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Abstract

Yutaka Nakamura (1989; [1]) popularized the application of the horizontal-to-vertical spectral ratio (HVSR) analysis of
microtremor (ambient noise or vibration) recordings to estimate the predominant frequency and amplification factor of
earthquake shaking. During the following quarter-century, popularity in the microtremor HVSR (MHVSR) method grew;
studies have verified the stability of a site’s MHVSR response over time and validated the MHVSR response with that of
earthquake HVSR response. Today, MHVSR analysis is a popular reconnaissance tool used worldwide for seismic
microzonation and earthquake site characterization in numerous regions, specifically, in the mapping of site period or
fundamental frequency and inverted for shear-wave velocity depth profiles, respectively. However, the ubiquity of MHVSR
analysis is predominantly a consequence of its ease in application rather than our full understanding of its theory. We present
the state-of-the-art in MHVSR analyses in terms of the development of its theoretical basis, current state of practice, and we
comment on its future for applications in earthquake site characterization.
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1. Introduction

Ambient noise methods measure background seismic noise to assess the mechanical properties of the earth’s
subsurface, in particular seismic velocities. Ambient noise is defined as the constant vibration of the earth’s
surface, generated by the combination of low frequency (less than ~1 Hz) natural phenomena (earthquakes, wind,
tides, rivers, rain, variations of atmospheric pressure) and high frequency (greater than ~1 Hz) human activities
(road traffic, machinery, pedestrians). This background noise is a mixture of various wave types, which contain
information on the sources and transmission paths of waves, and subsurface structure [2]. Most sources of ambient
noise are located at the surface of the earth or at the bottom of the sea, releasing most of their energy as surface
waves. Rayleigh waves become predominant at large distances because their geometric attenuation is much lower
than that of body waves [3]. It is commonly assumed that Rayleigh and Love waves dominate an ambient noise
record at more than one wavelength from the sources [4]. It is, however, impossible to isolate every wave from an
ambient noise record. Aki [5] proposed to analyze ambient noise as a temporal and spatial stochastic process with
reference to the nature of wave propagation. By recording the background noise over a long time period with an
array of sensors, the record is considered an assemblage of coherent waves travelling in various directions over an
extended frequency interval, which typically includes frequencies between 0.5 to 20 Hz.

This paper reviews the basis for the development of the single-station microtremor horizontal-to-vertical spectral
ratio (MHVSR) method for retrieval and evaluation of the resonance frequencies of unconsolidated sediments over
high velocity bedrock. We first review numerical and empirical studies that have examined composition of the
microtremor wavefield (body and/or surface waves) in terms of a site’s layered earth structure (e.g., complexity
of layering, impedance contrast(s), and attenuation) and site response (e.g., resonance frequency and its lateral
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variation). Recent developments on the theoretical basis of MHVSR response considering the microtremor
wavefield as comprised of diffuse waves [6, 7] is also presented. Currently, MHVSR analysis varies amongst
practitioners. We review published literature to document variations in equipment, data collection procedures, and
processing methods from which to develop international recommendations of MVSR analysis for seismic site
characterization [8, 9]. A short summary of studies that have led to the development of inversion and/or forward
modelling techniques performed with MHVSR data is presented. We then present applications of MHVSR
analyses including two detailed case studies.

In general, MHVSR analysis is currently applied to estimate the site period or fundamental frequency, and in
certain circumstances, the site amplification factor, as observed in weak-motion (linear) earthquake shaking. The
physics behind the MHVSR manifestation appears to be wavefield dependent (i.e., composed of body, surface, or
diffuse waves and/or combinations thereof) [10] and therefore no single analytical expression exists as yet for all
real-world conditions. Regardless, many practitioners also invert the MHVSR peak and/or its entire spectrum for
models of subsurface shear-wave velocity structure or 1-D depth profiles [11, 12, 13, 14]. In other words, the
physics-based forward-modeling codes for the inversion varies amongst practitioners, but the inversion of
MHVSR is able to provide models of subsurface shear-wave velocity depth structure [12]. The uncertainty of these
MHVSR-inverted velocity models may be improved further via joint inversion with dispersion data or by
narrowing model parameter distribution bounds during the inversion based on supplemental geotechnical data.

2. MHVSR Development and Usage

The MHVSR method is an analysis technique that calculates the ratio of the horizontal-to-vertical Fourier spectra
derived from microtremor (ambient noise or vibrations), typically recorded at a specific location by a three-
component sensor. This single-station microtremor approach was initially developed in Japan by Nogoshi and
Igarashi (1971) [15], based on studies by Kanai and Tanaka (1961) [16], for characterizing site response under
seismic loading, and was later popularized and diffused by Nakamura [1] as reviewed in [17]. Early on, the
MHVSR method gained notoriety and use in Europe (e.g., SESAME project; [8, 18]) and later in Canada [9, 19]
and South America [20]. Its application in the United States, however, has not been as prolific.

2.1 Empirical development

Empirical evidence shows that the maximum of the MHVSR generally occurs at, or close to, the fundamental
horizontal component of shear wave motion (SH) resonance frequency of the site (fo), provided that there is a
sufficiently strong impedance contrast at depth [21, 11, 22, 23, 24, 25, 26, 27, 28, 29,30]. Peak resonance
amplification from one-dimensional (1D) vertical propagation of SH-waves through a single soil layer over a half-
space occurs at

fn = n(Vs/4h), (1)

where Vs and h designate soil shear-wave velocity and thickness, respectively, and the index n (n =1, 3, 5, etc)
designates the nth mode of oscillation [31]. Bonnefoy-Claudet et al. [32] demonstrated that this holds when
microtremors are composed mostly of both body and/or surface waves. The microtremor H/V curves are diagnostic
of key features of the subsurface structure. First, they indicate, through the peak amplitudes, whether stiff layers
are present and, through the peak frequencies with an assumption of Vs (Eq. 1), depth of soil thickness and/or
resonance, e.g., [11, 33, 34, 12]. Second, their variation in space or peculiar shape usually indicates lateral
heterogeneities in the subsoil, e.g., [32, 35, 36, 37, 38, 39, 40, 41], and the interpretation of peak frequency and
amplitude should be carefully considered for such sites. Third, they can show velocity reversals [13].
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Figure 1. MHVSR (average + standard deviation) curves at different sites (top) and single spectral components
(NS, EW, Z) at the same sites (bottom). The contribution of Rayleigh waves is well visible at all sites (local
minimum in the vertical component at fo, local maximum at ~2fo) in panels D, E and F. The contribution of Love-
SH waves is marked by two distinct spectral peaks of the horizontal components at the two resonance frequencies
in panel D (black arrows), by two modest peaks in panel E (grey arrows) while it is not present at all in panel F at
fo. From [12].

Studies of microtremors have demonstrated that the contribution of different surface wave types varies with
frequency from site to site and that Love waves most often dominate the microtremor wavefield [42, 43, 44, 45].
However, the Rayleigh wave signature (local minimum of the vertical spectral component) (Figure 1) is always
present, because surface waves attenuate less than body waves with distance from the source and they also have
less stringent existence conditions compared to Love waves [12]. This ubiquitous feature allows to distinguish
MHVSR peaks of stratigraphic origin from peaks of anthropic origin [13], whereas peaks of anthropic origin
appear as narrow spikes in all three spectral components [12].

2.2 Theoretical development

Understanding the composition of microtremor is important, particularly to model the MHVSR curves in terms of
Vs profiles. Over the years, different authors have attempted to explain the MHVSR phenomenology in terms of
SH waves [1, 46], of Rayleigh waves [22, 26, 29, 47, 48] and by adding the effects of Love waves [49]. Recent
studies are considering the role of all waves, the so called total field [6, 32, 50]. It was found that microtremor
composition differs not only as a function of velocity and attenuation structure, but also as a function of the
temporal and spatial distribution of the sources and their wave type and strength. The inversion of the MHVSR
curve requires not only the knowledge of the specific sources acting at the site, but also several other soil
parameters (e.g. Poisson’s ratio, damping of each layer, 2D effects) that are often not easy to determine. This
makes the MHVSR inversion an intrinsically imprecise process, but the lack of precision does not mean that the
approach is useless or not important.

Sanchez-Sesma et al. [6] proposed that microtremors form a diffuse field containing all types of body (P and S)
and surface waves (Love and Rayleigh) for which their associated illumination strengths stabilize in fixed
proportions. Within the diffuse field assumption (DFA) multiple scattering and its equilibrating effects play a
prominent role. The relative power of each seismic state that composes the illumination emerges from the principle
of equipartition of energy. Theory asserts that within a diffuse elastic wave field the autocorrelation in the
frequency domain (the power spectrum), at any point of the medium, is proportional to the imaginary part of the
Green'’s function for source and receiver at the same point. As average autocorrelations are proportional to average
directional energy densities (DED) then, by following [47] one way to assess the MHVSR is the square root of the
ratio of the DEDs: H/V=V( (E1+E)/Es ), where Ey are the DEDs for the horizontal (E; and E;) and vertical (Ex)
degrees of freedom. In other words, it is the square root of the ratio of the spectral averages of horizontal and
vertical energies. The DFA allows linking measurements with intrinsic properties of system. The MHVSR is
modeled in terms of Green’s functions, where
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H/V=N( (ImG11+1mG2)/ImGg3 ). (2)

In Figure 2 the results of ImGa11(0,0; ) and ImGs3(0,0,w) for a single layer over a relatively rigid half-space are
shown. The MHVSR computed using Eq. (2) is displayed with black lines.

For a horizontally layered medium this approach is straightforward for data at the surface [6, 7] and at depth [51].
Lateral heterogeneity can be dealt with similarly but computing Green’s functions become computationally
expensive [41]. In the case of layered media, the imaginary part of Green function is obtained as integrals in the
horizontal wavenumber that can be computed using Bouchon’s [52] discrete wavenumber method or alternatively,
Cauchy’s residue theory [53] that allows separate calculation of the contribution of the different parts of the elastic
wave fields (body and/or surface waves). In this context, the inverse problem emerges; the target is to assess the
soil elastic parameters from surface measurements. Diverse methods of gradient and heuristic types are useful for
this purpose, and they all have advantages and limitations. Based on this formulation, Garcia-Jerez et al. [54]
developed a computer code for the efficient forward computation and inversion of MHVSR. The non-uniqueness
issues, inherent in any inversion process, can be mitigated by performing joint inversion of H/V and dispersion
curves [55]. In fact, the joint fit of H/V and dispersion curves was proposed by several authors, e.g., [56, 57, 58,
14, 59, 60, 61], and Vs profiles matching both the experimental MHVSR and dispersion curves are commonly
considered better constrained than models based on the match of the curve from a single technique.
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Figure 2. (a) Imaginary part of Green’s functions G11 and Gss for a layer over a half space. Black line corresponds
to horizontal response while dotted line represents vertical one. (b) MHVSR computed using Eg. (2).

Within the DFA it is possible to consider that the illumination is given only by body waves. Considering the scalar
1D problem, Claerbout [62] found that: “The reflection seismogram from a surface source and a surface receiver
is one side of the autocorrelation of the seismogram from the source at depth and the same receiver.” Kawase et
al. [63] interpreted this observation as the 1D expression of the identity between autocorrelation and the imaginary
part Green’s function. Moreover, they developed criteria to apply the DFA for incoming body waves.
Alternatively, the Rayleigh wave ellipticity can be extracted from microtremors by using multiple [64-66] or
single-station [67] methods. The main advantage is no assumption of the microtremor sources is required. As for
MHVSR, the joint inversion of ellipticity and dispersion curves [68] is advantageous for retrieving the horizontally
layered Vs structure.

3. MHVSR Procedure

3.1 Field Data Collection

The most suitable recording instrument is a three-component seismometer (velocimeter) with a noise floor clearly
lower than the ambient noise level over the frequency band of engineering interest (0.1-25 Hz). The natural
frequency of the seismometer (digitizer included) should be considered with the estimated site conditions, i.e.,
depth to (rock) impedance interface. Accelerometers, with a relatively high intrinsic noise level, should generally
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be avoided [69]. It is also recommended that the sampling rate shall be twice the frequency of engineering interest,
e.g., 50 Hz for analysis of frequencies up to 25 Hz.

The seismometer is levelled on the earth’s surface at a location of interest where the surface conditions should be
representative of natural free-field ground characteristics. Coupling of the sensor to the earth’s surface is crucial,
hence, vegetation should be removed, feet inserted firmly into soft soil and protected from direct wind [70]. Sensor
levelling or stability of the ground surface should be maintained throughout the recording duration. When there is
variability in the MHVSR as a result of the surface ground conditions, the best practice is to either collect only on
the “bare” ground surface (without man-made constructed materials) or acquire two or more recordings on
different man-made surfaces in the immediate vicinity (within ~1 meter) to verify MHVSR redundancy.

Urban environments present significant challenges to the natural free-field ground condition. Measurements on
very stiff artificial man-made material (e.g., pavement) over softer soils should be avoided as the peak of the
MHVSR curve may be altered [13]. To circumvent this challenge and determine the variability of the signal, it is
recommended that a number of repeated measurements be performed. It is, however, not recommended to perform
this method over underground cavities (e.g., subways, tunnels). In a built downtown environment, any open parks
or courtyards should be sought. Caution should be practiced, e.g., landscaping that overlies possible cavities or
other buried man-made materials such as electrical power or vents, should be avoided. As a last resort, the user
may perform measurements on the foundation floor of a man-made structure [8]. With regards to recording on or
adjacent to man-made structures, the general rule of thumb is to offset the recording location by ~15 m from the
structure [58]. Sustained vibrations from machinery will impact the MHVSR adversely when within the same
frequency bandwidth of the location’s fundamental frequency as single filtering techniques cannot remove these
records; the measurement must be repeated when the machinery is not in operation.

The duration of data acquisition is defined by the targeted (bedrock) depth as well as quality of the ambient noise
collected. The duration of recording must increase with depth of investigation. It is recommended that a minimum
of 15-30 minutes of recording be performed to ensure sufficient time windows (statistics) are collected for the
HVSR analysis — accounting for non-useable time segments (e.g., amplitude saturation) [8, 57, 71, 72].

One MHVSR analysis per site is sufficient to obtain an estimate of fo, especially in conjunction with previous
earthquake and MHVSR analyses, for confirmation of an expected pattern. At a previously unexplored site or
where artifacts of man-made origin are expected, it is recommended to take multiple recordings at different times
of the day or on different days to establish stability of the MHVSR curve. For microzonation studies, measurements
should be obtained at a coarse or large spacing and reduced to a finer scale or denser spacing where rapid variations
of the fundamental frequency are observed.

3.2 MHVSR Analysis

e The entire microtremor three-component time series is split into several time windows of equal or varying
length. Window length is inversely proportional to minimum frequency — longer time windows should be
used to measure stable low fundamental frequency sites.

Fourier spectra are computed for every time window and smoothed.

e The ratio between horizontal and vertical spectra is then performed. As a first pass, the user shall compute
ratios using each horizontal spectrum, rather than an average of the two horizontal spectra. Once it is
confirmed that the two horizontal spectra are similar (indicative of underlying soil homogeneity), then the
average HVSR is valid for use at this location. When the two horizontal spectra are not similar, the two
HVSRs should be shown and considered individually in further analysis.

e The final average H/V ratio for the location was first calculated as the average of all H/V ratios from the
spectra of each time window [1, 8, 15, 26], but is increasingly determined from the averaged spectra from
all time windows of each component [6, 47, 50, 55].

Editing of the individual HVSRs from which to calculate an average shall be accomplished in the time or frequency
domain. Transients (in time or frequency) may be removed manually or via an automatic algorithm.
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3.3 Interpretation and Reporting

The calculated HVSR shall be interpreted in conjunction with the individual Fourier spectra (i.e., two plots are
required, see Figures 1 and 2) to attribute observed peaks to natural free-field ground conditions and not sustained
machinery vibrations. Peaks in the HVSR plots that are a consequence of natural underlying ground conditions
exhibit an “eye-shape” in the Fourier spectra [13], in which horizontal spectra are of larger amplitude than the
vertical spectrum over a limited bandwidth. In other words, HVSR peaks that result solely from a reduction in
vertical spectrum amplitude are potentially not legitimate.

The frequency and amplitude level of each observed MHVSR peak, interpreted to be a consequence of natural
ground conditions, is reported. To capture the shape of the MHVSR peak (narrow vs. broad), a measure of its
frequency breadth is generally provided via fitting a standard normal or Gaussian function to the peak, e.g., [73],
and reporting the required standard deviation or reporting the range in frequency at the mid-height of the peak.

Amplitude of MHVSR peaks are not used directly to estimate earthquake site amplification factors. Many studies
have shown lower MHVSR amplitudes than found in earthquake HVSR (EHVSR) peaks ([25] lists 18 studies).
Conversely, similar agreement between MHVSR and EHVSR has been demonstrated at strong impedance contrast
sites, e.g., [19]. As shown from numerical [39, 74] and empirical [75] studies, the amplitude of MHVSR peaks
scales with the impedance contrast, which is useful to qualify the impedance contrasts of layered earth models.

4. Applications and Case Studies

MHVSR studies are becoming increasingly popular around the world, resulting in a growing number of articles
documenting the importance and robustness of MHVSR results. For example, demonstrating agreement between
results from MHVSR studies with those from other geophysical techniques and geological observations [28, 33,
76-79]. MHVSR studies are particularly valuable in low-seismicity regions where detailed fundamental site-period
maps can be generated and used for urban planning purposes, e.g., [37, 60, 76, 80, 81]. MHVSR studies have been
applied for liquefaction hazard mapping, e.g., [82, 83], and for engineering applications such as evaluating both
building and soil response using ambient noise, e.g., [58, 84-88]. Combining techniques, such as MHVSR and
Multi-channel Analysis of Surface Waves (MASW), e.g., [89] or ambient vibration array, e.g., [60], is particularly
beneficial at evaluating earthquake site response in areas of low seismicity and has also been used (MHVSR and
cross-correlation of ambient seismic noise) to characterise deep basin structure, e.g., [90].

4.1 Seismic Site Characterization Using MHVSR and Noninvasive Multi-methods in the U.S.

Before the ARRA-funded (American Recovery and Reinvestment Act) site characterization project [91], MHVSR
analyses were not commonly applied in the U.S. despite its popularity elsewhere. The Yong et al. (2013; [91])
(henceforth: Y13) project had two objectives: (1) to acquire a range of site-specific geophysical data for the ground
motion modeling community, and (2) to establish a pilot project for the Advanced National Seismic System
(ANSS; http://earthquake.usgs.gov/monitoring/anss/; last accessed 11 May 2016) to guide similar efforts in the
future. The most important task in the project was the determination of Vsz, the time-averaged shear-wave velocity
(Vs) from the surface to the depth of 30 meters. A total of 191 strong-motion station sites were characterized; 187
sites are in California and four in the Central-Eastern United States, to demonstrate that noninvasive methods could
be used outside of California. Only about half (51%) of the sites have Vs based on collocated measurements
recorded by multiple methods. Nevertheless, microtremor data were specifically recorded at all 191 sites for
MHVSR analysis.  The Y13 report [91], along with site and raw data, are available online at
http://pubs.usgs.gov/0f/2013/1102/ (last accessed 11 May 2016).

The Y13 project typically made MHVSR measurements at three locations of each array for two main purposes: to
demonstrate whether or not modeling the subsurface velocity structure as 1D is appropriate and to estimate the fo
of the site [8]. The MHVSR measurement locations are generally distributed at the end- and mid-points of each
survey array segment. Frequently, one of the MHVSR records was obtained adjacent to the ANSS station. The
primary seismic system used to acquire MHVSR data was a Nanometrics Trillium Compact 120 s seismometer
and a Kinemetrics Quanterra Q330 data recorder. MHVSR measurements were also made at some sites with a
Micromed (now Moho s.r.I) Tromino ENGY. The data acquisition procedures generally followed user guidelines
developed under the SESAME [8, 18] project. The Trillium Compact was primarily deployed in a shallow hole
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(Figure 3a), coupled to the ground by a small aluminum cradle with spikes, covered with a plastic tub to isolate
the effects of wind (Figure 3b). In gravelly soil, the aluminum cradle was coupled to the ground using gypsum
plaster. Microtremor data were recorded at a 200 Hz sampling rate. Relative to the Trillium Compact, the Tromino
is a higher frequency standalone seismic system (seismometer and data recorder combined) optimally designed
for MHVSR measurements. Y13 typically only used Trominos at sites that were expected to have relatively
shallow depth to bedrock. The duration of microtremor measurements were typically between 15 and 45 minutes,
depending on site conditions, and data were recorded at 128 samples per second. Recordings were stored in the
instrument’s internal memory and downloaded to a laptop computer for viewing in the software package (Grilla
version 6.1) provided by the manufacturer.

The Geopsy software package (version 2.7.0) (http://www.geopsy.org; last accessed 11 May 2016) was used for
MHVSR analysis. MHVSR was typically calculated over a frequency range dependent on the observed site
response and using a time window length of 100-200 s. Time windows containing transients (nearby pedestrian
or vehicular traffic) or segments yielding poor quality results were not utilized for analysis. For every selected
time window, Fourier amplitude spectra were calculated and smoothed by applying the Konno and Ohmachi [92]
filter with a smoothing coefficient value between 30 and 40. The vertical amplitude spectra were divided by the
root-mean-square (RMS) of the horizontal amplitude spectra to calculate the MHVSR for each time window and
the average MHVSR. After calculating the standard deviation of the MHVSR amplitudes for all windows, the
average response is divided and multiplied by the standard deviation to produce the minimum and maximum
MHVSR spectra, respectively [8]. MHVSR data were not typically modeled and no attempt was made to jointly
invert MHVSR and surface-wave dispersion data. Occasionally, primarily at shallow rock sites, MHVSR modeling
routines available in software packages (Grilla [Moho s.r.l.] and Seisimager [Geometrics/Oyo Corporation]) were
used to calculate the theoretical MHV SR response for the Vs models developed by the inversion of the surface-
wave dispersion data, and then these responses were compared to the measured MHVSR data.

(a) (b) (c)

E D C Site Class B Site Class A
Lo 104

Frequency

3 e e Visao (/)
Figure 3. Photos of deployed three-component seismometer in (a) a shallow hole and (b) protected from wind
(seismometer under red tub with RefTek 130S Data Acquisition System) [91]. (c) Distribution of Vs amongst
the 191 tested sites [91].

At the end of the Y13 project, Vs profiles and Vszo estimates were produced for 187 stations in California and four
in the CEUS. These results represent a significant increase (approximately doubling) in the number of
measurement-based Vszo values for strong motion stations in California [93, 94]. As a pilot project, the experience
provided the ANSS with information necessary to begin evaluating measurement techniques and to develop
guidelines for characterizing seismic site conditions at other strong motion stations. Studies about the Y13
calculated MHVSRs with respect to the expected site 1D responses are currently ongoing, thus their results are
expected to play a key role in determining the reliability of the Vs profiles and Vss derived from surface-wave
methods.
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4.2 Fundamental Site Period Studies in Canada’s National Capital Region — the Soft Sediment Case

The highly populated St Lawrence Lowlands, stretching from Ottawa, Ontario to Quebec City, Quebec, is a region
characterized by zones of elevated seismic hazard. Near surface glaciomarine sediments (clayey silts and silty
clays), present throughout the region in thicknesses up to 180 m, typically exhibit low Vs (< 180 m/s) and overlie
high velocity tills and bedrock. Weak motion events recorded at soil and bedrock seismograph stations in the
Ottawa area indicate soil-to-rock spectral amplification ratios can exceed 80 at the site fundamental frequency or
period [75, 95, 96].

Early Geological Survey of Canada (GSC) studies of site resonance were conducted in a region east of Ottawa
[97]. Intensive geological and geophysical studies were undertaken in the area to investigate heavily disturbed
glaciomarine sediments interpreted to have resulted from paleoearthquake activity ca. 7060 years BP [98, 99]. At
40 test sites, fundamental periods were estimated from one-dimensional models using Vs measurements, and
compared to H/V spectral ratios calculated from 60 min microtremor recordings using a Guralp (CGM-40T)
seismometer. Results from both techniques indicated sharp, high amplitude, resonance peaks, but 1D models
produced periods which were often higher than those calculated with the H/\V method.

In 2006, the GSC undertook a multi-year demonstration study in Canada’s national capital region (NCR) to
systematically map the distribution of fundamental site periods (T,) and seismic site categories (classes A through
E) as defined in the 2005 National Building Code of Canada (NBCC). The joint cities of Ottawa and Gatineau,
which define the NCR, are subject to seismic activity originating from the West Quebec Seismic Zone, and have
been identified as having the third highest earthquake risk in Canada. The maps were compiled using subsurface
geology derived from a database of 21,800 boreholes, and Vs data acquired at 750 reflection/refraction test sites,
25 km of high-resolution seismic landstreamer data, and nine downhole Vs logs [9, 75, 95, 100]. Both T, and
seismic site class maps have a borehole database at their core, and were compiled by developing a well constrained
average Vs-depth function derived from shear wave reflection surveys in soft glaciomarine sediments
(Vs2=123.86+0.88n + 20.3 m/s), and establishing Vs ranges for glacial deposits (till) and bedrock using refraction
survey results. These relationships allowed for each borehole record to be converted into a Vs profile, whereby
Vs30 could be determined for each borehole site. Results indicated that seismic site classes ranged from A to E and
could rapidly change over short distances as bedrock depth varied in fault-controlled basins. Site class F, although
present, could not be confirmed using geophysical methods alone and required site specific geotechnical testing.
To were calculated using the quarter wavelength method [101], also called the equivalent single-layer (ESL)
method, as outlined in the NBCC (editions 2005, 2010, 2015). As this approach is not constrained by a depth
limitation of 30 m, To were found to range from 0.0 seconds at outcropping bedrock, to 2.0 seconds where soft
sediment reached 110 m in deep bedrock basins.

Since 2007, a Tromino seismograph (MoHo s.r.l.) has been used to record ambient noise at over 400 sites in the
NCR, where 283 coincide with seismic test sites. At each microtremor site, data were recorded for a minimum of
30 minutes at 128 Hz sampling rate and processed using the Grilla software following the SESAME criteria [8];
60-s time windows were used and frequency spectra calculated over 0.1-20 Hz using the Konno and Omachi [91]
(b=40) filter. A cross plot of fundamental periods calculated using the two techniques (ESL and HVSR) are
presented in Figure 4. As observed earlier in eastern Ontario [102], Figure 4a demonstrates that T, systematically
deviate in this geological setting, reaching 30% at 2.0 s. This deviation, which has been quantified by a power
function, is attributed to the effects of significant Vs gradients in the glaciomarine sediments (the “Dobry effect”,
[103]) which are not taken into account with the ESL approach. By applying a multilayer soil model, Motazedian
et al. [104] found that T, is reduced when compared to the ESL approach. By using the Dobry velocity gradient-
versus-depth correction following the Hadijan [105] approach, Motazedian et al. [15] were able to closely model
the observed curve given in Figure 4b.

The influence of 2D and 3D bedrock topography on HVSR period (or frequency), and peak amplitude and shape
was further investigated using high resolution seismic reflection profiles throughout the study area. Figure 5
presents a shear wave seismic section collected with a landstreamer array over a bedrock basin, up to 120 m deep,
filled with soft glaciomarine sediments [106]. Seven HVSR profiles are displayed at sites along the section,
showing variation in shape as sediment thickness and bedrock slope change along the alignment. These, and an
additional 82 individual MHVSRs (with depth-control provided by boreholes or seismic profiles), were used to
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create a site-specific frequency-depth curve presented in Figure 4b. This curve was used to identify the shape of a
3 km by 1 km bedrock basin, which was instrumented in 2010 with an array of one bedrock and five soil
seismograph stations to monitor basin response during earthquake shaking. To address the impact of 3D resonator
topography on HVSR curve shape, the authors suggest that the horizontal resolution of the resonator surface using
the MHVSR technique could be guided by the Fresnel Zone radius, as determined by the fundamental site

frequency.
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Figure 4. (a) Relationship between Toes. and Tonvsr Showing systematic deviation caused by the effects of Vs
gradients in the soft glaciomarine sediments. (b) Sample site-specific relationship developed between Tonvsr and
the depth to the main impedance contrast using high resolution Vs reflection profiling. Our experience leads us to
recommend converting fundamental periods from microtremor measurements to sediment thicknesses only for
well-studied sites where subsurface structure and velocities are well understood.

e range 842087

\ 0.76 Hz 0.75 Hz 4 /\_/J
\ b
/ ]
: 1.83 Hz /\ 0.72Hz 1
i/ |
e s i L S == \\_v,/ | ==
- John Shaw 081 -
s, 2000 a0 6000 8000 w000 00 000 | 16000 1800 20000
Offset: v 5(‘»0 1000 v 3 va‘nn 2000

' -IQ}-‘BH (9'./'m)_ |

Primary impedance ;
| contrast (bedrock surface) .

Elevation (masl)
(~40 m to +100 m)

b

3.0 km 2.3km

90° bend
in road
Figure 5. High resolution shear wave velocity profiles collected near Ottawa, Ontario, showing a bedrock basin
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logging. Seven sample HVSR profiles collected along the seismic lines are presented to demonstrate the influence
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sediment setting (seismic section adapted from [106]).
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5. Concluding Remarks

During the last two decades, we have seen substantial progress in development of the single-station MHVSR
analysis approach, or “the Nakamura method” [1]. Its use is prevalent in seismic microzonation mapping, post-
earthquake reconnaissance, and earthquake site characterization in particular, including MHVSR peak frequency
for soil thickness and MHVSR inversion for Vs depth structure. Its practical ease and small volume of equipment,
thereby minimal expense, has resulted in truly global applications, notably including Africa [107] and Antarctica
[108].

This paper reviewed the original basis for the development of the MHVSR method including numerical and
empirical studies that have examined composition of the microtremor wavefield. Recent developments on the
theoretical basis of MHVSR response are presented that consider the microtremor wavefield as comprised of
diffuse waves [6, 7]. MHVSR analysis varies amongst practitioners, thus, published literature is reviewed to
document variations in equipment, data collection and processing methods from which to develop international
recommendations of MV SR analysis for seismic site characterization [8, 9]. Short summaries of studies that have
led to the development of forward modelling and/or inversion techniques performed with MHVSR data were also
presented. In addition, applications of MHVSR analyses are presented from two detailed case studies in North
America.

As the uses of MHVSR and other noninvasive surface-wave based methods become more prolific, groups of key
developers and practitioners of the noninvasive methods have recently began to gather to discuss the state of
knowledge and practice in surface wave based methods with the motivation to establish best-practices and
guidelines for applying noninvasive geophysical site characterization methods [9, 109, 110]). Following from
previous guideline projects [8, 9], the authors of this paper (amongst others) have initiated the next stages in
development of the MHVSR analysis method and other noninvasive methods by establishing an international
consortium to develop the “COSMOS International Guidelines for the Application of Noninvasive Geophysical
Techniques to Characterize Seismic Site Conditions” (http://www.cosmos-€q.0rg/COSMOS_Newsletter_22.pdf;
last accessed 31 May 2016).
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