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Abstract. A proper geotechnical site characterization has to identify the geometry of relatively homogeneous zones and
define indices, strength and stiffness properties of the soils within these zones. The most widely used in situ test to define
the stratigraphical profile and to estimate geotechnical parameters is the Standard Penetration Test (SPT). Although it is
widely used, this test provides a single index to define a great number of parameters, a peculiar characteristic criticized by
many authors. Some authors have shown that it is possible to incorporate the measurement of shear wave velocity (Vs)
using the SPT and the up-hole seismic test. This hybrid test can be called the seismic SPT (S-SPT), combining stratigraphic
logging, and estimation of geotechnical parameters and determination of shear wave velocity (Vs) values. This paper
describes a system to carry out the seismic SPT and the approach to interpret the seismic data. Seismic SPT was carried out
at three research sites in the state of São Paulo, Brazil to assess its applicability. The Vs values determined by this hybrid
test were compared with Vs reference values determined through cross-hole, down-hole and seismic cone penetration tests.
The differences between Vs values were, on average, 8.5%, 9.0% and 16.0% for each research site. The hybrid S-SPT test
can be used to define the Vs and, consequently G0 profile, together with the N-value determination.
Keywords: in situ testing, seismic, shear wave velocity, site investigation, SPT, up-hole.

1. Introduction
Geotechnical site characterization is the first step for
adequate geotechnical and geo-environmental projects. It
has to present the stratigraphic profile, including soil variability and genesis, the ground water level and the mechanical and hydraulic parameters. It is also required to define
the chemical distribution and source and/or receptor for potential or existing contaminants for the geo-environmental
site characterization (US EPA, 1989).
The SPT has been recognized as the most commonly
used in situ test for geotechnical site characterization in
Brazil, as well as in most countries worldwide (Anderson et
al., 2007; Santana et al., 2014; Lukiantchuki, 2012). As a
result, there are several empirical correlations to determine
geo-mechanical soil properties (shear strength and compressibility soil parameters). However, some authors such
as Mayne et al. (2009) have questioned the use of a single
number to estimate so many soil parameters. In the 1980s,
there was an increase in in situ testing techniques that allowed performing more than one measurement using the
same test. These test techniques are known as hybrid.
Some authors have demonstrated the possibility of incorporating the measurement of shear wave velocity in the
SPT by the up-hole technique (Ohta et al., 1978; Bang &
Kim, 2007; Pedrini, 2012). This hybrid test, called seismic
SPT (S-SPT), allows verifying the stratigraphic profile, es-

timating the geotechnical parameters and determining the
shear wave velocity (Vs) profile. The Vs value is used to
calculate the maximum shear modulus (G0) via Theory of
Elasticity (Atkinson, 2000). The most used and appropriate
hybrid test to determine Vs profiles is the seismic cone test
(SCPT). However, it requires using special equipment,
which sometimes is not available. In such cases, the S-SPT
could be an alternative test, at least to obtain a preliminary
estimative of G0 profiles.
Tropical soils are formed mainly by chemical weathering of the rock and their peculiar behavior cannot be explained by the principles of classical soil mechanics. The
term tropical soil includes both lateritic and saprolitic soils.
The surface horizon, lateritic soil, is characterized by intensive pedogenetic evolution, while the horizon below the
lateritic soil is the so-called saprolitic soil. Saprolitic soils
are necessarily residual soils and retain the characteristics
of the parent rock. They have very heterogeneous mechanical behavior, according to the matrix rock and the level of
weathering to which they were submitted (Committee on
Tropical Soils of ISSMFE, 1985).
The objective of this paper is to describe a system and
a method to carry out and interpret the up-hole seismic tests
together with the SPT. Three S-SPT campaigns were carried out at different research sites located in the cities of
Bauru, São Carlos and Campinas, in the state of São Paulo,
Brazil. The results were compared with Vs reference val-
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ues, which were determined by cross-hole, down-hole and
seismic cone tests, in accordance with the results available
at the different research sites.

2. The Seismic SPT
The system for the up-hole seismic test together with
the SPT consists of hardware (geophones, trigger, grounding, seismic source and data acquisition system) and software to record and to interpret the seismic data. They were
adapted by Pedrini (2012) based on the Bang & King
(2007) proposal to carry out and to interpret the Seismic
SPT. The differences from each approach will be pointed
out in the next items.
2.1. Equipment
Bang & Kim (2007) proposed the up-hole method for
use with the mechanical SPT equipment currently used in
North America, Europe, Japan and other countries. The
SPT equipment currently used in Brazil is standardized by
ABNT (2001). It is carried out using a manual system and
lightweight tripod. Bang & Kim (2007) pointed out some
problems due to the use of the mechanical SPT equipment,
such as the seismic noise caused by the vibration of the boring machine, the trigger installation and the exact definition
of the depth where the seismic signal was generated by the
SPT sampler. These problems are overcome with the system used in this study.
The seismic SPT is basically the same currently used
in a manual system, complemented with a data acquisition

system (DAQ) and an arrangement of six boxes attached
onto the ground surface with two geophones inside each
box (one in the vertical and another in the horizontal direction). The DAQ system records the seismic data from the
waves generated at 1 m depth intervals. Seismic data were
recorded up to 20 m depth immediately after the N-value
determination. The trigger and the seismic source, which is
the SPT sampler itself impacted by a small sledgehammer,
integrate the seismic SPT.
The software was developed using the LabVIEW
Platform and the data interpretation software used the
Matlab Platform.
2.1.1. The SPT equipment
The Standard Penetration Test (SPT) currently used
in Brazil is a manual system described in the Brazilian
Standard (ABNT, 2001). This system was used in this research and it has a tripod, a rotating cathead, a typically
25 mm diameter manila rope, a crown sheave (or pulley), a
guide pipe, an anvil, a drill rod, a thick-walled sampler tube
and a hammer (Fig. 1). The operator pulls the rope towards
himself until the hammer is lifted to the prescribed fall
height. He rapidly slackens the rope on the cathead to drop
the weight. The operator is in charge of ensuring a 750 mm
fall, usually with the aid of a mark on the rod for guiding the
drop of a free-falling hammer weighing 65 kg. Another way
to lift and release the hammer is by manually lifting and releasing the rope passing over the crown sheave, without using the winch cathead (Robertson et al., 1992).

Figure 1 - a) Schematic representation of a typical SPT system with manual release and a donut hammer (adapted from Robertson et al.,
1992). b) Photo of the SPT system (adapted from Lukiantchuki, 2012).

134

Soils and Rocks, São Paulo, 41(2): 133-148, May-August, 2018.

The Up-Hole Seismic Test Together with the SPT: Description of the System and Method

2.1.2. Source
The seismic SPT described by Bang & Kim (2007)
uses the SPT blow itself to generate the seismic waves.
Tests were carried out at the Bauru research site to assess
the quality of the seismic traces using this approach. A
sledgehammer was also used to generate the seismic waves.
In this case, the blow was delivered right after ending the
driving of the sampler, as described by Pedrini (2012). Figure 2a presents the seismic traces registered by vertical geophones for the last blow after driving the SPT sampler at
several distances from the borehole. Figure 2b shows similar traces recorded with a 2 kg sledgehammer blow.
It was observed that the sledgehammer generated
better traces than the SPT hammer (Fig. 2). This can be explained by the high energy of the SPT hammer, which
causes noise and moves too much the sampler in the soil
during driving. Another important aspect is the inaccuracy
in defining the depth where the wave is generated, since the
SPT sampler penetrated a lot with just one blow from the
SPT hammer at the first meters for the studied sites. On the
other hand, the traces recorded with the sledgehammer are
better, since the energy is much lower and it causes little
sampler movement and lower disturbance. It was also noted
in all test sites that the sledgehammer generated enough en-

ergy, even for greater depths (up to 20 m) providing good
quality seismic traces to identify the shear waves arrival.
2.1.3. Trigger
A trigger system was used to start recording the wave
generated in the ground by the SPT sampler. This device allows recording signals with high accuracy and it is easily
implemented in the seismic SPT. The signal starts recording when the sledgehammer reaches the anvil head and the
circuit closes (Fig. 3).
The wave signal generated on the anvil propagates
down along the shaft to the sampler, which will transmit the
signal through the soil. The time delay to reach the SPT
sampler has to be considered in order to calculate the shear
wave velocity due to wave signal propagation down along
the rods. It will depend on the rod length assuming the theoretical velocity on steel of 5123 m/s.
2.1.4. Geophones and installation
The geophones’ main factory specifications are: natural frequency of 28 Hz, sensitivity of 35.4 V/(m/s) and spurious frequency of 400 Hz. This type of geophone is the
same used by Campanella & Stewart (1992). Bang & Kim
(2007) recommend using geophones with a lower natural
frequency (4.5 to 10 Hz). The geophones were placed in six

Figure 2 - Illustration of the seismic traces for the blow generated by different sources.
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Figure 3 - Schematic representation and photo of the source and
the trigger device.

generate the data files. It was also developed the data
interpretation software in the Matlab platform. This software allows signal processing, represents the traces, analyzes the recorded data and calculates velocities by using
the refracted wave pathway through an interactive method,
as described later in item 2.3.3.
The main objective of this software is to provide a
simple and functional method to identify and determine the
first arrival of S and P waves, and determine the time lag
between subsequent waves. The software also has a module
implemented that uses the DTS (delay time between serial
sources) method developed by Bang & Kim (2007).
2.2. Test procedure

boxes. It is possible to place up to three triaxial geophones
inside each box: one vertical and two horizontal. The vertical and the horizontal geophones were used similarly to the
Bang & Kim (2007) approach.
The quality of the received signal depends on the installation procedure. Figure 4 shows the correct procedure
to achieve the best signals. Figure 4a shows the tip attachment which must be tightly threaded to the box containing
the geophones. Figure 4b shows the box, which must be
firmly bolted to the ground but without touching it. Moreover, all the boxes must be leveled. Figure 4c shows a red
line indicating the alignment of the boxes with the borehole. Six boxes with two geophones (one vertical and another horizontal) were used to carry out the seismic SPT.

The procedure of this hybrid test incorporates the
up-hole seismic technique for Vs measurement in addition
to the traditional SPT. A seismic wave is generated, and it
can be recorded at the ground surface for each sampler
depth (usually every meter). Figure 5 shows a schematic
representation of the seismic SPT. An arrangement of 6
boxes is placed onto the ground to carry out the test, with

2.1.5. Data acquisition system
The data acquisition system is from National Instruments, model NI-USB-6353. The main characteristics of
this system are: 16 bit resolution, 32 single ended channels
and 16 differential channels, analogue and digital triggers
and a receiving rate of 1.25 ms/s.
2.1.6. Software
The data acquisition software was developed using
the LabVIEW platform to trigger, capture the traces and

Figure 5 - Schematic representation of Seismic SPT and a seismic
refracted path.

Figure 4 - Setup of the geophone boxes placed on the ground.
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the first box positioned at 2.0 m from the SPT borehole and
the others 2.0 m further away. Seismic data are recorded
from waves generated at one meter depth intervals, right after the N-value determination.
2.3. Data reduction and interpretation
2.3.1. Vs methods
The wave velocity can be calculated dividing the
pathway between the source (the SPT sampler) and the receptors (geophones) by the time for the first wave arrival
(ts) for the SPT up-hole test, as discussed by Bang & Kim
(2007). Refraction occurs during wave propagation inside a
stratified media and consequently Snell’s law should be
considered. The refracted ray cannot be neglected due to
the difference between the straight and the refracted pathways, as represented in Fig. 5.
There are two methods for calculating Vs. First, the
DTR (delay time between serial receivers) and second, the
DTS (delay time between serial sources). Bang & Kim
(2007) demonstrated that the DTS method is the best to determine Vs. This method starts with the determination of the
time interval from wave generation at the SPT sampler up
to its arrival to the geophones at the ground surface. It is defined by identifying the exact moment of the shear wave
arrival. It can be done by plotting the wave receptions generated at different depths as the SPT test is carried out, and
identifying the minimum point of the waves, as shown in
Fig. 6 (Rocha, 2013).
2.3.2. The arrival time of the S waves
The wave velocity calculation by the DTS method requires determining the exact wave arrival time. Up to the
previous step, only one reference time was identified for
each record in a subsoil profile, but not the exact arrival
time since it is difficult to determine it. An alternative to
solve this issue is to use the crossover method. In this case,
two signals with different polarities are generated by applying two blows in opposite directions. The arrival time of the
S wave can be determined by cross referencing these two
records. However, this procedure is not feasible in the seismic SPT because it would require extra time and it is very
difficult to produce good data by striking the head in the upward direction. Some data like that were recorded at certain
depths during this research. The application of a downward
blow is shown in Fig. 7a, and the blow in the opposite direction is shown in Fig. 7b.
Figure 8 shows two typical records produced by
blows with inverted polarity at a depth of 6 m captured by a
horizontal geophone at the Unesp research site. Despite the
amplitude difference of the signals, the crossover of the
waves is identified, as shown in Fig. 8.
The arrival point of the S waves was indirectly identified in all tests in the Bauru, São Carlos and Campinas sites
by first defining a reference point on the profile corre-
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Figure 6 - Typical wave profile and the identification of the minimum point of the S waves (Rocha, 2013).

Figure 7 - Striking the drive head (a) downwards and (b) upwards
(Pedrini, 2012).

sponding to the minimum point (Fig. 6). The next step was
to subtract the time (Dt) until the crossing of the waves
(Fig. 8), which corresponds to approximately 1/4 of the
wave period. The wave period was determined by spectrum
frequency analysis. It is important to point out that this
analysis should be carried out for each S-SPT.
The predominant frequencies of the main pulse of the
S wave were determined, as suggested by Stewart (1992).
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Figure 8 - Typical seismic traces obtained by the crossover method (adapted from Pedrini, 2012).

Figure 9 shows the frequency spectrum of the waves for an
S-SPT carried out at the Campinas research site, which provided a dominant frequency of 61 Hz, with a time interval
equal to 4.1 ms. This procedure is necessary to estimate the
arrival time of the S wave, since this research adopted a
method which does not determine the arrival time, but a reference time in each trace corresponding to the minimum
point.
2.3.3. Vs calculation
The refracted wave path is determined from Snell’s
law and a geometric criterion. The refracted wave path is
defined based on the follow assumptions: a) the layer thickness of each sample is equal to the depth intervals where the
SPT test is carried out (1 m); and b) each layer is homogeneous, and the propagated wave velocity will be constant.
The Vs profile is determined by applying Eq. 1 of the DTS
method, as presented by Bang & Kim (2007):
Vi =
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Figure 9 - Spectrum frequency (Hz) (adapted from Rocha, 2013).
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where: i is the layer for which the velocity V (shear or compression waves) will be calculated; L is the length of the
sample layer in which the wave will propagate; T is the total
time that the wave takes to propagate from the sampler up
to the surface receiver, and V is the wave propagation velocity. The velocity at the first layer is calculated dividing
the distance from the sampler to the geophone by the time
measured on the system. An interactive method was implemented in the software to calculate the wave velocities for
the next layers. In this interactive method, the wave velocity for a certain layer is calculated assuming the velocity of
the previous layer has been already calculated. Then, this
value is assumed as the first V value and it is compared with
the velocity calculated by Eq. 1. If the difference is within
an imposed tolerance in the iterative method, the V value
for the next layer is then calculated.
Further details for the above-mentioned calculations
to determine the refracted trajectory according to Snell’s
Law can be found in Bang & Kim (2007) as well as in
Pedrini (2012).
2.3.4. Test layout and trend of the shear wave arrival
Identifying the first arrival of the shear wave velocity
on the up-hole method is crucial for the interpretation of
seismic SPT data. The SPT source generates a great amount
of both compression and shear waves. The compression
wave is detected mainly in a radial direction at the ground
surface when the SPT source is located at a shallow depth,
while it is detected mainly in the vertical direction at greater
depths. In contrast, as the shear wave changes to a horizontal direction due to Snell’s law as propagating vertically to
the ground surface, the shear wave is detected mainly in the
vertical direction at the ground surface when the SPT
source is located at shallow depth and in the radial direction
when located at greater depths (Bang & Kim, 2007). In addition, the reverse polarity technique is difficult to be used
because the source (the SPT sampler) is inside a borehole.
For this reason, vertical and horizontal geophones were
used, similarly to what was done by Bang & Kim (2007).
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The trend of the shear wave arrival was evaluated
through a qualitative interpretation of the seismic SPT data.
It was observed that the vertical geophones can better record the P waves in all locations, compared to the horizontal ones. Moreover, it was also noted that, depending on the
location of the geophones, the farther away from the SPT
borehole, the lower the P wave amplitude, especially for
waves generated at shallower depths. For greater depths,
the horizontal geophones also record P waves, especially
those closest to the SPT borehole. Figure 10a shows vertical geophone signals located 4.9 m away from the borehole.
This figure shows that trend 1 represents the arrival of the P
waves and trend 2 represents the arrival of the S waves.
It was found that S waves were more easily identified
by the horizontal geophones and that at shallower depths,
the horizontal geophones closest to the SPT borehole can
better identify the S wave, while, at greater depths, the farthest geophones better recorded these waves. It was noted
that at 7.5 m and 10.5 m from the SPT borehole, the arrival
of S waves could also be identified with the vertical geophones, but with lower amplitude and poorer quality than
the horizontal ones. Figure 10b shows the signals from the
horizontal geophone located at 7.5 m from the SPT borehole. In this case, it is much easier to identify the trend of
the S wave arrivals (trend 2) and quite difficult to identify
the P waves (trend 1). Therefore, the Vs values were determined using only horizontal geophone records for the SSPT performed at the three research sites, since these data
better characterized the S waves.

2.3.5. Frequency filters
According to Campanella & Stewart (1992), identifying the arrival of the S wave and determining the shear
wave propagation velocity can be influenced by the presence of noise in the seismic signal recorded by the geophones and the DAQ System during the SCPT signal analysis. Filters are often required to eliminate distortion in the S
waves and resonance of the geophones. The P waves often
also interfere with the signal of the S waves, mainly in unsaturated soils and at greater depths, where the amplitude of
the S waves is close to that of the P waves due to the attenuation effect. Digital low-pass filters with three cutoff frequencies (400 Hz, 120 Hz and 80 Hz) to register seismic vibrations captured by geophones located 7.5 m from the SPT
borehole were evaluated.
The most suitable digital filter was the one with
120 Hz cutoff frequency, as that used by Campanella &
Stewart (1992) in down-hole tests. Figure 11 shows the vertical (Fig. 11a) and horizontal (Fig. 11b) records captured
by the geophones. The vertical records show that tendency
1 (P-wave arrivals) was noticeably damaged. The same can
be observed when the horizontal records are analyzed. Tendency 2 (arrival of S waves) clearly shows the arrival of this
wave in the horizontal record, with a dominant amplitude
when compared to the entire record. It is also possible to
identify it in the vertical geophone traces, even though with
some subjectivity. It is therefore concluded that:
• The P waves traces were quite minimized due to the applied filter, which attenuates the predominant frequencies of these waves; and

Figure 10 - Identification of the arrival of (a) compression waves - P and (b) shear waves - S.
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Figure 11 - Wave profile at 7.5 m from the borehole - Filter of 120 Hz.

• The records captured by the geophone in the horizontal
direction clearly identify the arrival of the S waves.

3. Test Data and Discussion
Three S-SPT campaigns were conducted at the research sites of Unesp, USP and Unicamp to validate the
system and the methodology. These sites were chosen because cross-hole, SCPT and down-hole test data were available (Giacheti, 1991; Giacheti et al., 2006a; Giacheti et al.,
2006b, Giacheti et al., 2007; Vitali et al., 2012). They were
used as a reference for comparison with the up-hole data
from the S-SPTs.
The cross-hole tests were carried out in three boreholes, one for the seismic source and the other two for the
triaxial geophones. PVC casing was grouted in the borehole
according to ASTM D4428 (2007).
Down-hole tests were carried out using a seismic
probe, with three geophone compartments, spaced at 0.5 m
from each other. This probe allows to record at three different depths. The main characteristics of these geophones
are: natural frequency of 28 Hz, sensitivity of 35.4 V/(m/s)
and spurious frequency of 400 Hz. The geophones were installed in a uniaxial configuration, where it is essential to
maintain the axis of vibration of the geophones parallel to
the direction of the strike; this factor is considered as the
most important factor for the success of the test (Vitali et
al., 2012). The seismic source in down-hole tests consists
of a steel bar placed on the ground by the pushing equipment, which was positioned 0.3 and 1.8 m away from the
CPT hole. The data were interpreted using the cross-correlation method and the true interval.
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SCPT tests were carried out close to the cross-hole
tests and up to 20 m depth by De Mio (2005). The seismic
cone presents a triaxial array of geophones and the seismic
waves were generated by blows applied on the side of a
steel bar placed on the ground and loaded with weights,
generating predominantly SH type waves. The seismic wave
velocities were calculated by the pseudo time interval with
cross-over technique.
An error analysis was performed to verify the accuracy of Vs values determined with the S-SPT. The relative
error was used (Eq. 2) to assess the quality of the measurement process and the accuracy in the determined Vs values
(ISO 5725-1, 1994).
æ x -x ö
æ Dx ö
dx = ç
÷×100
÷ ×100 = ç i
x
è
ø
è x ø

(2)

where dx: relative error; Dx: absolute error; x: true value of
Vs (the assumed reference values from cross-hole, downhole and SCPT); xi: measured value of Vs (S-SPT).
3.1. USP research site
The soils at the USP research site, located in São
Carlos, São Paulo State, Brazil, consist of porous and collapsible fine clayey sand up to a depth of about 6.5 m (colluvium), followed by a residual soil of Bauru sandstone.
Both layers classify as clayey sand (SC) according to the
Unified Soil Classification System (ASTM, 2003). These
two distinct layers are separated by a 0.3 m thick layer of
pebbles (Giacheti, 2001, Costa et al., 2003, De Mio, 2005,
Rocha, 2013). Figure 12 shows the grain size distribution,
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Figure 12 - Grain size distribution and indices properties for the USP research site (adapted from Machado, 1998).

dry unit weight (gd), void ratio, and Atterberg limits (wL and
wP) up to 8.0 m depth. The particle unit weight (gs) can be
considered constant along depth.
As previously argued (item 2.3.2), the reference point
(minimum point) determination and frequency spectral
analysis were performed. The average frequency of approximately 72 Hz was found at this site, which represents a
time interval of approximately 3.47 ms. This value was
subtracted from those defined from the reference point of
each signal. It was observed that the signals from the horizontal geophones located at 2.0 and 4.0 m from the SPT
borehole were not able to provide good quality seismic signals (surrounding noise) and they were not used to determine shear wave velocities (Vs).
Figure 13 shows all the test location at this research
site. Figure 14 shows the test data of two cross-hole tests
(CH1 and CH2), two seismic cone tests (SCPT1 and
SCPT2), two down-hole tests (DH1 and DH2) and one
S-SPT carried out using the described system and method.
Figure 14 also shows that the average Vs difference between the S-SPT and the average cross-hole (CH1 and
CH2) test data was 12.8%. It is also observed that the average relative difference between cross-holes CH1 and CH2
was 10.4%, which is in the same range for the S-SPT. It indicates that the S-SPT and the cross-hole provided comparable results. This difference was more significant at the top
6 m and by the pebble layer. One reason to explain it is the
position of the seismic source, 1.8 m apart from the CPT
hole, which can lead to higher Vs values determined by the
down-hole tests, as explained by Butcher & Powell (1996)
and Vitali et al. (2012). Another reason for the higher dif-
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ference can be the soil suction, which could affect soil stiffness and the shear wave velocity (Giacheti, 1991; Barros,
1997; Georgetti et al., 2015). It was also observed a lower
quality of seismic S-SPT data nearby the pebble layer. It
can be associated with the interference from this layer in the
pathway of the seismic waves.
The average difference between S-SPT and average
down-hole (DH1 and DH2) tests was 9.1%. Similarly, the
main differences occurred up to about 7.0 m. The average
difference between Vs from S-SPT and average Vs from
SCPT (SCPT1 and SCPT2) tests was 6.4%. Once again, the
main difference occurred in the upper layer, up to a depth of
7.0 m.
3.2. Unesp research site
The Unesp research site is in the city of Bauru, São
Paulo State, Brazil. According to De Mio (2005), the typical soil profile at this site consists of a red clayey sand

Figure 13 - Test locations at the USP research site.
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Figure 14 - SPT, Vs values from S-SPT, cross-hole, down-hole and SCPT tests at the USP research site.

(residual soil), classified as SM-SC in the Unified Soil
Classification System (ASTM, 2003). Giacheti (2001) described this research site as a porous and collapsible soil,
the density increases with depth and the soil has a lateritic
behavior to about a depth of 13 m. Giacheti et al. (2006a)
highlight the variability of the soil profile, observed
throughout the electrical CPT testing data. Figure 15 shows
the grain size distribution, dry unit weight (gd), void ratio,
and Atterberg limits (wL and wP) up to 9.0 m depth. The particle unit weight (gs) can be considered constant along
depth.
The identification of the minimum point (reference)
and frequency spectral analysis were carried out for shear
wave velocity profile definition. An average frequency of
approximately 61 Hz was found at this site, which repre-
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sents a time interval of approximately 4.20 ms. This value
was subtracted from those defined from the reference point
of each signal.
The signals recorded by boxes located at 2.0 and
4.0 m from the SPT borehole (horizontal geophones) were
also not used to determine shear wave velocities (Vs) due to
the horizontal signals being relatively weak and infected by
surrounding noise.
Figure 16 shows the location of the in situ tests conducted at this site. One S-SPT, one cross-hole (CH), two
seismic cone tests (SCPT1 and SCPT2) and two down-hole
tests (DH1 and DH2) were carried out at this site.
Figure 17 shows the Vs values determined via S-SPT,
cross-hole, SCPT and down-hole tests. The S-SPT provided equivalent results, with an average difference of
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Figure 15 - Grain size distribution and indices properties for the Unesp research site (adapted from Giacheti et al., 1998).

6.3% from the down-hole (Vitali et al., 2012), 10.9% from
the SCPT (Giacheti et al., 2006a) and 7.0% from cross-hole
test (Giacheti, 1991).
These differences were associated to soil variability
as well as to possible soil anisotropy (Giacheti et al.,
2006a). The variability and the possible anisotropy are
mainly due to the morphological and pedogenetic processes that occurred at this site, as mentioned by Giacheti et
al. (2003) and by Giacheti & De Mio (2008), as well as the
characteristics of the S-SPT, in which the interpretation of
the up-hole technique is more complex than in the crosshole and down-hole tests.
3.3. Unicamp research site
The Unicamp research site is in the city of Campinas,
São Paulo State, Brazil. This site is also described by De
Mio (2005) and it presents basic intrusive rocks of the Serra
Geral Formation.

This research site is formed by two distinct layers: porous sand-silty clay, with lateritic and collapsible behavior
up to 6 m depth (colluvium) followed by a transition zone
with possible presence of lateritic crusts (from 6 to 7 m
depth) and mature residual soil to depths that vary from 15
to 18 m. The highest clay concentration can be found in the
mature residual soil at the upper part of the soil profile (between depths of 6 and 10 m). Despite such depth, this indicates the occurrence of a pedogenetic process that concentrates clay minerals at the horizon B. At depths greater than
18 m there is the occurrence of younger residual soils and
the usual occurrence of fewer unaltered rock cores (De
Mio, 2005 and Miguel et al., 2007). CPT tests performed by
Giacheti et al. (2003) exhibited varied tip resistance values
(qc) indicating the soil variability at this site.
Figure 18 shows the grain size distribution, dry unit
weight (gd), void ratio, and Atterberg limits (wL and wP) up

Figure 16 - Test location at the Unesp research site.

Soils and Rocks, São Paulo, 41(2): 133-148, May-August, 2018.

143

Pedrini et al.

Figure 17 - SPT, Vs values from S-SPT, cross-hole, down-hole and SCPT tests at the Unesp research site.

to 9.0 m depth. The particle unit weight (gs) can be considered constant along depth.
Similarly to the USP and Unesp research sites, the
identification of the minimum point and frequency spectral
analysis (Fig. 11) were also carried out at the Unicamp research site. An average frequency of approximately 61 Hz
was found, which represents a time interval of approximately 4.20 ms. Moreover, as previously mentioned for the
USP and Unesp research sites, the signals recorded by horizontal geophones located at 2.0 and 4.0 m from the SPT
borehole were not used to determine shear wave velocities
(Vs).
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Figure 19 shows the location of the seismic tests carried out in the Campinas research site. Figure 20 shows the
differences between the average Vs values determined in
the S-SPT and the average values of CH (21.9%), SCPT
(16.2%) and DH (11.2%) tests. The greatest differences
were found up to the depth of 5.0 m. Giacheti et al. (2007)
discussed the great variability at this site based on CPT test
data. The greatest difference was observed at the highest
surface layer, which can be associated to the different test
methods (the source position in the down-hole test, as discussed by Vitali et al. (2012) and to a possible influence of
soil suction variation, since these tests were conducted at
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Figure 18 - Grain size distribution and index properties for the Unicamp research site (adapted from Gon, 2011).

Figure 19 - Test locations at the Unicamp research site.

various times of the year, as discussed in Giacheti (1991),
Barros (1997), Miguel & Vilar (2009) and Benatti et al.
(2013).
The difference observed for the diabase residual soil
layer (9.0 to 17.0 m) was smaller, of 9.4% for the SCPT
tests and 8.0% for the DH. In this section of the soil profile a
smaller variability was also observed by Giacheti et al.
(2007) by the higher similarity of qc profiles, indicating
greater homogeneity of the geotechnical characteristics at
this horizon. The variegated fine silty sand layer (at depths
of 17.0 to 21.0 m) has the smallest difference in Vs values:
average of 8.5% in the S-SPT and SCPT results, and 6.6%
for the S-SPT and DH results.

4. Conclusions
This paper presents a system to carry out the Seismic
SPT (S-SPT) and a method to interpret the seismic test data.
The tests carried out at three research sites allowed to conclude the following:
• The S waves were mainly recorded by horizontal geophones during the up-hole SPT. It was also found that the
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•

•
•

•

geophones installed at 2 m and 4 m from the borehole
were not able to record good quality seismic signals.
It is recommended to place the geophones at intervals of
2 m, starting 6 m away from the borehole. It was also observed that with increasing depth, the signals are better
captured by the sensors placed further away.
The low-pass frequency filters of 120 Hz worked well
for the up-hole test together with SPT.
The S-SPT proved to be an interesting tool for site characterization, since the differences from the reference Vs
values are in the same order of magnitude as that observed for other seismic tests. The differences between
VS values were, in average, 8.5%, 9.0% and 16.0% for
each research site.
The S-SPT can be used as an alternative method for
determining the shear wave velocity via the up-hole
technique. SCPT and SDMT are the most used and appropriate hybrid tests to determine Vs profiles via downhole technique. However, it requires using special equipment, which sometimes is not available. In such cases,
the S-SPT could be an alternative hybrid test, at least to
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Figure 20 - SPT, Vs values from S-SPT, cross-hole, down-hole and SCPT tests at the Unicamp research site.

obtain a preliminary estimative of maximum shear modulus profiles.
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