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Abstract

The use of the ratio of microtremor spectra, as computed by the Nakamura’s technique, was
recently proved successful for the evaluating the thickness of sedimentary covers laying over
both shallow and deep rocky bedrocks thus enabling bedrock mapping. The experimental
success of such application and its experimental uncertainties are today reported in many
publications. To map bedrock, two approaches exist. The first is to assume a constant shear
wave Velocity profile of the sediments. The second, and most preferable, is Ibs-von Seht and
Wohlenberg’s, based on correlating Nakamura’s curves main peak and wells information. In
the latter approach, the main sources of uncertainty addressed by authors, despite the lack of
formal proof, comprise local deviations of the subsurface from the assumed model. I first
discuss the reliability of the simplified constant velocity approach showing its limitations. As
a second task, | evaluate the uncertainty of the Ibs-von Seht and Wohlenberg’s approach with
focus on local subsurface variations. Since experimental basis is well established, | entirely
focus my investigation on numerical simulations to evaluate to what extent local subsurface
deviations from the assumed model may affect the outcome of a bedrock mapping survey.
Further, the present investigation strategy suggests that modeling and inversion, through the
investigation of the parameters space around the reference model, may reveal a very convenient
tool when lateral variations are suspected to exist or when the number of available wells is not

sufficient to obtain an accurate frequency-depth regression.

Keywords: microtremor; HVSR; bedrock mapping; lateral variations; uncertainty
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1 Introduction

Since the middle of the last century, the seismic ambient noise has been considered a valuable
source of information for the investigation of the shallow subsurface structure. Among other
methods, the horizontal to vertical spectral ratio (HVSR or H/V) method (Nakamura, 1989),
gained extreme popularity, especially in the last decades in fields such as geology, geotechnics,
seismology and recently even in archaeology (Wilken etal, 2015; Abu Zeid et al., 2016, 2017),

both because of its simple approach and because it only requires low cost equipment.

The HVSR method is based on recording the three components of the seismic noise which are
then Fourier transformed and smoothed. The spectral ratio of horizontal to vertical component
then, constitutes the so called HVSR (or H/V) curve. The main assumption for the
interpretation of such curves is that the subsurface can be well described as a soft sedimentary
layer (low shear wave velocity, or Vs) lying over a fast bedrock. In general, both the layer and
bedrock are considered homogeneous and viscoelastic, while the seismic noise is assumed to
be isotropic. In such a simplified (1-D) model, the correlation between elastic properties,
thickness of the sedimentary layer and frequency position of the curve’s peaks, has been
demonstrated. For example, Lachet and Bard (1994) used a uniform distribution of point-wise
sources to numerically simulate the seismic noise in an urban context while Bonnefoy et al.
(2006) estimated the effect of different sources on the resulting wavefield. Being an extremely
popular topic, the related literature is quite abundant and the interested reader could refer to the
study by Bard (1998) who presents an overview of the H/V method, Mucciarelli and Gallipoli

(2001), and Deliverables D13.08 (2004), D23.12 (2005) of the European project SESAME.

As recalled by Guéguen et al. (2007), the method is used for mainly three different scientific
purposes, namely the evaluation of the resonance frequency as correlated to earthquake

damage, the investigation of the resonance variation over large areas for microzonation and
DOI: 10.1016/j.jappge0.2017.07.017
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seismic-risk mitigation purposes and finally, for evaluating the thickness of the sedimentary

cover or equivalently, the depth of bedrock.

Among the three, the evaluation of the sedimentary thickness surely represents the most recent
application, so that only a few papers have been published in this area (Ibs-von Seht and
Wohlenberg 1999; Delgado et al. 2000; Parolai et al. 2002; Hinzen et al. 2004; Garcia-Jerez et
al. 2006; Motamed et al. 2007; D’Amico et al. 2008, Abu Zeid et al. 2014). The bedrock depth
(H) could in principle be evaluated using a very simple approach based onthe ratio H = f, /V,
between the main resonance frequency f, and the average shear wave velocity V; of the
sedimentary cover. However, since the problem is posed as an equation with two unknowns,
an estimate of the average V is required. As | will discuss later, this strategy is oversimplified
and may lead to severe errors. A preferable approach was described by Ibs-von Seht and
Wohlenberg (1999). In their pioneering work, they showed that it is possible to map the
thickness of the sedimentary cover by either using an approximate local estimate of the
subsurface wvelocity profile or alternatively, by simply establishing a two-parameters (a, b)
regression (sometimes referred to as a calibration function or correlation equation), of the form
H = afob which is built using the bedrock depth measured at some existing wells and the
resonance frequency f, at the well’s top, which is obtained by the HVSR method. | their
experiment, Ibs-von Seht and Wohlenberg had wells available for roughly 34% of the H/V
measurements. Of course, the regression is valid only at the investigated site; but once
established it is possible to infer the sediment thickness along the whole survey, provided that
the Vs profile presents negligible lateral variation across the surveyed area. It is noteworthy
that the calibration function is experimentally determined and does not require an explicit

knowledge of the Vs profile. According to experimental evidence, the method proved to be
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capable of estimating the bedrock depth from shallow targets (less than 50 meters) up to

hundreds of meters deep (deep bedrock case).

Delgado et al. (2000) examined in depth the theoretical basis of Ibs-von Seht and Wohlenberg’s
approach in order to better establish the limitations of the method. They concluded that this
tool can efficiently be used to retrieve the bedrock depth at locations where this information is
missing. Further, as their work was entirely based on field data, they defined the constants of
the calibration function for the Bajo Segura Basin (Spain). The bedrock ranged between 15 and
60 meters in depth, so their work represents an example of a shallow bedrock situation. Despite
the fact that the true sedimentary cover was actually a multi-layered system, which they
approximated with just two layers, and despite the topmost sediments were not accounted for,
they found that the error in evaluating the bedrock depth was only of on the order of 15% once
compared with the available detailed geotechnical information. In this way, they
experimentally demonstrated that the general approach is very robust. Further, they discussed
different sources of uncertainty that may affect the depth estimates and addressed local lateral

subsurface deviations from the assumed velocity profile as the main source of error.

Using Ibs-von Seht and Wohlenberg’s regression, Parolai et al. (2002), found a systematic
underestimation (up to 30%) in the thickness estimates performed in the Cologne area
(Germany), with the largest error corresponding to those areas of deepest bedrock. They
concluded that the Ibs-von Seht calibration curve was not suitable for the area at hand and

derived a new set of parameters capable of reducing such error.

Gosar and Lenart (2010) gave a comprehensive overview of the regression parameters values
encountered in literature. Further, they applied the method for the Ljubljana Moor Basin
(Slovenia). They had a good availability of wells and their fO-H regression was based on 53

unevenly distributed wells. Such regression was then used to retrieve the bedrock depth along
DOI: 10.1016/j.jappge0.2017.07.017
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an independent profile. They gave a detailed discussion about experimental uncertainties
mainly addressing 2D and 3D effects due to the basin geometry and local lateral variations.
Further they pointed out the presence of side peaks as an indication of the presence of a

complex subsurface structure.

Finally, Johnson and Lane (2016) compared different methods of evaluating the thickness of
sediments using field data and a statistical approach. They investigated a shallow bedrock case
(depth ranged between 1 and 60 meters), and in that context, they compared the bedrock depth
obtained by a purposely derived calibration function, two third-party calibration functions and
the one obtained using the simplified constant Vs approach (equation 2). Noteworthy, from
their work it can be observed that the bedrock depth obtained using the constant average Vs
approach, when compared to that obtained by the ad-hoc produced calibration function, is
systematically underestimated. The underestimation increased with depth reaching roughly

15% in the worst case scenario.

Judging from published experimental evidence, therefore, it is quite established that this
application of HVSR is very robust, provided that a purposely built calibration function is
available for the site at hand. Evaluation of experimental uncertainties shows that in general,
when compared with wells data, the error in bedrock depth estimates is lower than or at least
comparable to 15 percent. Authors have justified this discrepancy invoking different sources
of uncertainty with local lateral variation of elastic properties as the most popular one, despite
the lack of formal proof. Since experimental evidence about the success of the method and its
degree of uncertainty are already very convincing, the purpose of this paper is not the
evaluation of uncertainties through the study of further experimental datasets. | will rather

investigate the lateral variation exclusively from a modeling point of view.

DOI: 10.1016/j.jappgeo.2017.07.017



https://doi.org/10.1016/j.jappgeo.2017.07.017

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

The way a lateral variation changes the outcome of the bedrock depth estimation is that a slight
local change in subsurface elastic properties results in a small shift of the resonance frequency.
We can then imagine the lateral variation as a small perturbation of our reference model,
compute the resonance frequency of the perturbed model and evaluate how the frequency shift
affects the estimated depth. Since with a given a reference model there are an infinite number

of possible perturbations, a statistical approach must be used.

To accomplish this | used a modified wversion of the code OpenHVSR v2.0 (Bignardi et al.
2016, Herak, 2008), which allows the simulation of HVSR curves either considering the
contribution of body waves, implemented using Tsai and Housner’s approach (Tsai, 1970; Tsai
and Housner, 1970) and surface waves, through the approach implemented by Lunedei and
Albarello (2010) as the formation mechanism. Indeed, it was demonstrated (Nakamura, 2000;
Bonnefoy et al. 2006) that the seismic noise may contain contributions from both multiple
refracted body waves and surface waves; so that, for consistency, both formation mechanisms
must be investigated. Two different multi-layered subsurface scenarios are used as reference.
The first is a multi-layered system with a constant Vs profile, while the second implements the
same Velocity-depth distribution discussed in the paper by Ibs-von Seht and Wohlenberg
(1999), which is a normally dispersive model accounting for the confinement pressure
increasing with depth. The investigation is performed by using the Montecarlo method (MC)
to produce a statistically meaningful number of perturbations of the reference models. |
randomly perturbed both the Vs and V, profiles evaluating the impact of the introduced
perturbation on the resonance frequency and the consequent impact on the estimated thickness

of sediments.
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2 Material and methods

All tests performed here were realized using an ad-hoc modified version of the program
OpenHVSR (Bignardi et al, 2016) specifically designed for bedrock depth evaluation
purposes. Each test investigated a different reference subsurface configuration. The first one
(Table A.1) built using a constant Vs profile subdivided in 5 layers, each one 8 m thick,
simulates a soft sedimentary cover lying over a hard half space. Two different sets of models
were produced by perturbing this reference subsurface in order to obtain a set of normally
dispersive and a set of inversely dispersive models, all produced by keeping the thickness of
layers constant. Consequently, the depth of bedrock was fixed at 40 meters depth. As such, this
represents a shallow bedrock scenario. Perturbations consisted of changing the Vs velocity of
each layer by a random amount, up to 50% variation with respect to the original value under
the requirement that the whole perturbed profile must present the same average Vs as the

reference model, when calculated according to

ave H;
it

where H; and V; are the thickness and velocity of the i™ layer respectively. Prior to being
applied, perturbations were ordered in ascending or descending order to generate the normally

or inversely dispersive behavior.

When the subsurface can be described with one whole slow layer over a fast half space, the
elastic wave equation can be analytically solved in term of resonance frequencies. The quite
popular solution states that the H/V curve shows many peaks occurring at the resonance
frequencies of the system (Lanzo, 1999). Further, these frequencies only depend on the shear

velocity Vs and thickness H of this single layer (equation 2)
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where n indicates a specific peak of the H/V curve. If the half space is partially adsorbing, the
amplitude of the peaks is decreasing when n increases, so that usually, only the main peak (n =
1) is considered. This disarmingly simple result is easily proven by assuming the multiple
reflection and refraction of shear waves (Lanzo, 1999). Of course, if the Vs profile can be
determined, equation 2 could, in principle, be used to infer the depth of bedrock, and if multip le

measurements are available over the same area, the bedrock may even be mapped.

However, from a modeling point of view, the subsurface is better described as a stack of layers
with properties changing with depth which in turn requires enforcing stress and displaceme nt
continuity conditions at the interfaces between layers. For this reason, the solution of a
multilayered system is inherently different when compared to the solution of the unique-layer
over half space model and H/V curves must be computed numerically. It could be argued that
the effect of such interface conditions is negligible when the change in elastic properties is
small, and especially, when such changes are small compared with the abrupt elastic impedance
contrast at the sediments-bedrock interface. This is a reasonable observation, and as a matter
of fact, many authors still use equation (2) to obtain a rough evaluation of the bedrock depth.
Yet, to my knowledge, no theoretical investigation has been carried out in this direction.
Therefore, the purpose of my first test is to numerically quantify the expected deviations which
may affect the bedrock depth estimate when the latter are performed by the simple but arguable

application of equation 2.

My second test concerns the evaluation of the impact of subsurface deviations from a defined
reference model, which is represented by a more sophisticated subsurface built using a Vs

profile defined through equation 3
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Vo(1—x) 1/(1—x) _

af,

H=| +1] 1, 3)

which relates the thickness of sediments H to the resonance frequency f, and accounts for the
increase of Vs with depth due to the increasing confining pressure. | set V, = 162 m/s as the
shear wave velocity at the surface and x = 0.278 as depth-weighting constant so obtaining the
same model investigated by Ibs-von Seht and Wohlenberg (1999). Further, the Vp profile is
built to account for both the augmented wvelocity with depth and to accommodate the water

table (WT). See tables A.2 and A.3 for details.

Ibs-von Seht and Wohlenberg demonstrated that by knowing the bedrock depth at a sufficient
number of locations (through wells or other geophysical methods) and computing the main
resonance frequency by the HVSR method at the same locations, a regression of the form H =
af? can be built. Such regression can then be used to map the sediment thickness over the
entire areas under investigation, without the need of determine the Vs profile, provided that the

shear velocity profile obeys a relation similar to equation 3 and without lateral variations.

Therefore, as a first step, | evaluated the parameters a and b for the reference model described
by equation 3 simulating the H/V curves for different bedrock depths, under both the
assumption of the body and surface waves formation mechanism. The result is compared with

Ibs-von Seht and Wohlenberg’s original work and other published analogous work in table 1.

Site Regression a b
Cologne (Germany) Parolai et al. (2002) 108.0 -1.551
Lower Rhine-east | Hinzen et al. (2004) 137.0 -1.190
(Germany)
Lower Rhine-west | Ibs-von Seht and | 96.0 -1.388
(Germany) Wohlenberg (1999)
field data
Ibs-von  Seht (1999) | 111.52 -1.3677
Theoretical
This Study Body Waves (Tsai...) 13341 -1.2615
Surface Waves (Picozzi...) | 140.40 -1.4077
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Table 1: Regression parameters a and b published in different case studies as compared with

those numerically computed in this investigation

I recall that the purpose of this second investigation was to evaluate the amount of uncertainty,
due to a lateral variation, which could affect the sediments thickness evaluation. According to
published work, such uncertainty depends both on the depth at which the real subsurface
deviates from the assumed model and on the depth of bedrock. Since in the majority of
publications regarding this topic the assumption of no lateral variation is agood approximation
for the most part of the measurement locations, it seems reasonable that such variations take
the form of a local lens having changed elastic properties. Following these considerations |
investigated two cases in which the bedrock lies 750 and 50 meters deep, which represent deep
and shallow bedrock scenarios respectively. The subsurface for the two scenarios was
subdivided respectively into 32 and 18 layers and successively used to generate six different
sets of perturbed models each. The effect of shallow, middle-depth and deep perturbations was
investigated by changing the velocity values in the topmost, central and deep portion of layers

respectively.

Further, to simulate the effect of a lenticular body crossing the model under the measurement
point, each velocity perturbation was built by generating random values with normal
distribution and ordered so as to obtain a vector of values with the maximum in the middle
position and symmetrically fading. Such perturbation was then added to or subtracted from the
velocity values of the portion of layers at hand to investigate both the velocity underestimation
and overestimation. For clarity sake, a few selected perturbed models are shown later in figure

4. The same strategy was used both to modify Vs and Vp.

However, two independent perturbation vectors were generated each time as | wanted to keep

Vp and Vs uncoupled. Indeed, despite the fact that the Vp parameter has a weak effect on the
DOI: 10.1016/j.jappge0.2017.07.017



https://doi.org/10.1016/j.jappgeo.2017.07.017

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

H/VV curve when compared to Vs (Bignardi et al., 2016), its importance should not be
overlooked. In particular, | introduced the water table effect as a constant Vp=1500 m/s

extending from the shallow layers to a depth where this value was reasonably exceeded.

Finally 1 allowed a maximum layer-wise variation of 50% for velocities, while density and

quality factors were kept constant. All parameters of the bedrock were kept fixed as well.

Of course, every perturbed subsurface presented slightly changed average values of both Vs
and Vp with respect to the reference model, and consequently, slightly different resonance
frequency. Therefore, the percent change in average Vs was correlated to the percent change in
the resonance frequency. Further, the error in evaluating the bedrock depth was estimated and

correlated to the average Vsas well.

The chosen amount of perturbations could not entirely change the nature of the model defined
by equation 3, so that the perturbed models retained an almost normally dispersive trend in
nature. Consequently, | classified different sets of simulations based on the characteristics of
the perturbation used: “shallow”, “middle-depth” and “deep”, depending on the position of the

affected layers, and “+”, or “-” when velocities were increased or decreased.

Concerning the modeling routines | used, since the computational time required to run the
surface waves-based one is consistently slower than the body waves-based one, the number of
perturbed models | produced using the first is smaller with respect those produced using the
second one. Therefore, in both the first and second test, the datasets related to body waves
comprised 50,000 subsurface perturbations while the simulation of surface waves comprised
5,000. As a final consideration regarding test 2; it could be argued that, the use of modeling
routines based on a subsurface described by a stack of flat layers to investigate lateral variations

seems like a contradiction. Indeed, such approach is only valid under the assumption that the
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local lateral variation is small compared to the wavelength associated to the main peak, which
is indeed the case of the present simulation, as the perturbed portion of the subsurface spanned

over few layers.

3 Results

3.1 Testone:

In my first test, the subsurface model of table A.1 was perturbed using the MC approach in
order to produce two different sets of models. | investigated a set of perturbations where the
resulting subsurface is stricly normally dispersive and a second set which is stricly inversely
dispersive. Since the Vp profile has a weak, but not negligible impact on the main peak
position, each time a Vs subsurface is created, a corresponding Vp profile is created using an
extra MC run. This allowed an investigation of the perturbed models with variable V,/Vs ratios
so that the final result of the investigation is free from effects that may be addressed to a
systematic use of a linear dependence between the two elastic parameters. As a perturbed
subsurface generates an H/V curve with a main peak slightly changed in position, only a
limited range of frequences need to be investigated. Figure 1a and 1b show the H/V curve
obtained considering body and surface waves respectively. The response of the reference model
for body waves with or without the presence of the water table is represented by the thick solid
and the narrowly dashed lines respectively, while the loosely dashed line corresponds to the

response of surface waves.
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Figure 1: H/V curves simulated using the propagation of body and surface waves are shown
in figures a) and b) respectively. The reference model response when the body-waves formation
mechanism is considered is shown with a solid and a narrowly dashed line, depending if the
water table effect is included or not, while the response of surface waves (water table included)
is shown with the loosely dashed line. The sets of black and gray lines represent the responses
of normally and inversely dispersive models respectively. All the investigated models share the

same depth to bedrock and the same average Vs.

T he curves obtained for the normally and inversely dispersive perturbed models are shown in
black and gray respectively. The figure shows that despite that the average Vs is the same for
all the models, the frequency of the main peak is sytematically overestimated (underestimated)
when the subsurface becomes a multilayered normally (inversely) dispersive system. The
behavior seems to be accentuated for the surface waves which in this particular subsurface
configuration may undergo a jump of peak, i.e. a peak that is secondary for the reference model

becomes dominant for the perturbed subsurface. Figure 2a shows the percent difference
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value, as a function of the average velocity gradient of the corresponding subsurface.

T T T
+ BW-normal
451 % SW-normal =

o BW-inverse
o SW-inverse
s Teoric
25+ SRef Body Waves
o Ref. Body Waves (WT)
o Ref. Surface Waves

1 | L L

0 2 4
(Vsbottor'n VStop )/H [(Il’]/S) / m]

Vshottoﬁl Vstop [m./S]
190 -200 100 0 100 200

-40 L Peak jump . .
-60 /

-4 2 0 2 4
(Vsboltoﬁ Vstop)/H [(Il'l/S) / m]

Figure 2:a) The percent difference between the frequency position of the main peak of the
H/VV computed for the reference model and the corresponding position of peaks obtained for
the perturbed models is shown as a function of the average velocity gradient of the

corresponding subsurface. In the legend, abbreviations “BW”, “SW?”, “Ref” and “WT” stand
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for “Body waves”, “Surface Waves”, “Reference model response” and “accounting Water
Table” respectively. b) Percent difference i estimated sediment thickness with respect to the
known value is shown as a function of the average Vs gradient (scale at bottom) and as a

function of the Vs difference between the bottom and the top sediments (scale on top).

When the subsurface is normally dispersive, the deviation is almost always bounded under
30%. For the inversely dispersive case, body waves mostly lead to a deviation under 35%, but
in some cases it is possible for the main peak position to change abruptly. The latter gives rise
to a cloud of points which, for clarity sake, | decided not to show in figure 2a. However its
effect on thickness error is shown in figure 2b. Surface waves, as it can be noted, are greatly

affected by the inversely dispersive subsurface.

Figure 2b shows the percent difference in estimated sediment thickness (using equation 2) with
respect to the known value as a function of both the average Vs gradient (scale at bottom) and

as a function of the velocity difference between the bottom and the top of sediments (scale on

top).

For the normally dispersive subsurface case, the error in subsurface sediments thickness

evaluation is mostly under 30 percent, even in the most extreme case.

For inversely dispersive models, body waves lead to an error under 20% only when the
inversion is weak while in cases of strong inversion may lead to an error up to 40-60% or to
abrupt changes of main peak position and consequently the sediment thickness may be severely
mistaken. It is worth mentioning that the latter conclusion only apply when the whole profile
is inversely dispersive which seldom happens in real soils, while the case of inversion limited
to few layers, as it will be show in the following, behaves much more regularly. It is worth

noting that when the constant Vs subsurface is used as reference and we change toward a
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normally dispersive one, the consequence is depth underestimation. Conversely, if the normally
dispersive subsurface is taken as the true model, switching towards a constant Vs one results in
depth overestimation. This is exactly what experimentally was obtained by Johnson and Lane

(2016) who found that the constant Vs approach lead to a shallower bedrock depth when

compared to that obtained by the Ibs-von Seht and Wohlenberg — like regression.

3.2 Testtwo

As first part of my second test, the Vs profile of equation 3 was used to computationally obtain
the parameters a and b of the Ibs-von Seht and Wohlenberg fashioned regressions shown in

figure 3.

10*

,_.
<Ws

Ibs—von Seht (eq5)
Ibs—von Seht (regressipn
® FWD Tsai (data)
©® FWD Picozzi(data)
FWD Tsai (regression)
0 ——— FWD Picozzi(regression)

10
10
Frequency [Hz]

Sediments thickness [m]
=8

,_.
)
—

Figure 3: Comparison between regressions. Ibs-von Seht and Wohlenberg’s analytical
calibration curve (Ibs-von Seht and Wohlenberg 1999, equation 5) and empirical regression are
compared with the regressions obtained in this study and simulated (f,., H) points, as obtained
for Ibs-von Seht and Wohlenberg’s (1999) subsurface model (equation 3) and computed

assuming both the body and surface waves propagations as formation mechanisms.
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The regressions based on body and surface waves propagation are drawn in solid black and
loosely dashed blue respectively. Such regression lines are based on specific simulations
highlighted with circles in the figure and performed using Tsai and Housner’s approach (for
body waves) and Picozzi and Alarello’s approach (for surface waves). Ibs-von Seht and
Wohlenberg’s regressions are shown alongside for comparison. Finally, values for a and b

constants for different regressions commonly encountered in literature are listed in table 1.

In the second part of the present investigation, a Monte Carlo algorithm was used to obtain,
from the two models of tables A.2 and A.3, three different sets of perturbed models by
perturbing a portion (one third) of the layers at time. The first, second and third set were
obtained by perturbing the shallow, middle and deep portion respectively. The perturbation
strategy consisted in slightly changing both Vs and V, to obtain a perturbation symmetric with
respect to the perturbed section with its maximum change in the middle and fading toward the
edges (few selected examples are shown later on, in figure 4. Such perturbations were either

added or subtracted in order to investigate both the cases of velocity

shallow middle deep

-10k 1L

150 300 450 600 150 300 450 600 150 300 450 600
Vs [m/s]
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375 Figure 4: Few selected examples of subsurface perturbation, (shallow bedrock), designed to

376  study the dependence of the error in bedrock depth evaluation resulting by a shallow, middle -

377  depth or deep change in velocity.

378  overestimation and underestimation. Figures 5a and 5b, related to the case of shallow bedrock
379 (50 m deep), show the percent error in evaluating the sediment thickness as compared to the

380 average Vs\elocity of the entire stack of layers and to the maximum layer-wise variation.
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Figure 5: The percent difference between the bedrock depth evaluated using the H/VV main
peak and the computed regressions (figure 3), and the true value (50 m), is shown as a function
of the average Vs of the subsurface (a) and as a function of the maximum layer-wise Vs
perturbation (b). Effects of both body and surface waves formation mechanisms were

investigated.

Note that, in this example the sediment thickness was evaluated, congruently with Ibs-von Seth

and Wohlenberg’s approach using the regression previously obtained (figure 3).

The result for all of the three subsurface sections and for both the velocity underestimation and
overestimation scenarios is plotted. It can be noted that, in general, the average Vs variation is
limited under 20% and in this range when the average velocity is increased, the percent error
is under 15%. On the other hand, in case of velocity underestimation, the error is still limited
but can be higher. The cases of shallow, middle-depth and deep perturbation show a similar
behavior, except that the effect is stronger when the varied layers are deeper. This is because
even if a generic change of Vs affects the whole profile, when such change is deeper it has a
greater effect on low frequencies where the resonant peak usually lies. Shallow perturbations,
on the other hand, affect mostly (but not only) the high frequency part of the curve. Surface
waves and body waves formation mechanisms behave coherently. Figure 5b shows the
estimated percent error in sediment thickness as a function of the maximum percent layer-wise
change. It seems that to obtain an error of about 15%, a subsurface Vs variation higher than
25% is required. Bearing in mind how the lens was simulated in this study, such variation can
be considered rather strong, and this explains why the errors addressed to lateral changes in the

literature are usually of the order of 15% or less.
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Finally, for sake of completeness, figure 6 relates the percent change in average Vs velocity
with the percent maximum layer-wise variation. It can be noted that the impact on the average

Vs of changing the Vs of few layers is modest even when such change is consistent.

50 Body Waves 50 . Surfgce Waves
S 407 40 |
<F]
g 30 30 t
g 201 20 |
S0t 10 f
2
0 0 r
o _10t 10k )
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=0 40 O deep, (+)
-50— : ' : : -50 — : : : :
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100 (Vs - VSgrer)/VSRef

Figure 6: Average Vs of the subsurface as a function of the maximum layer-wise Vs

perturbation for a bedrock 50 m deep.

As a result Ibs-von Seht and Wohlenberg’s approach results particularly stable against local

lateral variations.

Figures 7 and 8 show the analogs of figures 5 and 6 in the case of deep bedrock (750 m).
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Figure 7: The percent difference between the bedrock depth evaluated using the H/V main
peak and the computed regressions (figure 3), and the true value (750 m), is shown asa function
of the average Vs of the subsurface (a) and as a function of the maximum layer-wise Vs
perturbation (b). Effects of both body and surface waves formation mechanisms were

investigated.
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Figure 8: Awverage Vs of the subsurface as a function of the maximum layer-wise Vs

perturbation for a bedrock 750 m deep.

The same considerations made for the shallow bedrock case hold except the effect of perturbing
the shallow portion of the velocity profile is rather limited, as could be expected. Such low

impact of the shallow part of the velocity profile explains why Delgado et al. (2000) were able

to overlook the topmost soil without affecting their final result.

For the deep bedrock case, the error related to surface waves seems to be slightly higher than
the one obtained for body waves. However, such a difference could be simply due to the
different computational approach implemented in the forward modeling routines and it seemed
not sufficiently pronounced to suggest any special physical interpretation. As was pointed out
in test 1, the use of the simplified approach of equation 2 for the determination of H, even
calculating the average Vs from the true profile (equation 1), always led to underestimation.
The error, both considering body or surface waves, was about 9% for the shallow bedrock case,

while was of 3% (body waves) and 22% (surface waves) for the deep bedrock scenario.
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4 Conclusion

Itis known from experimental evidence that the HVSR method has proved to be successful for

mapping the thickness of sedimentary covers laying over rocky bedrock.

The simplest approach based on constant Vs (equation 2) reveals to be an oversimplified
strategy which on the most common realistic case, i.e. a normally dispersive subsurface with
Vs increasing with depth, may lead to systematic underestimation of the bedrock depth on the
order of 15-25%. This conclusion was shown by experimental evidence in the work by Johnson
and Lane (2016). Conversely, when the subsurface is entirely inversely dispersive, the error
may easily exceed 20%. Further error may arise when a secondary peak exists because such a
peak may become dominant as a result of the lateral variation. Despite the fact that only a
“shallow bedrock™ scenario was investigated, my results point out that the use of the simplified
approach of equation 2 should be used with care and only to gain a rough understanding of the

subsurface.

A far more elegant and reliable approach was described by Ibs-von Seht and Wohlenberg
(1999), in which a site dependent calibration function is built and used for the bedrock depth
estimation. | numerically computed the theoretical calibration functions for both the cases in
which the H/V curve is to be considered as the outcome of multiple reflected and refracted
body waves or as the result of surface waves propagation. Despite the fact that two independent
modeling routines and two independent formation mechanisms were considered, the result,
computed for the same subsurface model revealed to be very similar to that proposed by Ibs-
von Seht and Wohlenberg. Since in this contest, among the various sources of uncertainty that
can affect the sedimentary thickness estimation, the local deviations from the assumed model
have been suggested by many authors as the most contributing factor, | numerically

investigated this aspect for the Ibs-von Seht and Wohlenberg’s subsurface model taking into
DOI: 10.1016/j.jappgeo.2017.07.017
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account shallow (50 m) and deep (750 m) bedrock scenarios. In both cases the introduction of
localized perturbations in soil velocities produced results in line with the experimental
observations. In particular, the deeper the perturbation, the stronger was the resulting error on
thickness. Further, an increase (decrease) of Vs systematically led to depth underestimation

(overestimation).

| verified that, in both cases, subsurface variations capable of changing the average Vs up to
10% may at most introduce errors of 20% or less in the bedrock depth. Such a modest change
in average Vs, however, may be accompanied to strong layer-wise variations. The latter
consideration, points in the direction that Ibs-von Seht and Wohlenberg’s approach is very

robust when the subsurface abides by the basic assumptions of the method.

It is noteworthy that for a normally dispersive subsurface, an increased Vs at depth leads to an
underestimation of sediments thickness while when the Vs at depth is decreased, the sediment
thickness is overestimated. However, in all the cases I investigated (i.e. layer-wise perturbation
up to 50%, resulting in an average Vs change under 20%), when the deviation of average Vs is
reasonable, the error is always below 20%. No simple relation between the deviation of the
average Vs and the error in estimation of the bedrock depth could be found, however, the
simulation approach herein proposed represents a useful tool to evaluate the reliability of a
bedrock depth estimated from real data. Such atool accompanied by the H/V inversion enables
one to assess the reliability of the estimated depth through the stochastic investigation of the
parameters space around the reference model and may reveal a very convenient tool when
lateral variations are suspected or the number of available wells is not sufficient to obtain a
good regression. The opportunity of using the modeling/inversion tool for such purposes will

be discussed in a forth coming paper.
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Appendix A: Subsurface Models

Layer H (m) Vp (n/s) Vs (m/s) Rho (?) Qp Qs
Sedimentary | 40 600 250 1.8 n.a. n.a.
Rocky h.s. n.a. 2000 800 1.8 n.a. n.a.

Table A.1: Properties of the sediments and rocky half space used in test 1 are listed. During
modeling, the 40 meter thick sedimentary cover was subdivided into 5 layers each one 8 meters
thick. For sake of comparison with analytical solution (equation 2), the model was considered

purely elastic so that quality factors Qpand Qs were set up accordingly.

Layer H (m) Vp (m/s) | Vs (m/s) [ Rho (?) | Qp Qs
1 10 426. 267 1.8 30 15
2 20 1500 377.7 1.8 30 15
3 20 1500 454.9 1.8 30 15
4 25 1500 513.7 1.8 30 15
5 25 1500 563.3 1.8 30 15
6 25 1500 603.7 2 30 15
7 25 1500 638.0 2 30 15
8 25 1500 668.1 2 30 15
9 25 1500 695.1 2 30 15
10 25 1500 719.6 2 30 15
11 25 1500 742.1 2 30 15
12 25 1500 762.9 2 30 15
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13 25 1500 782.4 2 30 15
14 25 1500 800.7 2 30 15
15 25 1500 818.0 2 30 15
16 25 1500 834.3 2 30 15
17 25 1500 849.9 2 30 15
18 25 1500 864.8 2 30 15
19 25 1500 879.0 2 30 15
20 25 1500 892.6 2 30 15
21 25 1500 905.8 2 30 15
22 25 1500 918.4 2.2 30 15
23 25 1500 930.7 2.2 30 15
24 25 1508 942.5 2.2 30 15
25 25 1526 953.9 2.2 30 15
26 25 1544 965.0 2.2 30 15
27 25 1561 975.8 2.2 30 15
28 25 1578 986.2 2.2 30 15
29 25 1594 996.4 2.2 30 15
30 25 1610 1006.4 [ 2.2 30 15
31 25 1626 1016.0 | 2.2 30 15
h.s. n.a 4000 2500 2.5 n.a n.a.

582  Table A.2: Visco-elastic subsurface properties used in test 2 to simulate a deep bedrock

583  scenario.

584
Layer H (m) Vp (m/s) | Vs Rho Qp Qs
(m/s) ?)
1 2.7778 | 330.2 206.4 30 15
2 2.7778 | 409.2 255.7 1.8 30 15
3 27778 | 461.2 288.2 1.8 30 15
4 2.7778 500 313.3 1.8 30 15
5 2.7778 | 1500 334.0 1.8 30 15
6 2.7778 | 1500 351.8 1.8 30 15
7 2.7778 1500 367.6 1.8 30 15
8 2.7778 | 1500 381.8 1.8 30 15
9 2.7778 | 1500 394.7 1.8 30 15
10 2.7778 | 1500 406.6 1.8 30 15
11 2.7778 1500 417.7 1.8 30 15
12 2.7778 | 1500 428.0 1.8 30 15
13 2.7778 | 1500 437.8 1.8 30 15
14 2.7778 1500 447.0 1.8 30 15
15 2.7778 | 1500 455.7 1.8 30 15
16 2.7778 | 1500 464.0 1.8 30 15
17 2.7778 | 1500 472.0 1.8 30 15
18 2.7778 | 1500 479.6 1.8 30 15
h.s. n.a. 4000 2500 2.5 n.a. n.a
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Table A.3: Visco-elastic subsurface properties used in test 2 to simulate a shallow bedrock

scenario.
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