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Recent developments in equipment and 
interpretation of cone penetration test for soil 
characterization 

Laura Tonni,* María Fernanda García Martínez,* Irene Rocchi**

Summary
Over the last decades cone penetration testing has become the most widely used in-situ testing technique for stratigraphic profil-

ing and site characterization. As a consequence of such extensive use, which has also rapidly spread to many new areas of application, 
a considerable amount of research has been carried out in terms of equipment, testing procedures, analysis of the penetration mecha-
nisms and methods for data interpretation. This paper aims at providing a general picture of the major trends in CPT research carried 
out over the recent years, by presenting the most significant emerging innovations in instrumentation and the latest advances in the 
analysis of tests on sediments other than “standard” clays and sands and thus referred to as “non-standard” or “unusual” geomaterials. 
Attention is especially focused on intermediate sediments, such as silts, sandy silts, clayey sands and other sedimentary soils having 
very scattered grain size distributions and therefore potentially affected by partial drainage effects during cone penetration tests. The 
body of knowledge on such effects, as accumulated worldwide from both laboratory and field research, is reviewed and discussed, 
with special emphasis on the experimental results obtained from variable rate piezocone tests carried out in a few intermediate soil de-
posits in northern Italy. It is shown that the efforts of many researchers have mainly focused on the identification of cone penetration 
velocities required to ensure fully drained or fully undrained testing conditions, with reference to different soil classes or macrofabrics. 
Indeed, the preliminary identification of drainage conditions is a key step in order to avoid misinterpretation of field measurements 
and thus to develop interpretation procedures that could lead to a rational selection of soil parameters and economical design.
Keywords: Cone penetration tests, multiple penetrometers, silts, intermediate soils, partial drainage effects.

1. Introduction

The Cone Penetration Test (CPT) and its ma-
jor developments, such as the piezocone (CPTU) 
and the seismic cone (SCPT/SCPTU), have gradu-
ally become very popular worldwide as site charac-
terization techniques, due to their applicability to a 
wide range of soils, cost-effectiveness, possibility for 
continuous readings, repeatability and reliability of 
measurements.

As a consequence of such extensive use, which 
has rapidly spread to many new areas of application 
[MASSARSCH, 2014], during the last decades significant 
efforts have been made into procedure and equip-
ment standardization (e.g. EN 1997-2 (2007): Euroc-
ode 7-Part 2; ISSMGE TC16, 1999; EN ISO 22476-
12, 2009; EN ISO 22476-1, 2012; ASTM D5778-12, 

2012; ASTM D3441−16, 2016), enhancement of both 
sensor and measured data accuracy [SANDVEN, 2010; 
PEUCHEN and TERWINDT, 2014], result interpretation 
and assessment of geotechnical parameters. Starting 
from the First European Symposium on Penetration 
Testing (ESOPT I) held in 1974, developments in 
devices and methods have been discussed in a num-
ber of dedicated conferences (ASCE ’81 – Cone Pen-
etration Testing and Experience; ESOPT II, 1982; 1st 
International Symposium on Penetration Testing, 
ISOPT, 1988; CPT’95 - International Symposium 
on Cone Penetration Testing, 1995; CPT’10, 2010; 
CPT’14, 2014; CPT’18, 2018) and comprehensive 
state-of-the-art reports have been progressively pub-
lished [JAMIOLKOWSKI et al., 1988; LUNNE et al., 1997; 
CAMPANELLA and ROBERTSON, 1988; ROBERTSON, 2001; 
SCHNAID, 2005; MAYNE, 2006; ROBERTSON, 2009; LUNNE, 
2010; ROBERTSON, 2013].

Such valuable research activity, also involving 
contractors and equipment developers, has resulted 
in successful and well-established cone penetration 
technologies, in either routine field conditions or 
nearshore and offshore environments, along with a 
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better understanding of factors affecting quality and 
accuracy of the onsite measurements. At the same 
time, the amount of knowledge gained so far on the 
interpretation of cone penetration tests in sands and 
clays, in terms of soil classification charts, empirical 
correlations (e.g. LUNNE et al., 1997; MAYNE, 2007a, 
2014, 2015, 2016; ROBERTSON, 2009) and funda-
mental mechanics of cone penetration in soils (e.g. 
BALIGH, 1986a, 1986b; YU and MITCHELL, 1998; SALGA-
DO, 2013) has become significantly wide.

Recent advances in instrumentation and materi-
als have led to the development of sophisticated mul-
ti-purpose penetrometers, equipped with a wide va-
riety of additional sensors which allow maximizing 
data acquisition potential not only for geotechni-
cal characterization but also for geo-environmental 
applications. Cone penetrometer has thus evolved 
from a relatively simple, standardized geotechnical 
investigation tool into a versatile testing equipment 
in different technical disciplines [MASSARSCH, 2014].

As regards the interpretation of test data, the 
considerable body of knowledge accumulated for 
‘standard’ clays and sands needs now to be extend-
ed to other geomaterials, having field responses not 
corresponding to well-established published frame-
works. A step in this direction requires the develop-
ment of both non-standard test procedures and a 
new generation of interpretation methods, capable 
of capturing the real nature of the observed mechan-
ical behaviour.

Indeed, only in recent years the research inter-
est has focused on the critical appraisal of cone pen-
etration data in a variety of natural soils still relative-
ly poorly understood, such as silts, mixed soil types, 
volcanic and residual soils, and the applicability to 
these unusual geomaterials [SCHNAID et al., 2004] of 
the existing interpretation approaches, typically de-
veloped for sands or clays, has come into question 
(e.g. SCHNAID, 2005; TONNI and GOTTARDI, 2011; DE-
JONG and RANDOLPH, 2012). For most of these sedi-
ments, having very scattered grain size distributions 
and thus falling in the so-called intermediate perme-
ability range (i.e. 10-5 to 10-8 m/s), a crucial point 
at issue is undoubtedly represented by the idealized 
assumption of a sharp distinction between drained 
and undrained conditions during the test. Hence 
the preliminary identification of the degree of drain-
age is a key step in order to avoid misinterpretation 
of cone penetration measurements and, consequen-
tially, invalid estimates of soil parameters [RANDOLPH, 
2004].

The matter is at present far from being satisfac-
torily solved, although the intense geotechnical re-
search of the last decade has yielded a few key results 
on probable consolidation patterns during cone 
penetration. It is certain that the increasing demand 
for a proper characterization of intermediate sedi-
ment deposits, either formed by natural processes or 

produced in mining operations and metal process-
ing industries [SCHNAID et al., 2010; SCHNAID, 2012; DI-
ENSTMANN et al., 2018], will encourage further studies 
in this challenging research area also in the near fu-
ture.

In the field of CPT/CPTU interpretation, fur-
ther major trends in last years have dealt with the 
statistical analysis of field data for probabilistic site 
characterization, in terms of both stratigraphy and 
soil properties (e.g. ZHANG and TUMAY, 1999; UZIELLI 
et al., 2005; CAO and WANG, 2013), as well as with the 
development of advanced numerical models aimed 
at better understanding the mechanics of cone pen-
etration and the excess pore water pressure pattern 
around the probe (e.g. LU et al., 2004; WALKER and 
YU, 2006, 2010; ARROYO et al., 2011; YI et al., 2012; BUT-
LANSKA et al., 2014; CIANTIA et al., 2016; CECCATO et al., 
2016).

The large and varied amount of studies men-
tioned above clearly indicates that interpretation of 
cone penetration tests has progressively evolved from 
basic empirical recommendations to a sophisticated 
research field which requires an in-depth knowledge 
of soil behaviour, the application of rigorous meth-
ods of data analysis, a sound experience in advanced 
numerical modelling together with the use of inno-
vative experimental techniques allowing microstruc-
tural studies of the zones around the cone.

Within this very broad subject area, the issues re-
lated to the interpretation of cone penetration tests 
in intermediate soils and the uncertainties in the es-
timate of soil parameters due to partial drainage ef-
fects have been selected here as specific theme for 
discussion. New testing procedures and innovative 
interpretation methods, accounting for soil consol-
idation characteristics and rate dependency effects, 
are examined and the experience gained by various 
research groups worldwide on the application of 
such non-standard approaches to different types of 
mixed soils is described.

The paper also provides a short review of the 
emerging types of CPT equipment, together with 
examples of the use of sophisticated experimental 
techniques, widely employed in other scientific are-
as, for the analysis of penetration mechanisms at the 
microstructure scale. New possibilities offered by ad-
vanced numerical modelling for data interpretation 
and assessment of geotechnical parameters are also 
briefly outlined.

2. Recent trends in cone penetration testing 
equipment – brief review 

As it is widely known, the cone penetration test 
essentially consists in driving a conical steel probe, 
typically having 60° apex angle, a 10 cm2 cross-sec-
tional area and a 150 cm2 sleeve area, into the 
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ground at a constant penetration rate of 20 mm/s. 
The electric cone penetrometer, first introduced for 
routine soil investigations in 1965 by Fugro [LUNNE et 
al., 1997] though early prototypes date back to late 
’40s [BROMS and FLODIN, 1988], is instrumented with 
two independent electrical strain gauge load cells 
for continuous measurements of tip resistance (qc) 
and sleeve friction (fs). By including porous filters 
and transducers, the standard electric penetrome-
ter, thus termed piezocone (Fig. 1), adds the ability 
to measure pore water pressures (u) during penetra-
tion in saturated soils, with significant improvements 
in the profiling capability of the test. Inclinometers 
are also routinely incorporated to detect deviation of 
the probe from the vertical direction.

A further well-established advancement of such 
testing device is represented by the seismic cone 
[CAMPANELLA et al., 1986], which typically consists in a 
piezocone unit equipped with one or multiple geo-
phones above it for shear wave velocity (Vs) measure-
ments, using a downhole technique during pauses 
in penetration. The seismic cone module has rapid-
ly become a routine site investigation tool in many 
countries, since it allows collecting a crucial piece of 
information for geotechnical characterization with 
minor additional time and costs. The resistivity pi-
ezocone (RCPTU), equipped with electrodes to ob-
tain readings of the electrical conductivity in soils, 
has also earned a certain popularity not only for es-
timating in situ porosity [KIM et al., 2011] but also 
for geo-environmental applications [CAMPANELLA and 
WEEMEES, 1990; CAMPANELLA, 2008; MAYNE, 2007b].

Over the last two decades a variety of sophisti-
cated cone penetrometer systems have been devel-
oped, basically obtained by incorporating different 

types of sensors into the probe for multiple, simulta-
neous readings of various parameters. The ongoing 
advancements are essentially pursuing such trend, in 
an attempt to both maximize the potential of cone 
penetration as a multi-purpose instrument and im-
prove accuracy of measurements. Indeed, the recent 
expansion in the piezocone capabilities is mostly 
linked to the ever-increasing improvements in sen-
sor technology, to digital evolution as well as to so-
phisticated processing algorithms of data. As part 
of such advances in technology, wireless systems, re-
lying on built-in memory, audio-signals or infrared 
radiation for data storage and/or transmission, are 
significantly gaining in popularity for use in deep 
soundings and offshore site investigation.

A comprehensive review of the most significant 
specialized sensors and modifications to cone pene-
tration technology can be found in MAYNE [2007b], 
ROBERTSON and CABAL [2008], MASSARSCH [2014]. 
Among the large amount of innovative devices, it is 
worth mentioning here the Multi-Friction Sleeve Pen-
etrometer [DEJONG and FROST, 2002; HEBELER et al., 
2004], originally consisting of a series of variably tex-
tured friction sleeves placed behind the CPT probe 
for multiple interface shear measurements and thus 
resulting in an effective strategy to determine the in 
situ interface shear–surface roughness relationship 
[FROST and DEJONG, 2005] for applications in pile de-
sign. This equipment has recently evolved into the 
Multi-Sleeve Piezo-Friction-Torsion Attachment, which 
allows characterising the interface response in dif-
ferent shearing directions, within an effective stress 
framework [FROST et al., 2013; FROST and MARTINEZ, 
2013; MARTINEZ and FROST, 2014].

The capabilities of the cone penetration test 
have been expanded also to deal with thermal meas-
urements. Whilst earliest versions of thermal-cones 
were mainly used to address calibration corrections 
or to identify frozen soils and contaminated zones, 
recent advancements have been mainly stimulated 
by the growth of investments in shallow geother-
mal energy for engineering applications, such as en-
ergy geostructures, as well as by the increasing use 
of thermal technologies in ground improvement, 
thus requiring an accurate assessment of soil ther-
mal properties as part of soil characterization. The 
device recently developed by AKROUCH et al. [2016] 
consists of a cone penetrometer equipped with ther-
mocouples located behind the cone tip to record 
the temperature at the contact between the probe 
and the surrounding soil, without any additional 
heater element but simply relying on the heat build-
up due to soil-cone friction during penetration. The 
decay of the temperature in time is then analysed 
for the estimate of the thermal conductivity of the 
ground, by using a similar framework of interpre-
tation as that typically adopted for pore water pres-
sure dissipation tests.

Fig. 1 – Example of CPTU probe.
Fig. 1 – Esempio di piezocono. 
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Further examples of CPT equipment with addi-
tional specialized tools, though not quite recognised 
in practice, are represented by the Vision Cone Pen-
etrometer, VisCPT [RASCHKE and HRYCIW, 1997], 
and the Acoustic Cone Penetrometer [MASSARSCH, 
1986]. The first device, housing a digital camera sys-
tem mounted behind miniature sapphire windows 
to provide accurate information on soil types, loca-
tion of interfaces, presence of thin interbedded soil 
lenses not easily detectable through standard CP-
TU measurements [HRYCIW and SHIN, 2004] or evi-
dence of soil contamination, has recently had prom-
ising applications to soil erosion and piping suscep-
tibility assessment, using image-processing methods 
to quantify the soil particle motion [ZHENG and HRY-
CIW, 2014]. As regards the second apparatus, a few 
encouraging studies dating from ’80s and ’90s [e.g. 
MASSARSCH, 1986; MENGE and VAN IMPE, 1995] investi-
gated the possibility of measuring acoustic emissions 
during cone penetration for soil profiling purposes, 
but advancements in this field seem to be still at an 
early stage [CHANG et al., 2010].

A parallel, well-established trend in penetra-
tion devices is undoubtedly represented by the so-
called “full-flow penetrometers”, such as the T-bar 
penetrometer [STEWART and RANDOLPH, 1994] and 
the Spherical Ball penetrometer [WATSON et al., 1998], 
which have gained full acceptance especially in the 
offshore industry [RANDOLPH, 2004; RANDOLPH et al., 
2005; RANDOLPH, 2016]. Examples are provided in 
figure 2. The original idea behind such alternative 
probes was to improve the ability of making absolute 
estimates of undrained shear strength directly from 
the measured penetration resistance, using plasticity 
solutions for the flow around a cylinder [RANDOLPH 
and HOULSBY, 1984] or a sphere [RANDOLPH et al., 
2000; EINAV and RANDOLPH, 2005]. The plane strain 
T-bar penetrometer, consisting in a 250 mm long, 40 
mm diameter cylindrical bar, and the 160 mm diam-
eter Ball penetrometer are designed with a project-
ed area about 10 times larger than the cross-section 
of the attached shaft. As a result, minimal correction 
due to the overburden stress is required to obtain 
net resistance from the field measurements and bet-
ter accuracy is achieved, especially in soft soils, owing 
to higher penetration forces [CHUNG and RANDOLPH, 
2004; LOW et al., 2010; DEJONG et al., 2011]. Pore wa-
ter pressure sensors have also been incorporated in 
the Ball penetrometer, thus termed Piezoball, and a 
number of valuable studies [e.g. DEJONG et al., 2008; 
COLREAVY et al., 2013; COLREAVY et al., 2016a; COLREAVY 
et al., 2016b] have discussed the potential of such 
new device in providing reliable estimates of consol-
idation parameters.

Many other sophisticated penetrometers have 
been developed primarily for geo-environmental ap-
plications, i.e. detection of hydrocarbons, contami-
nants, but also ferrous materials and unexploded ord-

nance. Such devices incorporate a wide variety of addi-
tional sensors into the standard probe, such as laser-in-
duced fluorescence systems, sensors for redox poten-
tial, pH, dielectric constant and conductivity measure-
ments, tri-axial magnetometers, among others. A de-
tailed description of the large amount of the available 
devices is, however, outside the scope of this paper.

On the other hand, despite the large amount of 
research and developments in equipment, a few cru-
cial technical issues remain still unsolved, primarily 
dealing with cone penetration in unsaturated soils. 
Indeed, the loss of saturation in the piezocone po-
rous filter caused by undergoing suction during 
testing in vadose zones is still a major concern in 
order to obtain reliable pore water pressure meas-
urements and the current experience in innova-
tive piezocone design to prevent desaturation only 
includes a rather limited number of examples, not 
yet fully developed for practice (e.g. SANDENE and EM-
DAL, 2014). Furthermore, very little is known about 
how to interpret cone penetration tests in unsaturat-
ed soils [LO PRESTI et al., 2016]. While recent studies 
on laboratory-controlled CPTs [POURNAGHIAZAR et al., 
2013; YANG and RUSSEL, 2016; GHAYOOMI et al., 2018] 
have stressed the importance of developing specif-
ic interpretation approaches of field data, account-
ing for suction, the development of a penetrome-
ter equipped with a high-capacity tensiometer for 
deep measurement of pore-water tension is still at 
a prototype stage [TARANTINO et al., 2016]. Howev-
er, there are many reasons to believe that over the 
coming years such emerging field of application will 
give rise to promising and crucial advancements in 
equipment and procedures.

Fig. 2 – Examples of different probes for penetration tests: 
a) Ball penetrometer; b) Piezoball; c) T-bar.
Fig. 2 – Alcuni esempi di punte penetrometriche: a) Ball 
penetrometer; b) Piezoball; c) T-bar.
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3. Some innovative approaches to interpret the 
cone penetration mechanism and field measu-
rements

The mechanics of cone penetration and the link 
between cone resistance and mechanical properties 
of soils have received considerable attention in re-
search, not only through a great deal of experimen-
tal work (calibration chamber, centrifuge and field 
testing) but also through a number of significant 
theoretical studies striving to provide a rigorous in-
terpretation of such complex boundary-value prob-
lem. Notable contributions to this research field 
have resulted in well-established theoretical solu-
tions, based either on the Strain Path Method [BALIGH, 
1986a, 1986b; TEH and HOULSBY, 1991] or the versa-
tile Cavity Expansion Theory [e.g. VESIC, 1977; SALGA-
DO et al., 1997; YU, 2000; SALGADO and PREZZI, 2007], 
the latter having proved to be a fairly successful and 
rigorous approach to the cone penetration problem 
not only in homogeneous clays but also in sands, due 
to the possibility of including complex soil models 
[SALGADO, 2013].

On the other hand, latest efforts to gain a better 
insight into the mechanics of cone penetration, in 
terms of stress, displacement field and excess pore 
water pressure pattern around the cone, have main-
ly relied on advanced numerical modelling. Indeed, 
the numerical approach to the analysis of penetra-
tion problems appears to be an area of intense de-
velopment and research, capable of providing an 
increasingly realistic description of the penetration 
mechanisms and thus of suggesting more sound, ra-
tional-based procedures for test interpretation [GENS 
et al., 2016]. Different strategies have been adopted 
in order to tackle the complexity of the problem, 
which primarily arises from large deformations as 
well as geometrical, material and contact nonlinear-
ities.

A few recent examples (e.g. LU et al., 2004; WALKER 
and YU, 2006; LIYANAPATHIRANA, 2009; WALKER and YU, 
2010; TOLOOIYAN and GAVIN, 2011; MA et al., 2016) of 
full finite element analysis of cone penetration into 
a soil layer have used an Arbitrary Lagrangian–Euleri-
an (ALE) formulation to uncouple nodal displace-
ments and velocities from material displacements 
and velocities, thus avoiding frequent remeshing in 
a large strain calculation. A summary of the funda-
mental premises of the method, with a specific fo-
cus on cone penetration modelling, can be found in 
WALKER and YU [2006] or SALGADO [2013] among oth-
ers. It is worth mentioning here that most of these 
studies deal with clays, either homogeneous or mul-
ti-layered, and assume fully undrained conditions. 
Effective-stress-based, large-strain finite element nu-
merical analyses of cone penetration in fine-grained 
soils, allowing for consolidation effects, have been 
recently proposed by YI et al. [2012], using a Druck-

er-Prager model for the soil together with the sim-
plified assumption of smooth soil–cone contact, and 
by MONFORTE et al. [2016]. This latter study has been 
developed within the numerical framework known 
as Particle Finite Element Method, PFEM [OÑATE et al., 
2004], in conjunction with a poromechanical model 
for the hydromechanical coupling and the Modified 
Cam-Clay formulation as constitutive law for the soil.

Different degrees of drainage during cone pen-
etration in kaolin clays, together with soil-cone fric-
tion effects, have been analysed by CECCATO et al. 
[2016] as well, using a multiphase Material Point 
Method (MPM) approach, also developed within the 
family of particle-based methods, along with the 
Modified Cam-Clay model for the soil.

As regards granular materials, most of the avail-
able contributions are based on the Discrete Element 
Method (DEM), thus modelling soils as an assembly 
of distinct, typically sphere-shaped, particles. Such 
approach provides the fascinating possibility of a 
multi-scale analysis of the problem, i.e. at the micros-
cale level, by examining particle displacements and 
contact force distributions, as well as at the mesos-
cale, using stress and strain fields obtained through 
appropriate averaging and interpolating proce-
dures. Recent studies presenting DEM models of 
CPT in a virtual calibration chamber (e.g. ARROYO et 
al., 2011; BUTLANSKA et al., 2014) have shown the su-
periority of 3D analyses over 2D disc-based simula-
tions in providing a realistic description of the kine-
matics of soil deformation around the probe [GENS et 
al., 2016]. The influence of particle shape [MCDOW-
ELL et al., 2012] and grain crushing effects [CIANTIA 
et al., 2016] on cone penetration simulation results 
have been deeply investigated as well, and advanced 
models have been considered in order to take into 
account the internal particle porosity of crushable 
granular materials.

Finally, among the emerging trends in the inter-
pretation of cone penetration data, statistical meth-
ods must be undoubtedly mentioned as a notewor-
thy and fast-growing approach. Although early ex-
amples of statistical treatment of CPT measurements 
date back to late ‘80s (e.g. CAMPANELLA et al., 1987; NA-
DIM, 1988), the recent development of the so-called 
Reliability-Based Design (RBD) methodologies has cer-
tainly played a crucial role in the rising awareness 
and remarkable attention towards the need for in-
terpreting the field results in a way that allows incor-
porating uncertainties and inherent soil variability. 
Besides, a similar approach enables to overcome the 
somewhat vagueness and arbitrariness typical of the 
so-called engineering judgment, frequently exercised in 
practical applications. A detailed description of the 
large number of available models for the assessment 
of geotechnical variability is outside the scope of this 
paper and can be found in PHOON and CHING [2015]. 
It is worth mentioning here that, among the contri-
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butions lately proposed in this research area, a num-
ber of notable studies have focused on the develop-
ment of Bayesian approaches for both the probabil-
istic identification of subsoil stratigraphy and uncer-
tainty quantification in CPT-based soil classification 
(e.g. JUNG et al., 2008; WANG et al., 2013), so as to dis-
tinguish the most probable thicknesses–boundaries 
and number of soil layers in a systematic and ration-
al way, and the probabilistic full site characterization 
of soil deposits (e.g. WANG et al., 2010; CAO and WANG, 
2013; CHING et al., 2014). Such perspective for CPT 
interpretation, which appears to be a well-recog-
nized trend in the field of site characterization, is ba-
sically aimed at overcoming undesired conservatism 
in design, with significant implications in the costs of 
investigation and design itself.

4. Cone penetration in intermediate soils 

Despite the large amount of knowledge so far 
gained on cone penetration testing in sands and 
clays, interpretation of CPT/CPTU in natural silts 
and other mixed soil types appears to be a challeng-
ing issue, which still remains not fully explored and 
understood for all the intense research work carried 
out over the last years. This may explain why there is 

a substantial lack of standardized recommendations 
providing engineers with some guidance on both 
testing procedures and data interpretation in these 
sediments, which are typically characterized by val-
ues of permeability k falling in the so-called interme-
diate range, i.e. from 10-5 to 10-8 m/s.

Compared to sands and clays, the higher degree 
of complexity in data interpretation is basically due 
to partial drainage, which is very likely to occur in in-
termediate soil deposits when the standard rate of 20 
mm/s is adopted for cone penetration. In such cases, 
the experience of various researchers has shown that 
the available theoretical and empirical formulations, 
typically based on the antithetical assumptions of ful-
ly undrained (in clays) or fully drained (in sands) 
conditions, cannot be applied to CPT/CPTU data 
without a great deal of uncertainty. A proper analysis 
of testing data for soil classification and mechanical 
characterization should therefore rely on a prelim-
inary assessment of the in situ drainage conditions, 
in order to avoid misinterpretation of field measure-
ments and, consequentially, invalid estimates of soil 
parameters [SCHNAID et al., 2004]. In this regard, it is 
worth mentioning the study by TONNI and GOTTARDI 
[2011] on the evaluation of compressibility and con-
solidation characteristics of the Venetian Lagoon 
silty sediments, which are widely recognized as the 

Fig. 3 – a) Construction history of the test bank at the Treporti Test Site and local vertical displacements measured at selected 
depths beneath the centre of the loaded area vs. time; b) Measured local and integral vertical displacements of the subsoil 
between 0 and 20 m in depth, compared with CPTU-based predictions.
Fig. 3 – a) Fasi di costruzione del rilevato sperimentale presso il Sito Campione di Treporti e spostamento verticale locale, misurato a diverse 
profondità sotto il centro dell’area caricata, in funzione del tempo; b) Confronto tra i profili dello spostamento locale ed integrale misurati 
fino a 20 m di profondità e quelli ottenuti da interpretazione delle prove CPTU.

a) b)
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most extensively investigated silt materials in the 
world [LONG et al., 2010]. Indeed, the comparison 
between piezocone-based settlement predictions and 
actual subsoil deformations measured beneath a full-
scale test bank (Fig. 3) clearly revealed that the me-
chanical response in primary compression of such 
sediments did not fit into published frameworks and 
routinely used empirical correlations, thus suggest-
ing a generalized critical review of the existing inter-
pretation approaches in the light of potential partial 
drainage effects around the advancing cone.

Although a comprehensive interpretative frame-
work for intermediate soils is far from being fully 
achieved and therefore further experimental, theo-
retical and numerical studies in this area are neces-
sary, nevertheless recent geotechnical research has 
succeeded in identifying probable consolidation 
patterns during cone penetration. In particular, fol-
lowing the pioneering work of RANDOLPH and HOPE 
[2004], piezocone tests carried out at non-standard 
penetration rates are now widely recognized as a sim-
ple and effective way to analyse the effects of partial 
drainage on penetrometer measurements and thus 
to detect the transition point from undrained to par-
tially drained and drained responses.

So far, most of the relevant experimental stud-
ies on partial drainage have been mainly based on 
physical modelling (either in centrifuge or in cali-
bration chamber) in conjunction with laboratory re-
constituted specimens of normally consolidated ka-
olin clay or silty clay (e.g. RANDOLPH and HOPE, 2004; 
CHUNG et al., 2006; SCHNEIDER et al., 2007; LEHANE et 
al., 2009; OLIVEIRA et al., 2011), whilst only in the last 
few years results from field scale tests using full size 
penetrometers have been discussed in a number of 
contributions (e.g. KIM et al., 2008; TONNI and GOT-
TARDI, 2009; SUZUKI et al., 2013; KRAGE et al., 2014; GAR-
CIA et al., 2014; GARCIA et al., 2016a; HOLMSGAARD et al., 
2016; DIENSTMANN et al., 2018). Nevertheless, the da-
tabase from field tests has rapidly and significantly 
increased, covering at present a large variety of inter-
mediate natural soil deposits.

In what follows, the body of knowledge on par-
tial drainage effects during cone penetration test-
ing, as accumulated worldwide from both laborato-
ry and field research, will be reviewed and discussed, 
with special emphasis on the experimental results 
obtained from variable rate piezocone tests carried 
out in a few intermediate soil deposits of northern 
Italy. It will be shown that the efforts of many re-
searchers have mainly focused on the identification 
of cone penetration velocities required to ensure 
fully drained or fully undrained testing conditions, 
with reference to different soil classes or soil macro-
fabrics. Indeed, the accurate detection of drainage 
bounds turns out to be a first key step in order to de-
velop updated standards for the CPT as well as new 
methods of field data interpretation [SALGADO, 2013].

4.1. Assessment of drainage degree in laboratory tests

Early studies in this area were carried out at the 
University of Western Australia by Prof. Randolph 
and co-workers, who performed a series of model 
piezocone (with diameter d = 10 mm) and T-bar (d 
= 5 mm) tests in a drum centrifuge, at penetration 
rates v from 0.005 to 3 mm/s (e.g. HOUSE et al., 2001; 
RANDOLPH and HOPE, 2004). Such abundant experi-
mental results, obtained on reconstituted samples of 
NC kaolin clays, have for long been perhaps the on-
ly and most comprehensive experimental dataset for 
the analysis of partial drainage effects and are still a 
valuable reference for analytical and numerical re-
search in this field.

In these studies, the degree of drainage was an-
alysed by plotting the pore pressure parameter Bq 
and the net cone resistance qtnet as function of a di-
mensionless velocity V [FINNIE and RANDOLPH, 1994], 
which depended in turn on the rate of penetration 
v, the probe diameter d, and the coefficient of con-
solidation cv, this latter being carefully calculated 
from Rowe cell tests: 

 ν·d
ν

V = c  (1)

According to the resulting backbone curve 
based on excess pore water pressure data (Fig. 4a), 
RANDOLPH [2004] identified the transition from 
undrained to partially drained response at V ≈100, 
whereas drained conditions were detected at V ≈ 0.1. 
He also observed that, unlike the qtnet response (nor-
malized in figure 4b with respect to the reference 
undrained value, qtnet,ref), the pore pressure parame-
ter Bq turned out to be unaffected by viscous effects 
within the undrained zone, thus it seemed to give 
the ‘earliest’ warning of partial consolidation or, 
equivalently, the highest transition penetration rate. 
By contrast, the combination of two diverging effects 
on cone penetration resistance, namely the decrease 
in drainage degree and the soil shear strength de-
pendence on loading rate, caused qtnet (and so qt) to 
stabilize on its undrained value for lower values of V.

Such centrifuge dataset was later expanded with 
additional penetration test results in normally con-
solidated clays, using full-flow penetrometers (e.g. 
CHUNG et al., 2006; MAHMOODZADEH and RANDOLPH, 
2014) pushed at both constant and variable rates 
along the same testing vertical (according to the pro-
cedure defined by HOUSE et al. [2001] as twitch test) 
in order to investigate the effect of partial consolida-
tion for various shaped penetrometers. Series of cen-
trifuge T-bar and Ball penetrometer tests in reconsti-
tuted, normally consolidated and overconsolidated 
samples of kaolin clay, across a large range of veloc-
ities, were also carried out by LEHANE et al. [2009] to 
primarily gain a better insight into viscous effects on 
the penetration resistance.
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The experimental backbone curves of penetra-
tion resistance, as obtained from the different cen-
trifuge datasets mentioned above, have been typical-
ly described by a relationship of the form (e.g. RAN-
DOLPH and HOPE, 2004):

 a( (q bt
q 1 cVt,ref

m= ++  (2)

where qt is penetration resistance at any rate, qt,ref is 
the reference undrained resistance, V is the dimen-
sionless velocity defined in equation(1) whereas a, 
b, c, and m are constants to be calibrated by fitting 
the experimental results. According to equation(2), 
as V approaches zero, the penetration resistance will 
assume the value corresponding to drained condi-
tions, hence the sum (a + b) can be considered as 
the ratio of drained to undrained penetration resi-
stance.

DEJONG and RANDOLPH [2012] have recently re-
formulated the expression of the backbone curve in 
terms of normalized piezocone variables, by fitting 
the experimental dataset from RANDOLPH and HOPE 
[2004] along with a few additional numerical results 
always referred to fine-grained soils [SILVA et al., 2006; 
YI et al., 2012]. This formulation is given by:

 
( (

Q t Q –/
/

t,drained Q t,ref

50
cQ 1 V Vt,ref

�
+1

1
+  (3)

where Qt (= qtnet/v0) is the net cone resistance nor-
malized with respect to the effective vertical stress 
v0, Qt,ref is the value assumed by Qt at undrained pe-
netration, Qt,drained is Qt at drained penetration, the 
exponent c represents the maximum rate of chan-
ge of the curve, whereas V is the normalized velocity 
and V50 corresponds to the V value at 50% drainage 

degree. In this revised approach, the authors sugge-
sted to express the normalized velocity V in terms of 
the horizontal coefficient of consolidation ch rather 
than cv, as originally specified in equation(1), since 
during cone penetration the pore pressure dissipa-
tion mainly occurs horizontally. An expression simi-
lar to equation(3) was also proposed for the excess 
pore water pressure (u) response, such as:

 ( (
�u
u / 50� 1

1
V Vref

c�
+1–  (4)

where uref is the excess pore water pressure in un-
drained conditions. Based on this interpretation 
(Fig. 5), only minor corrections were made to the li-
miting values of V previously proposed by RANDOLPH 
[2004] for drained and undrained penetration. The 
normalized drained resistance Qt,drained/Qt,ref was 
found to be equal to 2.5, though it is worth obser-
ving that its value cannot be generally assumed to be 
the same for any soil, being primarily dependent on 
the stiffness ratio G/p and the friction angle [YI et 
al., 2012]. Indeed, parallel studies (e.g. DEJONG et al., 
2013) showed that the ratio Qt,drained /Qt,ref may vary 
across a rather wide range, i.e. from less than 1 in di-
lative soils to over 15 in collapsible sediments.

Further laboratory research on variable rate pen-
etration testing to investigate changes in drainage 
conditions was carried out by KIM et al. [2008] in a 
calibration chamber, using a 11.3 mm diameter min-
iature cone and reconstituted sand-kaolin clay mix-
tures, prepared at two different fine contents (FC = 
18% and 25%) in order to obtain samples with op-
posite soil fabric types, i.e. corresponding to the so-
called nonfloating fabric and floating fabric [SALGADO 
et al., 2000]. Compared to clayey soils, assessment 

Fig. 4 – Effect of normalised penetration rate a) on the pore pressure parameter Bq and b) on the net cone resistance, in ka-
olin clays (Data and fitting curves from RANDOLPH and HOPE, 2004).
Fig. 4 – Influenza della variazione della velocità di avanzamento normalizzata a) sul valore del parametro delle pressioni interstiziali Bq e 
b) sul valore della resistenza alla punta netta, in argille caolinitiche (Dati e curve interpolanti da RANDOLPH e HOPE, 2004).

a) b)
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of drainage degree in such mixtures is undoubted-
ly of greater significance for practical applications, 
because their response in field standard cone pen-
etration tests is very likely to be partially drained. It 
is worth mentioning here that such experimental re-
sults, while confirming the typical trend of cone pen-
etration resistance and excess pore water pressure al-
ready observed in kaolin clay [RANDOLPH, 2004], in-
cluding viscosity effects on qt measurements at high 
penetration rates, provided though a different nor-
malized velocity threshold for both undrained/par-
tially drained and partially drained/fully drained 
transitions. Indeed, interpretation of the stress-nor-
malized cone resistance (qt/v0) and the excess 
pore water pressure ratio (∆u/∆umax) responses as 
function of logV allowed identifying the transition 
from undrained to partially drained penetration at 
V~10, whereas fully drained conditions were found 
to occur approximately at V < 0.05, irrespective of 
the sand-clay mixture being tested. In order to pro-
vide some guidance to the interpretation of field 
data, these limiting values of V were then used to 
back-calculate the boundary values of cv correspond-
ing to fully drained (cv = 7.1·10-4 m2/s) and fully 
undrained (cv = 7.1·10-5 m2/s) penetration when a 
full-size standard cone (d = 35.7 mm) and a standard 
penetration rate (v = 20 mm/s) are adopted in the 
testing procedure.

Results from variable rate cone penetration tests 
in kaolin-sand mixtures with different fine contents 
(FC = 5 to 25%) and in pure kaolin have been also 
reported by SUZUKI and LEHANE [2015], who however 
observed that interpretation of the available data in 
terms of the normalized V did not lead to a unique 
transition value from drained to partially drained 

conditions, nor from partially drained to undrained 
conditions, being such threshold dependent on the 
kaolin content. In such study, fully drained pen-
etration was recognized at V < 0.08 for kaolin and 
V < 0.025 for the 25% kaolin mixture, whilst fully 
undrained conditions applied for V > 80 and V > 5.3 
in kaolin and the 25% kaolin mixture respectively. 
At the same time, the effect of little amounts of ka-
olin (e.g. 5 to 10%) seemed to be irrelevant with re-
spect to the drainage conditions of sands, basical-
ly drained over a rather wide range of velocities, in 
spite of significant changes in the drained normal-
ized resistance.

Unfortunately, the consolidation trend so far dis-
cussed does not apply to dilative soils, such as high-
ly overconsolidated clays, silts, dense silty sands. In-
deed, compared to contractive normally consolidat-
ed kaolin clays or sand-clay mixtures, these soils typi-
cally exhibit a more complex experimental response 
when tested at different penetration rates, especially 
with regard to the excess pore water pressure varia-
tion with V. This is due to the complex interaction 
between shear (∆ushear) and octahedral (∆uoct) excess 
pore water pressures induced by the advancing cone, 
coupled with the different effect exerted by penetra-
tion rate on the ∆u components.

Despite a substantial lack of contributions in this 
regard, remarkable examples of dilative behaviour 
are reported in the study by SCHNEIDER et al. [2007], 
who compared results from a series of centrifuge pi-
ezocone tests at different penetration rates in kao-
lin and in silica flour (silty soils), both prepared at 
normally consolidated as well as heavily overconsol-
idated states. According to such data (Fig. 6a), the 
net cone resistance normalized to the vertical yield 

Fig. 5 – Consolidation curves, accounting for the effect of partial drainage on the normalized piezocone parameters a) 
Qt ⁄Qt,ref and b) u/uref  as function of the normalized velocity V (Data and fitting curves from DEJONG and RANDOLPH, 2012).
Fig. 5 – Andamento dei parametri normalizzati a) Qt ⁄Qt,ref  e b) u/uref  in funzione della velocità di penetrazione normalizzata, V 
(Dati e curve interpolanti da DEJONG e RANDOLPH, 2012).

a) b)
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stress, qtnet/vy, was found to reach its minimum val-
ue, assumed as referable to undrained conditions, 
at a dimensionless velocity V (= v·d/cv) approxi-
mately equal to 100, irrespective of the soil types 
and stress history, whereas fully drained resistance 
was identified at V ≈ 0.04, though with different ra-
tios of drained to undrained resistance. By contrast, 
the trend exhibited by the excess pore water pres-
sure in silts appeared significantly different from re-
sponses of both NC and OC kaolin soils (Fig. 6b), 
thus showing that cone resistance did not correlate 
directly with ∆u. In particular, whilst the octahedral 
component seemed to dominate the overall pore wa-
ter pressure response in all kaolin samples, at some 
point the excess pore water pressure ratio (∆u/’v0) 
in silts started to decrease with V, assuming negative 
values for V ≥ 100, regardless of the soil stress history. 
As a result, due to the combined effect of cone resist-
ance and excess pore water pressure, trends with V of 
the well-known pore pressure parameter Bq, typical-
ly adopted for CPTU-based soil classification, were 
found to differ significantly between the different 
soil classes, thus appearing rather complex to be in-
terpreted within a unified analytical framework.

At this point, in the context of laboratory-scale 
cone penetration tests for the analysis of partial 
drainage effects in silts, it is worth mentioning some 
recent studies (e.g. PANIAGUA et al., 2013; 2015) focus-
ing on the microscale mechanics of the problem, 
by making use of X-ray computed tomography (mi-
cro-CT) in conjunction with 3D Digital Image Cor-
relation (DIC) techniques. Such advanced and pow-

erful experimental approach, applied to the inter-
pretation of mini-penetrometer tests in reconstitut-
ed samples of a Norwegian silt, turned out to be very 
effective in reconstructing the failure pattern dur-
ing CPT, together with volumetric and shear strain 
fields. In particular, void ratio distributions [PANIA-
GUA et al., 2015] around the advancing cone for dif-
ferent testing velocity were interpreted in terms of 
contractive and dilative zones and then linked to 
drainage conditions during penetration, thus show-
ing that the analysis of soil microstructure evolution 
may help in better understanding the processes gov-
erning drainage.

Regarding the experience so far collected from 
such a large and somewhat heterogeneous amount 
of experimental data, it was emphasized by several 
authors that laboratory tests cannot be assumed as 
truly equivalent to field penetration tests, basically 
owing to scale effects and the use of highly homoge-
neous reconstituted soil samples. On the other hand, 
since both intrinsic heterogeneity and the unavoida-
ble spatial variability of the natural subsoil make the 
analysis of field variable rate tests more complex to 
carry out, laboratory testing remains very useful for 
an in-depth understanding of the rate effects on the 
drainage conditions as well as for the development 
of interpretation procedures accounting for the ac-
tual drainage degree during cone penetration.

The observed discrepancies in the limiting val-
ues of V provided by the different experimental stud-
ies, currently preventing a unified criterion for the 
identification of drainage conditions, suggest the 

Fig. 6 – Rate effects a) on the normalized cone tip resistance and b) on the normalized excess pore water pressure, in recon-
stituted clays and silts having different overconsolidation ratios (Data and fitting curves from SCHNEIDER et al., 2007).
Fig. 6 – Influenza della variazione della velocità di prova a) sul valore della resistenza alla punta e b) sul valore della sovrappressione 
interstiziale normalizzata, in campioni ricostituiti di argilla e di limo, con diverso grado di sovraconsolidazione (Dati e curve interpolanti 
da SCHNEIDER et al., 2007).

a) b)
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need for a detailed comparative analysis of the avail-
able laboratory data. Regarding this point, it is worth 
observing that part of the inconsistencies among 
published databases might arise from the use of a va-
riety of slightly different piezocone-based variables 
to interpret data (e.g. qt or the dimensionless Qt, qt/
’v0, qt/’vy or Qt/Qt,ref for the cone resistance; ∆u, Bq, 
∆u/’v0, ∆u/∆uref for the excess pore water pressure) 
and, most importantly, from a non-coherent velocity 
normalization. Indeed, depending on the research 
study, the normalized velocity V was calculated from 
either the vertical coefficient of consolidation cv or 
the horizontal coefficient ch, which were in turn de-
termined by applying a variety of approaches, i.e. ex-
perimentally, both in the field or in the laboratory 
using different apparatuses and procedures, or ana-
lytically, from theoretical-based formulations. As fur-
ther potentially influencing factors, SALGADO [2013] 
also mentioned fundamental differences in soil be-
haviour, basically related to the mobilization of resid-
ual shear strength in clays rather than critical in silts, 
as well as differences in soil fabric.

On the other hand, whilst the issue of establish-
ing the domains of drained and undrained penetra-
tion with a certain accuracy continues to be worthy 

of investigation, via both small-scale and especially 
field-scale tests, attempts to develop new methods 
of data interpretation for geotechnical characteriza-
tion, accounting in some way for partial drainage ef-
fects, have been also proposed in recent years.

Regarding soil classification, SCHNEIDER et al. 
[2008] used the centrifuge test database commented 
earlier, coupled with a large variety of field standard 
cone penetration test data collected worldwide, to 
develop a new chart which enables to identify wheth-
er penetration is drained, undrained, or partially 
drained in saturated soils. The approach, based on 
the normalized cone resistance Qt and the stress nor-
malized excess pore water pressure (u/’v0) is rec-
ognized as superior to other charts typically used in 
practice, when piezocone measurements have to be 
interpreted in clayey silts, silts, sandy silts and transi-
tional soils. 

As an example, results from the application of 
such approach to a representative CPTU in Vene-
tian silty sediments have been reported in Figures 
7 and 8, together with the relevant piezocone pro-
files of the corrected cone resistance qt, pore water 
pressure u and friction sleeve fs. The resulting clas-
sification profile plotted in figure 7d provides im-

Fig. 7 – Typical CPTU log profiles in Venetian sediments a)-c) and classification results using the SCHNEIDER et al. [2008] chart 
d) and e) the ROBERTSON [2009] method.
Fig. 7 – Profili penetrometrici da una prova con piezocono rappresentativa del sottosuolo di Venezia a)-c) e risultati della classifica ottenuti 
con l’abaco di SCHNEIDER et al. [2008]  d) ed e) con il metodo di Robertson [2009].
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mediate evidence of a general predominance of in-
termediate sediments, with most of the experimen-
tal points from 8 to 20 m in depth falling in the do-
main of silts (1a) or transitional soils (3), the latter 
including a wide variety of soil mixtures, such as clay-
ey sands, silty sands, silty sands with clay, clayey sands 
with silt, whereas a complex assortment of fine (1b) 
to coarse (2) sediments, without any evident specif-
ic trend, can be observed below 22 m. Compared to 
the well-known ‘Soil Behaviour Type (SBT)’ classifica-

tion approach developed by ROBERTSON [2009], this 
new procedure provides a somewhat better descrip-
tion of the general intermediate nature of the Vene-
tian sediments, which may be basically ascribed to 
the soil group of silt mixtures, as also confirmed by a 
few adjacent boreholes. The method appears superi-
or also to the updated Soil Behaviour Type chart lately 
proposed by ROBERTSON [2016], consisting in a modi-
fication of the classical SBT domains by using a mod-
ified soil behaviour type index IB in conjunction with 
a contractive-dilative boundary CD. Indeed, figure 9 
clearly shows that only a limited part of the Venetian 
sediments from 8 to 20 m in depth fall in the region 
of transitional soils, obeying the condition 22 < IB < 
32, whilst a large number of data points are still clas-
sified as contractive clay-like soils, at times sensitive 
soils.

Regarding soil characterization, DEJONG and 
RANDOLPH [2012] focused in particular on the cor-
rect analysis of dissipation tests when partial consol-
idation causes a reduction in the initial excess pore 
water pressures, compared to undrained conditions, 
and therefore interpretation of data by convention-
al approaches (e.g. TEH and HOULSBY, 1991) would 
result in inaccurate estimates of the horizontal co-
efficient of consolidation, ch. Based on some availa-
ble centrifuge testing data in NC kaolin [SCHNEIDER 
et al., 2007] and a few numerical results on contrac-
tive soils [SILVA et al., 2006], a method was proposed 
to quantify the error in the evaluation of the time 
for 50% dissipation (t50) as a function of the initial 
degree of partial drainage U0 (=∆u/∆uref) and thus 
to include a suitable correction within the TEH and 
HOULSBY [1991] formulation. In particular, the au-
thors observed that the effects of partial drainage 

Fig. 8 – Location of the Treporti subsoil sediments (CPTU 
14) on the SCHNEIDER et al. [2008] classification chart.
Fig. 8 – Posizione dei punti sperimentali relativi ai terreni di 
Treporti (CPTU 14) sull’abaco di SCHNEIDER et al. [2008].

Fig. 9 – Classification of the Treporti intermediate sediments (CPTU 14) on the updated ROBERTSON [2016] chart.
Fig. 9 – Classifica dei terreni intermedi del sottosuolo di Treporti secondo l’abaco aggiornato di ROBERTSON [2016].
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on the interpretation of pore pressure dissipation 
should be taken in careful consideration when the 
measured t50 is less than about 100 seconds, since 
inaccuracy in results due to application of standard 
procedures may be greater than 20%. 

Following the development of such method, DE-
JONG et al. [2013] took the same dataset as a base to 
develop a so-called field decision chart aimed at fa-
cilitating the estimate of drained and undrained pen-
etration rates with a 10 cm2 cone, as function of the 
consolidation coefficient ch. This chart has certain-
ly the merit of providing operators with a practical 
framework for the selection of appropriate velocity 
ranges in field tests, whenever possible and econom-
ically feasible in engineering practice. At the current 
stage, however, the extensive use of such tool would 
require a great deal of caution, owing to the limit-
ed database adopted for its calibration and, most im-
portantly, to the necessary preliminary knowledge of 
a reliable value of ch, accounting in turn for partial 
drainage effects.

4.2. Assessment of drainage degree in field CPTU 

Although in-situ testing offers the undoubted ad-
vantage over laboratory tests of investigating the soil 
in its undisturbed state, interpretation of variable 
rate piezocone tests carried out in the field is com-
plicated by any slight change in measurements due 
to both vertical and horizontal soil variability.

The issue was clearly shown in one of the ear-
ly field studies proposed on this subject [TONNI and 
GOTTARDI, 2009; 2010], consisting in a few adjacent 
CPTUs carried out at different penetration rates 
(vmin = 1.5 mm/s; vstnd = 20 mm/s; vmax = 40 mm/s) 
in the silty sediments of the Venetian lagoon. Such 
dataset was part of a comprehensive database collect-
ed at the Treporti Test Site (Venice, Italy) from 2001 
to 2008, in the context of an ambitious research pro-
ject aimed at better understanding the mechanical 
behaviour of the heterogeneous and highly strati-
fied NC silty sediments forming the upper 100 m of 
the Venetian lagoon basin. The whole site investiga-
tion campaign, extensively described in TONNI and 
GOTTARDI [2011] and in TONNI and SIMONINI [2013a; 
2013b], included a large number of piezocone and 
flat dilatometer tests, together with continuous cor-
ing boreholes with sample extraction and high qual-
ity laboratory tests. As part of the project, a full scale, 
vertical-walled cylindrical test bank was also con-
structed and continuously monitored over approxi-
mately 6 years, the interest being mainly focused on 
the analysis of subsoil compressibility and consolida-
tion characteristics.

A typical piezocone profile of the Treporti Test 
Site subsoil from a standard-rate test, fully represent-
ative of the Venetian basin, has been already shown 

in figure 7 and analysed with respect to CPTU-based 
classification results. As observed earlier, owing to the 
predominantly silty nature of the sediments and the 
complex macrofabric caused by the dense assortment 
of coarse to fine grained soils, cone penetration is ex-
pected to occur under partial drainage conditions. 
Furthermore, the hypothesis of partial consolidation 
is confirmed by results of dissipation tests carried out 
between 8 and 18 m in depth, showing that the t50 
dissipation time is typically less than 50 seconds and 
thus below the previously commented threshold val-
ue identified by DEJONG and RANDOLPH [2012]. A se-
lection of representative dissipation curves, including 
data collected in silts as well as in the finer layers de-
tected at 17-19 m, is provided in figure 10.

Data from variable rate piezocone tests (labelled 
as 34, 34min, 34max) have been reported in figure 11 
for the depth range 0-24 m, the focus being on the 
predominantly silty layers detected between 7.5 and 
20 m. Unfortunately, this set of tests was obtained on-
ly at the end of the research project, i.e. after the 
complete removal of the test bank, hence the com-
parative analysis of such data is undoubtedly com-
plicated by the overconsolidation induced through 
the undergone loading history, which adds further 
complexity to what was already a difficult problem 
to analyse because of the well-known intrinsic heter-
ogeneity of Venetian sediments together with a cer-
tain horizontal spatial variability even within limited 
distances.

By comparing these data with those reported in 
figure 7, the latter obtained from a piezocone test 

Fig. 10 – Pore water pressure decay with time during a few 
representative dissipation tests in Venetian silts (Treporti 
Test Site).
Fig. 10 – Andamento delle pressioni interstiziali nel tempo, 
registrato in alcune prove di dissipazione effettuate nei limi di 
Venezia (Sito Campione di Treporti).
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carried out in very close proximity before the bank 
construction, a more pronounced dilative behaviour 
of silty sediments, resulting in very low or even nega-
tive excess pore water pressures, can be observed in 
the standard-rate CPTU 34, as a consequence of soil 
overconsolidation. Besides, profiles of non-standard 
tests 34min (vmin = 1.5 mm/s) and 34max (vmax = 40 
mm/s), clearly show that a reduction in the penetra-
tion rate results in a general increase in the correct-
ed cone resistance qt and a decrease in pore water 
pressures u, especially from 9 to 17 m in depth. Mi-
nor rate effects are observed in the clay-silt mixtures 
at 18-20 m, even less so in sands.

More importantly, the interpretation of these 
“pioneering” data in terms of normalized piezocone 
variables (qtnet/’vy, Bq, ∆u/’v0) vs. the dimension-
less velocity V (= v·d/cv) provides a clear indication 
that, due to the combined effect of silt content and 
stress history, the response of these sediments fol-
lows a complex trend, significantly different from 
the backbone curves obtained by RANDOLPH [2004] 
in kaolin clays and not even directly comparable to 
those reported by SCHNEIDER et al. [2007] for recon-

stituted samples of silica flour and overconsolidated 
clay. 

As regards the variation with V of the net cone 
resistance (qtnet) normalized by the vertical yield 
stress ’vy, figure 12 shows that all the experimen-
tal points fall above the reference curves, with a 
marked difference in trends between the silts at 
9-16 m and the predominantly clayey silts detect-
ed at 18-20 m in depth. For the latter, indeed, the 
qtnet/’vy ratio seems to follow a trend somewhat 
compatible in shape with the trend lines proposed 
for heavily overconsolidated clays and silts, reach-
ing a minimum value at V ≈ 80, whilst a general 
significant decrease of qtnet/’vy is observed in silts 
(dashed area of the plot) over the same velocity 
interval. Such response is accompanied by a pre-
dominantly dilative behaviour of silts at both vmin 
=1.5 mm/s (V ≈ 3) and vstnd = 20 mm/s (V ≈ 30), 
as shown in figures 13 and 14 in terms of the ex-
cess pore water pressure ratio ∆u/’v0 and the pore 
pressure parameter Bq, respectively. At the same 
time, slight variations of ∆u/’v0 are detected in 
contractive clayey silts at 18-20 m in depth, cor-
responding in turn to a moderate decrease in Bq, 

Fig. 11 – Comparison between profiles of cone resistance and pore water pressure from adjacent CPTU tests performed at 
different penetration rates in Venetian sediments (Treporti Test Site).
Fig. 11 – Confronto fra i profili di resistenza alla punta e di pressione interstiziale nei terreni di Venezia (Sito Campione di Treporti), 
ottenuti da prove CPTU adiacenti, realizzate a diverse velocità.
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consistently with the variations of the net cone re-
sistance.

On the basis of these experimental results, it is 
therefore evident that the identification of well-de-
fined trend lines, which might help in evaluating 
drainage transitions, is difficult to achieve. In this 
respect, it is noteworthy that the above analysis may 
have partly suffered from the uncertainties sur-
rounding the evaluation of the coefficient of consol-
idation cv, which was obtained from oedometer tests 
carried out on undisturbed samples extracted prior 
to the bank construction and thus basically referred 
to normally consolidated or slightly overconsolidat-
ed sediments. According to laboratory results, the 
value of cv for silts at 8-16 m in depth was taken as 
2·10−5 m2/s, whilst a slightly lower value (cv = 8·10−6 
m2/s) was adopted for the clayey silts between 18-20 
m. These values were considered as preferable to the 
estimates of the consolidation coefficient obtained 
from the available pore pressure dissipations carried 
out during standard rate piezocone tests (Fig. 10), 
using the well-established method of TEH and HOULS-
BY [1991] and thus assuming as valid the hypothe-
sis, in this case rather questionable indeed, of initial 
undrained conditions around the advancing cone.

At the same time, it is obvious that such very pre-
liminary attempt to investigate drainage conditions 

Fig. 12 – Variation with the normalized velocity V of the 
net cone resistance (qtnet) normalized by the vertical yield 
stress (σ’vy) in Venetian silty sediments (Treporti Test Site) 
and comparison with consolidation trend curves proposed 
by SCHNEIDER et al. [2007].
Fig. 12 – Variazione della resistenza alla punta netta (qtnet), 
normalizzata rispetto alla tensione di preconsolidazione (’vy), 
in funzione della velocità normalizzata (V), nei terreni limosi di 
Venezia (Sito Campione di Treporti) e confronto con le curve di 
tendenza proposte da SCHNEIDER et al. [2007].

Fig. 13 – Influence of the normalized velocity V on the 
normalized excess pore water pressure u/σ’v0 in Vene-
tian silty sediments (Treporti Test Site) and comparison 
with consolidation trend curves proposed by SCHNEIDER et 
al. [2007].
Fig. 13 – Variazione della sovrappressione interstiziale normaliz-
zata (u/’v0) in funzione della velocità normalizzata (V), nei 
terreni limosi di Venezia (Sito Campione di Treporti) e confron-
to con le curve di tendenza proposte da SCHNEIDER et al. [2007].

Fig. 14 – Influence of the normalized velocity V on the po-
re pressure parameter Bq in pre-loaded Venetian silty se-
diments (Treporti Test Site) and comparison with conso-
lidation trend curves proposed by SCHNEIDER et al. [2007].
Fig. 14 – Variazione del parametro delle pressioni interstiziali Bq 
in funzione della velocità normalizzata (V), nei terreni limosi 
di Venezia (Sito Campione di Treporti) in seguito al precarico e 
confronto con le curve di tendenza proposte da SCHNEIDER et al. 
[2007].
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in Venetian silts would have surely benefited from a 
larger dataset of tests, covering a wider penetration 
rate interval and thus helping in a better identifi-
cation of the consolidation trend line of these sed-
iments. Unfortunately, technical limitations of the 
equipment in use did not allow performing tests out-
side the velocity range 1.5÷40 mm/s. On the other 
hand, it must be emphasized that the Venetian sub-
soil is perhaps the most complex and challenging test 
site to select as starting point for the analysis of partial 
drainage phenomena, due to the stratigraphic het-
erogeneity in both vertical and horizontal direction, 
coupled with predominant soil dilative response. 

As a matter of fact, unlike the Venetian case 
study, most of the early experiences with field vari-
able-rate penetration tests have generally dealt with 
rather homogeneous soil deposits, basically com-
posed of predominantly fine-grained sediments. 
Among them, it is worth mentioning the examples 
of field CPTs at various penetration rates (from 0.01 
to 20 mm/s) discussed by KIM et al. [2008], which 
were indeed carried out in fairly homogeneous clay-
ey silt/silty clay layers from two different sites in the 
state of Indiana (US). In both cases, the shape of the 
resulting consolidation trend line was found to be 
very similar to the laboratory curves obtained for ka-
olin clays and, according to the excess pore water 
pressure response, transition from undrained to par-
tially drained cone penetration could be quite clear-
ly recognized at the normalized velocity of V ≈ 10, 
thus resulting in good agreement with the threshold 
value identified by the same authors from a paral-
lel calibration chamber testing programme on sand-
clay mixtures (see § 4.1).

In recent years, new and helpful insights into 
penetration rate effects at field scale have been pro-
vided by a number of experimental studies carried 
out also in a wide variety of natural soil mixtures and 
mine tailings, which are undoubtedly more likely to 
behave as partial drained materials during standard 
CPTU. As an example, SUZUKI et al. [2013] presented 
results from CPTUs carried out in the clayey sands of 
a tailings beach along with data collected in a natu-
ral estuarine deposit composed of sandy and clayey 
silt, using a velocity control system capable of cover-
ing a remarkably wide interval of penetration rates, 
i.e. from 0.002 to 10 mm/s. Interpretation of such 
dataset, especially results obtained in silts, seemed to 
suggest the occurrence of fully drained conditions at 
V < 0.05 and fully undrained at V > 5, although the 
reliability of such limits might perhaps require fur-
ther consideration due to uncertainties in the values 
of ch adopted for velocity normalization. Indeed, de-
spite the probable presence of partial drainage ef-
fects, the in-situ coefficient of consolidation of these 
sediments was apparently calculated from dissipa-
tion tests during standard rate CPTUs, according to 
the method developed by TEH and HOULSBY [1991].

The inherent difficulties in interpreting field meas-
urements in natural intermediate soil layers, basical-
ly due to intrinsic heterogeneity of such sediments as 
well as to potential horizontal spatial variability associ-
ated with the depositional environment, were empha-
sized in most of the recently published contributions 
dealing with predominantly silty deposits (e.g. KRAGE 
et al., 2014; KRAGE and DEJONG, 2016; HOLMSGAARD et 
al., 2016; GARCÍA MARTÍNEZ et al., 2016a; DIENSTMANN et 
al., 2018), thus confirming the issues first arisen with 
the Venetian database. Indeed, spatial variability may 
sometimes prevent from observing any clear rate ef-
fect, as in the case reported by KRAGE et al. [2014]; fur-
thermore, while cone resistance was found to follow 
the expected trend with cone velocity, the predomi-
nantly dilative response of silty sediments generally ap-
peared rather difficult to be modelled with a well-de-
fined tendency curve. Nevertheless, some of these 
studies have the merit of not only investigating the ex-
tent of partial drainage in such complex soils, but also 
of exploring new approaches for soil characterization, 
accounting in some way for the degree of consolida-
tion during standard CPTU. This is indeed the crucial 
issue in engineering practice.

HOLMSGAARD et al. [2016], who investigated the 
CPTU drainage degree in a rather heterogeneous, 
predominantly silty deposit in northern Denmark, 
provided a preliminary attempt to explicitly include 
partial drainage effects into the empirical correla-
tions for the estimate of soil relative density and ef-
fective shear strength. The method, still requiring 
a more sound validation work on a larger database, 
is essentially based on the use of a correction factor 
that allows converting the partial drained cone resist-
ance, measured at a standard rate of penetration, in-
to a fully drained qt.

The influence of drainage conditions on the de-
termination of the engineering properties of some 
liquefiable silts was also discussed by KRAGE and DE-
JONG [2016], who tried to correlate the empirical 
fine content adjustment factors (e.g. BOULANGER and 
IDRISS, 2016) used in liquefaction triggering analysis 
with the degree of partial drainage.

As a final example of variable rate CPTU in nat-
ural deposits, results from a testing programme re-
cently carried out in the Plio-Quaternary deposits of 
a test site located in the southern margin of the river 
Po valley (Forlì, Italy) are presented herein. The da-
taset collected at this site, partly described in GARCÍA 
et al. [2016a; b], included No. 8 adjacent piezocone 
tests, all pushed to depths of 15-18 m and performed 
with a standard 35.7 mm diameter cone at penetra-
tion rates from 1 mm/s to 62 mm/s. The tests were 
carried out by the Soil Mechanics Laboratory of the 
University of Bologna, using an integrated Delft 
Geotechnics piezocone apparatus. Lower and upper 
values of cone velocity were necessarily defined by 
the technical limits of the equipment in use.
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The stratigraphy of this area, as detected from a 
deep borehole and a few standard CPTUs carried out 
in a previous site investigation campaign [MARCHI et 
al., 2010], mainly consists of clayey silts from ground 
level to approximately 29 m in depth, with local in-
terbedded silty sand/sandy silt layers, typically 1 to 3 
m thick. Below such macro-units, gravels were found. 
A basic scheme of such stratigraphic arrangement 
is shown in figure 15, with reference to a SE-NW 
cross-section.

In order to gain an accurate understanding of 
the typical piezocone response observed in this de-
posit, profiles of tip resistance qt, sleeve friction fs 
and pore water pressure u from the standard-rate 

test CPTU 1 have been detailed in figure 16, togeth-
er with the piezocone-based soil classification out-
come, which basically confirms the presence of dif-
ferent types of soil mixtures throughout the investi-
gated depth interval. Indeed, the resulting contour 
of the Soil Behaviour Type [ROBERTSON, 2009] shows 
that the upper 4 meters mainly consist of silt mix-
tures (SBT = 4), with occasional presence of silty 
sands/sandy silts (SBT = 5), whilst an alternation of 
silt mixtures (SBT = 4) and clays (SBT = 3), with in-
terbedded sand mixtures (mostly SBT = 5 and a few 
SBT = 6), is identified from 4 to 18 m. A large part 
of these experimental points are classified as “transi-
tional soils” by the SCHNEIDER et al. [2008] chart, ex-

Fig. 15 – Stratigraphic model of the Forlì Test Site subsoil.
Fig. 15 – Modello stratigrafico del sottosuolo presso il Sito di Prova di Forlì.
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cept for the alternation of silts and clays detected at 
10-12 m and 16-17.50 m in depth. For useful compar-
ison, the grain size distribution of a few representa-
tive soil samples extracted at different depths is pro-
vided in figure 17, whereas their basic physical prop-
erties are summarized in table I.

The whole set of piezocone tests (CPTU1 to CP-
TU8), expressed in terms of qt and u profiles, has 
been plotted in figure 18. By comparing the cone re-
sistance profiles, the effect of a variation in cone ve-
locity appears to be more evident below 8 m in depth, 
whilst the response in terms of pore water pressures 
generally seems to be slightly more sensitive to the 
different testing conditions also in the shallow soil 
layers. By contrast, in the underlying silts, sandy silts 
and clayey silts, qt increases and u generally decreas-
es as cone penetration rate is reduced. Again, the qt 
profiles appear almost coincident between 16 and 18 
m, where a clear prevalence of clays is detected. The 
pore water pressure measured at 1 mm/s from 14 to 
16 m in depth basically follows the hydrostatic pres-
sure profile, thus implying that cone penetration oc-
curs in drained conditions. It must be observed that 
the intrinsic heterogeneity of the investigated soil 

Fig. 16 – a)-c) Log profiles from the standard rate CPTU 1 (Forlì Test Site) and soil classification results using d) the RO-
BERTSON [2009] method and e) the SCHNEIDER et al. [2008] chart.
Fig. 16 – a)-c) Profili penetrometrici relativi alla prova CPTU 1 (Sito di Prova di Forlì), realizzata a velocità standard, e risultati della 
classifica ottenuti d) con il metodo di ROBERTSON [2009] ed e) con l’abaco di SCHNEIDER et al. [2008].

Fig. 17 – Grain size distributions of representative soil sam-
ples from selected depths (Forlì Test Site).
Fig. 17 – Curve granulometriche di campioni di terreno prelevati 
a diverse profondità (Sito di Prova di Forlì)
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mixtures, with different drainage characteristics on 
the centimetre scale, prevent the identification of a 
general, well defined tendency in the qt and u chang-
es as a function of the velocity v.

A more detailed analysis of the rate effects at 
different depths is given in figure 19, which shows 
representative values of qt/σ’v0 and ∆u/σ’v0 for a 
few selected thin layers of clayey silts (at 10.0-10.3 
m, 11.8-12.2 m) and predominantly transitional soils 
(at 6.0-6.5 m, 14.8-15.2 m), for each adopted pen-
etration rate (v). In order to account for the varia-
bility of piezocone measurements within each depth 
interval due to the inherent heterogeneity of the 
soil units, the median, lower and upper quartiles of 

cone resistance and pore water pressure have been 
reported in the figure. According to such data, the 
cone resistance at 10.0-10.3 m remains almost con-
stant within the velocity range 20 mm/s - 62 mm/s 
and progressively increases as v is reduced from 20 
to 1 mm/s, whilst in clayey silts located at 11.8 to 
12.2 m, a slight increase of qt can be appreciated on-
ly for v < 4.6 mm/s. Responses in terms of ∆u/σ’v0 
versus penetration velocity are very similar in shapes 
at both depths, with resemblance to the pore water 
pressure trends reported by KIM et al. [2008]. Par-
tial consolidation is very likely to be responsible for 
the decrease in pore water pressure observed at v < 
41 mm/s. Hence, despite a certain difficulty in cor-

Fig. 18 – a) CPTU profiles from adjacent tests performed at different penetration rates; b) location of the tests (Forlì Test Site).
Fig. 18 – a) Profili penetrometrici ottenuti da prove adiacenti, effettuate a diverse velocità di avanzamento della punta; b) ubicazione delle 
prove (Sito di Prova di Forlì).

Depth 
(m)

 γn 
(kN/m3)

 wn 
(%)

wL 
(%)

wP 
(%)

Sand
(%)

Silt
(%)

Clay
(%)

6.2-6.7 19.8 25.0 57.6 21.0 - 65.0 35.0

12.2-12.3 19.2 31.3 - 17.0 25.6 59.4 15.0

12.3-12.5 19.2 31.3 - 19 41.1 48.9 10.0

15.0-15.5 20.6 22.2 - - 68.0 32.0 -

18.0-18.5 19.2 31.5 50.8 23.1 - 60.0 40.0

Tab. I – Basic physical properties and grading characteristics of representative soil samples from the Forlì Test Site.
Tab. I – Principali proprietà fisiche e granulometriche di campioni di terreno rappresentativi (Sito di Prova di Forlì).

n, in situ soil unit weight; wn, water content; wL, liquid limit; wP, plastic limit.

a) b)
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relating the variation of u with the variation of qt as 
penetration rate changes, it seems reasonable to as-
sume that the transition point from undrained to 
partially drained response occurs in such sediments 
at around v = 41 mm/s.

Rate effects in coarser sediments appear more 
difficult to be identified and interpreted. Indeed, 
the response of the shallow silt mixtures, at 6.0-6.5 m 
in depth, does not exhibit any clear dependence on 
cone velocity, neither in terms of qt/σ’v0 nor in terms 
of ∆u/σ’v0. As regards the transitional soils detect-
ed at 15 m, the cone resistance monotonically de-
creases as the velocity increases, whilst the pore wa-
ter pressure shows minor oscillations within the ve-
locity range 4.6-62.0 mm/s, generally indicating a di-
lative behaviour (i.e. ∆u/σ’v0 < 0). At v = 1 mm/s, ex-
cess pore water pressure is zero, thus suggesting the 
occurrence of drained conditions.

Following DEJONG and RANDOLPH [2012], data in 
clayey silts (depth ranges: 10-10.3 m and 11.8-12.2 
m) have been also interpreted with reference to the 
normalized variables Qt/Qt,ref and V, the latter being 
defined in terms of the horizontal coefficient of con-
solidation ch instead of cv. The value of ch used for 
normalization has been taken equal to 2.9·10-5 m2/s, 
based on the standard interpretation of a dissipation 
test carried out in clayey silts at approximately 12 m 
in depth, during the 58 mm/s rate CPTU 8 and thus 
very likely referable to fully undrained initial condi-
tions. A rigidity index (G/su) equal to 130 has been 

adopted for the calculation. The selected dissipation 
curve, together with a few additional examples of dis-
sipation readings referred to different cone penetra-
tion rates, is reported in figure 20. It is worth men-
tioning here that the adopted value of ch has been 
found to be one order of magnitude higher than the 
value of cv (= 3.1·10-6 m2/s) obtained from an oed-
ometer test carried out on a soil sample taken at 12.3 
m in depth, for the loading stage 70-150 kPa. The 
well-known Taylor’s square root of time method has 
been used to determine cv. It is well-known that dif-
ferences between cv and ch must be basically ascribed 
to soil permeability anisotropy, which may result in 
values of the ratio kh/kv up to 10–15 in highly strati-
fied deposits or silts with continuous permeable lay-
ers [JAMIOLKOWSKI et al., 1985; MAYNE, 2007b]. On the 
other hand, it is often considered as acceptable that 
accuracy in the estimate of the coefficient of con-
solidation may vary within one order of magnitude 
[ROBERTSON and CABAL, 2015].

Figure 21 provides thus an attempt to correlate 
the observed experimental response with the gener-
al consolidation trend previously commented in §4.1 
and described by equation (3), initially considering 
data at 10-10.3 m in depth separately from those at 
11.8-12.2 m. Indeed, as shown in plot (a), the data 
points of the two soil layers, especially those referred 
to the lowest values of V, seem to follow somewhat 
different consolidation curves, defined by different 
values of the coefficients V50, c and Qt,drained⁄Qt,ref.

Fig. 19 – Effect of penetration rate on the stress-normalized qt and on the excess pore water pressure ratio, at different depth 
intervals (Forlì Test Site).
Fig. 19 – Influenza della velocità di prova sui valori di resistenza alla punta e di sovrappressione interstiziale, normalizzati rispetto alla 
tensione verticale efficace, in corrispondenza di diversi intervalli di profondità (Sito di Prova di Forlì).
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In particular, the best fit of cone resistance data at 
10-10.30 m has been obtained by assuming V50 = 4.82, 
c = 1.60 and Qt,drained⁄Qt,ref = 3.25. This latter value ap-
pears consistent with those obtained for Qt,drained⁄Qt,ref 
in other experimental studies, both in the laboratory 
(OLIVEIRA et al., 2011) and in the field [KRAGE and DE-
JONG, 2016; SUZUKI et al., 2013]. Besides, the reliability 
of the computed value of Qt,drained⁄Qt,ref is in some way 
confirmed by the regression analysis carried out for 
validation on an independent set of data points (not 

reported in plot (a)) referable to clayey silts, at 8.0-
8.5 m in depth, which resulted in Qt,drained⁄Qt,ref = 3.66. 
By contrast, the regression analysis on the sole cone 
resistance data at 11.8-12.2 has resulted in a signifi-
cantly high - and thus rather questionable - value of 
Qt,drained⁄Qt,ref (≈ 28), most likely due to the dispersion 
of data at V ≈ 1. In this case, additional data collect-
ed at low cone velocities would help in identifying a 
more reliable consolidation trend. The global con-
solidation curve (labelled as curve 2), fitting both se-
ries of data, corresponds to V50 = 2.51, c = 1.24 and 
Qt,drained⁄Qt,ref = 3.20.

According to curves 1 and 2 of figure 21a, the 
transition from partially drained to fully undrained 
penetration can be recognized at V ≈ 50, which im-
plies that for a CPTU performed at the standard rate 
(20 mm/s), with a standard cone (d = 35.7 mm), 
undrained penetration is very likely to occur when ch 
< 1.4·10-5 m2/s. At the same time, the transition from 
partially drained to fully drained response in clayey 
silts is difficult to be clearly identified, because of a 
lack of data at very low penetration rates, though it is 
certainly located at V < 1.

The three backbone curves plotted in figure 21b 
have been derived from the datasets collected at the 
depth intervals 8.0-8.5 m, 10.0-10.30 m and 11.8-12.2 
m, by fitting separately the median, the first and the 
third quartile of the experimental Qt/Qt,ref values. In 
this way, a domain encompassing the most probable 
backbone curves is identified. It is worth observing 
that, compared to curve 1 of figure 21a, the curves 
interpolating the median values and the upper quar-
tile in figure 21b seem to suggest that transition from 

Fig. 20 – Influence of penetration rate on the dissipation 
behaviour of soils at 12.2 m in depth (Forlì Test Site).
Fig. 20 – Influenza della velocità di avanzamento della punta 
sul processo di dissipazione delle pressioni interstiziali a 12.2 
metri di profondità (Sito di Prova di Forlì).

Fig. 21 – Interpretation of the experimental response of clayey silts (Forlì Test Site) in terms of the consolidation trend lines 
proposed by DEJONG and RANDOLPH [2012].
Fig. 21 – Interpretazione della risposta sperimentale osservata nei limi argillosi (Sito di Prova di Forlì) con riferimento alle linee di 
tendenza proposte da DEJONG e RANDOLPH, [2012].

a) b)
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partially drained to fully drained response occurs at a 
normalized velocity well below 1, most likely at V < 0.1.

Furthermore, it is important to remark that in-
terpretation of the experimental consolidation 
trends in terms of equation (4), based on the nor-
malized variable ∆u/∆uref, appears unsuitable for 
the sediments of this test site, due to the dilative re-
sponse generally observed at low penetration rates.

Finally, following HOLMSGAARD et al. [2016], a com-
bined interpretation of field data and results from a 
few direct shear tests has been carried out, in a pre-
liminary attempt to adjust the cone resistance meas-
ured at the standard rate (qt) to the corresponding 
fully drained value, qt,drained, and thus help in over-
coming some of the uncertainties arisen from the 
analysis commented above, especially for the dataset 
at 11.8-12.2 m. In particular, by using a well-known 
effective stress-based approach for the estimate of 
’ from CPTU data [KULHAWY and MAYNE, 1990], 
the drained cone resistance has been back-calculat-
ed from the values of the friction angle ’ provid-
ed by direct shear tests. Attention has been focused 
on two relevant layers located at 12.3 m and 15.0 
m, corresponding to clayey silts and silty sands, hav-
ing an effective friction angle ’ equal to 34.6° and 
38.9° respectively. According to this simplified anal-
ysis, at 12.4 m the drained normalized cone resist-
ance, Qt,drained, has been found to be ∼ 32, which im-
plies that the ratio of the normalized drained resist-
ance to that measured at standard velocity, Qt,drained/
Qt, is equal to 3.2, whilst Qt,drained/Qt,ref turns out to 
be 6.8 (being Qt,ref = 4.7). This outcome, though re-
sulting from a method at a very early stage of devel-
opment and validation, seems to confirm that the 
value of Qt,drained/Qt,ref (≈ 28) previously obtained 
from regression analysis is probably overestimated. 
At the same time, at 15.1 m in depth, back-calcula-
tion of the drained cone resistance from the effec-
tive friction angle has resulted in Qt,drained/Qt = 1.3, 
thus showing that in this layer the actual degree of 
drainage at the standard rate of penetration is not 
very far from fully drained conditions. HOLMSGAARD et 
al. (2016) expressed such ratio in terms of non-nor-
malized cone resistances qt,drained and qt, obtaining 
qt,drained/qt =1.4 for the silty sediments of Dronnin-
glund test site, in Denmark.

5. Concluding remarks

Over the last decades, the use of the cone pen-
etration test for site investigation has steadily grown 
around the world, causing the CPT to be current-
ly recognized as the major in situ testing technique 
in geotechnical engineering practice. Its widespread 
use has in turn given rise to an increasing interest 
in the development of enhanced and/or new types 
of CPT equipment, aimed at both improving the ac-

curacy of measurements and extending the field of 
application, but also to the pressing demand for a 
sound understanding of penetration mechanisms 
and for consistent interpretation methods of data, 
which might be suitably used in the characterization 
of the so-called non-standard geomaterials.

Many of the recent developments in cone pen-
etration testing have undoubtedly taken advantage 
of multidisciplinary research contribution, not only 
in terms of innovations in sensor technology and so-
phisticated experimental techniques to investigate 
the displacement field and the pore water pressure 
distribution around the cone, but also with regard to 
advanced analytical and numerical strategies useful 
for a better understanding of the penetration pro-
cess and for the analysis of data. Thus, cone pene-
tration testing has evolved over the years into a var-
ied, lively and challenging research area, requiring 
a sound knowledge of soil behaviour coupled with 
multiple field expertise.

This paper has provided an attempt to outline 
a general picture of the major trends in CPT re-
search, by presenting the most significant emerging 
equipment, at time still at a prototype stage, togeth-
er with latest trends in cone penetration modelling 
and advanced strategies for field data interpretation. 
In particular, within this very broad subject area, is-
sues related to the interpretation of piezocone tests 
in intermediate soils and uncertainties in the esti-
mate of soil parameters due to partial drainage ef-
fects have been selected as the main theme for dis-
cussion, with the aim of providing a critical apprais-
al of the CPTU-based approaches currently available 
for mechanical characterization of natural soils and 
thus exploring potential advances in interpretation 
methods, accounting for consolidation characteris-
tics and rate dependency.

Results from a number of existing experimental 
studies dealing with piezocone tests at non-standard 
penetration rates, carried out by different research 
groups either in laboratory physical models on re-
constituted soil specimen or in the field using full 
size probes, have been discussed with the idea of ana-
lysing partial drainage effects as a function of cone 
velocity and therefore detecting the transition point 
from undrained to partially drained and drained 
responses. In fact, the preliminary assessment of 
drainage conditions during a cone penetration test 
is widely recognized as a key step in order to avoid 
misinterpretation of field measurements and, conse-
quentially, invalid estimates of soil parameters. 

In engineering practice, the realization of a site 
investigation campaign comprising multiple piezo-
cone tests at non-standard penetration rates would 
result in significant additional costs and time, not 
to mention the need for appropriate equipment 
and qualified operators. Hence, it should be rec-
ommended and could most likely be carried out in 
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the case of moderate to high-risk projects. With re-
spect to this point, an update of the current stand-
ards concerning testing procedures would be desira-
ble. For low risk projects, guidelines and/or decision 
charts, providing indications on the most probable 
drainage degree during standard cone penetration 
tests (or, alternatively, on the penetration rate asso-
ciated with fully drained conditions) as a function 
of soil grading characteristics and plasticity of fines, 
may serve as a useful tool to tackle the geotechnical 
characterization of intermediate soil deposits, even 
in routine applications. The development of such 
a practical framework must obviously rely on a very 
large and coherent database, including a wide varie-
ty of well-characterized soil mixtures with clearly de-
fined consolidation trends.

As it has been shown in the paper, despite the 
amount of studies carried out on this subject in the 
last decade, the matter is at present far from being 
satisfactorily solved. Indeed, based on some valua-
ble laboratory experimental results on contractive 
predominantly clayey soils, geotechnical research 
has succeeded in identifying probable consolida-
tion patterns during cone penetration and the re-
sultant most-likely transitions from drained to par-
tially drained and undrained conditions. Threshold 
rate penetrations determining different testing con-
ditions have been typically expressed in terms of a 
dimensionless velocity V, obtained by normalization 
with respect the consolidation coefficient, in an at-
tempt to generalize results irrespective of the specif-
ic type of soils. 

Unfortunately, at present time the different stud-
ies have failed to reach agreement with respect to the 
values of normalized velocity V defining fully drained 
and fully undrained cone penetration. Indeed, de-
pending on the reference dataset, undrained condi-
tions have been identified at V greater than 5 to 100, 
while for drained conditions V has been found to 
vary between 0.025-0.1. Possible reasons which might 
partly explain the discrepancies between the differ-
ent studies have been discussed in the paper. A gen-
eral revision of the adopted interpretation methods 
to obtain uniformity in criteria would be undoubted-
ly desirable. At the same time, rate effects observed 
in a limited number of laboratory CPTU carried out 
in dilative, predominantly silty soils have resulted in 
significantly different and rather complex consolida-
tion trends, thus preventing at this stage the develop-
ment of a unified interpretation framework.

As regards variable-rate CPTU carried out in the 
field with full size penetrometers, latest studies have 
emphasized the inherent difficulties in interpreting 
field data in natural intermediate soil layers, owing 
to intrinsic heterogeneity of such sediments as well 
as to potential horizontal spatial variability associat-
ed with the depositional environment. However, de-
spite complexity, attempts have been made to devel-

op interpretation procedures or just empirical/site 
specific correlations for geotechnical characteriza-
tion of intermediate soils, accounting in some way 
for the degree of drainage during cone penetration. 
Attention has been focused in particular on the as-
sessment of the effective shear strength, based on 
the use of correction factors which allow converting 
partial drained cone resistance to the corresponding 
fully drained value. As regards compressibility char-
acteristics, the approaches currently available for in-
termediate soils (e.g. SENNESEt et al., 1988; ROBERTSON, 
2009; TONNI and GOTTARDi, 2011), based on standard 
rate tests, do not explicitly consider a dependence 
on the drainage degree but generally assume a cor-
relation with the soil behaviour type index Icn. 

Further research on this subject, which is widely 
regarded as a crucial topic in site characterization, 
and larger datasets from field testing on different 
soil mixture types are undoubtedly necessary in or-
der to gain the same amount of knowledge so far ac-
cumulated on the interpretation of CPT/CPTU in 
“standard” sands and clays, for which the idealized 
hypothesis of a sharp distinction between drained 
and undrained testing conditions may be assumed as 
valid. This will also require technical developments 
in order to enable field equipment to vary penetra-
tion rates over two or three orders of magnitude. 
At the same time, advanced numerical analyses, al-
lowing for consolidation effects, might undoubted-
ly provide a very helpful contribution in a better un-
derstanding of partial drainage in different soils and, 
consequently, in the evaluation of the drainage de-
gree during the tests.

In conclusion, on the basis of the large number 
of opportunities recently arisen to make significant 
improvement in equipment, procedures and meth-
ods, it is very likely that the ongoing advances will 
confirm the leading role of cone penetration testing 
for geotechnical site characterization, owing to the 
ever increasing accuracy of measurements, number 
of available parameters and applicability to a larger 
variety of soil types.

List of symbols

qc Cone resistance
qt Corrected cone resistance, {[qc +(1-a) u]}, 

with a net area ratio 
qt,ref Corrected cone resistance in undrained 

conditions
qt,drained Corrected cone resistance in drained con-

ditions 
qtnet Net (or effective) cone resistance, {(qt - �v0)}
qtnet,ref Net (or effective) cone resistance in un-

drained conditions
fs Sleeve friction
u0 Equilibrium pore water pressure
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u Measured pore water pressure
∆u Excess pore water pressure, {(u-u0)}
∆uref Excess pore water pressure in undrained 

conditions
�v0 Total vertical stress
�’v0 Effective vertical stress
�’vy Vertical yield stress
Qt Normalized cone resistance, {(qt - σv0)/σ’v0 

}
Qtn Variable stress exponent, normalized cone 

resistance, {(qt - σv0)/patm · (patm/σ’v0)n}
Qt,ref  Normalized cone resistance Qt in undrained 

conditions
Qt,drained  Normalized cone resistance Qt in drained 

conditions
Bq Pore pressure parameter, {∆u/(qt - σv0)}
Fr Normalized friction ratio, {100·fs/(qt - σv0)}
Ic Soil Behaviour Type index, {[(3.47 - log 

Qtn)2 + (log Fr + 1.22)2]0.5}, also indicated as 
Icn

IB Modified Soil Behaviour Type index, 
{100·(Qtn + 10) / (Qtn·Fr + 70)}

V Normalized cone velocity {(v d)/cv} or, al-
ternatively {(v·d)/ch}

t50 Time for 50% dissipation of excess pore wa-
ter pressures

Ir Rigidity index {Ir = G/su}
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Recenti sviluppi nella strumentazione 
e nella interpretazione delle prove 
penetrometriche statiche per la 
caratterizzazione geotecnica dei terreni

Sommario
La funzione primaria delle prove geotecniche in sito nella 

progettazione delle opere di ingegneria geotecnica, complementare 
a quella svolta dalle prove di laboratorio, è ormai ampiamente 
riconosciuta. Tra queste, un ruolo di primo piano è senz’altro 
rappresentato dalla prova penetrometrica statica (con o senza misura 
delle pressioni interstiziali), diventata negli ultimi anni la prova 
maggiormente utilizzata per la definizione del profilo stratigrafico 
e la caratterizzazione geotecnica dei depositi in virtù della sua 
applicabilità a diversi tipi di terreni, della possibilità di acquisizione 
in continuo con la profondità, della ripetibilità ed affidabilità delle 
misure, nonché per il basso costo. La crescente diffusione della prova 
a livello internazionale ha dato impulso ad un’intensa attività di 
ricerca, finalizzata sia al miglioramento e sviluppo dell’attrezzatura 
e delle procedure di prova, sia alla messa a punto di accurati metodi 
di analisi dei meccanismi di penetrazione e di interpretazione dei 
dati ai fini di una affidabile caratterizzazione.

Il presente lavoro intende fornire una panoramica delle 
principali e più recenti linee di ricerca riguardanti la prova 
penetrometrica, presentando le più significative innovazioni nel 
campo della strumentazione e, soprattutto, i recenti sviluppi nella 
interpretazione delle misure nei terreni cosiddetti “intermedi”, 
tipicamente caratterizzati da una permeabilità tale per cui 
l’avanzamento della punta penetrometrica avviene in condizioni 
di parziale drenaggio. Il non-riconoscimento di queste condizioni 
è causa di forti imprecisioni nella stima dei parametri meccanici 
dei terreni esaminati e pertanto la definizione dell’effettivo grado 
di drenaggio durante la prova risulta fondamentale ai fini di una 
corretta interpretazione delle misure. L’articolo prende in esame 
i risultati delle ricerche finora condotte sugli effetti di parziale 
drenaggio, ottenuti sia da sperimentazione in camera di calibrazione 
o in centrifuga con minipenetrometri su campioni di terreno 
ricostituiti, sia da prove in depositi naturali, utilizzando punte 
penetrometriche di diametro standard. In particolare, si illustrano i 
risultati di prove penetrometriche a velocità variabile condotte in due 
diversi depositi, il primo ubicato nella laguna di Venezia, il secondo 
nel margine inferiore della pianura padana, entrambi caratterizzati 
da una marcata prevalenza di sedimenti limosi.

Quasi tutti gli studi proposti in letteratura, effettuati su 
un’ampia varietà di sedimenti, si sono principalmente concentrati 
sull’identificazione delle velocità di avanzamento della punta necessarie 
a garantire condizioni di prova completamente drenate o completamente 
non drenate, attraverso la definizione di “curve di tendenza” in grado 
di descrivere il grado consolidazione in funzione della velocità di 
prova. A causa della complessità della risposta sperimentale osservata, 
soprattutto in prove sui depositi naturali, la valutazione del grado 
di drenaggio e dei suoi effetti sulle misure penetrometriche rimane un 
problema che non ha ancora trovato risposte completamente condivise e 
che continua ad alimentare un’intensa attività di ricerca sia in campo 
sperimentale, sia in campo analitico-numerico.




