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CHARACTERIZING A TROPICAL SOIL VIA SEISMIC IN SITU TESTS
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ABSTRACT. The shear wave velocity (Vs) is an important geotechnical parameter to be used in dynamic problems (e.g. earthquakes and vibration problems) as well
as in static deformation analysis such as excavations and foundation engineering design. There are several in situ seismic tests to determine Vs such as the crosshole
and the downhole techniques, as well as hybrid tests (e.g. seismic dilatometer — SDMT). This paper presents crosshole, downhole and SDMT tests carried out in
a typical tropical soil profile from Brazil. Advantages and limitations regarding the test procedures and interpretation are briefly presented and differences observed
among Vs determined by these techniques are discussed. Shear wave velocities (V/s) estimated from the crosshole, downhole and SDMT tests ranging from 194 to 370
m/s. The shear wave velocity suggests that the experimental site could be divided into two strata, which are in agreement with soil profile description. The maximum
shear modulus (Gy) calculated from the Vs by theory of elasticity can be used to show the investigated tropical soil is a typical unusual geomaterial. This article also
emphasizes that the SDMT is a useful test for site investigation since it allows a great means for profiling geostratigraphy and soil engineering properties during routine
site investigation as well as for statics and dynamics problems.
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RESUMO. A velocidade de onda cisalhante (Vs) 6 um parametro geotécnico empregado em andlises dindmicas (terremotos e problemas de vibragdo), bem como
em analises estéticas (escavacdes e projeto de fundacdes). Existem varios ensaios sismicos de campo para a determinacdo de Vs, entre eles as técnicas crosshole e
downhole, e 0s ensaios hibridos (por exemplo, dilatometro sismico — SDMT). Este artigo apresenta os ensaios crosshole, downhole e SDMT realizados em um perfil
tipico de solo tropical do Brasil, as vantagens e limitagOes dos procedimentos de ensaio e de interpretagdo sao brevemente apresentadas, e as diferencas observadas
entre os valores de Vs determinados pelas diferentes técnicas sdo discutidas. Os perfis de Vs determinados pelas técnicas variaram de 194 a 370 m/s. A velocidade
da onda cisalhante sugere que o campo experimental investigado pode ser dividido em dois horizontes, os quais estdo de acordo com a descrico do perfil do solo
estudado. O mddulo de cisalhamento méximo (Gy), calculado a partir de Vs pela teoria da elasticidade, pode ser utilizado para demonstrar o comportamento ndo
convencional do solo investigado. Este artigo também enfatiza que 0 SDMT é um ensaio geotécnico (til para a investigacdo geotécnica do subsolo, uma vez que permite
a definigdo do perfil estratigrafico e a estimativa de pardmetros estéticos e dindmicos de um projeto.
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INTRODUCTION

The shear wave velocity (V) profile is of important use in
geotechnical engineering. During an earthquake, the ground
motion of the site is significantly affected by the local site
condition, and the average V; is the key variable for site
characterization in geotechnical earthquake engineering (Sully
& Campanella, 1995; UBC, 1997; Bang & Kim, 2007). The V;
values can be used for a static deformation analysis such as
slope stability and the settlement and an evaluation for ground
improvements (Burland etal., 1977; Kim & Park, 1999; Ashford &
Sitar, 2002). Recently, maximum shear modulus (G,) calculated
from V; profiles has also been used to investigate non-textbook
materials (Robertson, 2016; Marchetti & Monaco, 2018). For
these reasons, the demand for a site investigation for V; and
G, profiling is increasing rapidly in the field of geotechnical
engineering.

Several field seismic tests such as the crosshole, downhole,
multi-channel analysis of surface waves (MASW) as well as
hybrid tests (e.g. seismic cone and seismic dilatometer) are
generally used for an evaluation of the V; profile (Hunter et al.,
2002; Stokoe et al., 2004). Each test has its own advantages
and limitations and the results may not be coincident in many
cases due to scale problems and the difference among the tests.
Therefore, it is important to select an adequate field testing
technique that considers the site conditions and the importance
of the projects for obtaining a reliable V; profile (Bang & Kim,
2007).

A large portion of Brazil's territory is covered with
tropical soils, however, the geotechnical literature about dynamic
parameters of these soils is very limited since dynamic tests
are not currently carried out in Brazil. The term tropical soil
includes both lateritic and saprolitic soils. Saprolitic soils
are residual and retain the macro fabric of the parent rock.
Lateritic soils can be either residual or transported and are
distinguished by the occurrence of the laterization process, which
is an enriching of a soil with iron and aluminum and their
associated oxides, caused by weathering in regions which are
hot, acidic, and at least seasonally humid (Nogami & Villibor,
1981). Following laterization, high concentration of oxides and
hydroxides of iron and aluminum bonds support a highly porous
structure. The contribution of this microstructure (cementation)
to the soil stiffness depends on the strain level the soil will
experience. These characteristics increase the preconsolidation
stress and cohesion intercept (Vaughan et al., 1988) and the most

existing empirical correlation should be employed with caution
(Robertson, 2016).

This paper presents crosshole, downhole, and seismic
dilatometer (SDMT) tests carried out in a tropical soil site
located at the Universidade de S3o Paulo, in S&o Carlos, Brazil.
Advantages and limitations regarding the test procedures and
interpretation are briefly discussed, and the differences observed
between V; and G, profiles determined by these techniques are
also discussed. This paper also discusses the use of the G, /Ep
and G,/ M ratio as a useful index for site characterization of
tropical soils.

IN SITU SEISMIC TESTS
Crosshole tests

The crosshole seismic test is one of the most effective techniques
for the in situ determination of V;. The main objective of this
technique is determining the compression (P) and/or shear (S)
propagation velocities along depth, being regulated by ASTM
(2007).

The test consists of generating seismic waves in a borehole
and registering their arrivals in one or more adjacent boreholes.
The spacing between the source borehole and the first receiver
borehole has to be around 1.5 to 3.0 m and the distance
between subsequent receiver boreholes has to be 3.0 to 6.0 m
apart. Spacing between the source borehole and the receiver
borehole have to be 1.5 to 5.0 m for two boreholes (ASTM,
2007). The source and the seismic receivers (geophones or
accelerometers) are positioned at the same depth, and the V; is
typically determined every meter depth interval. Figure 1 shows a
sketch of the crosshole seismic test.

The interpretation of crosshole test data for determining V;
basically consists of identifying the first-arrival time of S-wave
from the seismograms. S-waves are characterized by an increase
inthe amplitude of the signal as well as by the fact that it polarizes:
inverting the direction of the blow, all phases corresponding to
the shear waves appear inverted. In addition to the increase in the
amplitude and its polarization, the S-wave can also be identified
when the signal frequency decreases.

Special attention should be given in opening and preparing
the source and the receiver boreholes. The procedure suggested
by ASTM (2007), consists of coating them with metallic or PVC
(polyvinyl chloride) pipes and grouting the borehole by a small
diameter grout tube insert to the bottom of the borehole, by means
of using a cement mix.
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Seismic Recorder

Downhole tests

The downhole seismic test (ASTM, 2008) is carried out using a
single borehole. This test is performed inserting a seismic probe
inaprepared borehole or into the soil mass and, in this case, there
is no need for preparing the borehole. Figure 2 shows a sketch of
the downhole seismic test.

The test consists in determining the arrival time of seismic
waves generated on the ground surface and travelling down to an
array of vertically installed seismic sensors positioned at different
depths. The interpretation of the test data considers that the
travel path between the source and the receiver follows a linear
trajectory. In heterogeneous materials, this path is not a straight
line and Snell’s law of refraction can to be used.

The determination of shear wave propagation velocity can
be done by three different methods: first arrival, cross-over and
cross-correlation. According to Campanella & Stewart (1992),
the cross-correlation method surpasses the others because it is
less affected by signal distortions, leading to more consistent and
reliable results.

Seismic Dilatometer Test (SDMT)

The dilatometer test (DMT) consists of a stainless-steel blade
with a thin flat circular expandable membrane on one site.
Gas pressure is applied through the control unit, inflating the
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Figure 1 — Sketch of the crosshole seismic test (adapted from ASTM, 2007).

membrane every 0.2 m depth intervals. The intermediate DMT
parameters (Material Index - I,,, Horizontal Stress Index - K,
and Dilatometer Modulus - E,,) are calculated from p, (corrected
first reading) and p, (corrected second reading) and are used
to soil classification and estimative of geotechnical parameters
(Marchetti 1980; Marchetti et al., 2001).

The seismic dilatometer (SDMT) is the combination of the
standard DMT equipment with a seismic module for measuring
the shear wave velocity V; (Hepton, 1988; Martin & Mayne, 1997,
1998; Mayne et al., 1999; Marchetti et al., 2008). The test is
conceptually equivalent to the seismic cone (SCPT). The seismic
module is a cylindrical element placed above the DMT blade,
equipped with two receivers, spaced 0.5 m apart (Fig. 3a). V; is
calculated (Fig. 3b) by the ratio between the difference in distance
from the source and the two receivers (S, - S;) and the delay of
the arrival of the impulse from the first to the second receiver (At).
Figure 3c shows the seismic dilatometer equipment.

The signal is amplified and digitized at depth. The true
interval test configuration with two receivers avoids possible
inaccuracy in the determination of the "zero time" at the hammer
impact, sometimes observed in the pseudo-interval one-receiver
configuration (Marchetti et al., 2008). In addition to V; and
G, profiles determination, SDMT allows estimating the G-y
decay curves and assessing the presence of microstructure (e.g.
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Figure 2 — Side and front view of the downhole test with three geophones seismic probe (adapted from Karl et I.,
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Figure 3 — Seismic Dilatometer (SMT): (a) DMT blade with seismio module; (b) Schematic representation of the SDMT; (c) Seismic

dilatometer equipment (adapted from Marchetti et al., 2008).

bonding and cementation) (Ashford & Sitar, 2002; Marchetti &
Monaco, 2018).

MAXIMUM SHEAR MODULUS (G,), Go/E, AND Go/M sz
RATIO

G, is the stiffening parameter that refers to the initial undisturbed
state of the soil and allows assessing the stress-strain-strength
response of soils for static, cyclic and dynamic loads, both for
drained and undrained conditions (Wang etal., 2018). It is largest
at very low strains and decreases with increasing shear strain.

It has been found that the initial maximum shear modulus is
constant for strains less than 10-4% (Sully & Campanella, 1995)
although this may vary with plasticity index (P1) (Vucetic & Dobry,
1991). It can be calculated from shear wave velocity (V5) by in situ
or laboratory tests by the Equation 1 (Woods, 1978):

G, =p.(V,)? (1)

where p = y/g total mass density, y = soil unit weight, and g =
gravitational constant.
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Figure 4 — Synthesis of in situ tests for the study area (adapted from Giacheti et al., 2006a and Rocha, 2018).

Microstructure (e.g. bonding and cementation) improves
the mechanical behavior of the soil, however, quantify this effect
is not easy (Baligh & Scott, 1975; Robertson, 2016). Penetration
probes insertion may partly destroy the microstructure. In
general, it can be expected that the DMT insertion may produce
pronounced destructive effects in cemented soils (Baligh & Scott,
1975; Marchetti & Panone, 1981; Marchetti & Monaco, 2018).

If SDMT is carried out, G, can be calculated from V; (Eq.
1) and additional information on microstructure can be obtained
using the method illustrated by Cruz et al. (2012). These authors
have demonstrated the possibility of combining E, and M-
(constrained modulus obtained from SDMT) values with G, to
assess the presence of microstructure as well as to identify the
presence of unusual soils. The microstructure affects the behavior
of tropical soils and Go/E, and G,/Mpyr values of these
soils are considerably higher than those observed in sedimentary
soils. If soils have significant microstructure the methods and
approaches to interpreted in situ tests may not always apply
and site or geologic specific modifications may be required
(Robertson, 2016; Berisavljevic & Berisavljevic, 2019; Marchetti
& Monaco, 2019).

Brazilian Journal of Geophysics, Vol. 37(3), 2019

MATERIALS AND METHODS
Study area

The seismic tests were carried out in the experimental test site
at the Universidade de Sdo Paulo in Sdo Carlos, Brazil. The soil
profile is an example of typical tropical soil (ISSMFE, 1985). This
profile is composed of a sandstone residual soil layer covered by
a surficial unsaturated lateritic clayey sand layer (colluvial soil).
Arthick layer (0.2 to 0.5 m) of pebbles separates the surficial layer
from the residual soil. The groundwater level varies seasonally
between 9 and 12 m below the ground surface. According to the
Unified Soil Classification System (ASTM, 2011), both horizons
can be classified as clayey sand (SC).

Several site characterization programs including standard
penetration (SPT), cone penetration (CPT) and flat dilatometer
(DMT) tests were carried out at this site. Sample pits were also
excavated to retrieve undisturbed and disturbed soil blocks. Soil
samples from these blocks were tested in laboratory for soil
characterization and determination of mechanical properties and
parameters. Figure 5 presents results of SPT, CPT and DMT
tests. N-values from SPT tests and dilatometer modulus (Ep)
increase almost linearly with depth. The cone tip resistance (g.)
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Figure 5 — Test locations of the crosshole (CH), downhole (DH) and SDMT carried out at the investigated site.

and the sleeve friction (fs) tends to increase with depth leading
to a friction ratio (Rf = fs/q. + 100) between 4 and 8%. The
interpretation of MCT classification test (Nogami & Villibor, 1981)
data separated lateritic (LA) from non-lateritic (NA") soil behavior
almost at the same depth (6 m).

Seismic tests

Two crosshole seismic tests (CH 1 and CH 2) were carried out in
the site. Three boreholes spaced 3 m apart were installed for each
test. The boreholes were drilled with a 150 mm diameter. The two
receiver boreholes were cased with PVC pipes 75 mm diameter
and the source borehole with PVC pipes 85 mm diameter. A grout
mix that closely matches the formation density was used. The data
were taken at every 1.0 m interval for the test CH 1 and at every
0.5 minterval for the test CH 2. The test procedure consisted of
generating reverse polarity shear waves, first by impacting one
end of a hammer source, and then by impacting the other end.
Volts versus time traces, corresponding to each impact, were
registered on an oscilloscope and recorded in a laptop computer
for subsequent processing and analysis. Source and geophones
are maintained at the same elevation for each measurement. Both
crosshole tests were performed up to around 9 m depth due to
limitation in the opening and preparing the boreholes below the
groundwater level with the available equipment.

Three downhole tests were carried out using a seismic
probe with three geophone compartments, spaced 0.5 m apart.
This probe allows three records every test depth. The geophones
are characterized by natural frequency of 28 Hz, sensitivity of 35.4
V/(m/s) and spurious frequency of 400 Hz. The geophones were
oriented in a uniaxial configuration, thus the axis of vibration was
maintained parallel to the direction of the horizontal impacts of the
hammer. This configuration allows the maximum response of the
geophones (Campanella & Howie, 2005). A steel bar placed on

the ground surface was used as seismic source. It was positioned
0.3 m away from the borehole opening. The data were interpreted
using the cross-correlation method and the true interval. The
downhole tests were carried out up to 18 m depth.

Six SDMT (SDMT 1 to 6) were also carried out up to 20
m depth. The seismic source is the same used in the downhole
test. It was oriented with its long axis parallel to the axis of the
receivers, so that they can offer the highest sensitivity to the
generated shear wave. The time delay from SDMT seismograms
was determined using the cross-correlation algorithm. Figure 5
shows the location of the seismic tests.

TEST DATA AND DISCUSSION
Seismic tests

Figures 6, 7, and 8 show the seismograms acquired by crossholg,
downhole and SDMT tests, respectively. Figure 6 presents the
traces at 2 m depth, during the crosshole test CH 1. The arrival
time of S-wave was select using the reverse polarity. Figure 7
shows some traces obtained at 10 m depth, during the downhole
test DH 1. It demonstrates that all three different geophones
provided excellent quality recorders. It is noteworthy that, in
general, it is possible to get recordings of similar quality for all
the three geophones. Figure 8 shows the seismograms obtained
by SDMT 1 at the 3.5, 4.5, and 5.5 m depth at the investigated
site. Itis a good practice to plot the seismograms side-by-side as
recorded and re-phased according to the calculated delay.
Figure 9 shows the V; profiles measured by the different
techniques. There is reasonable agreement among the V; profiles
determined by the different techniques (Fig. 10). The shear wave
velocities obtained by three techniques ranged from 194 to 370
m/s, with an average velocity of 295 m/s with a 21 m/s average
standard deviation. The V; values measured from crosshole are
little higher than those of downhole and SDMT. This behavior
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Figure 7 — Typical downhole shear wave arrival traces (DH 1 at 10 m depth).

can be attributed to the difference in the directions of propagation
and polarization of shear waves induced by crosshole, downhole
and SDMT (Butcher & Powell, 1996; Fioravante et al., 1998;
Viana da Fonseca et al., 2005). Cost-wise, the SDMT is clearly
the choice for budgetary reasons. Furthermore, the SDMT
provides additional readings including: corrected first reading
(po), corrected second reading (p,), and time derived from
DMT decay dilatometer test (7%.,) with depth. The collection of
multiple measurements is beneficial towards a comprehensive
site characterization program at any given site (Marchetti, 1980;
Marchetti et al., 2001; Marchetti & Monaco, 2018). However, the
SDMT blade insertion in hard soils can be difficult precluding this
test type.

Shear wave velocity are influenced by confining pressure
and are expected to increase with the depth. The variation of V;

Brazilian Journal of Geophysics, Vol. 37(3), 2019

with the total vertical stress (o) can be modeled using a power
law expression presented in Equation 2, similar to the equation
used by Hardin & Drnevich (1972a, 1972b) and Valle-Molina &

Stokoe (2012).
o \"
v=a(5)

In this expression, As is the shear wave velocity for 100
kPa of vertical stress, n, is a dimensionless exponent of vertical
pressure normalized by atmospheric pressure (P, = 100 kPa).

Figure 11 shows the measured V; and the fitting curves
considering Equation 2. The soil unit weight was equal to 14
kN/m® up to 8 m depth and to 16 kN/m® from then on. From
best fitting analysis As is 288 m/s and n, is 0.15. S-wave velocity
increased with the vertical stress with fitted #, value of the same

(2)
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Figure 9 — Comparison among Vs measured by a) crosshole, b) downhole and ¢) SDMT test for study area.

magnitude of those measured by Valle-Molina & Stokoe (2012)
in sands.

The scatter in the crosshole, downhole and SDMT data
(Figs. 9 and 10) combined with field observations, suggests
that the study area can be divided into two layers, instead of
considering it as a uniform media. In fact, it is possible to notice
an upper stratum that reaches 8 meters depth. In the upper stratum
Vs ranged from 194 to 305 m/s, with an average velocity of 259
m/s. In the lower stratum (between 8 and 18 m depth) V/; ranged
from 250 to 370 m/s, with an average velocity of 325 m/s. Table
1 presents the statistics for these data. The mean values of V;
increase from the upper to the lower stratum, which was expected,
considering the increase in confining stress and the denser and

stiffer state of the soil. The larger dispersion in upper stratum can
be explained to be a consequence of the unsaturated condition
(Cho & Santamarina, 2001; Gui & Yu, 2008; Nyunt et al., 2011;
Dong & Lu, 2016) as well as the inherent variability (Gidigasu,
1976; ISSMFE, 1985; Giacheti etal., 2006b; Gutierrez etal., 2009)
typical in lateritic tropical soils.

The G,, G,/E, and G,/M,,,r ratio

The G, was calculated by Equation 1. Soil unit weight (y) was
determined from undisturbed soil samples collected in sample
pits excavated at the site (ABNT, 2016). The G, range between 75
to 233 MPa, with an average of 151 MPa with a 19 MPa average
standard deviation.
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Tahle 1 — Statistic of the crosshole, downhole and SDMT tests results.

Stratum | Observations | Minimum | Maximum | Average | Standard deviation | Coefficient
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Figure 12 — SDMT data plotted on Go/Ep Vs I chart (a) and Go/Mpar VS Kp chart (b) (adapted from Cruz et al., 2012).

Figures 12aand 12b show the Go/Ep, vs I, and Gy / Mpyr
Vs K, charts, respectively, suggested based on the findings
from Cruz et al. (2012). I, Kp, Ep, and Mp,,r were calculated
according to Marchetti (1980) and Marchetti et al. (2001).

In both charts the plotted SDMT data from six tests are
above the equation line which separates the sedimentary to the
residual soil. It indicates that the bonded structure of studied
tropical soils produces Go/Ep as well as Go/Mpyr that are
systematically higher than those measured in sedimentary soils.
In soil where there is significant microstructure like the tropical
soils the classification of soil type and geotechnical properties
estimative becomes less reliable and some judgment is required
(Marchetti & Monaco, 2018; Robertson, 2016).

CONCLUSION

The crosshole, downhole and seismic dilatometer (SDMT) tests
allow the determination of V;, and corresponding calculation
of G, for geotechnical engineering applications mainly in soil
dynamic analysis.

Vs and G, profiles determined by crosshole, downhole and
SDMT show good agreement at the study area. Consequently,
any techniques (crosshole, downhole and SDMT) can be used

to determined shear wave velocity in this site. The shear wave
velocity profile suggests the presence of two strata in the study
area, which are in agreement with soil profile description.

Both charts from Cruz et al. (2012) indicate the presence of
cemented structures in the site. The bonded structure of tropical
sandy soils produces G,/Ep, as well as G, /Mpy Which are
systematically higher than those measured in sedimentary soils.
Ifthe soil has a significant microstructure the classification charts
and most existing empirical correlations may not always be
applied and site or geologic specific modifications are required.

The crosshole is the most reliable method to determing in
situ V; profile. However, this technique is less used dug to its high
cost. The seismic dilatometer (SDMT) is particularly well-suited,
efficient and economical tool for routine site characterization. The
test data allows a direct quantification of soil properties such as
shear strength, deformability and permeability and the G, profile
is determined directly for soil dynamic analyses.
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