Revista Brasileira de Geofisica Revista Brasileira de Geoffsica (2016) 34(1): 13-24

© 2016 Sociedade Brasileira de Geoffsica
ISSN 0102-261X

Brazilian Journal of Geophysics www.scielo br/fbg

COMBINED USE OF ACTIVE AND PASSIVE SURFACE WAVES FOR SHALLOW SUBSURFACE
INVESTIGATION IN NOISY URBAN AREA OF SAQ PAULO CITY, BRAZIL

Claus Naves Eikmeier', Renato Luiz Prado? and Fabio Taioli®

ABSTRACT. The dynamic shear modulus (Ggj,) is important for geotechnical engineering, particularly for calculating the dynamic response of foundations. Ggp
is determined from material densities and S-wave propagation velocity (Vg). Usually, crosshole test is used for such determination. However, it is an expensive and
invasive technique because it is based on drilling. The MASW method (Multichannel Analysis of Surface Waves) becomes an interesting option for being faster, more
economical and easier to carry out. This paper presents results obtained with MASW method in a densely built up area with high traffic noise level in Sao Paulo city,
Brazil. Results are compared with those obtained by crosshole test as well as geotechnical sounding data. The influence of some acquisition parameters was evaluated in
data quality and final inversion result. Besides, it was also tested the passive mode test that is recording ambient noise. Best results were obtained by joint inversion of
fundamental and higher curve modes extracted from stacked images generated from data acquired employing sledgehammer and passive sources. Final Vg models were
coherent with results obtained from crosshole seismic testing and mechanical sounding description, demonstrating MASW method can generate important information
for geological and geotechnical investigation of urban areas.

Keywords: MASW, seismic, Rayleigh wave, velocity profile, dispersion curve.

RESUMAO. 0 madulo de cisalhamento dindmico (Ggin) € importante para a engenharia geotécnica, particularmente nos célculos de fundagdes sujeitas a esforgos
dindmicos. O Gy, € determinado a partir das densidades dos materiais e das velocidades de propagacdo das ondas S (Vg). Normalmente se utiliza o ensaio crosshole,
ensaio sismico entre pocos, para tal determinagdo, porém, trata-se de uma aquisicdo de execucdo dispendiosa. Este trabalho apresenta resultados obtidos com o método
MASW em uma rea densamente edificada e com alto nivel de ruido de trafego na cidade de Sao Paulo, Brasil, que s@o comparados com os obtidos por ensaio crosshole,
assim como com dados de sondagem direta. Avaliou-se, também, a influéncia de alguns pardmetros de aquisi¢do na qualidade do dado e no resultado final da inversdo.
Testou-se aindaa aquisicao de dados no modo passivo, ou seja, registrando-se o ruido ambiental. Os melhores resultados foram obtidos utilizando-se inversao conjunta
dos modos fundamental e superiores das curvas extraidas do empilhamento das imagens de dispersao dos dados gerados com as fontes marreta e passiva. Os modelos
de Vg obtidos foram coerentes com os resultados obtidos do ensaio sismico cross/o/e e da descrigdo da sondagem mecanica, demonstrando que o método MASW
pode gerar importantes informag0es para investigag0es geoldgicas e geotécnicas de dreas urbanas.

Palavras-chave: MASW, sismica, onda Rayleigh, perfil de velocidades, curva de dispersao.
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INTRODUCTION

Obtaining dynamic shear modulus (Gg;,) is important for sev-
eral geotechnical engineering designs, such as for calculating the
dynamic response of foundations. Gg;, is obtained from mate-
rial densities and S-waves propagation velocities (Vs). Crosshole
seismic (ASTM, 2007) test stands out from seismic methods em-
ployed to determine Vg /7 S/ as can sample expressive mas-
sif volumes and is considered the most accurate for geotechnical
engineering. However, it has disadvantages because execution
with casing and grouting of, at least, two boreholes are necessary,
turning it into time-consuming and costly.

Thus, Multichannel Analysis of Surface Waves method, more
commonly known by its acronym MASW, introduced by Park et
al. (1999a), became a very interesting option for S-wave veloc-
ity mapping of shallow subsurface (<50 m). That method allows
estimating 1D seismic velocity models by the inversion of sur-
face wave dispersion curves. Two-dimensional (2D) sections can
be generated from interpolation between several 1D profile re-
sults of and assist in the mapping of geological and geotechni-
cal strata. Specific surface wave characteristics, such as the ease
for their generation and record, enable MASW application inareas
where other geophysical methods prove to be inadequate because
of high environment noise level as in urban areas. On the other
hand, due to inherent ambiguity of inversion processes, 1D veloc-
ity model generated from dispersion curve has higher degree of
uncertainty in comparison with velocity models obtained by other
seismic methods (for example, seismic refraction). Consequently,
MASW method is more appropriate for geological and geotech-
nical recognition investigations of areas, or in feasibility stage of
engineering projects, once the degree of accuracy is compatible
with usually assumed simplifications in these situations.

This paper presents results obtained with MASW method in
a densely built-up area with high traffic noise in Sdo Paulo city,
Brazil. Near the study area a few years earlier MASW data were
acquired, crosshole seismic test and mechanical sounding (per-
cussion and rotary) were accomplished to get information about
Vs values and geological and geotechnical parameters to subsi-
dize Sao Paulo Metro line construction project.

Using exclusively unidirectional arrangement, MASW test
was programmed to obtain a 1D Vs profile. The influence of some
acquisition parameters was also evaluated in data quality and final
inversion result, testing different active seismic sources (sledge-
hammer and weight drop), different minimum offsets (source -
geophone array distance), and geophone spacing. A posteriors,
due to the significant and permanent record of surface waves
generated in the area by intense vehicle traffic (it means, pas-

sive surface wave source), it was opted to analyze these data, in
spite of the restrictive aspect of unidirectional array use in surveys
recording passive data because of possible multiplicity of wave
source positions.

Data obtained from MASW method were correlated with
crosshole seismic test (Vs profile) aiming at evaluating MASW
potentials and limitations for geotechnical investigation in urban
areas. Final velocity models were also correlated with SPT (Stan-
dard Penetration Test) information as well as with subsurface ma-
terial information extracted from mechanical sounding profile.

STUDY AREA LOCATION AND GEOLOGICAL ASPECTS

The study area is located in Sdo Paulo city, Brazil, approxi-
mately 10 km from the downtown in SW direction. Figure 1 shows
the area image indicating locations where crosshole seismic and
MASW tests were performed as well as mechanical sounding.

In the study area, rock mass consists of gneissic rocks from
Granitic-Magmatic Ibitina Complex (Hasui et al., 1993), covered
by residual soils and colluvial deposits. In some places, Ter-
tiary sediments of S3ao Paulo Sedimentary Basin and recent al-
luvial deposits overlie weathered rocks or bedrocks. The rock
mass records the occurrence of two major ductile deformation
processes (Hasui, 1993). The first involved a thrust tectonics
that imposed generalized modifications to rocks with the devel-
opment of several foliation types. The second process resulted in
the development of large ductile transcurrent areas represented by
Caucaia Shear Zone. It has relatively homogeneous distinct
portions with three basic rock types: granitic mylonitic gneiss
massif, biotitic mylonitic gneiss massif, and banded mylonitic
gneiss massif (IPT, 1998).

Particularly in the study area, a mechanical sounding (percus-
sion and rotary) was conducted with Standard Penetration Test
(SPT). Lithological profile and SPT data are shown in Figure 2.
Basically lithology consists of colluvium/residual soil, sapro-
lite, weathered gneiss and sound gneiss. The material between
7.5 mand 11 m deep, representative of the transitional zone be-
tween colluvium and residual soil were not recovered. SPT valug,
number of blows (NSPT), suffers slight increment in colluvial to
residual soil transition (5mto 11m), andlarge increment in resid-
ual soil to saprolite transition (17 m to 35 m). Between depths
of 20 m and 23 m as well as between 26 m and 35 m there is
sound rock, being interpreted as probable boulders. The pres-
ence of these unaltered rock and saprolite intercalations with re-
spective seismic wave propagation velocity inversion evidently
becomes an additional complicating factor in velocity profile de-
termination as in crosshole as in MASW methods.

Revista Brasileira de Geoffsica, Vol. 34(1), 2016
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Figure 1 — Study area with the seismic line location in red; crosshole test in blue, and mechanical sounding in black (Google Earth, 2013).
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Figure 2 — Geological sounding profile and NSPT values.

METHODOLOGY

MASW method is based on dispersive Rayleigh wave behavior
in propagating on a vertically heterogeneous medium. Different
wavelengths reach different depths, eventually involving different
geological layers. Elastic properties of involved layer determine
phase velocities of different wavelengths. The aim of that method
is to obtain a shear wave velocity profile by depth, once Rayleigh

wave propagation velocity (Vg) essentially depends on S-wave
propagation velocity (Vg ~ 0.9 Vs).

Brazilian Journal of Geophysics, Vol. 34(1), 2016

In stratified media, Rayleigh wave propagation has multi-
modal behavior. Under a physical point of view, constructive in-
terference between waves and their reflections in interfaces amid
layers explains the existence of different propagation modes for a
determined frequency (Lai & Rix, 1998; Strobbia, 2003). Except
for the first mode (fundamental), there are higher modes only from
a particular frequency called cutoff frequency. The diverse modes
may or may not be identifiable, depending on the energy associ-
ated with each one. The use of higher modes in inversion process
is interesting because it can generate deeper velocity models.

15



1 6 COMBINED USE OF ACTIVE AND PASSIVE SURFACE WAVES

A major advantage of using Rayleigh waves is dug to its re-
markable and distinguished record in seismograms, whether gen-
erated by active or passive sources. Rayleigh waves carry 2/3 of
total energy generated by surface sources (Richard et al., 1970),
and its attenuation due to geometrical spreading is lower than
body waves.

Acquisition step is similar to that one used in refraction or
reflection seismic testing, it means, a source generates seismic
waves captured by geophones linearly arranged, recording a seis-
mogram. In processing step, dispersion curve showing the re-
lation between phase velocity and wave frequency is extracted.
Obtained dispersion curve usually involves transformation of
seismogram of offset-time domain to frequency-wavenumber do-
main. Through inversion process of the dispersion curves, S-
wave velocity profile by depth (Park et al., 1999b) is obtained.

For acquisitions employing active sources (Sledgehammer
and weight drop), linear arrangements are used with geophone
interval and minimum and maximum offset adopted according
to specific research criteria, for instance, desired vertical reso-
lution for shallower strata and maximum research depth, aimed
at higher signal-to-noise ratio (considering signal here as surface
wave record; and coherent noise as body wave records). Foti et al.
(2014) present extensive discussion regarding fundaments and
criteria for choosing the best acquisition parameters for MASW
using active and/or passive sources. Usually, in shallow investi-
gation, it is adopted an acquisition time window (T), large enough
to record the whole surface wave field, with the suggested mini-
mum value given by

T = L/Vmin (1)

ratio, where L refers to geophone array length, and Vy, to min-
imum expected wave velocity. With vertical impact sources, it is
used vertical component geophones, whose natural frequency de-
pends on desired research scale. The lowest registered frequency
(fwin) determines the highest expected-investigation depth (Zpax),
according to

Zmax = mein/(2fmin) (2)

relation, where Vi, is minimum frequency wave phase veloc-
ity (Rix & Leipski, 1991). For shallow tests in geotechnical engi-
neering scale, geophones with natural frequencies between 4.5 Hz
and 14 Hz are preferred.

The lower generated frequency in investigated area depends
basically on the source of seismic waves and the medium re-
sponse. Usually, lighter sources, such as a sledgehammer impact,
generate waves in a higher frequency-spectrum range, and release

less energy than heavier weight drop sources. In tests with active
sources, signal-to-noise ratio (S/N) can be increased by record
vertical stacking. Normally, due to the elastic surface-material
properties, lighter sources, such as sledgehammer, restrict the
research to shallower horizons (up to 15 m, for example). On the
other hand, heavier sources, such as weight drop, present higher
difficulty in field operation, and significantly spend more acquisi-
tion time. Choices of geometric parameters as distance between
geophones, minimum and maximum offsets are conditioned by
minimum and maximum wavelength to be sampled implying in
the minimum and maximum desired investigation depth (empiri-
cal rule considers Z ~2 0.5), and by S/N ratio.

Using traffic noise as wave source, unidirectional arrange-
ments should be avoided due to the usual source position ran-
domness that can also result in different spectral content. In this
case, bidirectional arrangements should preferably be used (more
practical to be employed in urban areas) or in circle also implying
in the use of processing techniques that consider the wave pa-
rameter analysis in two dimensions. However, linear arrangement
for passive measures has an advantage when simultaneous data
acquisition with active source is considered. Nevertheless, in the
case of wave field generated by passive source does not represent
a uniform, isotropic field as well as in the existence of multiple
wave generator points, linear arrangement is going to record field
projection in only one direction, which may generate fake results
(Foti etal., 2014).

Obtaining dispersion image from field seismogram, usually
applies double Fourier transform (2D FFT) in order to data are
analyzed and processed in frequency-wavenumber (f-k) domain.
Then, an energy density image by frequency and wavenumber is
obtained. From

V=2rf/k (3)

equation the transformation to phase velocity-frequency (v,f) do-
main is done. The software Surfseis (KGS, 2006), employed in
this research, uses the phase-shift method (Park et al., 1999a) for
the wave field transformation. The method is based on the estima-
tion of the phase differences of different traces (firstly transform a
shot gather into the frequency-domain and then calculate phase-
velocity applying an offset-dependent phase shift).

Subsequently, the dispersion curve from observed maximum
energies is extracted. When dispersion curve is obtained, a 1D
layered model based on shear wave velocity (Vs) is inferred
through inversion process. Rayleigh wave phase velocity is a
function of earth parameters, of S- and P-wave velocities, lay-
ers densities and thicknesses. However, S-wave velocities mainly
control variations in Rayleigh wave velocities (Xia et al., 1999).

Revista Brasileira de Geoffsica, Vol. 34(1), 2016
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Crosshole seismic method consists in body wave generation
in a hole and its record in one or more collinear adjacent holes;
source and geophones must be at the same elevation level to each
record. The aim is to record the wave directly transmitted between
source and receivers in order to obtain wave velocity values (P
and/or S) to each elevation level. For this reason, spacing between
holes should be short to avoid the record of refracted waves as
first arrivals (ASTM, 2007).

SPT aims at determining the resistance penetration rate
(NSPT) of soil and geological materials (ABNT/NBR 6484). NSPT
represents the impact number of a 65 kg weight in free fall from a
height of 75 cm, necessary for a sample tube to penetrate 30 cm
(considered the last two 15 cm segments of a total penetration
interval of 45 c¢m). If NSPT exceeds 50 stroke values and the
penetration is less than 45 cm, consider the index NSPT/
(penetration interval in cm). NSPT values allow good soil shear
strength estimate, that's why there are several empirical cor-
relations of them with Vg values (Hasancebi & Ulusay, 2007;
Dikmen, 2009).

DATA ACQUISITION AND PROCESSING

In acquisition, linear arrangement of geophones and source was
adopted; source was externally positioned to geophones array (in-
line offset). A 48 channel acquisition system (Geode model, of
Geometrics Inc.) was used with 4.5 Hz geophones. As active wave
sources, sledgehammer (approximately 6 kg) impact on a metal
plate and weight drop of 30 kg (height of 1.7 m with minimal air
resistance) were used. Vertical stacking number was varied only
during the use of sledgehammer source. Wave records generated
by vehicle traffic (passive source) on Francisco Morato Avenue,
perpendicularly placed to arrangement line in an approximate
distance of 40 meters (Fig. 1) were also done.

Although linear array use to passive measures presents ad-
vantages under operational point of view, it can cause problems if
recorded wave field does not represent a uniform, isotropic field,
as this arrangement type will record wave field projection in one
direction. However, in study area, the traffic noise source of higher
energy was mostly aligned with the geophone array. Thus, it is as-
sumed that the angle between array direction and source azimuth
was close to zero, which suggest that the wavelengths records
were close to real values.

Table 1 shows different acquisition parameters adopted dur-
ing tests.

Tests with two active sources (sledgehammer and weight
drop) aim at evaluating the increase in investigation depth that po-
tentially could be obtained with the use of more powerful sources
under test conditions.

Brazilian Journal of Geophysics, Vol. 34(1), 2016

Crosshole data were obtained from 3 boreholes perpendicu-
larly aligned to Francisco Morato avenue direction. An end hole
was used for wave source positioning, the others, distant 3 m
and 5 m from source hole, were employed to geophones setting.
Tests were performed every meter from surface to 23 m depth, al-
ways with source and geophones positioned at the same elevation.
Records of first tested levels (up to 5 m deep) were not analyzed
because traffic noise level in the avenue did not allow identification
of S-wave arrival. Vg values were calculated considering S-wave
travel time differences between geophones in order to eliminate
any eventual imprecision of equipment trigger. Borehole deviation
measurements were not obtained, and then the same distance be-
tween boreholes measured on the ground surface was considered
for all tested levels.

MASW data processing was performed with the Surfseis soft-
ware (KGS, 2006), following the flow chart: i) acquisition geome-
try edition; i) mute of refraction and air waves of records obtained
with active sources; iii) -k filtering of records obtained with ac-
tive sources to attenuate the surface waves generated by Francisco
Morato avenue traffic.

The dispersion analysis starts with obtaining the dispersion
image (also called velocity spectrum) and extracting the disper-
sion curve(s).

Two algorithms available in Surfseis were employed for the
curve inversion process. Based on gradient method (Xia et al.,
1999), the first one performs the experimental dispersion curve
inversion extracted from dispersion image through iterative pro-
cess. In this case, only the dispersion curve inversion of funda-
mental mode is done. The initial model is defined from informa-
tion of experimental dispersion curve (maximum depth based on
longer wavelength of the extracted curve, model of 10 increasing-
thickness layers, Poisson’s ratio and densities equal to 0.4 and
2 g/cm®, respectively) or other & prior/ defined model. At the
Surfseis, the iterations of the inversion process finish when ei-
ther the minimum RMSE or the maximum number of iterations is
reached. Both values can be setted in the begining of the inver-
sion process. The fit between the theoretical and the experimen-
tal curves of the fundamental mode was evaluated, in this work,
on the root-mean-square error (RMSE). The formula employed to
calculate the minimum RMSE (which give weight to dispersion
data based on signal-to-noise ratio) at the ith iteration in Surfseis

IS:
M i 2
RMSE — \/Zk—l [Ok — Tk] (4)
tr(w)

where O and T" are the observed and calculated phase velocities,
wk is the weight of the kth data and ¢r(w) is the sum of the
weights (0L, wh).
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Table 1 — Acquisition parameters used in the tests.

Minimum Maximum | Geoph. Time Vertical
Source Offset Offset interval | window stacking
(m) (m) (m) (s)
Sledgehammer 50r10 52-57 1 2 1106
Weightdrop | 5,10,15,20and30 | 52-124 1or2 2
Passive - - 2 30 or 60 1

The second algorithm uses Monte Carlo method that, con-
sidering a layer model, randomly search curves that best adjust
to dispersion image. In this case, it is also possible to perform a
multimodal curves inversion taking into account the fundamental
and the higher mode curves.

This inversion process begins with forward modeling
(Schwab & Knopoff, 1972) of dispersion curves from a geological
model of up to 5 layers (the last representing half-space) char-
acterized by the parameters thickness, Vs, Vp, Poisson’s ratio,
and density. Search process is automatic and iterative, with ini-
tial model update and random search process in every step.

The second process was specially used for dispersion im-
age interpretation where energies associated with higher modes
were recognized. To evaluate the matching degree between mod-
eled curves and the background dispersion image for each curve,
it is considered the energy associated to each one (the energy of
a dispersion-curve point is normalized along the phase-velocity
axis). The relative weighting of each mode is specified in terms of
percentage.

RESULTS

Results presented herein are records obtained with sledgehammer
and weight drop sources as well as cultural noise (vehicular traf-
fic, mainly). Various analyzes were performed to comparatively
gvaluate the quality of data obtained with active sources, vary-
ing the minimum offset and/or geophones spacing. For the stud-
ied area, significant differences were not observed with chang-
ing these parameters, and for that reason specific results are not
shown. However, in a general way, 5 m minimum offsets and 1 m
geophone spacing resulted in better dispersion images of sledge-
hammer data. Regarding weight drop source, data obtained with
15 m minimum offsets and 2 m geophone spacing generated bet-
ter dispersion images. Regarding cultural noise records, the best
images were obtained when 2 m geophone spacing and 60s time
window were used.

Initial comparative analysis of amplitude spectra of records
obtained from different sources (sledgehammer, weight drop, and

traffic noise) indicated that, in relation to the active sources, while
the released energy by weight drop source is higher than the
sledgehammer one, the dominant frequency band was not sig-
nificantly different as it could be expected (Fig. 3b). Regarding
to spectrum obtained with passive source records, the energy is
higher than those obtained with the other two sources, and dom-
inant frequency band is shifted to lower frequencies (Fig. 3a) in-
dicating, in this case, the possibility of mapping layers at greater
depths.

Combined effects of energy released by source, natural geo-
phone frequency and medium response — that can be in part ana-
lyzed from Figure 3 amplitude spectra — also determine the qual-
ity and characteristics of dispersion images obtained from seis-
mograms. Figure 4 shows some selected dispersion images from
different sources and arrangements.

Increase in information regarding lower frequencies in im-
age generated from passive source record (Fig. 4c) is clearly ob-
served, while images generated from sledgehammer and weight
drop sources are similar (Figs. 4a and 4b) and quite noisy in the
lowest frequency band. However, in active source images, higher
modes can be identified; the same does not happen in the pas-
sive source image. Figure 4d also presents the graph with all dis-
persion curves extracted from Figures 4a, 4b, 4c. Comparative
curve analysis shows that data generated by passive and weight
drop sources (arrangements with 2 m geophones interval) result
in images that allow the extraction of dispersion curves compris-
ing lower frequencies.

Nevertheless, inversions of fundamental mode dispersion
curve obtained from sledgehammer and drop weight source
records, shown in Figure 4, resulted in similar velocity models
(Fig. 5), limited to approximately 8 meter maximum depth. Veloc-
ity values are very close to those ones obtained with crosshole
seismic testing; the approximately 6 meter interface observed in
velocity model can be correlated to NSPT value increase (Fig. 2)
observed in the same depth.

Due to the complementarity between dispersion images gen-
erated from passive and active source records, i.e., lower fre-
quency bandwidth sampling in passive case, and higher mode

Revista Brasileira de Geoffsica, Vol. 34(1), 2016
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sampling in active case, stacking of both images was carried on,
as suggested in Park et al. (2005). Whereas, in this experiment,
images generated from sledgehammer and drop weight source
records were similar, it was decided by sledgehammer record,
once as methodological proposal the joint use of passive and
sledgehammer sources is more interesting due to operational dif-
ficulties for weight drop source use. The energy associated with
higher modes tends to be more dominant with large offset use.
Moreover, considering the same wavelength, higher modes bring

Brazilian Journal of Geophysics, Vol. 34(1), 2016

deeper information than the fundamental one (Xia et al., 2000).
Stacked image result is presented in Figure 6.

Results of fundamental mode curve inversions from recorded
images obtained only with passive data (Fig. 4c), and stacking im-
age (Fig. 6) are shown in Figure 7. It is observed the same trend
for velocity distribution with depth but with differences in the po-
sitioning of the lithology interfaces. Ininversion process by gradi-
ent method, it is worth to point out that the algorithm considers a
model with continuous velocity increase with depth. In comparing
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curve indication.

with Vg values obtained with crosshole seismic test, it is observed  sion of fundamental and higher mode curve was done. Dispersion

these are a little lower from 10 m of depth; the apparent interface  images were analyzed resultant from data image stacking obtained

to approximately 11 m of depth, interpreted from crosshole data, by sledgehammer and passive sources (Fig. 8b), and data ob-

is absent in the resulting inversion model. tained with sledgehammer (Fig. 8a), in this case considering only
Aiming at increasing the investigation depth, the joint inver-  the higher modes.

Revista Brasileira de Geoffsica, Vol. 34(1), 2016
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Figure 8 — Dispersion images indicating higher mode curves extracted from (a) sledgehammer data, and (b) sledgehammer + passive combination (fundamental +

higher modes).

Results are shown in Figure 9 graph. In this inversion process
with Monte Carlo method algorithm, interfaces of initial model
were established from the sounding profile information, especially

Brazilian Journal of Geophysics, Vol. 34(1), 2016

NSPT data, and from lithological classification (Fig. 2). The final
model, considering results of two inversions (Fig. 9), indicates
interfaces to approximately 5 m, 12 m and 21 m in depth and
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Figure 9 — S-wave velocity models with depth obtained from multimodal curve inversions of sledgehammer
and passive data (with fitting degree of 31% for fundamental mode, 63% for 1st higher mode and 64% for the
2nd higher mode), and sledgehammer data (with fitting degree of 38% for 1st higher mode, 21% for the 2nd

higher mode and 6% for the 3rd higher mode).

generally lower velocities but close of those obtained with cross-
hole seismic testing.

Finally, Figure 10 shows NSPT, crosshole seismic and MASW
data (Fig. 9) as well as sounding lithological interpretation. It is
observed the result of joint inversion of fundamental (extracted
from passive source data), and higher (extracted from sledgeham-
mer source data) mode dispersion curves presents four major in-
terfaces: i) approximately 5 m depth where NSPT value increase
and close to residual soil contact is observed; ii) approximately
12 m where there also are NSPT value increase, significant Vg val-
ues increase obtained with crosshole testing, and where there is
residual soil contact with saprolite; iii) approximately 21 m where

an increase of Vg values of crosshole data and saprolite-gneiss
contact are observed.

[t is important to point out that crosshole test, mechanical
sounding and MASW study areas are different, although they are
very close (Fig. 1). Furthermore, dispersion curve inversion re-
sult is associated with average wave propagation behavior along
the entire geophone array, and the other data reflect a punctual
geology information. This may explain the existence of the inter-
face to approximately 32 m depth of model obtained with MASW
test, and not observed in mechanical sounding profile. Vg val-
ues obtained from dispersion curve inversion were consistently
lower than those ones obtained with crosshole testing. It should be
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Figure 10 — Comparison among NSPT, crosshole and MASW data as well as lithological description.

observed in crosshole test case, Vg values were obtained by di-
viding the measured surface distance between borehole receivers
by the arrival time at each respective seismogram. It is expected,
in media with steady velocity increase with depth, the minimum-
time ray trajectories are curved resulting in Vg values systemati-
cally higher than the real ones.

CONCLUSIONS

This paper presented results obtained with MASW method in a
densely built up area with high traffic noise level in Sdo Paulo
city, Brazil. Results were compared with those obtained by cross-
hole test as well as geotechnical sounding data. In addition the
use of two different active seismic sources, different minimum
offsets, different geophones spacings and passive source were
studied. The results analysis showed that MASW-Vg models
were coherent with crosshole seismic testing data and also the
mechanical sounding description. The major Vg changes in the
model were coincident with the lithology and physical properties
changes. The comparison of the different seismic sources showed
no significant advantages in active weight drop source use in
relation to sledgehammer in terms of inversion results. There-
fore, considering operational aspects, the use of sledgehammer
proved to be more advantageous. Variations of minimum offsets
and geophones spacing under accomplished test conditions did
not result also in differences in the quality of obtained dispersion

Brazilian Journal of Geophysics, Vol. 34(1), 2016

images. The use of passive source (vehicle traffic noise) was
important, even adopting linear arrangement, once under test
conditions the main traffic noise source was in general aligned
with the geophone array. Dispersion curves from passive source
records sampled lower frequency, consequently allowed greater
depth models. The joint inversion of the fundamental and higher
modes of curves (extracted from dispersion image stacking of data
obtained with sledgehammer and passive sources) led to a con-
sistent with the reality and greater-depth geological model. The
final model showed that the MASW method is a good tool for
mapping the weathering profile and basement. It has great appli-
cations potential for underground urban works and geological-
geotechnical characterization in phases of engineering-project
feasibility and preconstruction.
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