VS measurements not used in the averaging shown in a lighter color.
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of each borehole. For SPT N values reported as refusal, a default VS of
500 m/s is used for plotting. The BE VS values tend to agree with the
downhole VS data overall, but in some instances, varies significantly.
The converted SPT N values are similar to the downhole VS mea-
surements overall, except over particular depth ranges at Casablanca
and Penalolen. At Penalolen, the soil classification is primarily clay
and the conversion to VS values is similar to the downhole VS data
only in the near-surface. It is worth noting that geological horizons
are not always accompanied by a shift in VS.

For an initial assessment of VS30, the discrete invasive-methods
VS measurements, primarily downhole, as well as laboratory BE
and converted SPT VS values, are converted to a VS depth profile.
The mean invasive-methods VS is calculated based on VS values
within selected depth intervals (layering) based first on VS
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Table 5
Assessment of VS30.

Strong-motion station Microtremor dispersion (VR40) data VS profiling methods Other published studies

Inverted VS modelsc Average invasive-methods VS profiled

VS30
a Classb VS30 (std. dev.) Classb VS30 Classb VS30 Classb

Casablanca 303 D 306 (20) 100% D 290 D
Maipu 439 C N/A – 386 C 392 [42] C
Penalolen 303 D 330 (15) 100% D 379 C 408 [42] C
Melipilla N/A – 750 (67) 100% B 566 B 724 [13] B
Matanzas 334 D 374 (33) 76% C 374 C

24% D
Hualane 460 C N/A – 547 B 523 [42] B

527 [13]
Curico 533 B 554 (80) 62% B 592-710 B 564 [42] B

38% C
Constitucion 261 D 264 (25) 100% D 360 C 230 [42] D

595 [13] B
Talca 606 B 677 (21) 100% B 537–606 B 585 [42] B
CCSP N/A – 271 (7) 100% D 398 C
Angol �376 C 372 (50) 62% C 348 D

36% D

a Calculated using relation of [47].
b Defined in Table 1.
c Inverted VS profiles of Fig. 6.
d Mean invasive-methods VS profile shown in Figs. 2 and 7.

Fig. 3. (a) Overview map of 5-m and 15-m equilateral triangular arrays at Matanzas. Each sensor is numbered and marked by a circle and the borehole (BH) location is
marked by a square. (b) Photo of 5-m array at Matanzas. (c) Example 5-min duration microtremor recordings at all 11 sites. (d) MSPAC dispersion histogram for Matanzas.
Final phase velocity estimates extracted for inversion are shown as open circles.
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variation with secondary consideration to geological strata varia-
tion. Table 5 lists the VS30 estimate based on the mean invasive-
methods VS-depth profile determined here for each station and
associating site class based on the current Chilean building code
requirement [1 and references therein]. Overall, stations with
coarse-grained material (gravel) within the upper 10-m corre-
spond to class B (soft or fractured rocks, very dense or very firm
soils) or C (dense or firm soils): Curico, Hualane, Maipu, Melipilla,
and Talca. All other stations are comprised of finer-grained sands
and clays and correspond to class D (firm to medium firm soil
conditions).
3.2. Non-invasive VS profiling

At each borehole location in Chile, simultaneous microtremor
array measurements were collected by the first and fourth authors
using 3 TROMINO

s

sensors spaced equidistantly in a triangular
configuration, usually at 5 and 15 m (Fig. 3 and Table 3). Equip-
ment was kept to a minimum for ease of transport in aircraft and
vehicles. Time spent in the field was also minimized to 2 array
setups of 30 min duration per location, in order to accomplish
measurements at all 11 stations, spanning 1100 km, within 10
days. Transportation and logistics were provided locally by UCH–



Fig. 4. Final phase velocity estimates (open circles) determined for 9 investigated strong-motion stations from microtremor array data (MSPAC dispersion histogram shown
in gray-scale). Theoretical dispersion estimates based on the invasive-methods model (VS profiles in Fig. 2) and inverted MAP model shown by blue and cyan lines,
respectively, for each station.

Fig. 5. Final dispersion data determined for 11 investigated stations compared with
theoretical Rayleigh 40-m wavelength dispersion estimates (solid line) and asso-
ciating VS30 site classification (labels A–E). For Melipilla and CCSP, interpolated site
class estimate is provided in brackets.
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IDIEM–DIC. Arrays were generally set up by the two-person UBC–
EERF field crew immediately beside or surrounding the drilled
borehole at each station (Fig. 3), maximizing the available open
space to resolve subsurface structure to at least 30 m depth.

3.2.1. Extraction of dispersion data
For each station, the simultaneous microtremor vertical-com-

ponent recordings from each array setup are processed using
modified spatial autocorrelation (MSPAC) and high-resolution
frequency wavenumber (HRFK) methods using Geopsy software
(version 2.9.0). Dispersion estimates, fundamental-mode Rayleigh
wave phase velocities at select frequencies, are retrieved primarily
from the MSPAC results based on the symmetry of the array lay-
outs; HRFK results are used primarily as a check of the MSPAC
data’s redundancy and therefore reliability. Each array setup pro-
vides a frequency-bandwidth limited “snapshot” of the full dis-
persion characteristics at each station. If the frequency-bandwidth
of reliable phase velocity estimates overlaps between the array
set-ups, then the mean phase velocity is calculated. Retrieval of
the final dispersion curve for each station location is generally
accomplished here within 1–2 days; care and expertize are
required to interpret the reliable frequency bandwidth and fun-
damental mode of Rayleigh wave dispersion estimates.

The final retrieved dispersion estimates for 9 of the 11 investi-
gated strong-motion stations are shown in Fig. 4, spanning fre-
quencies of 3.8–30 Hz or a minimum andmaximum depth resolution
of �4–80 m, respectively (Table 3). Amongst the 11 investigated
stations, the frequency bandwidth of the retrieved dispersion data is
highly variable, despite the same general field procedure, due to site-
specific variables such as varying geological conditions and wavefield
composition. The low-frequency limit of the non-invasive dispersion
data corresponds to Rayleigh wavelengths comparable to, or greater
than, the depth of the drilled boreholes. At two locations, Constitu-
cion and CCSP, a significant gap occurs at mid-frequency between
retrieved dispersion estimates of the two arrays, i.e., a mid-sized
�10-m spaced array might have provided dispersion estimates
linking the two segments. Overall, dispersion data accuracy would
generally improve by addition of passive-source (microtremor) array
sensors and array setups, as well as combination with active-source
surface wave methods (e.g., MASW testing).

The measured dispersion estimates in Fig. 4 are compared with
theoretical dispersion curves calculated using a 1D geophysical
model based on the mean invasive-methods VS measurements at
each station. The mean invasive-methods VS profile (Fig. 2) is
converted into a 1D model: density is fixed to 2.0 g/cm3, and VP

values are averaged from the discrete downhole VP measurements
[26]. For Melipilla and Curico, downhole VP measurements are not
available and set here to 2VS. The measured dispersion data and
the invasive-methods dispersion estimates overlap over relatively
narrow frequency (depth) intervals, and agree poorly in two cases
(Constitucion and CCSP). Agreement between measured and pre-
dicted dispersion estimates occurs at mid-frequencies for Casa-
blanca, Melipilla, and Talca. At low frequencies, the retrieved dis-
persion data is generally higher than the predicted downhole
dispersion curve indicative of higher-velocity material at depths
greater than the drilled borehole.

Studies have shown high correlation between Rayleigh phase
velocities at wavelengths of 35–40 m and VS30 [46,47]. The com-
prehensive relationship of [47] is: VR40¼1.045VS30, where VR40 is
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Rayleigh wave velocity at 40-m wavelength. Fig. 5 compares the
final dispersion data retrieved at the 11 Chilean strong-motion
stations with the theoretical dispersion estimates of a 40-m
wavelength Rayleigh wave. The corresponding VR40 values of the
measured Rayleigh dispersion data are extracted and adjusted by
the relationship of [47] to estimate VS30 at each station and listed
in Table 5. Kataoka [42] determine similar VS30 estimates based on
dispersion VR40 at six stations. Fig. 5 readily demonstrates success
of the non-invasive microtremor array testing campaign to
retrieve VS30 estimates. Dispersion data, unique to each station, is
retrieved spanning the intended 30-m depth (wavelength) of
interest in all 11 cases for the same general field procedure.

3.2.2. Inversion methodology
Inversion of surface wave dispersion data is a non-linear and

non-unique problem; the dispersion data will be adequately fit by
a variety of earth model parameterizations (layering) as well as by
many models (parameter combinations) for each given
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Fig. 6. For 9 investigated stations, mean VS profile (solid line) and 95% highest p
parameterization. Meaningful confidence intervals of model
parameters are therefore required. The model parameterizations
used here consist of two layers over an elastic half-space, in which
all layers are characterized by uniform gradients of four elastic
parameters: thickness (h), VP, VS, and density; VP is related to VS by
Poisson's ratio. Linear and powerlaw gradient parameterizations
are not considered here due to the intended purpose of compar-
ison with the UCH–IDIEM–DIC mean invasive-methods iS profile.
All parameters that compose the layered model (including layer
thicknesses) are free parameters, and are sampled within wide
bounded uniform prior distributions.

The final dispersion curve for each station is inverted using a
probabilistic (Bayesian) approach [7] which represents the solu-
tion to the inverse problem in terms of a posterior probability
density (PPD) of geophysical model parameters, considered as
random variables constrained by data and prior information. As
this is a blind case study, all prior distributions are set to wide, yet
realistic, values; hence, inversion of the frequency-limited
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Fig. 7. For 9 investigated stations, inversion results (see Fig. 6) shown by shaded area are compared with the mean invasive-methods VS profile (see Fig. 2) and one standard
deviation estimates shown by solid and dashed lines, respectively. Invasive VS data not included in averaging are shown by black symbols.
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dispersion data will provide 1D geophysical models constrained at
depths specific to the frequency (wavelength) content of the dis-
persion data. Stratigraphic horizons known from UCH–IDIEM–DIC
borehole drilling will only be resolved by the dispersion data if the
horizon coincides with a significant geophysical (impedance)
contrast at depths related to the frequencies of the measured
dispersion data. Computing the mean or credibility interval of
selected model parameters, such as VS and h to convert to VS

profiles, requires integrating the PPD which must be carried out
numerically for nonlinear problems. Markov-chain Monte Carlo
methods are used to provide an unbiased sample [7] of up to
100,000 models from the PPD here. The probabilistic inversion
process is generally accomplished within a few hours per station.
Agreement between the measured dispersion data and the theo-
retical dispersion estimates calculated for the maximum a pos-
teriori (MAP) inversion model are shown in Fig. 4. The dispersion
estimates for Hualane are limited over a very short frequency
bandwidth and are very uniform for Maipu (Fig. 5), such that
inversion is not performed for these two locations. Only VS30

estimated from the measured VR40 values can be used to assign
site classification based on non-invasive microtremor array testing
for these two stations (Table 5).

3.2.3. Inversion results
Fig. 6 presents the mean VS profile and 95% highest probability

density (HPD) VS profile credibility interval determined from
Bayesian inversion for each station. Each model in the large PPD
sample is binned onto a fine velocity-depth grid, and the 95% HPD
credibility interval is computed from the probability distribution
on this grid. The 95% HPD credibility interval demonstrates the
quantitative uncertainty in VS and h of each layer. For the majority
of strong-motion stations, two uniform VS layers are resolved, i.e.,
the elastic half-space occurs at depths greater than shown in Fig. 6.
For Penalolen, Constitucion and CCSP, three distinct VS layers are
resolved, whereas at Matanzas, the 95% HPD credibility interval
shows that the upper two layers are indistinguishable from each



Table 6
Average relative difference in VS between mean invasive-methods VS profile
(interpreted) and mean inverted model.

Station Layer depth Average relative difference Overall average

(m) (m/s) (%) (m/s) (%)

Talca 3 N/A N/A 21 3
15 26.0 5.0
415 15.2 1.8

CCSP 4.5 29.9 17.0 40 8
15 3.6 1.0
25.5 N/A N/A
466.1 86.4 5.3

Matanzas 2.5 13.7 5.0 63 11
29 27.4 6.9
429 147.2 20.2

Angol 15 45.0 22.3 95 19
18 19.5 3.4
418 221.0 31.8

Curico 3 6.5 2.7 152 19
10 N/A N/A
410 297.7 35.0

Penalolen 9 57.3 23.0 69 19
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other. For all stations, VS is generally well resolved in the upper 30-
m, which is the target depth of the field procedure and building
code site classification. The maximum depth of well resolved
structure is �60 m (CCSP and Penalolen). Features inherent to
inversion of surface wave dispersion data are apparent, such as
loss of resolution with depth and lack of high-resolution (thin)
layers.

Table 5 lists the VS30 estimate of the inverted VS models for all
stations. In general, site class B or high VS30 estimate stations result
from a thin (r10 m) low-velocity layer over a high-velocity layer,
whereas site class D or low VS30 estimate stations result from low
velocity layer(s) over the upper 30 m (Fig. 6). The two site class C
or moderate VS30 estimate stations bound these two end member
VS profile types: a thin low velocity layer over a moderate velocity
layer (Angol) or moderate velocity over the entire upper 30 m
(Matanzas). Quantitative uncertainty estimates of VS30 provided
from the probabilistic inversion are listed in Table 5: standard
deviation of VS30 and probability of associating VS30 site class.
Overall, quantitative uncertainty of the subsurface stiffness struc-
ture is useful for earthquake site classification according to the
building code (VS30) as retrieved from probabilistic inversion of
non-invasive dispersion data.
27 79.5 16.8
427 82.4 14.9

Casablanca 31 8.8 3.0 251 35
431 493.2 67.6

Melipilla 6 4.8 1.6 405 37
46 804.3 71.7

Constitucion 10.5 55.6 29.1 239 41
22.5 169.7 42.4
422.5 492.6 51.9
4. Comparison of invasive and non-invasive VS profiling results

Accuracy of the non-invasive microtremor-derived VS prob-
ability distribution is assessed here by comparison with invasive
UCH–IDIEM–DIC geotechnical data in terms of the average relative
difference in VS over particular depth intervals, including VS30

estimates and associating site class. The mean and one standard
deviation of the invasive VS datasets (downhole, laboratory BE, and
converted SPT) is calculated for comparison with the non-invasive
probabilistic inversion results shown in Fig. 6. As a first step, the
depth partitioning of the mean invasive VS profile is set to the
same depth partitioning of the mean inverted VS profile, which is
then adjusted to the nearest layer-contrast suggested by the
invasive-methods VS data and/or stratigraphic layering. The aim is
to compare not only VS, but also layering (h), determined by the
invasive and non-invasive VS-profiling techniques. The mean
invasive-methods VS profile for each station is converted to a 1D
geophysical model for calculation of theoretical dispersion esti-
mates (as described in Section 3.2.1), and compared to the mea-
sured dispersion data in Fig. 4. Fig. 4 highlights the uniqueness of
the invasive VS measurements and non-invasive dispersion testing,
providing further validation that earth model parameterization
based on stratigraphic layering determined by invasive testing
should not be imposed on the dispersion data during inversion for
applicable earth models.

Fig. 7 shows comparison of the mean invasive VS profile with
the VS probability distribution determined from probabilistic
inversion for each station. Table 6 provides the average relative
difference in VS between the mean invasive and non-invasive VS

profiles over particular depth intervals (layers). Excellent to very
good agreement is determined between the mean invasive and
inverted VS profiles over the entire 50-m borehole length for three
locations: Talca, Matanzas, and Angol. For Talca, excellent agree-
ment is obtained between the mean invasive and inverted VS

profiles to 50-m depth, with an average relative difference in VS of
3% (Table 6). Although more complex geology and/or layering
exists at Talca, the increase in VS at �15 m depth is the dominant
feature of the invasive VS and non-invasive dispersion datasets.
Both invasive and non-invasive VS profiling determines a high VS30

estimate corresponding to site class B. For both Matanzas and
Angol, the mean invasive VS profile occurs entirely within the 95%
HPD credibility interval (Fig. 7). For Matanzas, the significant
increase in VS at 27-m depth shown by invasive and inverted VS

profiling coincides with a stratigraphic change from normally-
consolidated silts to cemented-compacted sand. For Angol, the
discrete invasive VS data exhibit greater variability than the
inverted VS profile distribution, generally coincident with strati-
graphic variations. The probabilistic inversion captures uncertainty
of the inverted VS30 estimate, 76% and 62% probability of site class
C for Matanzas and Angol, respectively (Table 5). Hence, there is a
higher probability that the mean invasive VS30 estimate is similar
for Matanzas (class C) than Angol (class D), which is the case.

Excellent agreement between the mean invasive profile and
non-invasive VS probability distribution is obtained for Casablanca,
Curico, and Melipilla in terms of the average relative difference in
VS (o 3%; Table 6) and thickness of the uppermost layer; however,
VS at depth is significantly overestimated (Fig. 7). Overestimation
of VS ato30 m (Melipilla) results in significantly higher non-
invasive VS30 estimates than the mean invasive VS30 estimate,
whereas VS overestimation at 430 m (Casablanca) does not result
in significantly different invasive and non-invasive VS30 estimates.
For Curico, the inversion resolves the middle of three distinct
stratigraphic layers as a zone of varying VS. However, site classi-
fication based on VS30 of the invasive and non-invasive VS profiles
is uniform (Table 5) at all three stations due to the excellent
agreement in the VS and depth of the uppermost low-velocity
layer in all three cases.

For Constitucion and CCSP, VS of the uppermost layer (o10-m)
is resolved in good agreement with invasive VS measurements
(Fig. 7). However, at mid-borehole depth, VS is either under-
estimated (Constitucion) or not resolved (CCSP) in comparison to
the invasive VS measurements due to gaps in the mid-frequency
dispersion data (Fig. 3). The reader is reminded that a two-layer
model parameterization is pre-selected for all inversions; hence, it
is impossible for the inversion to resolve three distinct layers for



S. Molnar et al. / Soil Dynamics and Earthquake Engineering 79 (2015) 22–3532
CCSP as exhibited by the invasive VS and stratigraphic data. The
inversion determines lower VS in the upper 30 m than measured
by the invasive methods for these two stations, and therefore
lower VS30 estimates (Table 5). For Penalolen, there is a consistent
15–20% difference in VS of the inverted VS probability distribution
and the invasive VS measurements over the full 35 m borehole
depth (Table 6). Downhole VS measurements show an increase in
VS at �10-m depth although clay comprises the upper 24 m of the
borehole. Converted SPT blow counts for clay material result in
similar VS values as the downhole measurements in the upper
10-m; SPT-to-VS conversions for clay material below 10-m depth
are systematically lower than downhole VS values and are not
included in the invasive-methods VS averaging. Downhole VS

values increase again at �24-m depth, coincident with the pre-
sence of gravels, whereas the dispersion data resolves an increase
in VS at an average depth of 65 m. Rather, the inverted dispersion
data resolves VS of a middle layer that best agrees with the average
downhole VS of the lower clay and gravel layers spanning from 10
to 32 m depth. Since the inverted models resolve a lower VS upper
layer, the resulting VS30 estimates are lower than invasive methods
and correspond to site class D rather than C (Table 5).
5. Site classification based on predominant period

For the 11 Chilean strong-motion stations, both earthquake and
microtremor recordings provide additional and unique datasets to
evaluate site classification based on predominant period of the
average H/V spectral ratio (Table 2). Period-based site classifica-
tions are then compared with the VS30-based site classifications
derived earlier from invasive and non-invasive VS profiling. Site
period is a measure of the site resonance (transfer function),
related to bedrock depth, whereas VS30 is an average property of
the upper 30 m only. Hence, site classification based on VS30 and
site period for any given site may not fully correspond.
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Fig. 8. Average H/V spectral ratios calculated from 2010 MW 8.8 earthquake recordings at
response spectral velocity (5% SV), and Fourier velocity (Fou Vel).
Available earthquake recordings include the 2010 MW 8.8 Maule
subduction event at all 11 Chilean strong-motion stations, and the
1985 MS 7.8 Valparaiso subduction event at 4 stations. At Curico,
three events are recorded: the MW 8.8 event, and MW 6.4 and M
6.6 events in 2004 and 2010, respectively. For all earthquake
recordings, the peak ground acceleration (PGA) is 40.1 g (Table 3)
corresponding to strong ground motion and potential triggering of
non-linear response of susceptible soils. Earthquake recordings
obtained from UCH are bandpass-butterworth filtered. The time
segment of the strongest shaking is used to compute each Fourier
spectrum; time segments of 45–60 s and 30-s are used for the MW

8.8 and MS 7.8 events, respectively, with a 5% taper applied. The
earthquake H/V spectral ratio is calculated from the smoothed
average (geometric mean) horizontal spectra divided by the
smoothed vertical spectrum. Fig. 8 shows the 2010 MW 8.8 earth-
quake H/V spectral ratio for four selected stations calculated using
Fourier velocity spectra in comparison to 5%-damped acceleration
or velocity response spectra. The site classification criterion is based
solely on site period; the amplification ordinate of the response
spectral ratio is reduced slightly compared to the Fourier spectral
ratio due to the applied 5% damping. Site period is obtainable from
the spectral ratio from either acceleration or velocity recordings;
traditionally, strong-motion earthquake acceleration recordings
and/or microtremor velocity recordings.

The non-invasive microtremor velocity recordings conducted
closest to each borehole are bandpass-butterworth filtered and cut
into multiple 60-s time segments from the full �30 min duration
recording, and the average Fourier H/V spectral ratio is calculated
for each time segment. The average and one standard deviation
Fourier H/V spectral ratio is then calculated for all time segments.
It is important to note that earthquake and microtremor record-
ings at the 11 Chilean strong-motion stations do not correspond to
the same location; earthquake shaking is recorded by the strong-
motion instrument housed within a structure at the site, whereas
free-field microtremor recordings are conducted beside the drilled
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Fig. 9. Average Fourier velocity H/V spectral ratios calculated from earthquake and microtremor recordings for 11 investigated stations. Stations organized by VS30 site
classification.

Table 7
Comparison of VS30-based and period-based site classification at Chilean strong-motion stations.

Station VS30

(m/s)
Site classa (VS30) Eq.site

period (s)b
Site classc

(period)
Mt. site
period (s)

Eq. site
period [13] (s)

Site classc

(period)

MELP – Melipilla 750 B – Soft rock or very dense soil 0.28, 0.36 II-Hard soil 0.33 0.30 II
0.20–0.35

TAL – Talca 677 B – Soft rock or very dense soil 0.33, 0.36 II-Hard soil Flat
CUR – Curico 554 B – Soft rock or very dense soil 0.23, 0.24, 0.24 II-Hard soil Flat
HUA – Hualane 460 C – Dense or firm soils 0.53, 0.59 III -Medium soil 0.40 0.38 II

�0.36
CRS – Santiago Maipu 439 C – Dense or firm soils 0.50 III-Medium soil 0.31
MAT – Matanzas 374 C-Dense or firm soils 0.91 IV- Soft soil 0.28
ANGO – Angol 372 C – Dense or firm soils 0.25 II-Hard soil 0.19
HSOR-Santiago Penalolen 330 D-Medium Firm Soils 0.45 III-Medium soil Flat
CSCH – Casablanca 306 D-Medium dense or firm soils 0.67 IV- Soft soil 0.53
CCSP – Concepcion 271 D-Medium dense or firm soils 0.53 III-Medium soil 0.42
CON – Constitucion 264 D-Medium dense or firm soils 1.02, 1.32 IV- Soft soil 0.42 0.83 IV

�0.74

a Defined in Table 1.
b Shown in Fig. 9.
c Defined in Table 2.
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borehole. The dimensions of each station site are generally within
a city block (�0.01 km2).

Fig. 9 shows each earthquake and average microtremor Fourier
H/V velocity spectral ratios for all 11 Chilean strong-motion stations.
For all stations, earthquake H/V ratios demonstrate amplification at
one or more periods. For stations with multiple earthquake
recordings, earthquake ratios are relatively consistent between
events. The average microtremor H/V ratio for the 11 stations dis-
plays either a clear site period or is rather flat, indicative of stations
dominated by soft/fine-grained and stiff/coarse-grained sediments,
respectively, as observed at other sites in Chile [29,33,43,44]. For
Melipilla and Hualane, the earthquake and microtremor H/V ratios
observed in this study are similar to Leyton et al. [38]. Flat micro-
tremor H/V ratios are considered agreement with short earthquake
site periods (Talca and Curico). At the majority of stations, the
microtremor site period is slightly shorter, and of lower amplifica-
tion, than the earthquake site period. Two potential and indis-
tinguishable factors are: (1) the earthquake motion (Z0.1 g) is
significantly greater than microtremor motion and could potentially
trigger nonlinear soil behavior and/or longer site periods at fine-
grained soil sites, and (2) the depth and strength of impedance (VS

and density) contrasts in the subsurface are known to affect the
ability of microtremor ratios to mimic earthquake ratios [17,29]. For
example, microtremor and earthquake H/V ratios are most similar
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at stations with near-surface strong impedance contrasts (Melipilla
and Angol). At Constitucion, strong earthquake shaking may excite
very long site periods related to longer wavelength (3D basin and/or
topographic) effects.

Site classifications based on observed predominant earthquake
period (Table 2) for the Chilean stations are listed in Table 7. Sta-
tions are presented in order of decreasing VS30 estimate deter-
mined from non-invasive microtremor VS profiling. Stations with
high VS30 values generally exhibit a short predominant period
(o0.4 s) whereas stations with low VS30 values exhibit a longer
predominant period (Z0.4 s), as expected. The stiffest coarse-
grained VS30-based site class B stations (Melipilla, Talca, Curico) are
readily distinguished by earthquake and microtremor H/V ratios;
short site periods and/or flat microtremor ratios. For all other
softer site class C and D stations, observed site period is more
variable. The stiffest site class C stations (Hualane and Maipu)
exhibit consistent site class III medium soil site periods whereas
softer site class C stations (Matanzas and Angol) display soft (site
class IV) and hard (site class II) soil periods, respectively. The site
class D stations display both medium and soft soil periods. The
expected general trend of increasing site period with decreasing
VS30 is observed at central and southern Chilean strong-motion
stations.
6. Summary and conclusions

Inversion of non-invasive microtremor-derived dispersion data
for 1D geophysical structure is accomplished in this study without
knowledge of the invasive VS profiling results, i.e. a true blind-
prediction experiment. The resulting VS profiles from discrete
invasive (downhole, SPT, and laboratory BE) VS measurements and
inverted non-invasive dispersion data are compared in terms of
the average relative difference in VS, as well as VS30, the main site
classification criterion in the current Chilean building code.

Site conditions at the 11 strong-motion stations in central and
southern Chile can be sub-divided into two major groups based on
invasive VS measurements and stratigraphy. Stations with coarse-
grained gravel within the upper 10-m correspond to classes B or C:
Curico, Hualane, Maipu, Melipilla, and Talca. All other stations are
comprised of finer-grained sands and clays corresponding pri-
marily to class D. Non-invasive surface wave dispersion data also
demonstrate first-level approximations of site conditions at the 11
strong-motion stations. VS30 estimates based on the measured 40-
m wavelength Rayleigh phase velocity generally correspond to the
same site classifications as the invasive testing, i.e. very stiff class
B–C sites are readily distinguishable from softer class C–D sites. For
the majority of stations, the resulting site classification is con-
sistent irrespective of methodology. Exceptions include Penalolen,
CCSP, and Angol, in which VS30 estimates derived from non-inva-
sive testing in this study correspond to lower (Penalolen and CCSP)
and higher (Angol) site classifications compared to invasive
methods. Overall, the non-invasive microtremor-acquired disper-
sion data collection, optimized for efficiency and low-cost, is able
to provide a reliable assessment of VS30 in comparison to invasive
methods for a wide variety of geological settings.

Probabilistic inversion of the non-invasive dispersion data is
performed to provide uncertainty estimates of the retrieved sub-
surface VS structure. Inversion of non-invasive dispersion data is
able to resolve near-surface VS structure with generally small
uncertainty, such that reasonable agreement with invasive VS30

estimates is obtained. The non-invasive method is able to also
resolve VS structure to similar or greater depths as invasive dril-
ling, albeit with greater uncertainty. The overall average relative
difference in VS between mean invasive and non-invasive VS pro-
files is a remarkable �10% for upper soil layers and �30% for the
base elastic half-space (bedrock) layer, regardless of soil conditions
and/or VS30 site class. The assumption to be made here is that non-
invasive VS profiling performed at any other location in central and
southern Chile will provide VS measurements within �20% of
invasive VS measurements, on average. This blind-comparison
study has demonstrated that efficient and low-cost non-invasive
microtremor array testing is a credible VS profiling technique in a
wide variety of geological conditions and may be used in the
future with confidence throughout Chile and elsewhere.

Empirical earthquake and microtremor H/V spectral ratios are
calculated to evaluate predominant site period as an additional
and/or independent site classification criterion. The expected
general trend of short site periods related to stiff soils (high VS30)
and longer site periods related to medium to soft soils (low VS30) is
observed. However, earthquake site response classification based
on site period is more sensitive to the underlying VS structure than
VS30. For example, VS30 estimates determined for Matanzas and
Angol stations correspond to site class C dense or firm soil con-
ditions, but the different underlying VS structure at these two
stations results in different site periods: very consistent and short
period (hard soil) behaviour at Angol results from low velocity
fine-grained clays and sands to �14 m depth over high velocity
volcanic tuff, whereas longer period (medium soil) behaviour at
Matanzas results from moderate velocity fine-grained clays and
sands to more than 50 m depth. The use of site period in combi-
nation with VS30 ensures robust earthquake site response
prediction.
Data and resources

Chilean earthquake data was downloaded at http://terremotos.
ing.uchile.cl (last accessed December 2013) and the Strong-Motion
Virtual Data Center (VDC) at http://www.strongmotioncenter.org/
vdc (last accessed August 2014). Software for microtremor array
data processing obtained at www.geopsy.org (last accessed
December 2013). Mathworks Matlab software was used for plot-
ting. Fig. 1 generated using GeoMapApp (www.geomapapp.org,
last accessed December 2013).
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