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Abstract

This paper compiles site characterization data of an unsaturated tropical soil profile in an experimental research site in Bauru, Sdo Paulo
State, Brazil. Several in situ campaigns comprised geophysical borehole tests (cross-hole, down-hole and up-hole together with the SPT),
as well as mechanical tests (SPT, CPT and SDMT) have been performed. According to the MCT Classification System for tropical soils,
the first 13 m depth is a colluvium with lateritic soil behavior (LA’) over the residual soil with non-lateritic behavior (NA”). The ratio
between seismic (G,) and mechanical (g», Neo, Ep, Kp and Mpur) parameters was useful to identify the presence of microstructure and to
confirm unusual soil behavior for this tropical soil site. CPT and SDMT were efficient for detailed stratigraphic logging, however, the
estimative of geotechnical parameters cannot be solely been done base on just conventional correlations defined for sedimentary soil.
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Caracterizacion de un suelo tropical por medio de ensayos in-situ

Resumen

Este articulo presenta la caracterizacion geotécnica de un perfil de suelo tropical no saturado de un campo experimental localizado en la
ciudad de Bauru, Sao Paulo, Brasil. Fueron ejecutadas varias campaias in-situ, que incluyen ensayos geofisicos (cross-hole, down-hole y
up-hole con ensayos SPT) y ensayos mecanicos (SPT, CPT e SDMT). Segtn el sistema de clasificacion MCT, los primeros 13 m del sitio
de estudio corresponden a un colivio de matriz arenosa con comportamiento lateritico (LA'), seguido por un suelo residual de
comportamiento no lateritico (NA'). La relacion obtenida entre los pardmetros sismicos (Go) y mecanicos (g», Noso, Ep, Kp e Mpur) permitio
identificar la presencia de microestructuras y confirmar el comportamiento especifico de este material. Los ensayos de CPT y SDMT
fueron eficientes para definir detalladamente el perfil estratigrafico; no obstante, la estimativa de los parametros geotécnicos no puede ser
realizada basada unicamente en correlaciones convencionales definidas para suelos sedimentares.

Palabras clave: caracterizacion del suelo; suelos tropicales; CPT; SDMT; ensayos sismicos.

1. Introduction

The site characterization must be performed to define
the geotechnical profile, which includes layers
identification, thickness and type of soil, water level
position and mechanical and hydraulic parameters of each
layer. For this purpose, both in situ and laboratory tests
can be used. However, although the laboratory tests permit
test conditions controlling, as well as accomplishing a
series of simulations, in situ tests have been increasingly
employed for being simple, operator-independent, rapid
and covering a larger volume of soil.

Tropical soils are mostly formed by geological and
pedological processes typical of tropical wet regions [1].

It is mainly composed of two horizons. The top horizon,
which has suffered intensive pedogenetic evolution is so-
called lateritic soils. This horizon overlays a deep layer of
residual soil with relict structures from parent rock, which
is called as saprolites. The lateritic soil has evolved from
residual soils as well as colluvium soils. Tropical soils
present a bonding structure, which generates a cohesive-
frictional nature, anisotropy due to relic structure, genesis,
destructuration under shear conditions and low influence
of stress history [2]. Therefore, it is becoming increasingly
important to understand the soil behavior of the tropical
soils, since they cannot be properly assessed by means of
models and correlations developed by the Classical Soil
Mechanics.
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Figure 1. Location of the Unesp research site.
Source: The authors.

This paper aims to present and discuss extensive site
characterization campaigns carried out by in situ tests performed at
one relatively well-studied unsaturated tropical soil profile at
Unesp research site, in the State of Sdo Paulo, Brazil. CPT, SDMT
and seismic test data were interpreted and compared to available
reference soil parameters determined based on laboratory and
others in situ tests. In addition, G/q., G/Ness, G/Ep and G,/Mpyr
were discussed to identify microstructure in the studied site profile.

2. Geology and site conditions

Geotechnical site characterization campaigns were
carried out at the Unesp research site — Bauru Campus, in
northwest of Sdo Paulo state, Brazil (Fig. 1). This site has
been extensively studied via laboratory and in situ tests.

Sandstone rocks from Bauru Group (Upper Cretaceous),
which recovers the volcanic rocks from Serra Geral Formation,
geologically characterize the soil profile. These rocks emerge in
the direction of the Tiete River. Sedimentary rocks from Marilia
Formation are predominant at this region, which are experiencing
weathering processes over tropical conditions. According to [3],
these soils exhibit characteristics from the parent rocks such as
sequence of layering and modifications on these geological
materials by pedogenetic and morphogenetic processes
(softening caused by water migration by the fracture zones and
recovering by colluvial soils in several phases). These profiles are
generally unsaturated porous sandy soils with a high-saturated
permeability and low degrees of saturation (below 30%). An
important geotechnical problem in this area is the soil
collapsibility caused by wetting.

The study site is characterized by an upper lateritic soil
layer (colluvium) about 13.0 m thick followed by a saprolitic
soil (residual soil) which reach depths up to 30 m. The
groundwater is not found up to 30 m depth. The MCT
Classification System (Mini, Compacted, Tropical) proposed
by [4] for tropical soils was used to define and classify the
soils with regards to their lateritic behavior.

3. In situ tests
3.1. SPT and SPT-T

SPT is still the most current in test for geotechnical site
characterization. The test is simple and provides a disturbed

soil sample while the penetration resistance (N-value) is
measured. Geotechnical design parameters can be estimated
from the N-value; however, it has been found to be very
dependent on the test equipment and procedure [5-7].
Furthermore, N-values are usually recorded every 1.0 to 1.5
m and that is relatively discontinuous when compared to
other tests, such as CPT and DMT.

[8] suggested supplementing the conventional SPT with
measurement of the torque required to turn the split spoon
after driving. This is called the standard penetration test with
torque measurement (SPT-T). According to [8], the torque
(T) provides a ‘static’ component for a ‘dynamic’ test.

Three SPT tests were carried out in the site. Fig. 2a shows a
soil profile consisting of a red, clayey fine sand. Average N-
values increase almost linearly with depth, up to 13 m depth
(Fig. 2b). One SPT test complemented by torque measurement
was carried out at the site and Fig. 2¢c shows the T/N ratio profile.
There are two different trends for the T/N ratio with average
values of 1.3 for the top 12.5 m depth and 2.0 bellow this depth
(Fig. 2c). The interpretation of MCT classification test data
separated lateritic (LA”) from non-lateritic (NA”) soil behavior
almost at the same depth (13 m).

Grain size distribution for the soil samples retrieved every
meter from one of the SPT tests were determined using
dispersant (Fig. 2d) and with no dispersant (Fig. 2e). Oxides
and hydroxides of iron and aluminium, which are typical on
tropical soil profiles, naturally aggregate clay and silt
particles and explains the observed differences.

3.2. CPTu

CPTu s another in test for geotechnical site characterization
where cone resistance (g.), sleeve friction (f;) and pore pressure
(u) are measured during the probe penetration at a constant rate
of 20 mm per second. The piezocone probe has a 60-degree
apex angle and a diameter of 35.7 mm (10 cm? cross-sectional
area). The partially saturated nature of tropical soils does not
allow pore pressure measurements, so it cannot be used to help
the identification of the drainage conditions during cone
penetration. [9] suggested a framework for interpretation of
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Figure 2. SPT, SPT-T results and grain size distribution.
Source: The authors.
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Figure 3. CPT data and interpretation for the studied site.
Source: The authors.

cone penetration tests in tropical soils, which depends largely
on semi-empirical approaches using other in situ or
laboratory test results.

CPTu does not provide soil samples. For this reason, soil
type is identified by using classification charts (SBT charts)
that relate corrected cone resistance (g;) and friction ratio (Ry)
as discussed by [10]. Four CPTu were carried out in the site
in March, 2016. Fig. 3 shows the CPTu data and their
interpretation. Water table was not found up to 20 m depth.
Due to the unsaturated condition of the studied site, pore
pressure was note measured and cone resistance (g.) was
assumed to be equal to corrected cone resistance (g;).

The corrected cone resistance (g;) and the sleeve friction
(fs) increase almost linearly with depth up to 13 m leading to
a friction ratio (Ry) between 0.5 and 1.0 % (Fig. 3). The I.
index profile, calculated as defined by the Unified Approach
[11], is also shown in Fig. 3 and it was used to interpret the
soil profile. The CPTu interpreted profile indicated that a
sand to silty sand occurs from 0 to1.0 m depth, sand mixtures
from 1.0 to 16.5 m depth, silt mixtures from 16.5 to 17.8 m
depth and sand mixtures from 17.8 to 19.6 m depth.

Robertson [12] wupdated the CPT-based SBT
classification chart [11] based on the work of Idriss and
Boulanger [13]. This modified classification system is based
on the soil behavior characteristics, which consider either
dilative or contractive behavior at large strains and soils that
are predominately more sand-like (susceptible to cyclic
liquefaction) or more clay-like (not susceptible to cyclic
liquefaction). Moreover, this classification system captures
soils in transition from more sand-like to more clay-like.

Fig. 4 shows that the use of Robertson’s chart [12] in the
interpretation of the CPTus identified sand-like soils up to 16.5
m depth (Fig. 4a). The soil was classified as transitional between
16.5 to 17.8 m depth, and as a sand-like soil below 17.8 m depth
(Fig. 4b). It is also interesting to note that at 13 m depth, where
there is a boundary between lateritic (LA’) and non-lateritic
(NA’) soil behavior, the CPT response was also different: up to
13 m depth the soil contracts at large strains and below 13 m
depth the soil dilates at large strains. It was also observed that
soil from the top layer (up to 1.0 m depth) is classified as sand-
like soil with dilative behavior at large strains.
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Figure 4. CPT data from the studied site in the normalized CPT soil behavior
chart.
Source: modified from [13].

Besides stratigraphic logging, the CPTu data are used to
estimate geotechnical parameters based on classical
empirical correlations [14,15]. Empirical correlations to
estimate soil unit weight (y), friction angle (¢°), constrained
modulus (M) and maximum shear modulus (G,) were used to
compare calculated and measured parameters. The reference
G, was determined in situ via one cross-hole [16], one
seismic cone [3] and one downhole test [17]. Moreover, the
reference of soil unit weight (y) and friction angle (¢”) was
determined based on direct shear tests carried out on
undisturbed samples [18].

Fig. 5 shows the comparison between measured and
estimated parameters in terms of average values for all CPTs.
Fig. 5a shows that estimative of soil unit weight (y) using the
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Equation 1, presented by [19], is lower than then those
determined by undisturbed soil samples up to 13 m depth
and they are in a reasonable agreement bellow this depth.

¥/¥w = 0.27 [log R;] + 0.36[log(q,/p.)] + 1.236 )
Fig. S5b presents the comparison between predicted

friction angle by Robertson and Campanella [14]’s equation
(equation 2) and reference (laboratory data) values.

qc

!
O-UO

1
= . 2
tan 68 [log( )+ 029] @

The reference friction angles were determined by
direct shear tests under consolidated drained condition
(CD) on undisturbed soil samples at its natural water
content. The estimated CPTu friction angle values are in
good agreement with those obtained from shear tests. In
this case, average estimated ¢’ angle was equal to 32.5°
and the average measured ¢’ angle of about 33°.
However, the estimated ¢’ values are much higher than
the reference ones for the 1 m topsoil. This difference is
caused by the influence of soil suction, which provides
mainly an increase on the intercept of cohesion. The
estimated ¢’ values incorporate the component of
cohesion as a friction angle, since it assumes the soil
behave like sands.

The constrained modulus (M) is a key engineering
parameter in evaluating the settlements behavior of
foundations. Constrained modulus can be obtained by
oedometer test in laboratory and in situ tests. Fig. 5S¢ shows
the M-values against depth obtained from equation 3
presented below.

M = ay(q: — 0oyo) @)

Robertson [11] suggested the following simplified
correlation:
when 1. > 2.2 use

ay = Qg When Qy, < 14

4
ay =14 when Q, > 14 @

and, when . > 2.2 use
Ay, = 0.03[10(0-551c+1.68)] 5)

Unfortunately, there are no oedometer test data for this
site to be used as reference values.

Maximum shear modulus (G,) is a fundamental
parameter for predicting the dynamic response of soil and can
be determined from elastic theory for equation 6:

Go=pV§ (©)

where p is mass density of the soil (kg/m?) and Vs is shear
wave velocity (m/s).

Fig. 5d presents the G, profile obtained from cross-hole,
seismic cone and downhole test and the estimated profile
from average CPTu data G, was estimated from equation 7
developments for uncemented Holocene to Pleistocene age
soils [11]:

G, = 0.0188[10(0551c*163)] (g, — 7,,,) ™

G, measured values are much higher than estimated one
for this site. It can be associated to the weakly cemented
structure of these soils (microstructure), which increases the
low strain shear modulus while the penetration of the cone
breaks down all cementation [12, 20, 21, 22].

The observed differences between estimated and measured
parameters in tropical soils can be attributed the unusual behavior
(e.g. a cohesive-frictional nature, anisotropy due to relic structure,
destructuration under shear conditions and low influence of stress
history). As a result, although CPTu is an excellent tool for soil
profiling, it cannot serve as an exclusive site investigation tool for
tropical soils, since genetic characteristics affect soil behavior
and soil sampling and extra tests are required.

3.3. DMT and SDMT

The DMT was developed by [23] and consists of a blade of
14 mm thick, 95 mm wide and 220 mm length. The SDMT
incorporates the traditional "mechanical" Flat Dilatometer with a
seismic module placed above the DMT blade. The SDMT
module is a probe outfitted with two receivers, spaced 0.5 m, for
measuring the shear wave velocity (Vs), which allows obtaining
the maximum shear modulus (G,) based on Elastic theory [24].
One flat dilatometer (DMT) and three seismic dilatometer
(SDMT) tests were carried out in the site in Abril, 2016. Fig. 6
shows the DMT and the SDMT data for the studied site. [23]
proposed a series of correlations based on Italian soils for
estimating soil parameters (i.e., unit weight - y at-rest earth
pressure - K, overconsolidation ratio - OCR, friction angle - ¢,
undrained shear strength - ¢, and constrained modulus - M).
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The material index Ip= (p; — po)/(po — ug) was calculated
from DMT and SDMT data to identify soil type. The
pressures py and p; are recorded when the center of the
membrane is displaced 0.05 mm and 1.1 mm respectively,
and u, is the hydrostatic pore pressure.

The material index /p (Fig. 6b) indicates that a sand silty
occurs in the studied site. This classification can also be
observed in the Marchetti and Crapps [25] chart, which can
be used for estimating soil type as well as unit weight (Fig.
7). However, the real texture of this soil is a clayey fine sand,
as can be seen in the Fig. 2a (SPT samples). [26] affirms that
material index (/p) should not be used to classify the soil as
it is done by grain size analysis, but as an index which reflects
mechanical behavior (a kind of "rigidity index"). For
example, if a clay for some reasons behaves "more rigidly"
than most clays, such clay will be probably interpreted by /p
as silt.

Interpretation of soil properties and parameters obtained
from the average DMT and SDMT data are presented in the
Fig. 8. Unit weight estimated based on the Ip vs Ep chart [25]
is in good agreement with those obtained from undisturbed
samples (Fig. 8a).

The dilatometer modulus (£p) is obtained from py and p,
with the Elastic Theory. Fig. 8b shows the Ep profile, which
demonstrates the linear increase with depth. These data were
compared with E,,, determined from Menard Pressuremeter.
Epmi and Ep (DMT and SDMT) are very close in agreement
up to about 11 m depth. Epmt was one third lower than Ep
after that depth. This behavior can be explained by soil
disturbance, as discussed by [27]. According to [28],
dilatometer modulus represents a measure of the elastic-
plastic response of sands, since it is defined through the slope
of the DMT expansion curve.

The DMT data can also be used to estimate the coefficient
of at-rest earth pressure (K,). The original correlation
suggested by [23] was elaborated for clayey soils. [29]
suggested a K, chart for sands. This chart estimates K, for a
given value of corrected cone resistance (g;) and Kp. [30]
updated it converting into the following equation for sandy
soils:
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K, = 0.376 + 0.095K;,, — 0.0017 q./dy, ®)
Fig. 8c presents K, values estimated based on SDMT and
DMT data using [23] and [30] correlations, as well as K,
interpreted based on PMT data. K, from PMT is equal to 3.5 at
0.5 m depth and 1.3 at 1.5 m depth. It assumes a constant value
almost equal to 0.8 up to about 8 m depth and 0.5 below this
depth. The K, values estimated from [30] correlation is equal to
2.2 at 0.5 m depth, 0.5 between 1 and 12 m depth and 0.6 below
12 m depth. K, values predicted by [23] is 3.0 at 0.5 m depth,
0.5 between 1 and 13 m depth and 0.7 below 13 m. DMT K,
values calculated using [30] and [23] correlations better
matches with PMT K, values between 8 to 15 m depth.
Predicting settlements of foundations is the main DMT
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application. Constrained modulus (M) is derived from the
original correlation proposed by [23]. Fig. 8d shows the
constrained modulus obtained via SDMT and DMT data. The
Mpyr increases almost linearly with depth. The average Mpur is
equal to 10 MPaup 7 m depth, 23.5 MPa between 7 to 14 m depth
and 41 MPa below 14 m depth. Unfortunately, there are no
oedometer tests in this site to be used as reference values.

The strength parameters are amongst the most important
information in geotechnical design. Fig. 8e presents friction
angle estimated thorough Equation 9 suggested by [31] and the
values determined in laboratory by direct shear tests (CD type).

¢'= 28 + 14.6log Kp, — 2.1log%K), ©)

The average estimated ¢’ angle was equivalent to the
average measured ¢’ one of about 33°. For the 1 m topsoil,
the estimated ¢’ angle based on DMT test data was little
higher than determined by the direct shear tests. [32]
monitored the water content and estimated the soil suction
indirectly by the retention curve with depth and observed
significant changing on both along the year up to about 4 m
depth. This unsaturated soil has a cohesive-friction behavior
and the estimative of the shear strength based on DMT data
represents it just in terms of the friction angle. It could justify
the higher DMT ¢’ angle for the top 1 m depth.

3.4. Seismic tests

Shear wave velocity (Vs) is an important mechanical
parameter for geotechnical projects. Most seismic tests
induce low shear strains and Vs can be used to compute initial
shear modulus at very small strains, corresponding to a
nondestructive testing (ys < 10® %). The small-strain shear
modulus or the maximum shear modulus (G,) is mainly a
stiffness parameter to predict the response of machine
foundations, dynamic response of soil, earthquake and
shallow and deep foundation design [33,34].

One cross-hole [16], two down-holes [17], one seismic
cone [3] and one seismic SPT [35] tests previously carried
out in the site were reinterpreted. The seismic SPT consists
in the up-hole seismic technique carried out together with
SPT [33,35]. The shear wave velocity (Vs) and maximum
shear modulus (G,) profiles, when the latter was calculated
from total mass density determined using undisturbed soil
samples collected in a sample pit excavated in the site, are
illustrated in Fig. 9. The differences observed in both Vs and
G, profiles can be associated to different degree of
weathering [36] as well as soil anisotropy [37]. [38]
discussed variability for this site based on several CPT data
and conclude that it could be affected by soil suction in the
upper part of the soil profile.

Fig. 9c and Fig. 9d present G./g; and G,/Ne ratios from
average values of G,, ¢: and Ng. Fig. 9c shows that the
average G,/q, ratio tends to decrease with depth, with an
average value equal to 111 between 1 and 4 m depth, 75
between 4 to 7 m depth, 41 between 7 to 14 m depth and 27
below 14 m depth. This behavior can also be observed in Fig.
9d, when the average G,/Nsj ratio was equal to 40 between 1
and 7 m depth, 21 between 7 to 16 m depth and 12 below 16
m depth.
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Figure 9. Seismic tests data and interpretation for the studied site.
Source: The authors.

These data indicate that G,/g; and G,/Ne ratios are higher
in the lateritic soil layer and tend to decrease as residual soil
is less developed as presented by [38-40].

Tropical soils are typically unsaturated, so the pore
pressure (u) are inconsistent and cannot be used as an extra
information for soil classification. The ratio between
maximum shear modulus (G,) and cone resistance (g;) is
characteristic for clays and sands, as well as for a wide range
of well-behaved soils [10]. [41,42,12] suggest the seismic
cone (SCPT) as a useful tool to assess unusual geomaterials
such as unsaturated soils, tailings, coarse-grained cemented
aged materials. The ratio between the elastic stiffness (G,)
and ultimate strength (¢g,) can be expected to increase with
cementation and age, since these factors have higher
influence G, than on ¢, [42].

[12], based on [43], proposed a chart and boundaries to
evaluate the possible effects of microstructure (e.g.
cementation, bonding and ageing) for a given profile. The
author proposed the use of a modified normalized small strain
rigidity index (K*g), the small strain rigidity index (/) and
normalized cone resistance with a variable stress exponent
(Ow)- The I; is defined as:

= ()= (=)
¢ dn qt — Oy

Qu is defined as:

on =[5 G)

where p, is the atmospheric pressure, ¢’y is the vertical
effective stress, o, is the vertical stress and n is a stress
exponent that varies with soil behavior type index (I¢), and n
is calculated by:

(10)

(11
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O_I
n = 0.381(I;) + 0.05 <—"> —0.15 (12)
a
The K*; is defined as:
Ké = (Go/qn)(Qtn)Ojs (13)

[12] also demonstrated that soils with K*;< 330 are likely
young and uncemented and where main models and
empirical correlations for CPT can be applied. Moreover,
soils with K*; higher than 330 tend to have significant
microstructure, where main models and empirical
correlations for CPT can be less reliable and local adjust may
be needed.

Fig. 10 presents /g vs O, chart and the data for the studied
site. It indicates that the bonded structure of tropical sandy
soils always produced K*¢ values higher than 330. Moreover,
it is also interesting to note in this Fig. that the lateritic soils
have a higher Go/g, ratio than the saprolitic ones. Therefore,
the models and empirical correlations for CPT data should be
carefully used and local adjusts are necessary.

[44] also proposed interpretation charts for detecting the
presence of cemented structures on soils based on DMT and
SDMT data. The author carried out DMT and seismic tests in
a calibration experiment inside an artificially cemented block
samples prepared in a large chamber (CemSoil box). Fig. 11a
and Fig. 11b show the Go/Ep vs Ip and G,/Mpur vs Kp chart,
respectively, and the three lines and one equation define the
limits for the DMT sedimentary international database and
upper bounds for cemented soil (CemSoil data).

SDMT data plotted in Go/Ep vs Ip and Go/Mpur vs Kp
charts are above the line which separates the DMT
sedimentary international database and in the range proposed
for residual soils. It indicates that the bonded structure of the
studied tropical sandy soil produces G,/Ep and Go/Mpuyr that
are systematically higher than those observed in sedimentary
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Figure 10. Oy, vs I chart to identify soils with microstructure.
Source: modified from [12].
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soils. The differences on Go/Ep and G./Mpyr for
lateritic and saprolitic soils are also observed, similarly
to what was as shown by [18,39] on G,/q. ratio from
SCPT and by [40] and the based on based on G,/Ney
ratio from S-SPT. These ratios can be used to assess
unusual soil behavior and they also indicated that the
lateritic soils have higher ratios than the saprolitic ones.

4. Conclusions

This paper aims to present and discuss site investigation
campaigns carried out via SPT, CPT, SDMT and seismic
tests at a tropical soil profile. The main conclusions are:

e The soil profile was classified as red clayey fine sand by
SPT samples. Both /. index and Ip parameter were not
appropriate to identify soil texture since mixtures of sand
and clay were identified as silty sand to sandy silt. The
soil description in terms of grain size distribution should
be confirmed with soil samples for tropical soil.

e The estimated total unit weight based on CPT and
SDMT worked well for the study site. The estimated
CPT and DMT friction angle also worked well for the
soil below 1 m. The unsaturated condition, as well as the
cohesive-friction behavior could justify higher CPT and
DMT ¢’ angle for the top 1 m depth.

e (G, was estimated for the study site assuming that the soil
is uncemented quartz sand using current correlations.
This approach underestimated G, especially up to 13 m
depth in the soil with lateritic behavior (LA”). It can be
associated to the weakly cemented structure of these
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soils, which increases the low strain shear modulus.
DMT Modulus (Ep) was equivalent to PMT modulus
(Epms) up to about 11 m depth and E,,; was almost one
third lower than Ep after that depth. The lateritic soil
layer ends close to this depth (between 12 to 13 m depth),
based on MCT Classification System.

K, predicted from DMT using Marchetti (1980) and
Baldi et al. (1986) correlation basically matched PMT K,
values below to 8 m depth.

Robertson [13] proposed a chart to identify the existence
of microstructure in soils. Average G,, O, and ¢, data
were plotted in this chart. The tropical soil study has
significant microstructure (e.g. K*g > 330). As a result,
the proposed SBTn charts and most empirical
correlations should be carefully applied, and site or
geologic specific modifications are required.

Acknowledgments

The authors are grateful to the Sdo Paulo Research

Foundation — FAPESP (Grand # 2010/50680-3, 2011/09031-
0, 2014/23767-8 and 2015/17260-0) and to the National
Council for Scientific and Technological Development —
CNPq (Grant # 446424/2014-5 and 310867/2012-6) for
supporting their researcher.

References

(1]

(2]

[3]

(4]

[3]

(6]

(7]

(8]
9]

[10]

[11]

Vargas, M., The concept of tropical soils. keynote lecture,
Proceedings of 1% International Conference on Geomechanics in
Tropical Lateritic and Saprolitic Soils, Keynote Lecture, 1985. 3, pp.
101-134.

Vaughan, P.R., Maccarini, M. and Mokhtar, S.M., Indexing the
engineering properties of residual soils. Quarterly Journal of
Engineering Geology, 21(1), pp. 69-84, 1988.

De Mio, G., Condicionantes geoldgicos na interpretagao de ensaios
de piezocone para identificagdo estratigrafica na investigagdo
geotécenica e geoambiental, PhD. Thesis, Department of Geotechnics
Escola de Engenharia de Sdo Carlos, Universidade de Sdo Paulo, Sao
Carlos, SP, Brasil, 2005.

Nogami, J.S. and Villibor, D.F., A new soil classification for highway
purposes, Proceedings of Symposium on Tropical Soils in
Engineering], 1, 1981, pp. 30-41 [in Portuguese].

Schmertmann, J.H. and Palacios, A., Energy dynamics of SPT.
Journal of Geotechnical Engineering Division, ASCE, 105(8), pp.
909-926, 1979. DOI: 10.1680/geot.1986.36.3.425

Skempton, A.W., Standard penetration test procedures and the effects
in sands pf overburden pressure, relative density, particle size, ageing
and overconsolodation, Géotechnique, 36(3), pp. 425-447, 1986.
DOI: 10.1680/geot.1986.36.3.425

Belincanta, A., Avaliacdo dos fatores intervenientes no indice de
resisténcia a penetragdo do SPT, PhD. Thesis, Department of
Geotechnics, Escola de Engenharia de Sao Carlos, Universidade de
Sao Paulo, Sao Carlos, SP, Brasil, 1998.

Ranzine, S.M.T., SPTF, Solos e Rochas, 11, 1988, pp. 29-30.
Schnaid, F., Consoli, N.C. and Averbeck, J.H., Aspects of cone
penetration in natural weakly-cemented deposits, Proceedings of 1
International Conference on Site Characterization, 2, 1998, pp. 1159-
1163.

Lunne, T., Robertson, P.K. and Powell, J., Cone penetration test in
geotechnical practice. London: Blackie Academic Professional, 1997.
Robertson, P.K., Interpretation of cone penetration tests - a unified
approach, Canadian Geotechnical Journal, 46(11), pp.1337-1355,
2009. DOL: 10.1139/T09-065.

218

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

(22]

(23]

(24]

[25]

[26]

[27]

[28]

[29]

[30]

Robertson, P.K., CPT-based soil behavior type (SBT) classification
system — an update. Canadian Geotechnical Journal, 53(12), pp.1910-
1927,2016. DOI: 10.1139/cgj-2016-0044.

Idriss, ILM. and Boulanger, R.W., Soil liquefaction during
earthquakes, Oakland, Earthquake Engineering Research Institute,
2008. (Monograph MNO-12).

Robertson, P.K. and Campanella, R.G., Interpretation of cone
penetration tests. Part I: sand. Canadian Geotechnical Journal, 20(4),
pp. 718-733, 1983. DOI: 10.1139/t83-078

Robertson, P.K. and Campanella, R.G., Interpretation of cone
penetration tests. Part II: clay. Canadian Geotechnical Journal, 20(4),
pp. 734-745, 1983. DOI: 10.1139/t83-079

Giacheti, H.L., Estudo experimental de parametros dindmicos de
alguns solos tropicais do Estado de Sdo Paulo, PhD. Thesis,
Department of Geotechnics, Escola de Engenharia de Sdo Carlos,
Universidade de Sao Paulo, Sdo Carlos, SP, Brasil, 1991.

Vitali, O.P.M., Pedrini, R.A.A., Giacheti, H.L. and Oliveira, L.P.R.,
Developing a system for down-hole seismic test together with the
CPTU. Soil and Rocks, 35(3), pp. 75-88,2012.

Giacheti, H.L., Peixoto, A.S.P., De Mio, G. and Carvalho, D., Flat
dilatometer testing in Brazilian tropical soils. Proceedings from the
Second International Flat Dilatometer Conference. ASCE, [online].1,
2006,pp. 103-110. Available at: http://www.marchetti-dmt.it/wp-
content/uploads/bibliografia/giacheti 2006 DMT in_Brazilian_trop
icalsoils. pdf

Robertson, P.K. and Cabal, K.L., Estimating soil unit weight from
CPT. Proceedings of 2™ International Symposium on Cone
Penetration Testing, CPT’10, 2, 2010, pp. 447-454.

Viana-da Fonseca, A., Identifying the reserve of strength and stiffness
characteristics due to cemented structure of a saprolitic soil from
granite. Proceedings of 2™ International Symposium on Hard Soils —
Soft Rocks, 1, 1998, pp. 361-372.

Viana-da Fonseca, A., Ferreira, C., Carvalho, J., Sousa, C., Costa, E.
and Santos, J., Geotechnical characterization of residual soil profile:
the ISC’2 experimental site, Porto. Proceedings of Geotechnical and
geophysical site characterization, 2, 2004, pp. 1361-1370.

Viana-da Fonseca, A., Carvalho, J., Ferreira, C., Santos, J.A.,
Almeida, F., Pereira, E., Feliciano, J., Grade, J. and Oliveira, A.,
Characterization of a profile of residual soil from granite combining
geological, geophysical, and mechanical testing techniques.
Geotechnical and Geological Engineering, 14(5), pp. 1307-1348,
2006.

Marchetti, S., In situ tests by flat dilatometer. Journal of the
Geotechnical Engineering Division, ASCE, 106 (GT3), pp. 299-321,
1980.

Marchetti, S., Monaco, P., Totani, G. and Marchetti, D., In situ tests
by seismic dilatometer (SDMT). Symposium Honoring Dr. John H.
Schmertmann for His contributions to civil engineering at research to
practice in geotechnical engineering Congress, 2008, pp. 292-311.
Marchetti, S. and Crapps, D.K., Flat dilatometer manual: internal
report of G.P.E. Washington, The Global Partnership for Education,
Washington, 1981.

Marchetti, S., Monaco, P., Totani, G. and Calabrese, M., The flat
dilatometer test (DMT) in soil investigations. Proceedings of
International Conference on In situ Measurement of Soil Properties
and Case Histories, TC16 Report, 2001, 41 P.

Ortigdo, J.A.R., Cunha, R.P. and Alves, L.S., In situ tests in Brasilia
porous clay. Canadian Geotechnical Journal, 33(1), pp. 189-198,
1996. DOLI: 10.1139/t96-035.

Campanella, R.G., and Robertson, P.K., Use and interpretation of a
research DMT. Soil Mechanics Series No. 127. British Columbia,
Vancouver, Department of Civil engineering, The University of
British Columbia, Vancouver, 1989.

Marchetti, S., On the field determination of K in sand. Proceedings
of XI International Conference of Soil Mechanics and Foundation
Engineering. Discussion Session n. 2A. 5, 1985, pp. 2667-2673.
Baldi, G., Bellotti, R., Ghionna, V., Jamiolkowski, M., Marchetti, S.
and Pasqualini, E., Flat dilatometer tests in calibration chambers.
Proceedings of Conference on Use of In Situ Tests in Geotechnical
Engineering, In Situ’ 86(6), 1986, pp. 431-446.



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Rocha & Giacheti / Revista DYNA, 85(206), pp. 211-219, September, 2018.

Marchetti, S., The flat dilatometer: design applications. Proceedings
of 3" International Geotechnical Engineering Conference, Keynote
Lecture, 2007, pp. 421-448.

Rocha, B.P. Santos, R.A., Bezerra, R.C., Rodrigues, R.A. and
Giacheti, H.L., Characterization of unsaturated tropical soil site by in
situ tests. Proceedings of 5™ International Conference on
Geotechnical and Geophysical Site Characterization. [online]. 2,
Sydney, Australia, 2016, pp. 1129-1136. Available at:
https://www.issmge.org/uploads /publications/25/26/ ISC5_168.pdf
Bang, E.S. and Kim, D.S., Evaluation of shear wave velocity profile
using SPT based up-hole method. Soil Dynamics and Earthquake
Engineering, 27(7), pp- 741-758, 2007. DOLI:
10.1016/j.s0ildyn.2006.12.004.

Ku, T., Mayne, P.W. and Cargill, E., Continuous-interval shear wave
velocity profiling by auto-source and seismic piezocone tests.
Canadian Geotechnical Journal, 50(4), pp. 382-390, 2013. DOL:
10.1139/cgj-2012-0278.

Pedrini, R.A.A., Developing a system for up-hole seismic testing
together with the SPT test. MSc. Thesis, Department of Civil and
Environmental Engineering, Faculdade de Engenharia de Bauru,
Universidade do Estado de Sdo Paulo, Bauru, SP, Brasil, 2012.
Hoyos, L.R. and Macari, E.J., Influence of in situ factors on dynamic
response of piedmont residual soils. Journal of Geotechnical and
Geoenvironmental Engineering, 125(4), pp. 271-279, 1999. DOI:
10.1061/(ASCE)1090-0241 (1999) 125:4(271)

Powell, J.J.M. and Butcher, A.P., Small strain stiffness assessments
from in situ tests. Proceedings of 2™ International Conference on
Geotechnical and Geophysical Site Characterization. 2, 2004, pp.
1717-1722.

Giacheti, H.L., Peixoto, A.S.P. and Marques, M.E.M., Cone
penetration testing on Brazilian tropical soils. Proceedings of XII Pan-
American Conference on Soil Mechanics and Foundation
Engineering. 1, 2003, pp. 397-402.

Giacheti, H.L. and De Mio, G., Seismic cone penetration tests on
tropical soils and the ratio G,/g.. Proceedings of 3" Geotechnical and
Geophysical Site Characterization Conference. 1, 2008, pp. 1289-
1295.

Rocha, B.R., O emprego do SPT sismico (S-SPT) na investigagdo de
solos tropicais. MSc. Thesis. Department of Geotechnics, Escola de
Engenharia de Sao Carlos, Universidade de Sdo Paulo, Sdo Carlos,
SP, Brasil, 2013.

Eslaamizaad, S. and Robertson, P.K., A framework for in-situ
determination of sand compressibility. Proceedings of 49" Canadian
Geotechnical Conference. 1, 1996, pp. 419-428.

Schnaid, F., Fahey, M. and Lehane, B., In situ test characterization of
unusual geomaterials. Keynote Lecture. Proceedings of Geotechnical
e Geophysical Site Characterization. 1, 2004, pp. 49-74.

Schneider, J.A. and Moss, R.E.S., Linking cyclic stress and cyclic
strain based methods for assessment of cyclic liquefaction triggering
in sands. Géotechnique Letters, 1(2), pp. 31-36, 2011. DOI:
10.1680/geolett.11.00021.

Cruz, N., Modelling geomechanics of residual soils with DMT tests.
PhD. Thesis, Faculdade de Engenharia, Universidade do Porto, Porto,
Portugal, 2010.

B.P. Rocha, received his BSc. in Civil Engineering in 2011 from the Sao
Paulo State University, Brazil. He earned his MSc. and DSc. in Geotechnical
Engineering, both from the University of Sdo Paulo, Brazil in 2013 and
2018, respectively. During his Master’s degree and doctorate, he has been
working with in situ and laboratory testing for site characterization of soils
mainly for foundations engineering (SPT, cone penetration, seismic flat
dilatometer and laboratory tests).

ORCID: 0000-0002-6534-0482

H.L. Giacheti, received his BSc. in Civil Engineering in 1982 from Sao
Paulo State University, Brazil. He earned his MSc. and DSc. in Geotechnical
Engineering, both from the University of Sdo Paulo, Brazil in 1987 and
1991, respectively and a Post-doctorate at the University of British
Columbia, Canada, during 1997 to 1999. Full professor at the Sao Paulo
State University and Brazilian representative in the TC-102: Ground
Property Characterization from In-Situ Tests for the ISSMGE. His research
interests include: site investigation, in situ testing, piezocone, flat
dilatometer, foundation engineering and geo-environmental geotechnics.
ORCID: 0000-0001-7999-0956

e .
UNIVERSIDAD NACIONAL DE COLOMBIA

SEDE MEDELLIN
FACULTAD DE MINAS

Area Curricular de Ingenieria Civil

Oferta de Posgrados

Especializacion en Vias y Transportes
Especializacion en Estructuras
Maestria en Ingenieria - Infraestructura y Sistemas
de Transporte
Maestria en Ingenieria — Geotecnia
Doctorado en Ingenieria - Ingenieria Civil

Mayor informacion:

E-mail: asisacic_ med@unal.edu.co
Teléfono: (57-4) 425 5172

219




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


